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Abstract

Nemaline myopathy (NM) is one of the most common non-dystrophic genetic muscle disorders. NM is often associ-
ated with mutations in the NEB gene. Even though the exact NEB-NM pathophysiological mechanisms remain unclear,
histological analyses of patients'muscle biopsies often reveal unexplained accumulation of glycogen and abnormally
shaped mitochondria. Hence, the aim of the present study was to define the exact molecular and cellular cascade of
events that would lead to potential changes in muscle energetics in NEB-NM. For that, we applied a wide range of
biophysical and cell biology assays on skeletal muscle fibres from NM patients as well as untargeted proteomics analy-
ses on isolated myofibres from a muscle-specific nebulin-deficient mouse model. Unexpectedly, we found that the
myosin stabilizing conformational state, known as super-relaxed state, was significantly impaired, inducing an increase
in the energy (ATP) consumption of resting muscle fibres from NEB-NM patients when compared with controls or
with other forms of genetic/rare, acquired NM. This destabilization of the myosin super-relaxed state had dynamic
consequences as we observed a remodeling of the metabolic proteome in muscle fibres from nebulin-deficient mice.
Altogether, our findings explain some of the hitherto obscure hallmarks of NM, including the appearance of abnormal
energy proteins and suggest potential beneficial effects of drugs targeting myosin activity/conformations for NEB-NM.

Keywords: Skeletal muscle, Nemaline myopathy, Nebulin, Myosin, Metabolism

Introduction weakness and fatigue [10, 15]. In the severe form, neo-
Nemaline myopathy (NM) is among the most com- natal death may ensue whilst milder forms range from
mon non-dystrophic genetic muscle disorders, with an  delayed motor developmental milestones to requiring a
estimated incidence of 1 in 20,000 live births [10, 15]. wheelchair, or even late-onset mild muscle dysfunction in
Clinical symptoms of NM include hypotonia, muscle adulthood [10, 15]. In all forms of NM, respiratory com-

promise is a risk throughout life [10, 15]. NEB mutations

account for more than 50% of all NM cases [10]. These
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filament activation is incomplete. Subsequently, myosin
motors cannot bind properly to actin monomers, which
depresses the force-generating capacity of muscle fibres,
thus causing muscle weakness in NEB-NM [17, 25, 26,
30]. Hence, we have previously targeted the force produc-
tion of myosin proteins in NM utilizing a recombinant
adeno-associated viral vector-related gene therapy and
showed its promise in an animal model with a mutation
in the NM-causing gene, ACTA1l [17]. However, this
approach failed to restore muscle function in NEB-NM
mouse models (unpublished data). This suggests that,
despite major advancements in our understanding of the
disease, NM pathophysiology is complex and far from
being fully understood and consequently the design and
implementation of accurate therapeutic interventions
remains challenging [10].

Remarkably, ultrastructural and histological observa-
tions from NEB-NM patients and from relevant murine
models not only shed light on the presence of nema-
line rods (an important diagnostic tool for NM) but
also on glycogen deposits and misshapen mitochondria
with noticeable pleomorphism, concentric christae and
increased subsarcolemmal crescents [32, 38]. In line with
these observations, muscle glycolytic pathways have been
found altered [34]. These findings indicate an under-
appreciated potential change in muscle energetics and
metabolism in NEB-NM as well as in other forms of NM
caused by other gene mutations. Further support comes
from clinical observations reporting that children and
adolescents with NM are often lean despite their inability
to engage in fast motor activities. Inefficient binding of
the force-producing myosin molecules to actin filaments
may contribute to altered energetics and metabolism in
NM muscles by subtly increasing the energy (ATP) cost
of contraction [25, 26]. Nevertheless, other more promi-
nent pathological ATP-consuming mechanisms are likely
to occur in NEB-NM. In the present study, we initially set
forth to explore this hypothesis and study the involve-
ment of resting myosin energetics, as an underlying NM
mechanism.

Myosin has multiple chemo-mechanical states [6]. In
addition to several active states, two distinctive relaxed
states exist; myosin heads that are detached from actin
filaments, and do not produce force, can be in either
‘super-relaxed’ or ‘disordered-relaxed’ states [9, 19]. In
the super-relaxed state, myosin heads interact with the
thick filament backbone restricting their interaction with
actin. In the disordered-relaxed state, myosin molecules
are not immobilized and can weakly bind actin allowing a
fast transition to the active state when actin filaments are
switched on. The fraction of myosin heads in disordered-
relaxed and super-relaxed conformations correlates with
the rate of ATP usage, with the ATPase activity of myosin
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heads in the disordered-relaxed configuration being ten
times higher than this in the super-relaxed state [9, 19].
Thus, in the present study, we further hypothesized that
in NEB-NM, the proportion of myosin molecules in the
super-relaxed state is disrupted, impacting the basal ATP
consumption of skeletal muscle, ultimately modifying
the level of proteins involved in energy-producing path-
ways and contributing to the disease phenotype. To test
this hypothesis, we used skeletal myofibres extracted
from a wide spectrum of NM patients as well as from a
muscle-specific nebulin conditional knockout mouse
model (cNEB KO). We then performed a combination of
biophysical assays, cell biology techniques and proteom-
ics analyses. Interestingly, in line with our hypotheses, we
found that in relaxed muscle fibres from NM patients,
the myosin-stabilizing structural state is altered, with a
potential causal involvement of myosin binding proteins
such as regulatory light chains and myosin-binding pro-
tein C that are known to be involved in sequestering the
super-relaxed state. We also observed that the increase
in basal myosin ATP consumption may remodel muscle
energy proteins, altogether paving the way to therapies
related to myosin for NM.

Materials and methods

Human subjects

Muscle biopsy specimens were obtained from 26 NM
patients with known mutations in either NEB, ACTAI,
TPM2 or TPM3; and 12 age-matched controls with no
history of neuromuscular disease. Eleven additional NM
patients had an extremely rare, late-onset acquired myo-
pathy termed sporadic late-onset NM (SLONM) that is
known to have similar histopathological abnormalities as
genetic NM and that progresses subacutely [36]. All tis-
sue was consented, stored, and used in accordance with
the Human Tissue Act, UK, under local ethical approval
(REC 13/NE/0373). Details of all the 49 individuals are
given in Additional file 1: Table S1. All samples were
flash-frozen and stored at — 80 °C until analyzed.

Nebulin knockout mouse model

The conditional muscle-specific nebulin knockout mouse
model used in the present study has previously been pub-
lished in detail [16]. Briefly, mice were on a C57BL/6 ]
background. Floxed mice were bred to a MCK-Cre strain
that expresses Cre recombinase under the control of
the Muscle Creatine Kinase (MCK) promoter. Mice that
were positive for MCK-Cre and homozygous for the
floxed nebulin allele were nebulin deficient (cNeb KO).
Mice with one nebulin wild-type allele and being either
MCK-Cre positive or negative served as controls. All the
experiments were approved by the University of Arizona
Institutional Animal Care and Use Committee (09-056)



Ranu et al. Acta Neuropathologica Communications (2022) 10:185

and were in accordance with the United States Public
Health Service’s Policy on Humane Care and Use of Lab-
oratory Animals. At 6 months of age, six cNeb KO and
six control female mice were weighed, anesthetized with
isoflurane, and sacrificed by cervical dislocation. Tibialis
cranialis skeletal muscles were then dissected and flash-
frozen in liquid nitrogen before being stored at — 80 °C
for later analysis.

Solutions

As previously published [30], the relaxing solution con-
tained 4 mM Mg-ATP, 1 mM free Mg>", 10°°%° mM
free Ca’t, 20 mM imidazole, 7 mM EGTA, 14.5 mM
creatine phosphate and KCl to adjust the ionic strength
to 180 mM and pH to 7.0. Additionally, the rigor buffer
for Mant-ATP chase experiments contained 120 mM K
acetate, 5 mM Mg acetate, 2.5 mM K,HPO,, 50 mM
MOPS, 2 mM DTT with a pH of 6.8. The lambda phos-
phatase solution (New England Biolabs) was prepared by
a 100-fold dilution into the relaxing solution to yield 4 U
lambda phosphatase/pl [29]. The solution for extracting
myosin regulatory light chains (RLC) contained 20 mM
EDTA, 50 mM KPr, 10 mM potassium phosphate buffer
with a pH of 7.1 [5]. Finally, the solution for extracting
myosin-binding protein C (MyBP-C) contained 10 mM
EDTA, 31 mM Na,HPO,, 124 mM NaH,PO,, with a pH
of 5.9 [7, 8].

Muscle preparation and fibre permeabilisation
Cryopreserved human and mouse muscle samples were
immersed in a membrane-permeabilising solution (relax-
ing solution containing glycerol; 50:50 v/v) for 24 h at
—20 °C, after which they were transferred to 4 °C and
bundles of approximately 50—100 muscle fibres were dis-
sected free. These bundles were kept in the membrane-
permeabilising solution at 4 °C for an additional 24 h (to
allow for a proper skinning/membrane permeabilisation
process). After these steps, bundles were stored in the
same buffer at — 20 °C for use up to 1 week [30, 31].

Mant-ATP chase experiments

On the day of the experiments, bundles were transferred
to relaxing solution and single myofibres were manu-
ally isolated. Their ends were individually clamped to
half-split copper meshes designed for electron micros-
copy (SPI G100 2010C-XA, width, 3 mm), which had
been glued to glass slides (Academy, 26 x 76 mm, thick-
ness 1.00-1.20 mm). Cover slips were then attached to
the top (using double-sided tape) to create flow cham-
bers (Menzel-Glaser, 22 x22 mm, thickness 0.13—
0.16 mm) [22]. Muscle fibres were mounted at a relaxed
length (with their sarcomere length checked using the
brightfield mode of a Zeiss Axio Scope Al microscope,
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approximately at 2.20 pm). Similar to previous studies
[22], all experiments were performed at 25 °C, and each
fibre was first incubated for 5 min with a rigor buffer. A
solution containing the rigor buffer with 250 uM Mant-
ATP was then flushed and kept in the chamber for 5 min.
At the end of this step, another solution made of the rigor
buffer with 4 mM unlabelled ATP was added with simul-
taneous acquisition of the Mant-ATP chase.

For fluorescence acquisition, a Zeiss Axio Scope Al
microscope was used with a Plan-Apochromat 20x/0.8
objective and a Zeiss AxioCam ICm 1 camera. Frames
were acquired every 5 s for the first 90 s and every 10 s
for the remaining time with a 20 ms acquisition/exposure
time using a DAPI filter set, and images were collected
for 5 min. Three regions of each individual myofibre were
sampled for fluorescence decay using the ROI manager
in Image] as previously published [22]. The mean back-
ground fluorescence intensity was subtracted from the
average of the fibre fluorescence intensity (for each image
taken). Each time point was then normalized by the flu-
orescence intensity of the final Mant-ATP image before
washout (T=0). These data were then fit to an uncon-
strained double exponential decay using Graphpad Prism
9.0:

Normalised Fluorescence =1 — P1 (1 — exp(_t/TD)

— P2 (1 — exp(_t/TZ)),

where P1 is the amplitude of the initial rapid decay
approximating the disordered-relaxed state with T1 as
the time constant for this decay. P2 is the slower second
decay approximating the proportion of myosin heads in
the super-relaxed state with its associated time constant
T2 [22].

Immunofluorescence staining and imaging

To avoid any potential misinterpretation due to the
type of myosin heavy chain, for the human Mant-ATP
chase experiments, we assessed the sub-type using
immunofluorescence staining as previously described
[22]. Briefly, flow-chamber mounted myofibres were
stained with an anti-B-cardiac/skeletal slow myosin
heavy antibody (IgGl, A4.951, sc-53090 from Santa
Cruz Biotechnology, dilution: 1:50) and an anti-slow
myosin binding protein C antibody (IgG, SAB3501005
from Sigma, dilution: 1:200). Myofibres were then
washed in PBS/0.025% Tween-20 and incubated with
secondary antibodies: goat anti-mouse IgGl Alexa
555 and goat anti-rabbit IgG Alexa 488 (from Ther-
moScientific, dilution 1:1000), respectively, in a block-
ing buffer. After washing, muscle fibres were mounted
in Fluoromount. To identify the type of fibres, images
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were acquired using a confocal microscope (Zeiss Axio-
vert 200, 63 x oil objective) equipped with a CARV II
confocal imager (BD Biosciences) [30, 31]. To obtain
myosin filament length and myosin-binding protein C
(MyBP-C) localisation measurements, mounted muscle
fibres were acquired with a 100 x oil objective and an
instant Structured Illumination Microscope (iSIM) sys-
tem. To improve contrast and resolution (by two-fold
compared to confocal microscopy), distributed decon-
volution (DDecon) was then applied from the acquired
images with a specific plugin for Image]J (National Insti-
tutes of Health, Bethesda, MD) [24]. Note that DDecon
is a super-resolution light microscopy technique that
addresses light scattering, differences in refractive
index, glare, and background noise. It also allows the
computation of filament lengths with a precision of
10-20 nm [30, 31]. All line scans were background cor-
rected. Distances and lengths were finally calculated by
converting pixel sizes into um using the scale for each
image [30, 31].

Western blotting

Lysates of the flash-frozen human muscle biopsy speci-
mens from three control subjects and three NEB-NM
patients were prepared via hand-homogenization in
a modified NP-40 lysis buffer (10 mM NaH,PO,, pH
7.2, 2 mM EDTA, 10 mM NaNj, 120 mM NaCl, 0.5%
deoxycholate, 1% NP-40) supplemented with complete
protease inhibitor (Roche, Indianapolis, IN) and Halt
phosphatase inhibitor (Thermo Scientific, Waltham,
MA) cocktails. NuPage LDS sample buffer and reducing
agent (Invitrogen, Waltham, MA) were added to 30 pg
of protein lysate, boiled at 95 °C for 5 min, and fraction-
ated by 4-12% SDS-PAGE. Protein was transferred to
nitrocellulose membrane, blocked with 5% milk (RPI,
Mt Prospect, IL) in TBST, and probed with the appropri-
ate primary antibody: anti-slow myosin binding protein
C (sMyBP-C, SAB3501005, Sigma-Aldrich, St. Louis,
MO), anti-GAPDH (G7895, Sigma-Aldrich, St. Louis,
MO), and custom phospho-sMyBP-C specific antibod-
ies against mSer-59/hSer59 and mThr-84/hSer-82 as
described previously [1]. Blots were then incubated with
the appropriate horseradish peroxidase-conjugated sec-
ondary antibody (Cell Signaling Technology, Danvers,
MA) and ECL substrate (Thermo Scientific, Waltham,
MA). Densitometry was performed with Image] soft-
ware. Total sMyBP-C blots produced a non-specific band
of higher protein mass. Only the bottom specific band
of the correct size was used for quantification. Relative
sMyBP-C phosphorylation was calculated based on the
sample’s total level of sMyBP-C following normalization
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to GAPDH loading control (Additional file 1: Fig.
S1A-C).

Enzymatic isolation and culture of intact mouse single
muscle fibres

All animal procedures associated with enzymatic iso-
lation of single muscle fibres were carried out at King’s
College London in accordance with the UK Home Office
regulations and in compliance with the European Com-
munity Directive published in 1989 (86/609/EEC). Two
adult mature C57BL/6] mice were euthanized using cer-
vical dislocation at 8 weeks of age. As previously pub-
lished [30], Extensor digitorum longus (EDL) skeletal
muscles were dissected, leaving tendons intact at both
the proximal and distal ends. Subsequently, muscles were
digested in 2 mg/mL collagenase I (Sigma Aldrich) in
Dulbecco’s modified Eagle’s medium (DMEM; Invitro-
gen) for 105 min. Single fibres were released via tritura-
tion with a wide-bore glass pipette and hypo-contracted
fibres and debris were removed following serial washes.
Freshly isolated fibres were moved into six well plates;
after 1 h they were dosed with either 100 uM of piper-
ine or dimethyl sulfoxide (DMSO), which served as con-
trol, which was left for 3 days at 37 °C and 5% CO,. These
fibres were then subjected to LC-MS/MS.

LC-MS/MS identification and quantitative analysis

of protein abundance

As previously published [28, 31], five samples for each
experimental group were prepared. Each sample con-
sisted of five single muscle fibres into a single centrifuge
tube containing 30 pL Tris-Triton lysis buffer (10 mM
Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1% Triton X-100, 10% glycerol, 0.1% SDS, 0.5% deoxycho-
late, protease inhibitor cocktail III (1:100), phosphatase
inhibitor cocktail mix (1:100) at an unknown protein
concentration). Sample volume was reduced by half in
a SpeedVac (ThermoFisher Scientific) and subsequently
mixed in a 1:1 ratio with Laemmli buffer (2 x conc.), vor-
texed and boiled at 96 °C for 10 min. To stack the protein
complement and remove chemical interference from the
lysis buffer, samples were centrifuged at 14,000 rpm for
3 min prior to loading in 10% BisTris gels (Gel 1—Ther-
moFisher Scientific #19072670-1957; Gel 2—#19072670-
1965; Gel 3—#19072670-1966; Gel 4—#19072670-1977).
Gels were then stained overnight with Imperial protein
stain (ThermoFisher Scientific #24615). In-gel reduc-
tion, alkylation and digestion with trypsin was performed
prior to subsequent isobaric mass tag labelling. Each
sample was treated individually with labels (TMT10plex)
added at a 1:1 ratio [4].
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For analysis by LC-MS/MS, TMT labelled peptide
samples were resuspended in 60 pL of resuspension
buffer (2% ACN in 0.05% FA) with 10 uL sample injected
in triplicate (30 pL total volume). Chromatographic sepa-
ration was performed using an Ultimate 3000 NanoLC
system (ThermoFisher Scientific). Peptides were resolved
by reversed phase chromatography on a 75 pm x 50 cm
C18 column using a three-step gradient of water in 0.1%
formic acid and 80% acetonitrile in 0.1% formic acid. The
gradient was delivered to elute the peptides at a flow rate
of 250 nl/min over 250 min. The eluate was ionised by
electrospray ionisation using an Orbitrap Fusion Lumos
(ThermoFisher Scientific) operating under Xcalibur v4.1.

Database searching

Raw mass spectrometry data from the triplicate injec-
tion were processed into peak list files using Proteome
Discoverer (ThermoScientific; v2.2) (PD 2.2). The data
was processed and searched using the Mascot search
algorithm (v2.6.0) and the Sequest search algorithm [4]
against the Uniprot Mouse Taxonomy database (36,483
entries). Within the consensus processing module, the
reporter ion intensity values (absolute area under the
peak) for each peptide spectral match are grouped with
peptides and calculated at the protein level identifica-
tion as a grouped abundance. All grouped abundances at
protein level are normalised using total peptide amount
which has previously been corrected based on the high-
est peptide abundance present in one channel, thus all
channels have the same total abundance.

Bioinformatics and data visualisations

Following processing with Proteome Discoverer, the
resultant file was exported into Perseus (v1.6.3) for quali-
tative and quantitative data analysis. Metascape [46] was
utilised for gene ontological (GO) analysis, which was
subsequently visualised using cytoscape [37]. DAVID
bioinformatic database was used for ligand binding
analysis [39]. Further data visualisation utilised Biovinci
v3.0.9 and Graphpad Prism v9.

Statistical analysis

Multiple myofibres were studied for each subject. Hence,
as previously published [23], we used mixed linear
models to statistically analyze the data. These models
assumed that each subject had its own mean measure-
ment (with a normal distribution between subjects) and
that each measurement within a subject was also nor-
mally distributed around this mean. The p values tested
the hypotheses that there were differences in these mean
measurements between groups. Data are then presented
as means *standard deviations. Graphs were prepared
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and analyzed in Graphpad Prism v9. Statistical signifi-
cance was set to p<0.05. T-tests or One-way ANOVA
with Tukey post-hoc were run to compare groups [30].

Results

Lower fraction of myosin molecules in the super-relaxed
state with aberrant ATP consumption in human NEB-NM
We first assessed the proportion of myosin heads in
the super-relaxed state in human control and NM sam-
ples. Since this conformational state strongly correlates
with the rate of ATP consumption in resting muscle
fibres [40], we used a Mant-ATP chase protocol. As the
scientific literature indicates that myofibres from NM
patients mainly express the cardiac/skeletal slow myosin
heavy chain [10], we restricted our analysis to this type
of fibres. A total of 427 muscle fibres were tested (8—10
myofibres for each of the 12 controls and for each of the
37 patients—Ilist of subjects in Additional file 1: Table S1).
NEB-NM patients overall exhibited faster ATP consump-
tion indicating significantly lower levels of myosin heads
in the super-relaxed state when compared with controls
(Fig. 1A—C). Despite this alteration, the actual ATP turn-
over time of super-relaxed myosin molecules was not
affected (Fig. 1D, E). We repeated similar experiments
in NM human tissue with mutations in the ACTAI,
TPM2 or TPM3 genes (associated with defects in actin
or actin-binding proteins, Additional file 1: Table S1).
Interestingly, ACTAI-NM individuals displayed simi-
lar features as NEB-NM patients (Fig. 1A-E), whilst
TPM2-NM and TPM3-NM were indistinguishable from
controls (Fig. 1A-E). To gain insight into whether these
alterations are specific to NEB (and ACTAI) gene muta-
tions or related to NM-related histopathological changes,
we studied myofibres from patients with an acquired
form of the disease known as sporadic late-onset NM
(SLONM). SLONM contrasts with typical genetic NM,
since it occurs in the absence of any known mutations
in NM-related genes. The onset of SLONM is also usu-
ally different as it starts in adulthood and progresses rap-
idly in a limb-girdle and axial pattern [36]. Nevertheless,
histopathologically, nemaline rods, sarcomeric disar-
ray and reduced cellular force-generating capacity have
been observed [30]. SLONM patients did not exhibit any
significant difference in the number/ATP turnover rate
of myosin heads in the super-relaxed state when com-
pared with controls, TPM2-NM and TPM3-NM patients
(Fig. 1A-E). As the age range for the 37 patients with
genetic or acquired NM varied between 1 and 70 years
old, we tested whether our results are age dependent.
Plotting myosin conformational state as a function of
age did not reveal any long-term secondary adaptation
(Fig. 1F).
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humans. Typical Mant-ATP chase experimental data show exponential
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To further evaluate if the changes in the presence
of NEB mutations are due to disarray of myosin fila-
ments, we used super-resolution microscopy followed
by DDecon analysis. Thirty-five myofibres were tested
from four controls and three NEB-NM patients (5 fibres
per subject). Regular striated arrays of myosin filaments
were observed for both patients and controls (Fig. 1G).
Additionally, the length of these filaments had ranges
that were consistent with the inter-individual and inter-
muscle heterogeneity reported previously (Fig. 1H) [44].

These results indicate that, in the presence of NEB
mutations, myosin heads are not properly sequestered
(onto the myosin filament backbone) in resting skeletal
muscle, consuming unusually large quantities of ATP.
Our results also suggest that these alterations are not
specific to NEB mutations but rather to myofilament-
linked mechanisms that are common with ACTAI muta-
tions. NM-associated histopathological disruptions such
as the presence of nemaline rods may not be sufficient to
drive the myosin maladaptations.

The decreased number of super-relaxed myosin molecules
may be linked to some alterations affecting myosin-binding
proteins in human NEB-NM and in a nebulin conditional
knockout mouse model

Myosin-binding protein C (MyBP-C) acts as a linker for
myofilaments (between actin and myosin filaments);
its role in stabilizing the myosin super-relaxed state has
recently been highlighted by mutations in its core lead-
ing to deleterious hypertrophic cardiomyopathy [42].
Cardiac MyBP-C has then been extensively studied,
whilst skeletal MyBP-C requires further attention [2].
As a proof-of-concept, to explore MyBP-C’s potential
functional role in the increased disordered-relaxed state
of myosin heads in NEB-NM, we first partially ablated
the endogenous MyBP-C [7, 8] by using a published
protocol consisting of soaking individual muscle fibres
in an extracting buffer for 1-h at room temperature [7,
8]. The precise amount of MyBP-C ablated is thought
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to be more than 70% [7, 8] but was not directly evalu-
ated in the present study as we did not get reproducible
western blot/antibody data from single muscle fibres. A
total of 91 myofibres were tested from five controls and
five NEB-NM patients (8—10 fibres per subject). With
the Mant-ATP chase protocol, MyBP-C partial ablation
significantly decreased the number of myosin heads in
the super-relaxed state in controls but not in NEB-NM
patients (Fig. 2A, B). Hence, MyBP-C partial absence may
alleviate the differences between NEB-NM patients and
controls. Besides MyBP-C, other myosin-binding pro-
teins may be involved. Myosin regulatory light chains
(RLC) bind to the lever arm region of myosin heads and
play an important role in maintaining the integrity of the
super-relaxed state [45]. To, once again, explore whether
RLC may also contribute to the changes seen in NEB-NM
patients, we extracted the endogenous RLCs by incubat-
ing myofibres in a well-recognized extracting buffer for
30 min at 4 °C [5]. As for MyBP-C, the exact level of RLC
extracted is thought to be more than 90% [5], neverthe-
less, we did not assess it here as we did not have reliable
western blot/antibody results from individual myofibres.
Fibres going through this process were then thoroughly
washed with the rigor solution before running Mant-ATP
chase experiments. A total of 72 myofibres were tested
from five controls and five NEB-NM patients (7 to 8
fibres per subject). As for MyBP-C partial ablation, RLC
partial extraction significantly lowered the proportion of
myosin molecules in the super-relaxed state in controls
but not in NEB-NM patients (Fig. 2A, B), indicating that
RLC partial ablation may reduce the differences between
NEB-NM patients and controls. As myofilament proteins
are subject to multiple post-translational modifications
impacting their function (especially MyBP-C and RLC),
we explored whether modulating the phosphorylation
status of the myofilament proteins would have effects on
myosin head conformation in the patients. For that, we
incubated myofibres in a lambda phosphatase solution
for 1-h at room temperature [29]. The extent to which
the lambda phosphatase solution lowers phosphorylation
in individual myosin/myosin-binding proteins remains
unclear as in the present study, we did not run western
blots confirming the dephosphorylation. In total, 86
muscle fibres were used from five controls and five NEB-
NM patients (8—10 fibres per subject). Mant-ATP chase
experiments then revealed that the phosphatase treat-
ment increased the proportion of myosin molecules in
the super-relaxed conformation in NEB-NM patients
(Fig. 2A, B). Importantly, the lambda phosphatase treat-
ment dampened the differences observed between NEB-
NM patients and controls.

As MyBP-C and RLC may have some functional impli-
cations in the disrupted super-relaxed state of NEB-NM
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patients, we imaged MyBP-C localization/disarray by
applying super-resolution microscopy and DDecon anal-
ysis. 35 myofibres were tested from four controls and
three NEB-NM patients (5 fibres per individual). Similar
to myosin filaments, we observed regular MyBP-C stria-
tions in both patients and controls (Fig. 2C). Neverthe-
less, strikingly, the length of each MyBP-C segment was
found subtly increased in NEB-NM patients when com-
pared with controls (Fig. 2D). This suggests that MyBP-
C localization extends beyond the C-zone in patients. To
pursue MyBP-C investigations with the leftover human
tissue, we measured the global content and phosphoryla-
tion levels (S59 and T84) for slow MyBP-C using Western
blotting and antibodies known to work with human mus-
cle samples. We found tendencies towards lower total
abundance (Additional file 1: Fig. S1A) and higher phos-
phorylations (Additional file 1: Fig. S1B-C), even though
data appeared patient-specific and thus overall variable.

To validate all the above human results, we intended
to assess whether similar changes are recapitulated in a
relevant mouse model of NM. Whilst the conventional
NEB knockout model and a model in which exon 55 of
the NEB gene is deleted exist, mice die within days after
birth due to complex developmental defects and abnor-
malities [14]. As patients with NEB mutations often sur-
vive to adulthood with considerably milder myopathic
phenotypes than the two mouse models described above,
to investigate the consequences of NEB mutations/
decreased myosin super-relaxed state, we took advantage
of a conditional nebulin KO mouse model (cNeb KO)
where muscle-specific deletions are present from birth
[16]. We used 94 muscle fibres from five cNeb KO and
five control mice (8 to 10 fibres per animal). We verified
the presence of a myosin super-relaxed state destabiliza-
tion in cNeb KO mice using the Mant-ATP chase pro-
tocol (Fig. 2E, F). Additional 154 mouse myofibres (5-6
fibres per mouse) were run where MyBP-C was partially
ablated or RLC extracted or phosphorylation down-
regulated using the same experimental protocols as for
humans. Interestingly, we observed the same significant
differences as for humans strengthening our findings
(Fig. 2E, F).

Overall, our results indicate a potential role of MyBP-
C deletion and/or RLC extraction and/or dephospho-
rylation in disrupting the myosin super-relaxed state and
related ATP consumption in resting muscle fibres from
NEB-NM patients and from cNeb KO mice.

The lower proportion of myosin heads in the super-relaxed
conformation is associated with a metabolic remodeling

in nebulin conditional knockout mouse model

To gain insights into the consequences on energy metab-
olism/usage of our findings, we pursued additional
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animal model experiments. We isolated individual limb
(tibialis cranialis) muscle fibres from cNeb KO and con-
trol mice and ran a proteomics analysis through quantita-
tive LC-MS/MS tandem mass spectrometry. To this end,
we utilised manually dissected single fibres to reduce
the influence of proteins from other tissue and cell types
and to more closely correlate our findings with the above

single fibre observations. We were able to quantify 617
proteins, of which, further filtration by p-value (p <0.05)
revealed that 250 proteins were differentially expressed,
of these 111 and 139 were upregulated in the cNeb KO
and control mice, respectively (Fig. 3A, Additional file 1:
Table S2). We generated a volcano plot to visualize dif-
ferentially upregulated proteins, annotated with the top



Ranu et al. Acta Neuropathologica Communications (2022) 10:185 Page 10 of 14

A corpus callosum  endomembrane system Muscle cell development positive regulation
. isati i f catabolic process.
Assembly of collagen fibrils heart deve regulation of o
and other multimeric structures O iy OOO cellular respiration oy
) nuclear DNA replication O~ @) s} Q TCA cycle
~ \f)\' D) O (0l e aerobic electron
O T salmonella infection  transport chain .OO
organelle assembly. regulation of microtubule negative regulation of ®)
Blemo cytoskeleton organisation /" glucose catabolic process reactive oxygen species O

) ; o)

X7 - ) N metabolic process (1) O() O
SUMOylation of DNA > O ~OO)A~ D LN a
replication proteins P \ Q . OO0 oD O Q@ b().

@) @) @) L -
e Sa - O )r Q O The rolé of GTSE1
) e O O _ O in G2/M progression aft
/" regulation of i oo ( (j [ =) v 7\checkpolm OO O
peptidase activity piganisslion fibre organisation O regulation of potassiumion ") o0 O
) transmembrane transport it rotein folding ‘
o~ 7y actin fiament-based . N pisition between 2 * O ‘..
nuclear migration regulation of ~{_)~~ movement ) 00 ()O Inhiition of DNA
M myelination @ A Inhibition of
)., velina % @:55::0) 4 recombination at telomere y () :
@) ) RND2GTPasecycle () :%F\ ) (O\)C ..
N . N A
) . BN » ’ M.
y ( N ( (@) positive regulation of ) | irat
O neuromuscular process UC\J epithelial cell migration Qx/’\ @) aerobic respiration
peptidyl-amino N < a6 QJ OQ
acid modification = negative regulation of A< ~ 5 ) O
p! ~C A calcium ion transport "’O\) OO~ protein localisation comtar
~ ) - 00 O © to stress
lation of type | g ~ )
TN O P muscle contraction ()\

interferon production intrinsic apoptotic postambryonic
signalling pathwa
Enrichment of 10 o ap Y animal morphogenesis
wr
CcNEB KO
-2.01 *

-19.49 —.
p value \
B Protein cNEB enrichment Log p in
Cluster name number _ Proteins in cluster ko in cluster cluster /

E

D ESIKW-0067-ATP-binding
EIKW-0004~4Fe-4S
EIIKW-0001-2Fe-25
[EIKW-0157-Chromophore
IKW-0500-Molybdenum
IKW-0479~Metal-binding
CIKW-0862-Zinc
IKW-0411~Iron-sulfur

g

3
8

A

H

]
Atp5a1, Atp5b, Atp5c1, AtpSpb, Rbicc1, Coxdit,
Cox5a, Cycs, Polr2a, Tubada, Vdac1,Atp5o, Sdhc,

CoNEB ko 66.80 -17.83 Control  Piperine

Protein abundance of DNA-PKcs  Protein abundance of Actin alpha

aerobic respiration 24 Gyq " Sdha, Sdhb, AtpSh, Aco2, Mdht, Pdhat, Plec, Control Epwod08-ron
Rps27a, Myh7 Dist CJKW-0547~Nucleotide-binding
Aco?, Gotz, Ma, Pchat, Sch, Scha, Sdnb, Dist 1 [Pt sl
co2, Got2, N ait, IC, a, , Dist, K < [CJKW-0285~Flavoprotein
TCA cycle e CNEBko  47.71 9.83 5 P i
" " s [CJKW-0464~Manganese
aerobic electron Coxdit, Cox5a, Cycs, Plec, Sdhc, Cyct, Sdha, H 0464-Mangene
transport chain 9 Sdhb, Alb SNEBko  150.30 77 3 KW OT5¢-Sieroic-ondng
transition between Actn2, Actn3, Myl1, Pdiims, Myoz1, Ank2, Myh7, g ESIKW-0460-Magnesium
fast and slow fiber " Lamaz2, Bin1, Acta1, Gtf2ird2 CNEB ko 6012 485 g SKwoi0e-Calcun
glucose catabolic 9 Aldoa, Eno3, Gapdh, Ldha, Pfkm, Pgki. Pkm, w e e 2 CIKW-0547-Nuclsotde-binding
process Pgam2, Pgk1 i s §
g IR Piperine
L&

Fig. 4 Ontological analysis of the proteins differentially expressed between WT and cNEB KO and proteomic differences induced following piperine
administration. A Ontological associations between 111 proteins upregulated in ctNEB KO (blue) and 139 proteins upregulated in WT mice (red)
were established using Metascape and visualised using Cytoscape. Grey lines indicate a direct interaction, circle size is determined by enrichment
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10 most significant proteins in each experimental group.  of proteins involved in glucose catabolic processes was
Importantly, where a protein is denoted as more highly = observed in cNeb KO mice when compared with con-
expressed in controls, it can also be interpreted as cNeb  trols. This was accompanied by an increase in aerobic
KO mice possessing a reduction in expression. The most  respiration, aerobic electron transport chain and Tri-
significantly upregulated proteins belonged to the cNeb  carboxylic Acid Cycle (TCA) in ¢cNeb KO mice when
KO group and consisted of ZASP (Z-band Alternatively — compared with controls. These findings, coupled with
Spliced PDZ-motif) or LIM domain-binding protein 3  an increase in proteins associated with the transition
and alpha-actinin-2 with the latter possessing the high-  between fast and slow fibre type pathways, indicate an
est log2FC (Fig. 3B). Moreover, we observed a significant  alteration in ATP production in cNeb KO muscle towards
change in myosin binding proteins H and C (Fig. 3B-D).  higher yielding aerobic pathways. Fibres for these prot-
Further, all proteins with a log2fc>1.5 were visualised eomic studies were all derived from the tibialis cranialis
in the heatmap in (Fig. 3E), which highlighted a number  skeletal muscles where the fibre type is predominantly
of proteins involved in cytoskeletal structure but also  fast twitch. However, to determine whether fibre type
and importantly metabolic pathways. To more accu- sampling may be the underlying cause of these proteomic
rately determine functional associations, we carried out differences fibre type classification using myosin quanti-
gene ontology (GO) analysis on all proteins that passed ties was performed [11]. All samples were categorised as
p-value (p<0.05) filtration using the Metascape analysis  fast glycolytic fibres (IIx/IIb) (Additional file 1: Table S4).
resource (Fig. 4A, B, Additional file 1: Table S3). Biologi-  Additionally, following Pearson correlation analysis
cal functions associated with metabolism appear distinct ~ (Additional file 1: Fig. S2), all samples were more similar
between cNeb KO and control muscles. A suppression  based on genomic background than fibre type.
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Next, we wanted to determine whether the changes
seen above in cNeb KO mice were related to the decrease
in the number of myosin heads in the super-relaxed state.
To achieve this, we used mouse extensor digitorum lon-
gus control muscles (this is a fast-twitch limb skeletal
muscle as tibialis cranialis) and incubated them with
piperine, an alkaloid found in pepper which has previ-
ously been observed to reduce the number of myosin
molecules in the super-relaxed state [21, 43]. After three
days of incubation in 100 pM of piperine (optimal con-
centration to destabilise the super-relaxed state—con-
firmed in Fig. 2E, F), we again carried out LC-MS/MS
tandem mass spectrometry. A total of 260 proteins were
detected following low TMT exclusion. However only
42 significant protein changes were observed following
p-value (p<0.05) filtration. The Venn diagram revealed
that the 34 proteins significantly increased expression
in the control group, whist only 8 were observed to have
increased significantly following piperine administration
(Fig. 4, Additional file 1: Table S5). Of these significant
proteins, only three were also differentially expressed in
the cNeb KO mice versus control database (Myosin-4,
DNA-dependent protein kinase catalytic subunit and
actin, alpha skeletal muscle). Due to the low number of
significant differences, performing similar GO analysis
as with the previous dataset was not possible, instead we
aimed to determine whether there was an upregulation
of proteins associated with specific protein—ligand inter-
actions that may be ultimately responsible for the differ-
ences associated with the previously observed, chronic
decrease in the myosin super-relaxed state. Indeed, while
control fibres possessed an array of different ligand bind-
ing, piperine administration predominantly upregu-
lated proteins which possessed ATP/nucleotide binding
(Fig. 4D, Additional file 1: Table S6). These proteins may
therefore be involved in detecting early dysregulation
of ATP utilization present following the disturbance of
myosin conformational states.

Discussion

Our study is one of the first to characterise the myosin
super-relaxed state in human skeletal muscle, as most of
the scientific literature thus far is on cardiac tissue. We
demonstrate that isolated muscle fibres from humans
diagnosed with NEB-NM have a surprising destabiliza-
tion of myosin super-relaxed state and excessive energy
consumption. Consistent with these observations, we
indicate that such ATP overconsumption has potential
consequences on the myofibre proteome of a mouse NM
model.
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Myosin super-relaxed state destabilization

as a pathological contributor and/or a compensatory
process

The super-relaxed conformation is a highly conserved
and regulated state [35]. Its dysregulation in the context
of skeletal muscle diseases is a novel finding. A reduc-
tion in the super-relaxed state is involved in the aetiol-
ogy of other genetic diseases of cardiac muscle, such as
hypertrophic cardiomyopathy (HCM). HCM is estimated
to affect at least 1 in 500 individuals and is primar-
ily caused by mutations in genes encoding the human
B-cardiac/skeletal slow myosin heavy chain (MYH?) or
cardiac MyBP-C (MYBPC3) [41, 42]. The subtle patho-
genic amino acid substitutions in the B-cardiac/skeletal
slow myosin heavy chain mesa region destabilize the
inter-head motif area crucial for forming and preserv-
ing the super-relaxed state [3, 27, 41], whilst variants
in MYBPC3 cause truncations and haploinsufficiency
in cardiac MyBP-C, releasing its restricting power on
myosin heads and lowering the number of myosin mol-
ecules in the super-relaxed conformation [42]. All these
are recognised as major components of the hyper-con-
tractile HCM pathophysiology accounting for impaired
cellular relaxation and enhanced force-generating capa-
bility [35]. Hence, here, it is reasonable to postulate that
the decreased level of myosin heads in the super-relaxed
state that we observed in NEB-NM (and ACTAI-NM)
patients contribute to the aetiology of hypo-contractile
NM through under-appreciated metabolic changes.
More precisely, its involvement may be complex and may
initially be a compensatory mechanism by which muscle
fibres have more myosin heads available for actin binding
to account for the depressed actin filament activation and
cellular force-producing capacity [17, 25, 26, 30]. Indeed,
disordering of myosin heads is proposed to facilitate the
interaction of myosin with actin [19]. These interactions
would be in weakly bound states that do not generate
force but would contribute to stiffness [19]. In the long-
term, this contractile over-compensation may become
detrimental. Myosin super-relaxed state destabilization
in NEB-NM (and ACTA1-NM) patients may have major
consequences on ATP consumption and muscle metab-
olism, straining energy resources. This would be in line
with the glycogen deposition and misshapen mitochon-
dria observed in some patients and in most of the mouse
models [18, 33].

Consequences: metabolic reprogramming

when the myosin super-relaxed state is downregulated
Although more comprehensive studies are warranted,
shifting myosin heads away from their super-relaxed
conformation means excessive energy consumption
and most likely explains the profound abnormalities
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in energy usage seen in NEB-NM (and ACTAI-NM)
patients’ muscle biopsy specimens [18, 33]. Skeletal mus-
cle depends on a large number of pathways to produce
ATP with cellular respiration being the most efficient
machinery, supplying more than 90% of the basal energy
requirements [6]. In the present study, we observed, in
the presence of abnormal nebulin content, a metabolic
reprogramming consisting of a shift away from glyco-
lytic pathways to mitochondrial oxidative phosphoryla-
tion to meet the increased energy demands. This may
have potential whole-body consequences. On average,
adult humans utilise 8 MJ day . Most of this utilisation,
known as the basal metabolic rate, is required for basic
cellular functions. Even though the resting skeletal mus-
cle metabolic rate per unit volume is low (0.5 W kg™?),
it accounts for approximately 25% of the obligatory
whole-body thermogenesis [47]. Here, the disordered
myosin heads in patients may generate a greater overall
thermogenesis [19]. Shifting myosin heads away from
their super-relaxed conformation by as little as 10% may
induce an increase in thermogenesis and energy usage by
0.7 MJ day ™! [19]. Over a period of a year this would lead
to a weight loss of 7 kg of fat [19]. Shifting heads towards
a disordered conformation by 20%, as found in the pre-
sent work, would double skeletal muscle thermogenesis
and would increase the whole-body basal metabolic rate
by 16% [40]. This would explain clinical findings report-
ing NM patients being lean or underweight.

Causes: myosin-binding protein disruption as a potential
contributor of the decreased number of super-relaxed
myosin molecules

In contrast to HCM, in the present study, the downregu-
lation of the super-relaxed conformation in NEB-NM
(and ACTA1-NM) cannot be attributed to the mutations
but rather to indirect processes that could interfere with
the levels of myofilament proteins. Our proteomics anal-
ysis has confirmed reductions of fast MyBP-C and fast
RLC contents together with an up-regulation of myosin
essential light chains (ELC) 1/3 in the presence of nebulin
mutation. Thus, here, we explored the potential roles of
myosin-binding proteins in NEB-NM. We observed sig-
nificant functional differences when MyBP-C is partially
ablated, RLC extracted or myofilament dephosphoryl-
ated. According to the literature, modulating the num-
bers of cardiac RLC or MyBP-C modifies the number of
myosin molecules in the super-relaxed state by destabi-
lizing the thick filaments, untethering myosin heads [12,
20, 45]. Moreover, when comparing the phosphorylated
state of cardiac MyBP-C to its dephosphorylated state, it
has been shown that the phosphorylated state promotes
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a higher myosin order whilst the phosphomimetic state
favours disordered myosin indicative of a decreased pro-
portion of myosin heads in the super-relaxed state [13].
Considering all these findings, it is tempting to suggest
that RLC or MyBP-C are involved in the depression of the
super-relaxed conformation in NEB-NM. The low num-
ber of patients tested for our MyBP-C- and RLC-related
experiments as well as the absence of precise characteri-
sations of MyBP-C and RLC deletions in our functional
assays are obvious limitations here. Hence, further stud-
ies specifically focusing their attention on these aspects
are required.

Conclusion

Taken together, our data show that, in resting muscle
fibres from NEB-NM patients, the myosin-stabilizing
conformational state is disrupted. Our findings also
suggest that the subsequent significant increase in basal
ATP consumption leads to a modification of the myofi-
bre proteome, more specifically of energy proteins. Our
results then give new unexpected insights into unex-
plained NEB-NM pathological features, namely odd
appearance of energetic proteins, and further highlight
the potential benefits of drugs targeting myosin activity
in NM patients.
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Additional file 1: Fig. S1. Myosin-binding protein C (MyBP-C) content
and phosphorylation level. A-C display typical western blots and data
normalized to GAPDH with total slow MyBP-C (A), S59 (B) and T84 (C)
phosphorylation levels. Fig. S2. Pearson Correlations. Each individual
sample was compared to each other, revealing samples in the same
experimental groups are more similar to each other than any other fibres
in the opposing experimental group. This includes WT_2 fibre, which was
calculated to be a pure type 2x fibre, similar to all other cNEB KO myofi-
bres. Table S1. Patient and control muscle biopsy samples used. Table S2.
All proteins detected in manually dissected fibres originating from WT and
cNEB KO mice. All proteins detected during LC-MS/MS tandem mass spec-
trometry, following filtration of missing values. #protein abundance values.
Significant upregulation in each experimental group determined based
on p < 0.05. Table S3. Proteins assigned to functional clusters detected

in manually dissected fibres originating from WT and cNEB KO mice.
Metascape determined both enrichment and p values for protein clusters
and associated proteins. Visual representation of pathway clusters found
in Fig. 4. Table S4. Fibre type classification. Overall fibre type per sample
was calculated utilizing protein abundances from mass spectrometry and
previously outlined myosin heavy chain percentages for each fibre type.
Table S5. All proteins detected in WT enzymatically disassociated fibres
with and without piperine administration. All proteins detected during
LC-MS/MS tandem mass spectrometry, following filtration of missing
values. *Protein abundance values. Significant upregulation in each experi-
mental group determined based on p <0.05. Table S6. Uniprot ligand
binding for significant proteins detected in WT enzymatically disassoci-
ated fibres with and without piperine administration. Likely ligand binding
for all significant proteins (p < 0.05) obtained with and without piperine
administration determined via the DAVID bioinformatic database.
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