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Introduction

Abstract

Cerebral Palsy (CP) is one of the most common lifelong conditions
leading to childhood physical disability, affecting approximately 1.6
in 1000 live births. Literature reported muscle alterations of CP pa-
tients in comparison to Typically Developing (TD) children such as
fibrotic tissue accumulation and reduced Satellite Cell (SC) numbers
with altered fusion capacity. To better understand the observed CP
muscle phenotype, we quantified and investigated SC-progenitors
of the Medial Gastrocnemius from young patients with CP (n=17,
aged 3-9 years, GMFCS levels I-1ll) and age-matched TD children
(n=12). We found an increased myotube diameter and a higher
amount of nucleus clusters in CP-derived myotubes compared to
TD-derived myotubes. Additionally, these nucleus accumulations
were larger and less linear in SCs from children with CP compared
to TD. Further, no altered expression levels of multiple genes as-
sociated with SC differentiation, fusion and nuclear positioning
involved in other muscle disorders have been observed. In conclu-
sion, we unprecedently quantified altered differentiation features
of SCs from CP muscles with unaltered gene hallmarks of myopa-
thies. Further research would be needed to elucidate pathophysi-
ological mechanisms related to the altered SC properties observed
in CP muscles and its impact on in vivo muscle functioning.

Keywords: Satellite cells; Cerebral palsy; Young patients; Myo-
genesis; Myotube

Abbreviations: BL: Bilateral; BONT: Botulinum Neurotoxin A; CP:
Cerebral Palsy; DMD: Duchenne Muscular Dystrophy; FACS: Fluo-
rescent Activated Cell Sorting; Fl: Fusion Index; F: Female; GMFCS:
Gross Motor Function Classification System; IF: Immunofluores-
cent; IQR: Interquartile Range; M: Male; MG: Medial Gastrocnemi-
us; MyHC: Myosin Heavy Chain; RMSE: Rooth Mean Square Error;
SC: Satellite Cell; SD: Standard Deviation; ST: Semitendinosus; TD:
Typically Developing; UL: Unilateral

Cerebral Palsy (CP) is one of the most common lifelong con-
ditions leading to childhood physical disability, with an inci-
dence of around 1.6 in 1000 live births [1]. CP originates from
a neural lesion in the immature brain, leading to progressive
musculoskeletal symptoms. Clinically, CP manifests itself on
both neural and muscular level (spasticity, muscle weakness
and decreased muscular control), resulting in decreased func-
tional ability such as disturbed gait [2-4]. These patients can be
classified following the Gross Motor Function Classification Sys-
tem (GMFCS), from levels | to V, based on their functional abili-
ties [5,6]. The lower the level the more functional the child is.
Treatment mainly consists of management of the symptoms at

the muscle level, including physiotherapy, orthoses, Botulinum
Neurotoxin A (BoNT) injections and orthopaedic surgery [4,7].

Previous investigations on CP microscopic muscle proper-
ties reported altered muscle composition with i.e. an increased
collagen content, accumulation of adipose tissue [8-10] and a
significant reduction in the number of Satellite Cells (SCs) in
contractured muscles of patients with CP [11-13]. SCs are quies-
cent adult stem cells located between the sarcolemma and the
basal lamina of the muscle and are primarily involved in adult
myogenesis [14,15]. Unfortunately, research on the functional-
ity of SCs in CP muscle pathology is scarce [16,17] and requires
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further examinations. Domenighetti et al. described lower Fu-
sion Index (F1) values in myotubes from CP-derived SCs (patients
aged 3-18 years) compared to TD adolescent cells (aged 14-18
years), based on hamstring biopsies [16,18]. Furthermore, they
described these myotubes as thinner and more spindle-shaped
compared to those of TD adolescents. Our group previously re-
ported higher Fl values based on Myosin Heavy Chain (MyHC)
expression of SCs from younger patients with CP (aged 3-9
years) derived from microbiopsies of the Medial Gastrocnemius
(MG) compared to aged-matched TD children [17]. These SC-
derived myotubes from children with CP seemed to be larger
and contained more accumulations of myonuclei within the
myotubes compared to those of TD children. Interestingly,
studies regarding other myopathologies, such as facioscapu-
lohumeral and Duchenne Muscular Dystrophies (DMD), have
described similar in vitro SC alterations in myotube morphol-
ogy, diameter and/or branching [19-22]. Moreover, also nuclear
positioning within the myotube seemed to be pivotal, as impair-
ments in these processes were associated with centronuclear
myopathies or Emery-Dreifuss muscular dystrophy [23,24].
These studies while linking in vitro SC features to muscle weak-
ness emphasize the relevance of the SC alterations in myotube
morphology. Whether the in vitro SC-derived myotube altera-
tions can be linked to muscle alterations in CP children is not yet
known. This is for a part due to the fact that the measurements
up to now were purely descriptive. We, however, believe that
the quantification of the myotubes and myonucleus features in
vitro would help providing a more complete picture of the SC
behaviour alterations, ultimately leading to better understand-
ing of the observed muscle alterations. In this regard, Kahn and
colleagues also hypothesised altered SC behaviour based on ex
vivo muscle sections via differences in myonuclear domain in
contractured muscles from patients with CP [25].

The current study aimed to employ a software tool devel-
oped in our laboratory [26] to quantify the SC-derived myotube
phenotype from two different muscles in young patients with
CP in comparison to age-matched TD children. We also exam-
ined potential associations with clinical parameters and per-
formed explorative assessments of gene expression to deter-
mine potentially involved actors in altered SC functioning.

Materials and Methods
Muscle Microbiopsy Collection

This study protocol was approved by the Ethical Commit-
tee of the University Hospitals of Leuven, Belgium (S61110 and
$62645). Written informed consent was provided by the par-
ents or next of kin. Children with CP were recruited from the
CP Reference Centre, whereas TD children were recruited from
the Traumatology Unit for upper limb surgeries, or from the Ear,
Nose and Throat Unit for other procedures at the University
Hospitals Leuven (Belgium). A group of patients with CP (n=17,
age 3-9 years; GMFCS I-11l) and age-matched TD children (n=12)
were included in this study (Table 1). In- and exclusion criteria
for both the CP and the TD groups were as described before
[17]. All biopsies were collected during interventions requiring
general anaesthesia related to orthopaedic interventions (in-
cluding BoNT-injections). Microbiopsies from the muscle mid-
belly of the MG were obtained from all enrolled children, while
for a subgroup of subjects (CP: n=6, TD: n=3) also a second biop-
sy of the Semitendinosus (ST) was collected. The biopsy collec-
tions were performed percutaneously under ultrasound guid-
ance, with a microbiopsy needle (16-gauge, Bard) as described
previously [17].

Clinical Outcome Parameters Regarding Muscle Spasticity
and Strength in CP Children

The clinical symptoms of the plantar flexors were defined
through manual assessments, using the Modified Ashworth
Scale to classify spasticity [27] and the Medical Research Coun-
cil grade scale to classify strength [28]. These clinical assess-
ments were performed by experienced clinicians usually up to
3 months prior to the biopsy collection. To allow simple linear
regression analysis, these clinical scores were converted to nu-
merical values: the Modified Ashworth scores 0, 1, 1+, 2, 3 and
4 were transformed towards 0, 1, 2, 3, 4, 5, respectively (where-
by 0 = no spasticity); the optional strength scores with a ‘+" or
‘-’ sign were transformed towards the decimal .5 (for example
2+ and 3- became 2.5) (whereby 5 = no strength impairment).

Cell Culture and Stem Cell Isolation via FACS

For each muscle biopsy, cells were amplified and isolated
according to a previous published protocol [17]. In short, cells
were amplified till isolation by Fluorescent Activated Cell Sort-
ing (FACS) using a BD FACSAria Il (BD biosciences) or Sony
MA9000 (Sony) device. Calcein violet (10uM/1x10° cells, eBio-
science) was used as additional viability control. SC-like progen-
itors were sorted based on CD56 marker (APC, 0.1uL/1.10° cells,
Biolegend) as previously described [17,29].

Stem Cell Characterization by Flow Cytometry Analysis

Antibody titrations for FACS optimization and further flow
cytometry analyses were performed with a FACSCanto Il HTS
(BD biosciences). FACS single cell gating was performed through
forward and side scatter plots, excluding non-viable cells based
on dimension and granularity. Finally, to assess correct gating,
bare cells and fluorescent minus one-samples were used. Mark-
ers CD56 and CD82 (PE, 0.1uL/1.10° cells, Biolegend) were in-
cluded. Data were analysed with FlowJo v10.6.1 software.

In vitro Differentiation Assays

Myogenic differentiation assays were performed as previ-
ously reported [17]. Cells were fixed with 4% paraformaldehyde
after 3 days of myogenic differentiation for optimal visualiza-
tion of the myotubes. SCs for RT-gPCR analyses were cultured
in 6-well dishes and differentiated for 6 days to reach maximal
maturity.

In vitro Proliferation Assays

Unsorted cells were seeded in duplicate at a density of 13
000/cm? in multi-well plates. Cells were grown as described be-
fore [17]. Cells were detached using TrypLE™ Express (Thermo
Fisher Scientific) at 24, 48 and 72h after seeding and counted
using a Countess Il (Thermo Fisher Scientific) device. For practi-
cal reasons, these experiments were performed on a smaller
subgroup of patients with CP and age-matched TD children for
the MG (n=6).

Immunofluorescent Staining and Imaging of Differentiated
Cells

Immunofluorescent (IF) staining was performed according
to our previously published protocol [17]. SCs were stained for
MyHC (MF20 (mouse) monoclonal antibody, 1:20, Hybridoma
Bank), followed by the appropriate secondary antibody (1:500,
Alexa Fluor® donkey 594, Thermo Fisher Scientific). Hoechst
(1:3000 in PBS, Thermo Fisher Scientific) was used for indicat-
ing nuclei. Visualization occurred with an Eclipse Ti Microscope
(Nikon) and NIS-Elements AR 4.11 software.
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Table 1: Demographic and anthropometric data for recruited subjects.

CP (N=17)
MG TD (N=12) Total
GMFCS 1 (N=5)  GMFCS Il (N=7) GMFCS 11l (N=5)
(N=17)
Mean 5.8 6.6 5.9 6.7 6.5
Age (year) (SD) (1.5) (1.8) (1.9) (1.7) (1.8)
Range 3.4-8.6 3.1-8.9 3.1-75 3.7-8.9 6.3-8.9
Sex (M —F) N 8-4 11-6 3-2 6-1 2-3
Body mass (KG) Mean 19.6 21.7 18.9(3.7) 21.6 21.6
v (D) (2.6) (5.9) I (5.3) (6.2)
. Mean 115.1 117.6 113.2
Height (CM) 115.0 (15.6) 108.9 (12.5)
(SD) (8.5) (15.8) (15.3)
Topographic class (UL - BL) N - 4-13 3-2 1-6 0-7
Mean - 1.8 1.7 2.7 1.4
Number previous BoNT injections MG (N) (SD) - (2) (1.9) (2.6) (1.6)
Range - 0-7 0-3 0-7 0-2
Medi - 2 2 2 3
Modified Ashworth plantar flexors edian
Range - 1-3 2-3 1-2 15-3
Median - 3.5 3.5 3.5° 25°
Strength plantar flexors °
Range - 1-5 2.5-5 2.5-3.5 1-35
CP (N=6)
ST TD (N=3)
Total (N=6) GMFCS I (N=0) = GMEFCS Il (N=5) GMFCS 11l (N=1)
Mean (SD) 6.4 7.0 - 7.3 6.9
Age (year) R (1.2) (1.3) - (1.3) (-)
ange
56-7.8 53-89 - 53-89 -
Sex (M —F) N 2-1 4-2 - 4-1 0-1
Body mass (KG) Mean 18.0 23.0 233 21.5
(SD) (3) (3.3) (3.6) ()
Height (CM) Mean 119.7 123.4 - 1243 119.0
& (SD) (3.2) (10.9) (11.9) )
T hic cl
opographic class N i 0-6 i 0-s 0-1
(UL-BL)
Mean - 2.7 - 2.8 2
Number previous BoNT injections ST (N) (SD) - (2.4) - (2.7) -
Range - 1-7 - 1-7 -

CP: cerebral palsy, TD: typically developing, N: number, GMFCS: Gross motor function classification scale, M: male, F: female, KG: kilogram, CM: centimeter, UL:
unilateral, BL: bilateral, BoNT: Botulinum Neurotoxin A, MG: Medial Gastrocnemius, ST: Semitendinosus, SD: standard deviation

No clinical output parameters for the ST are listed, as this dataset was included for explorative purposes

° Strength scores of plantar flexors: 2 datapoints are missing for CP patients with GMFCS Il, 1 data point is missing CP patient GMFCS Il

Quantitative Satellite Cell Differentiation Outcome Param-
eters on Myotube Morphology and Nuclear Positioning

Three randomized IF images per well were analysed per as-
sessment. Fusion Index (FI) was calculated as ratio between at
least 2 myonuclei per MyHC positive area and the total number
of nuclei in a field of view, using Imagel software. Other pa-
rameters assessing myotube morphology and nuclear position-
ing were obtained via custom-made semi-automatic available
software as published by Noé et al. [26]. Three parameters for
myotube morphology and three parameters regarding nuclear
positioning were defined based on output images as illustrated
in Figure 1. First, regarding myotube morphology, the myotube
coverage describes the magnitude of all myotubes and is ex-
pressed as a percentage of the total field of view. Secondly,
myotube diameter was defined as the average based on 5 rep-
resentative diameters of the 5 largest myotubes per IF image.
Thirdly, branching points were defined based on the myotube
skeleton and were included if the branch contained at least one
nucleus. In regard to nucleus positioning, firstly, the amount of
nucleus clusters per field of view was quantified. Nucleus clus-
ters were defined as a group of at least 4 nuclei within a MyHC
positive area, with a maximum distance of 4um, based on an

average nucleus diameter of 13um. Secondly, the Root Mean
Square Error (RMSE) values indicate the linearity of nucleus
clusters, whereby a higher the value, expressed in um, points
towards a lower linearity. Thirdly, the size of nucleus clusters
was subcategorised based on the number of nuclei per cluster
(small: 4-9 nuclei, middle: 10-14 nuclei and large: >14 nuclei).

Quantitative RT-qPCR Outcomes Pursuing Myogenic Differ-
entiation, Fusion and Nuclear Positioning

RNA isolation of MG-derived SCs was carried out using the
PureLink® RNA Mini Kit (Thermo Fisher Scientific) according
to the provided protocol. Genomic DNA traces were removed
using Turbo DNase (Thermo Fisher Scientific), following the
manufacturer’s instructions. RNA concentration was quantified
by Spectrophotometer ND-1000 (Nanodrop). First strand cDNA
synthesis was carried out based on 200ng of total RNA following
the protocol provided by the Superscript Il First-Strand Synthe-
sis SuperMix for RT-gPCR kit (Thermo Fisher Scientific). RT-qPCR
was performed as described previously [17] using the primers
listed in Supplementary table 1. Gene expression levels were
normalised to Housekeeping Gene (HKG) B-ACTIN and GAPDH.
Delta CT was obtained by subtracting the CT value of the gene
of interest from the CT value of the HKGs.
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Data Analyses

Data in this study are represented using means + Standard
Deviation (SD) as most parameters are normally distributed, un-
less stated otherwise. The individual values were indicated in
graphs and bars represent the mean. Initially, unpaired T-tests
were performed for comparison between the CP and TD groups
(two-tailed, p<0.05) for both SC differentiation outcomes as
well as for the RT-gPCR data. Secondly, one-way ANOVA with
Tukey’s correction for multiple testing was applied to compare
the quantitative SC differentiation outcome parameters from
patients with CP, subdivided per GMFCS level and data from TD
children. Comparison of RMSE values of all nucleus clusters be-
tween CP and TD was performed using a Mann-Whitney test, as
these data were not normally distributed. The median and In-
terquartile Range (IQR) is indicated. Accordingly, a Kruskal-Wal-
lis test was performed to compare CP patients with different
GMFCS levels and TD for this RMSE parameter. A chi-squared
test was applied for assessing differences on the size of the
nucleus clusters between TD and CP. Sample sizes of the ana-
lysed data are always indicated in the results section, as well as
in the figure legends. Statistical analysis was performed using
GraphPad Prism 8 software (version 8.4.3). Significance levels
of p=0.05 were indicated by ‘*’.

Results
Muscle Cell Proliferation and Characterization

Proliferation rates from all MG-derived muscle cells of pa-
tients with CP, GMFCS levels II-1ll, were determined via doubling
time assessments (Figure 2A). Slightly lower doubling times
over a time course of 48h were observed for CP (27.1944.25h,
n=5) compared to TD (30.77+5.13h, n=6) muscle cells, although
not significant. No significant differences were found after the
first 24h (24-48h), while in the second 24h (48h-72h) the dou-
bling time of the cells derived from CP children was significantly
shorter compared to those of TD children (data not shown).

Flow cytometry analysis showed no differences in CD82 pro-
tein levels, a regulator of SC proliferation-differentiation [30],
between cells derived from CP MG muscle compared to the
ones from TD (Figure 2B, C). Additionally, the purity of SCs based
on a co-localization of CD56 and CD82 was of 87.24+11.18%
(TD: n=6, CP: n=6).

Phenotype of Differentiated Satellite Cells from MG of Pa-
tients with CP

MG-derived SCs from patients with CP (n=17) and TD chil-
dren (n=12) were differentiated for 3 days and analysed based
on MyHC localization. IF images (Figure 3A) revealed a tendency
of anincreased Flin CP SCs (41.10+12.80%) compared to TD SCs,
although not significant (33.16+8.83%, p=0.075) (Figure 3B).

Moreover, using the custom-made semi-automatic Myotube
Analyzer tool [26], myotube morphology features were quanti-
fied (Figure 3B-E). Myotube coverage in SCs from patients with
CP (34.05%£10.99%) showed a trend towards an increasement
compared to those from TD children (27.25+8.10%, p=0.080).
The myotube diameter of the largest myotubes significant-
ly increased in CP compared to TD cells (41.80+£11.92um vs
32.40+6.03um, respectively; *p<0.05). No differences in the
number of branching points of myotubes from CP and TD sam-
ples were observed and there were no significant associations
between these parameters and the GMFCS levels or BoNT treat-
ment history.

D CP

Figure 1: Output images from Myotube Analyzer tool. Example of
image analyses for SC differentiation from a Typically Developing (TD) child
(A) and child with Cerebral Palsy (CP) (B). From top to bottom: The first
images represent the IF input images. MyHC localization is shown in red,
nuclei are counterstained in blue using Hoechst. Scale bar is 200pum. Second
images are the identification of the different myotubes, used to determine
the myotube coverage. Third images are the skeleton image used for diam-
eter assessments (5 representative dots for the 5 largest myotubes are indi-
cated). The grey scale indicates the distance towards the myotube borders,
indicating the centre of the myotube in white. The fourth images show the
skeleton (white dotted line) on the MyHC expression to aid the user in indi-
cating the myotube branching points (green circles) as previously defined.
The fifth images show all the nuclei within the MyHC area (in red). All nuclei
that are identified as nucleus clusters are indicated in different colours for
visual identification of the different clusters with its features based on RMSE
values and magnitude of the nucleus cluster.
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Figure 2: Proliferative capacities of MG-derived cells from CP com-

pared to TD. (A) Doubling time, expressed in hours, is shown for muscle
cells from TD children and patients with CP. Every dot represents an indi-
vidual included subject (TD: n=6, CP: n=5). The horizontal bar indicates the
mean. Patients with CP, subcategorized in different GMFCS levels, are rep-
resented in different colours, as indicated by the legend. (B) Representative
flow cytometry analysis for SC-markers CD82 and CD56 on muscle cells from
TD children and patients with CP. (C) Percentages of flow cytometry analysis
for co-expression with CD82 as a purity measure for CD56+ cells for TD and
CP. Every dot represents an individual subject (TD: n=6, CP: n=6). The hori-
zontal bar indicates the mean. p>0.05.
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Figure 3: Myotube morphology and nuclear positioning from Me-

dial Gastrocnemius-derived satellite cells in CP compared to TD.
(A) Representative IF images for SCs after 3 days of myogenic differentia-
tion. SCs from TD children and patients with CP (GMFCS level |, Il and Il1)
are shown. MyHC is indicated in red, nuclei are counterstained in blue using
Hoechst. Scale bar is 200um. (B-G) Different parameters assessed based on
IF images of these SCs from TD (n=12) and CP (n=17). Every dot represents
an individual subject. The horizontal bar indicates the mean. Patients with
CP, subcategorized in different GMFCS levels, are represented in different
colours. Patients with CP with no treatment history of BoNT are indicated
with coloured dots with black outlines. (H) Root mean square error (RMSE)
values for all nucleus clusters observed in TD (n=249) and CP (n=564). The
bar indicates the median. (I) Bar chart showing the nucleus cluster repre-
sentation based on the cluster size for TD and CP. *p<0.05, **p<0.01.

The analysis of the amount of SC nuclei and their positioning
within the myotube (Figure 3F-I) revealed that the total number
of nuclei per field of view did not differ between CP and TD chil-
dren (Figure 3F). The average number of nucleus clusters signifi-
cantly increased in CP (11.06+6.34) compared to TD (6.92+2.94,
p<0.05) children (Figure 3G). The RSME value for all nucleus
clusters (n=564) from CP SCs had a median value of 4.449um
(IQR: 2.637-6.511), which was significantly higher compared to
data of TD SCs (median value of 4.079um, IQR: 2.392-5.764,
n=249, *p<0.05). When subcategorizing the patients with CP
per GMFCS level, the median RMSE from patients with GMF-
CS level | was significantly higher compared to the data of the
TD group (p<0.05, data not shown). Further distribution based
on the size of the nucleus clusters, showed significantly higher
middle (10-14 nuclei) and large (>14 nuclei) sized clusters in CP
(13.65% and 8.33%, respectively) compared to TD (10.04% and
3.21%, respectively, **p<0.01) muscles (Figure 31). No associa-
tions between these parameters describing nucleus positioning
and GMFCS levels or BoNT treatment history of the patients
were found.

Associations between SC Derived from MG with Clinical
Outcome Parameters

Significant alterations in SCs from CP compared to TD have
been visualised with clinical parameters for spasticity (based
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Figure 4: Gene analyses for MG-derlved satellite cells from TD and
CP after differentiation. RT-qPCR of SCs after 6 days of differentiation
for genes involved in (A) differentiation, (B) fusion and (C) nuclear position-
ing. Expression levels are indicated through delta CT values, normalised
against housekeeping genes b-ACTIN and GAPDH. Every dot represents an
individual subject (TD: n=8, CP: n=7). The horizontal bar indicates the mean.
Patients with CP, subcategorized in different GMFCS levels, are represented
in different colours, as indicated by the legend. p>0.05.

on the Modified Ashworth Scale) and strength (Supplementary
figure 1). No associations between spasticity or strength and FI
values, myotube diameter or number of clusters could be found.

Phenotype of Differentiated Satellite Cells from ST for a
Subgroup of Patients with CP

The same parameters as in Figure 3 were also included for
SCs derived from the ST muscle from patients with CP (n=6) and
TD children (n=3) to preliminary assess muscle-specificity of the
observed phenotype (Supplementary figure 2). A similar trend
in increased cluster magnitude between CP (11.63% middle-
sized clusters, n=86) and TD (8.33% middle-sized clusters, n=36)
was observed, although partially hampered due to lower Fl val-
ues in ST-derived SCs.

Satellite Cell Gene Expression Levels During Differentiation

Gene analysis regarding SC differentiation was performed
(Figure 4A). After 6 days of myogenic differentiation, low levels
of quiescence marker PAX7 were reported for both SCs from
patients with CP (n=7) and TD children (n=8). MYOGENIN, a
late-stage transcriptional activator for myogenesis, was simi-
larly expressed between CP and TD. Furthermore, no altera-
tions between CP and TD were found in MyHC and ACTIN levels,
involved genes for contractile protein production. Lastly, CD82
seemed slightly decreased in CP compared to TD, but failed to
reach significance.

Furthermore, different gene targets involved in SC fusion
were assessed (Figure 4B). Transcript levels for multiple growth
factors, such as IGF1 and HGF were not altered in SCs from CP
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compared to TD. Additionally, two key-players in signaling path-
ways regulating SC self-renewal and differentiation, NOTCH1
and /TGB1 also did not show altered levels between CP and TD.
MYMK and MYMX, two crucial genes for myoblast fusion, did
not differ between CP and TD. Interestingly, SCs from one spe-
cific patient with CP (GMFCS level IIl) showed particularly high
expression of IGF1, while the expression of MYMK and MYMX
was strikingly lower compared to the other samples (Supple-
mentary figure 3).

Lastly, multiple genes involved in nuclear positioning within
the myotube, better studied in Drosophila, but also often as-
sociated with human myopathies, have been assessed (Figure
4C). The expression of CDC42, a regulator of actin polymer-
ization aiding intracellular movement, was not altered in SCs
from CP compared to TD as were the expressions of SYNE1 and
SUN1, two genes associated with the cytoskeleton. LMNA gene
expression, which is altered in congenital muscular dystrophy
and usually associated with muscle weakness, did not differ in
SCs from TD or patients with CP. Finally, MAP7 and NINEIN, two
genes linked to microtubule polymerization, and PARD6G, a
gene involved in asymmetrical division and nuclear cluster for-
mation in Drosophila, showed no altered expression levels in
SCs from children with CP compared to TD.

Discussion

This study quantitatively described altered differentiation
features from MG-derived SCs of children with CP compared to
those of TD children. No alterations in CD82 availability were re-
ported, yet these flow cytometry analyses confirmed the purity
of the CD56-isolated SCs. After SC differentiation, with respect
to myotube morphology, we showed increased myotube diam-
eter in CP myotubes compared to controls. Furthermore, in re-
gard to nuclear positioning, more nucleus clusters with larger
and less linear nucleus accumulations in CP-derived myotubes
compared to TD-derived myotubes were found. However, none
of these differentiation outcome parameters could be associat-
ed with clinical measures of muscle spasticity or strength. Gene
expression of multiple genes associated with the alterations of
SC differentiation, fusion and nuclear positioning in other my-
opathies were found unaffected in the current CP data.

The tendency of reduced doubling time in SC from patient
with CP compared to TD is in line with previous findings of Sib-
ley et al reporting a doubling time around 24h for CP-derived
myoblasts and 34h for those from TD from the hamstring mus-
cles [18]. However, this hyperproliferative hallmark has not yet
been further investigated to understand its implications on in
vivo functioning.

Quantitative measurements of SC differentiation features
are often lacking, due to insufficiently standardized analysis
methods and parameters. However, larger myotubes and al-
tered morphology based on for example branching, have been
previously described in other pathologies that are characterized
by muscle weakness [19-22]. To date, CP muscle myopathy has
been mainly associated with sarcopenia because of the report-
ed muscle wasting and altered extra-cellular matrix deposition
[31,32]. Furthermore, based on gene ontology and pathway
analyses of publicly available microarray datasets, Von Walden
and colleagues showed larger similarities with CP and aged
muscles, and thereby sarcopenia, rather than disused muscles
[33]. Further validation of the observed in vitro CP-phenotype
based on ex vivo muscle sections, i.e. assessing the myonuclear
domain, would better indicate the implications of these findings

on the muscles of these patients.

This study further suggests muscle-specificity of the CP pa-
thology for the MG muscle, as the observed phenotype was not
confirmed in SCs derived from the ST. Previous published data
on CP muscle symptoms and macro- and microscopic features
showed to be highly heterogenous depending on the assessed
muscle [4]. For example, a broad range of muscle deficits based
on muscle volume assessments was shown in the different
lower limb muscles of patients with CP [34]. Additionally, in the
light of SC muscle functioning, previous reported alterations in
fusion capacity have also shown contrasting results, partly due
to different assessed muscles [16,17]. Hence caution towards
generalized treatment is warranted.

SC functioning and their involvement relies on multiple
steps, such as cell activation, proliferation and differentiation
[35]. CD82 [30] and NOTCH [36] have been described to be in-
volved in maintaining a proper balance between proliferation
and differentiation and the upregulation of NOTCH correlated
with muscle fibrosis and the rapid depletion of SCs in a DMD
mouse model [37]. Interestingly, these latter events have been
reported similarly for patients with CP [11-13]. Next, during re-
generation, the process of fusion counts multiple steps such as
cell adhesion and pore formation, for which the expression of
MYMK and MYMX showed to be crucial [38,39]. Lastly, mainly
based on research in Drosophila, the processes of nuclear posi-
tioning within the myotube and myofibre were considered cru-
cial in efficient muscle usage [23,40]. In this context, SC dysfunc-
tion was found to be associated with multiple (neuro)muscular
disorders, the so-called satellite cell-opathies [41]. Therefore,
the current study has assessed the gene expression levels of
some of the actors involved in these processes with known
associations to muscle weakness. For example, mutations in
SYNE1 have been linked to a spectrum of neuromuscular dis-
eases, resulting in increased muscle tension and hyperreflexia
[42,43]. This latter symptom is often confused with spasticity,
which is also one of the main clinical representations in the
CP patient population [44]. Additionally, mutations in LMNA
have been collected under the term of laminopathies and have
shown to result in abnormal myotube formation and nuclear
behaviour [45]. Unfortunately, the expression of genes analysed
in this study did not show any statistical differences between CP
and TD. However, as the aetiology and the clinical representa-
tion of CP is highly heterogeneous, it is very likely that not just
one mechanism is involved in CP muscle pathology. Hence, we
have currently only focussed on the involvement of SC-derived
myoblasts and not on multiple mediators i.e. via cell signalling
or cell-cell interactions. Other studies reported high levels of
heterogeneity based on gene expression levels, via micro-arrays
or RNA sequencing analysis, showing upregulated pathways of
inflammation or ECM production in CP [13,46-49]. Neverthe-
less, even though the gene targets were carefully selected in
this study, high-throughput methods, such as RNA sequencing,
would be useful to further investigate the observed phenotype
and identify potentially altered pathways.

In conclusion, the current study provided a comprehensive
and quantified analysis of SC differentiation features. Specifical-
ly, in the context of SCs derived from the MG muscle of young
patients with CP, we showed alterations in myotube morphol-
ogy and nuclear positioning compared to differentiated SCs
from age-matched TD children. Furthermore, preliminary as-
sessments of gene expression levels involved in the described
SC phenotype have been performed, highlighting the need for
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more high-throughput methods and a better patient classifica-
tion. Further research would be necessary to clarify pathophysi-
ological mechanisms related to the altered SC properties ob-
served in CP muscles.
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