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Aberrant myonuclear domains and impaired 2
myofiber contractility despite marked
hypertrophy in MYMK-related, Carey-Fineman-
Ziter Syndrome
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Abstract

Carey Fineman Ziter Syndrome (CFZS) is a rare autosomal recessive disease caused by mutations in the MYMK
locus which encodes the protein, myomaker. Myomaker is essential for fusion and concurrent myonuclei
donation of muscle progenitors during growth and development. Strikingly, in humans, MYMK mutations appear
to prompt myofiber hypertrophy but paradoxically, induce generalised muscle weakness. As the underlying
cellular mechanisms remain unexplored, the present study aimed to gain insights by combining myofiber
deep-phenotyping and proteomic profiling. Hence, we isolated individual muscle fibers from CFZS patients and
performed mechanical, 3D morphological and proteomic analyses. Myofibers from CFZS patients were ~4x larger
than controls and possessed ~2x more myonuclei than those from healthy subjects, leading to disproportionally
larger myonuclear domain volumes. These greater myonuclear domain sizes were accompanied by smaller
intrinsic cellular force generating-capacities in myofibers from CFZS patients than in control muscle cells. Our
complementary proteomic analyses indicated remodelling in 233 proteins particularly those associated with
cellular respiration. Overall, our findings suggest that myomaker is somewhat functional in CFZS patients, but
the associated nuclear accretion may ultimately lead to non-functional hypertrophy and altered energy-related
mechanisms in CFZS patients. All of these are likely contributors of the muscle weakness experienced by CFZS
patients.
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Introduction

Carey-Fineman-Ziter Syndrome (CFZS) is a rare auto-
somal-recessive disorder often classified as a congenital
myopathy. CFZS is characterised by facial dysmorphisms
and motor developmental delays associated with distinct
skeletal muscle symptoms [5, 6]. The condition shares
close similarities with other dysmorphic syndromes
with skeletal muscle involvement, in particular King-
Denborough syndrome (KDS) and Noonan syndrome
(NS), both of which have to be considered in the differ-
ential diagnosis. The prevalence of this MYMK-related
disease is unclear due, in part, to underrecognition, par-
ticularly when dysmorphic features are subtle. Hence, to
date, confirmation of a CFZS diagnosis has been docu-
mented in less than twenty patients [1, 9, 18]. A total
of seven missense MYMK mutations have been identi-
fied, of which two have been classified as hypomorphic
(c.271 C>A and c.461T>C), three as null (c.553T>C,
c.298G>A and c.2T>A) and two are yet to be catego-
rised (¢.235T>C and ¢.399+5G>A) [1, 4, 9, 18]. More
recently, a CFZS-like phenotype has also been docu-
mented due to mutation in another myoblast fusion
gene, MYMX (c.136 C>T) [33]. Irrespective of mutation,
CFZS patients all exhibit muscle weakness. Interestingly,
while lower limb MRIs indicate that some fat infiltration
occurs, overall muscle mass is similar to controls [9].
Surprisingly, histological analysis reveals striking myo-
fiber hypertrophy leading to the inference that patients
likely possess 75% fewer fibers than healthy individuals
[18]. Despite this knowledge the exact pathophysiology
underlying these muscle symptoms is not yet elucidated.
Hence, the aim of the present study was to characterise
the cellular mechanisms by which CFZS-associated mus-
cle weakness occurs in the presence of significant hypo-
plasia and concomitant myofiber hypertrophy.

Muscle fiber hypertrophy has been described in other
genetic muscular disorders including, but not limited to;
Duchenne Muscular Dystrophy (DMD) and Spinal Mus-
cular Atrophy (SMA). In DMD, while imaging studies
have identified true hypertrophy in some individuals, it
is typically classified as pseudo-hypertrophy due to the
enlarged outer appearance, resultant from the presence
of oedema and extensive fat and connective tissue infil-
tration [20]. In SMA, muscle fiber hypertrophy is sparse
and organised in clusters, while most fibers are atrophied
[19]. Despite these observations, decreases in contractile
material and progressive gross atrophy inevitably leads
to overall muscle weakness in DMD and SMA, however,
as this is not the case in CFZS alternative causes for the
induction of muscle weakness are likely.

The MYMK gene encodes a highly conserved muscle
specific protein named myomaker. Myomaker is essen-
tial for fusion and concurrent myonuclei donation of
muscle progenitors during growth and development [25,
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27]. Intriguingly, while human MYMK mutations prompt
myofiber hypertrophy in CFZS, MYMK knockout (KO)
mutations in zebrafish or mice prevent myonuclear
accretion [26, 39] and produce an abrogated hypertro-
phic response to physiological stimuli [14, 15]. This indi-
cates the presence of patient specific cellular mechanisms
that we aim to address in the present work.

Healthy skeletal muscle fibers contain several hundred
peripherally located and evenly distributed myonuclei
[13, 38]. Indeed, following fusion, each myonucleus con-
trols transcriptional activity for a well-defined volume of
cytoplasm, termed the myonuclear domain (MND) [8,
11, 16, 30]. As such, sufficient peripheral nuclear num-
ber and regular positioning are crucial for correct myo-
nuclear functioning as well as proper myofibril growth
and contractility [36]. Reducing or altering myonuclear
accretion and extending MND volumes beyond their
maximum functional capacities leads to pathological
states and depressed muscle fiber force production [21].
We therefore initially hypothesized that CFZS-associated
MYMK mutations produce dysfunctional myomaker pro-
teins. The nuclear accretion may in turn be ineffective,
resulting in hypertrophic myofibers with disproportion-
ally large dysfunctional MND sizes and compromised
intrinsic cellular force production, all of which ultimately
contributes to overall muscle weakness reported in CFZS
patients. To investigate these hypotheses, in the present
study we isolated and membrane-permeabilised individ-
ual muscle fibers from MYMK-mutated human muscle
tissue and performed a deep phenotyping consisting of a
series of mechanical and morphological analyses, includ-
ing an evaluation of the 3D organisation of myonuclei. In
parallel, we ran a proteomics analysis to detect potential
clusters of proteins preferentially dysregulated in myofi-
bers from the patients.

Materials and methods

Human participants

Two siblings (one male, aged 6 years and one female,
aged 18 vyears) carrying autosomal-recessive mutation
in the myomaker gene (MYMK/TMEMS8C) [c.235T >C;
p.(Trp79Arg), and biopsies from the vastus lateralis in
compliance with the declaration of Helsinki, as previ-
ously described by [18]. Seven vastus lateralis muscle
biopsies from healthy donors were also included in the
present study (Table 1). All specimens were snap-frozen
in liquid propane chilled with liquid nitrogen and stored
at — 80°C until required for further analysis. All tissue
was consented, stored, and used in accordance with the
Human Tissue Act, UK, under local ethical approval
(REC 13/NE/0373).
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Table 1 Patient and control muscle biopsy samples used

Age Gender Mutation Disease

(years)

6 Male MYMK/TMEMSC) [c.235T>C; Con-
p.(Trp79Arg), and c.271 C> A; genital
p.(Pro91Thr)], myopathy

18 Female MYMK/TMEMS8C) [c.235T >C; Con-
p.(Trp79Arg), and c.271 C> A; genital
p.(Pro91Thr)], myopathy

25 Female - -

37 Male

21 Female

24 Female

35 Female

42 Male

27 Male

Muscle fiber permeabilization

Muscle samples were defrosted, placed in relaxing solu-
tion at 4 °C followed by skinning solution (relaxing solu-
tion containing glycerol) for 24 h at 4 °C, after which they
were transferred to -20 °C for short term storage (3 to 4
weeks). For long-term storage the muscle bundles were
treated with sucrose, a cryoprotectant, within 1-2 weeks
[12] and snap frozen in liquid nitrogen-chilled propane,
and stored at —80 °C.

Solutions

Relaxing and activating solutions contained 4 mM Mg-
ATP mM free Mg2+, 20 mM imidazole, 7 mM EGTA,
14.5 mM creatine phosphate and KCl to adjust ionic
strength to 180 mM and pH to 7.0. The concentrations
of free Ca*" was 10~ M for the relaxing buffer (pCa 9)
and 10~*° for the activating solution (pCa 4.5). Skinning
solution contain relaxing solution supplemented with
glycerol (50:50 v/v).

Single fiber isolation

Single myofibers were manually dissected at room tem-
perature (RT). For image analysis, each end of the dis-
sected myofiber was clamped to half split copper meshes
designed for electron microscopy (SPI G100 2010 C-XA,
width 3 mm) which had been glued to coverslips (Men-
zel-Glaser, 22x50 mm, thickness 0.13-0.16 mm), with
each array containing approximately nine myofibers.
Approximately 16 fibers were tested for each participant,
therefore a total of 114 fibers from seven participants and
32 fibers from two participants were analysed for CON
and CFZS respectively.

Single myofiber force production

Individual fibers were attached between connectors lead-
ing to a force transducer (model 400 A; Aurora Scientific)
and a lever arm system (model 308B; Aurora Scientific).
Sarcomere length was set to approximately 2.50 pm,
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while the temperature was set to 15 °C [23, 24, 29]. Abso-
lute maximal isometric force generation was calculated
as the difference between total tension in the activating
solution (pCa 4.5) and the resting tension for the same
myofiber in the relaxing solution (pCa 9.0). Specific force
was defined as absolute force divided by CSA (estimated
from the width and depth, assuming an elliptical circum-
ference). Myofibers included in the analysis were able to
sustain three consecutive maximal activations without
any force depressions (>10%) and had preserved sar-
comere structures after the three maximal activations.
Approximately 7-9 fibers were used per individual for
the control group (n=40) and >10 individual fibers per
CFZS patient (n=25) sample groups,

Fluorescence labelling

At room temperature, arrays were fixed in 4% PFA for
15 min (minutes), washed 3 times with PBS and further
permeabilized in 0.1% Triton-X100/PBS for 10 min. Sub-
sequently fibers were blocked using 10% goat serum (GS)
for 1 h. Myofibers were incubated in primary antibodies
Desmin [D33], ab8470 (Abcam) (1:150) overnight. The
myofibers were then washed again in PBS before incuba-
tion with associated secondary antibody [FluorTM 488
Goat anti-Rabbit IgG H+L, A-11,008 (Thermo Fisher
Scientific)] and/or DAPIL.

Fluorescence imaging and analysis

A Confocal microscope (Zeiss Axiovert 200, objectives
%20 and x40) equipped with a CARV II confocal imager
(BD Biosciences) was used to acquire images. To visualize
muscle fibers in 3D, stacks of 200 images were acquired
(1 um Z increments) and analysed with a custom-made
MATLAB (MathWorks) program [21]. To measure how
ordered the nuclear distribution for a particular fiber
experimental NN (nearest neighbour) distances were cal-
culated and compared to simulated distributions: a theo-
retical optimal and a theoretical random distribution. We
denoted experimental, optimal and random distributions
by Mg, M, and M, respectively. An order score g [3], was
then calculated using the following equation: g = (M-
Mp) / (My— Mp).

LC-MS / MS identification and quantitative analysis of
protein abundance

For preparation, each sample consisted of five indi-
vidual muscle fibers which were dissected at a length of
3 mm. A total of five samples were produced for each
of the two control participants (#=10) and each of the
two CFZS patients (#=10). Samples were provided in
a centrifuge tube containing 30 ul Tris-Triton lysis buf-
fer (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% deoxycholate, protease inhibitor cocktail III
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(1:100), phosphatase inhibitor cocktail mix (1:100) at
an unknown protein concentration. Sample volume was
reduced by half in a SpeedVac (ThermoFisherScientific)
and subsequently mixed in a 1:1 ratio with Laemmli buf-
fer (2x conc.), vortexed and boiled at 96 °C for 10 min.
To stack the protein complement and remove chemi-
cal interference from the lysis buffer samples were cen-
trifuged at 14,000 rpm for 3 min prior to loading in 10%
BisTris gels (Gel 1 - #19072670-1957; Gel 2 - #19072670-
1965; Gel 3 - #19072670-1966; Gel 4 - #19072670-1977).
Gels were then stained overnight with Imperial protein
stain (Thermo, #24,615). In-gel reduction, alkylation and
digestion with trypsin was performed prior to subse-
quent isobaric mass tag labelling [10]. Each sample was
treated individually with labels (TMT10plex) added at a
1:1 ratio.

For analysis by LC-MS/MS, TMT labelled peptide sam-
ples were resuspended in 60 pL of resuspension buffer
(2% ACN in 0.05% FA) with 10 pl sample injected in trip-
licate (30 pl total volume). Chromatographic separation
was performed using an Ultimate 3000 NanoLC system
(ThermoFisherScientific, UK). Peptides were resolved
by reversed phase chromatography on a 75 um * 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
(ThermoFisherScientific, UK) operating under Xcalibur
v4.1. The instrument was programmed to acquire using a
“Synchronous Precursor Selection with MultinotchMS>”
method (SPS). Synchronous Precursor Selection is a pro-
cess of selecting multiple MS2 precursors using a single
fill and single waveform in a CID or HCD cell, while Mul-
tinotchMS3 is to reduce co-isolated interference from
MS2 in an ion-trap cell.

Fiber type estimation

Previously defined by Murgia et al. [28] for each sam-
ple the abundance of Myosin heavy chains 1,2,4 and 7
(MYH1,2,4 and 7) was summed and the expression of
each isoform was then calculated as a percentage. Pure
fibers were expressed>80% of a particular MHY pro-
tein, for example those samples possessing>80% of
MYH?7 were classified as a pure slow fiber. Where the
80% expression threshold was not met the fiber was
classified as a mixed fiber. Here the highest and second
highest percentage contribution providing the classifica-
tion i.e. MYH7 and MHY2 classified as a Mixed slow/2A
fiber. Each sample group contained five individual fibers;
therefore, the fiber type is estimated based on the relative
myosin expression for each sample, not each fiber.
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Database searching

Raw mass spectrometry data from the triplicate injection
were processed into peak list files using Proteome Dis-
coverer (ThermoScientific; v2.2) (PD 2.2). The data was
processed and searched using the Mascot search algo-
rithm (v2.6.0; www.matrixscience.com) and the Sequest
search algorithm [10] against the Uniprot Human Tax-
onomy database (49,806 entries; http://www.uniprot.
org/uniprot/). 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
result file was exported into Perseus (v1.6.3; http://www.
perseus-framework.org) for qualitative and quantitative
data analysis (two sample, student t-test with permuta-
tion based false discovery rate [FDR]). Metascape [40]
was utilised for gene ontological (GO) analysis, which
was subsequently visualised using cytoscape [37]. Con-
trol and patient mean protein abundance was used to
visualise composition of protein functions using an auto-
matic system based on KEGG Pathways gene classifica-
tions, named proteomaps [22]. Further data visualisation
utilised Biovinci (v3.0.9; https://vinci.bioturing.com) and
Graphpad Prism (v9;.www.graphpad.com).

Statistics

Statistical analyses were performed using GraphPad
Prism 6.0 and included normality tests, t-tests/Mann-
Whitneys, ANOVAs and subsequent post-hoc tests,
while Pearson’s product moment correlation (to evaluate
linear relationships) and comparison between regression
coefficients were carried out on SPSS statistics 23 soft-
ware (IBM). Principal component analysis (PCA) and
Pearson correlations for fiber typing was carried out and
visualised using Biovinci (v3.0.9; https://vinci.bioturing.
com). Statistical significance was set to p<0.05. Para-
metric data are presented as mean + SD whereas non-
parametric data sets are presented using median + 95%
confidence intervals.

Results

Marked cellular hypertrophy in CFZS patients is confirmed
via 3D analysis of single myofibers

Significant myofiber hypertrophy was previously docu-
mented in CFZS patients through histological 2D mea-
surements [9, 18]. To confirm these findings in a more
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Fig. 1 Fiber size comparison between control and CFZS patients. (A) Representative images of a single fiber from a control and from each of the
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Fig. 2 Comparison of force production between control and CFZS patients. (A) Specific force (absolute force/ CSA) for controls (N=and CFZS pa-
tients (N=, presented as median +interquartile range. (B) Scatter plot depicting absolute force compared to cross-sectional area (CSA) for control (blue)
and CFZS patients (red). Simple linear regression determined r? values for each slope. Mann Whiney test confirmed significance between CON and CFZS

for specific force, **** represents a p value of <0.0001

physiologically accurate manner, single muscle fibers
were manually isolated from the biopsies of patients
diagnosed with Carey-Fineman-Ziter-Syndrome (CFZS)
and their control counterparts (CON). In the current
experimentation we did not delineate fiber type as previ-
ous histological analysis of these patient samples (taken
from the same muscle) suggested all fiber types under-
went significant myofiber hypertrophy, thus providing us
with an increased number of fibers available for down-
stream analysis [18]. These fibers were stained for nuclei
(DAPI) and myofibrils (Desmin) from which, subsequent
3D confocal reconstructions were analysed. Muscle
fibers originating from CFZS patients were confirmed to
have undergone striking myofiber hypertrophy possess-
ing a significantly increased CSA (cross-sectional area)
approximately four-fold larger than CON (17,407 £9134
vs. 4046+1720) (Fig. la and b). Furthermore, control
fibers maintained a homogenous population of CSAs,
whereas the CFZS patients displayed a large wide range
of CSA distribution (Fig. 1c).

CFZS patients experience myofiber force impairments
Despite the marked cellular hypertrophy observed above
in 3D and previously in 2D [9, 18], CFZS patients typi-
cally maintain a normal whole muscle size. It has there-
fore been inferred that CFZS patients possess fewer
myofibers [18]. Hence, we subsequently aimed to deter-
mine whether the overall muscle weakness present in
CFZS patients was due to a reduction in force production
in individual fibers rather than simply the inferred pres-
ence of hypoplasia. To assess the force generating capac-
ity of these myofibers we measured the absolute steady
state isometric force during Ca?" saturation (pCa 4.5).
This ensured no confounding effects of Ca** handling or
sarcolemma excitability were observed.

While absolute force was significantly higher in CFZS
patients (638.00+£308.10 vs. 1690%8564.80, CON
vs. CFZS respectively), specific force (absolute force
divided by CSA) was reduced by approximately 60%
(151.50+48.78 vs. 93.24%£57.96, CON vs. CFZS respec-
tively) (Fig. 2a). Unlike CON, absolute force was not
tightly correlated to CSA in CFZS patient fibers (Fig. 2b).
These findings suggest that while the larger size of the
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CFZS patient fibers allows an overall increase in force
production, it is not as large as would be expected for
a fiber of this size. Overall, these findings suggest that
muscle weakness in CFZS patients is not simply due to
a reduction in overall number of myofibers and that a
reduced force-production capacity of individual muscle
fibers is a significant confounding factor.

CFZS patients possess an unexpected increase nuclei
number, however mean MND size is enlarged and
myonuclear spatial positioning are dysregulated

As myomaker mediates fusion and therefore myonu-
clear accretion, we next aimed to investigate if disrup-
tions in myonuclear number and spatial arrangement
were present and may be prompting the contractile dys-
regulation observed in these patients. Surprisingly, we
observed CFZS patients to have more than twice the
number of myonuclei per mm of length, compared to
CON (177.10£72.18 vs. 390.80+£209.70, CON vs. CFZS
respectively) (Fig. 3a). The CON fibers displayed a tight
regulation between nuclei and CSA whereas CFZS
patient fibers did not (Fig. 3b). As a result, the MND
(myonuclear domain) was significantly enlarged in the
CFZS patients, further indicating an inadequate nuclear
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number (28.10+£9.52 vs. 51.81£24.84, CON vs. CFZS
respectively (Fig. 3c and d).

As nuclei clustering was apparent in CFZS patients,
(exemplified in Fig. 1a), we investigated nearest neigh-
bour distance (NNd). Surprisingly, NNd was not signifi-
cantly different between the CFZS patients and controls
(Fig. 3e). To determine the distribution of nuclei along
the myofiber, we then calculated the order score, whereby
the higher the score the more even the distribution is.
CFZS patient samples showed a significant reduction in
order score which is indicative of a more random nuclei
distribution compared to the controls (8.49+14.30
vs. -7.95+15.44, CON vs. CFZS respectively, Fig. 3f).
Together, these findings indicate that while myoblast
fusion is still present, myonuclei dysregulation may be
prevalent and provide some insight into the impaired
myofiber muscle strength.

As both the MND and the order score are dysregu-
lated in the CFZS patients, we assumed transcriptional
and subsequent proteomic alterations will be present.
We therefore performed quantitative LC-MS/MS tan-
dem mass spectrometry to gain insights into the pro-
teomic profile present in this dysfunctional hypertrophic
state (Fig. 4a). Following data filtration 233 proteins were
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Fig. 3 Comparison of nuclear number and distribution. (A) Nuclei number per mm length, (B) Scatter plot depicting nuclei number per mm length
compared to cross-sectional area (CSA), (C) Average MND volume, (D) Scatter plot depicting average MND volume compared to CSA, (E) Nearest neigh-
bour (NN) mean distance, (F) Order Score. Simple linear regression determined r? values for each slope. T-test’s were utilise for all group comparisons (A, C,
E and F), **** represents a p value of <0.0001 and *** represents a p value of. All figures depict controls in blue (N=114) and CFZS patients (N=32) in red
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Fig.4 Comparative proteomic analysis. (A) Schematic depicting the process of analysing myofibers obtained from controls and CFZS patients (5 fibers
collected per sample tube). (B) Venn diagram depicting detected proteins that were significantly upregulated and downregulated in CFZS patients as
well as those that remained unchanged between experimental groups. (C) Volcano plot displaying Log2 fold change (Log?2 fc) against Log10 p-value.
Dark blue dots indicate p <0.05 controls (aka. downregulated in CFZS) whereas red dots indicate p <0.05 for CFZS patients (aka. upregulated in CFZS).
Non-significant (p> 0.05) proteins are highlighted in grey. The top 10 most significant proteins for each experimental group have been annotated in blue
(downregulated in CFZS) or red (upregulated in CFZS). (D) A heat map was created to illustrate the proteins with the greatest fold change, all proteins
included possessed a Log2 FC > 1.5. For readability gene names rather than protein names were included in the heap map

considered for comparison between CFZS patients and
control counterparts (Supplementary Table 1). Impor-
tant to note, as the control group possesses the desired/
healthy proteome profile, any protein which appears
upregulated in this condition are only present due to
a down regulation in the CFZS group. As such, we will
henceforth refer to the proteins upregulated in the con-
trol group as downregulated in the CFZS group. Of the
233 proteins considered for comparison, 97 were altered
significantly between groups, with approximately 65%
being downregulated in CFZS patients (63 down and
34 up CFZS, Fig. 4b). Within these 233 proteins there
were no known hypertrophic proteins observed. How-
ever, we still sort to utilise this proteomic data to cap-
ture the proteomic differences present in CFZS patients.
Subsequently, a volcano plot was generated to visualise
differentially regulated proteins, which was annotated
with the top 10 most significant proteins both up and

down-regulated in CFZS patients (Fig. 4c). The protein
with the most significant change and the protein with
the highest fold change were both observed to be down-
regulated in CFZS (ADP/ATP translocase 1 and myo-
sin regulatory light chain 2, respectively). Furthermore,
all proteins with a log2fc of >1.5 were visualised in a
heatmap (Fig. 4d). This further illustrated that a greater
number of proteins were significantly downregulated
in CFZS. Furthermore, the heatmap also indicated that
many of the differential proteins were associated with
metabolic processes.

To highlight functional proteomic pathways, we next
performed gene ontology (GO) analysis on all proteins
which passed p-value (p<0.05) filtration. We first uti-
lised the Metascape analysis resource (Fig. 5a and b,
supplementary Table 2) in which the GO term ‘striated
muscle contraction, was observed in the upregulated
group. Interestingly ‘striated muscle contraction’ was also
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Fig. 5 Ontological analysis of the proteins up and down regulated in CFZS patients (A) Ontological associations between 63 proteins downregu-
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significant difference (p <0.05) [22]

downregulated in CFZS, suggesting that various proteins
associated with muscle contraction are dysregulated in
both directions in CFZS. It is therefore unlikely that the
increase in proteins associated with straited muscle con-
traction is the sole contributor to the increased fiber size
in CFZS patients. Further, these findings may indicate
a potential compensatory hypertrophic mechanism or
pathophysiological profile in dysfunctional hypertrophy.

The most significant functional group was the down-
regulation of cellular respiration, thus inferring a down-
regulated metabolic process may be present in the
CFZS patients. To further examine this, we carried out
additional GO analysis utilising the protein abundance
values in Proteomaps. Similarly to the Metascape find-
ings, we observed an increase in the GO term ‘cytoskel-
etal proteins’ to be both up and down regulated in CFZS
patients, with the former displaying a greater contribu-
tion of ‘cytoskeletal proteins’ to total protein abundance
than the latter (Fig. 4c). Proteomap analysis also con-
firmed the presence of a downregulation of metabolic
associated proteins in CFZS. More specifically, there was
a downregulation in protein abundance associated with
oxidative phosphorylation, regardless of fiber type, (sup-
plementary Fig. 1).

Discussion

The pathophysiology underlying the overall impaired
muscle function in the presence of striking fiber hyper-
trophy in patients with CFZS is not well understood. To
test our hypothesis that overall muscle weakness expe-
rienced by CFZS patients is due to enlarged MND sizes
and compromised intrinsic cellular force production at
a single fiber level, we first confirmed the presence of
hypertrophy in three-dimensions. Indeed, muscle fibers
isolated from CFZS patients were approximately four-
fold larger than their control counterparts. As myofiber
size is typically proportional to force production [32], we
therefore unsurprisingly observed an increase in absolute
force capacity in the larger CFZS patient fibers. How-
ever, as demonstrated by the significantly reduced spe-
cific force, this was lower than would be expected for a
fiber of this magnitude. The impaired specific force in
the presence of remarkably large CSA indicates that
the hypertrophy present in CFZS patients is pathologi-
cal, subsequently the increased myofiber size will not
compensate for their reduced number in these patients.
Consequently, individual fiber force production is a con-
tributing factor of muscle dysfunction in CFZS patients,
not merely the presence of myofiber hypoplasia.
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MYMK mutations have previously been divided into
two classifications based on fusogenic capacity: null and
hypomorphic [9]. Similarly to KO models, the null muta-
tions produce no myoblast fusion [26, 39], whereas the
hypomorphic mutations retain some fusogenic capac-
ity in vitro. The CFZS patients in this study carried an
as yet unclassified mutation (c.235T >C) and a mutation
previously classified as hypomorphic (c.271 C>A) due
to its maintenance of a control like fusogenic capacity.
Surprisingly, we observe a two-fold increase in nuclear
number which could be suggestive of an improved fuso-
genic capacity. While a decrease in myonuclear accretion
has previously been observed to induce a dysfunctional
phenotype in muscle disease [21] an increase in nuclear
accretion has not. These findings may indicate the
importance of nuclear accretion being tightly regulated
in either direction (increase or decrease) as functional
impairments may be induced following any deviation
from the optimal fiber requirements.

Although nuclei number is increased two-fold in the
CFZS patient fibers the overall size is approximately
four-fold higher, highlighting that the observed increase
in myonuclear number may not be sufficient to support
optimal function in a myofiber of this magnitude and
may subsequently be indicative of a myonuclear impair-
ment. The significant increase in MND size further sup-
ports the concept of impaired myonuclear accretion in
CFZS patients, whereby this enlarged MND size is typi-
cally induces impaired force production [32]. Indeed,
myoblasts cultured from a patient with the same hypo-
morphic mutation as those in the current study produced
both an increase in mono-nucleated myofibers and a
decrease in multi-nucleated fibers, which is also indictive
of a fusogenic impairment [9]. Interestingly, while these
patient derived myoblasts suggested a fusion impair-
ment, myoblasts modified to carry only the patient’s
hypomorphic mutation, recorded a maintenance in
fusion capacity. Fusogenic capacity of each MYMK muta-
tion in isolation may therefore not be indicative of a
patients pathophenotype due to the presence of a second
mutation. Furthermore, the impaired fusion observed
in patient myotubes in vitro also suggest a reduction in
myotube diameter which does not recapitulate their
accompanying histological analysis. The varied patho-
phenotype between in vivo and in vitro derived myofibers
from CFZS patients may therefore indicate a prefer-
ence or potential mechanistic difference between fusion
required for production of new fibers compared to fusion
requirements for existing fibers (myonuclear accretion).
This may partially explain the reduction in total number
of myofibers but an increase in nuclear number observed
in the patient derived single fibers in the current study.

As with reduced nuclei number, aberrant myonuclear
arrangement has previously been observed to impair
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myotube function in muscle disease [35]. Indeed, the
regulation of nuclei location was impaired within CFZS
patients (as determined by the order score), thus dimin-
ished transport of essential mRNA and protein across the
entire myofiber is a likely driver of the impaired myofibril
contractility observed [3, 17]. These findings indicate that
MYMK mutations not only affect fusion capacity but may
also play a distinct role in nuclei location once myonu-
clear accretion has taken place [32].

To provide insight into the striking myofiber hyper-
trophy observed in these individuals we performed pro-
teomics on myofibers, derived from both patients and
controls. Unfortunately, we did not uncover proteins with
a known hypertrophic association, however this may be
due to the temporal regulation of hypertrophy in skel-
etal muscle [2, 7]. To fully establish these mechanisms
a model of muscle damage/ growth in conjunction with
CFZS causing mutations would therefore be required.
We did not observe the presence of myomaker in either
the patient or control cohorts. This is not unsurpris-
ing as these fibers were under homeostatic balance and
the requirement for nuclear accretion was likely low.
This finding also suggests that the muscle dysfunction
observed in these patients is likely not associated with
impaired membrane integrity, as previously observed
in dystrophic mice when myomaker is present outside
of fusogenic requirements [31]. One limitation of the
methodology utilised here however, is that sarcomeric
proteins are highly abundant, which may consequently
lead to less abundant proteins such as transcription fac-
tors and known secretory proteins being below the limit
of detection of this analysis, therefore further confirma-
tion of this finding is required. CFZS patients possessed
a significant dysregulation of proteins associated with
striated muscle contraction/ cytoskeleton (different pro-
teins associated with this functional group were both up
and down regulated). Changes in contractile proteins is
likely to contribute to the impaired force production and
striking myofiber hypertrophy previously observed in the
CFZS patients. While these findings may indicate a possi-
ble pathological contractile profile or indeed the presence
of a compensatory mechanisms we were unable to ascer-
tain the influence of this proteomic profile in relation to
the force dysfunction. Mechanistic understanding should
therefore be addressed in future studies.

Proteomic profiling also allowed for the observation
that a decrease in proteins associated with cellular res-
piration and more specifically, oxidative phosphoryla-
tion was present in CFZS patient fibers. Unfortunately,
these findings do not indicate a causal relationship,
however previous identification of pathways associated
with increased aerobic respiration elucidated an appar-
ent fiber type switching or reliance on slow fiber types
have been observed in another muscular disorder [34]. It
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may therefore be reasonable to suggest the reverse could
also be true; whereby a reduction in the capacity for oxi-
dative phosphorylation (as is the case in CFZS patients
here) may increase reliance or be indicative of a partial
switch towards fast twitch fibers (which possess greater
hypertrophic capacity). Although not present in this
cohort [18], this may be one justification for fast fibers
being reported to selectively undergo hypertrophy in
some CFZS patients [9]. No further mechanistic studies
were undertaken within the scope of this study. Future
investigations should therefore focus on whether these
apparent metabolic differences induce functional and
structural changes. This should include electron micro-
scopic analysis to provide ultrastructural assessment of
CFZS muscle, with a particular focus on the abundance
and structure of mitochondria and myofibrils. Further-
more, determination of mitochondrial respiratory capac-
ity in these patients should be prioritised, to determine if
this proteomic profile affects function. Together with our
findings, these future studies may provide an indication
of whether theses metabolic differences could present as
a druggable target to improve functional outputs in these
patients in future.

Conclusions

In summary, we have demonstrated that CFZS patients
possess dysfunctional hypertrophic myofibers, which are
unlikely to compensate for reduced number of fibers. We
suggest this dysfunction is due in part to dysregulated
MND size and a dysregulated protein profile including a
perturbation in the regulation of oxidative phosphoryla-
tion proteins.
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