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Duchenne muscular dystrophy (DMD) is a lethal muscle disease caused by loss of dystrophin, and characterized
by progressive muscle wasting, with massive replacement of muscle fibers with adipose tissue. Yet, the early
molecular events that initiate pathology remain poorly defined. Here, we combined longitudinal RNA sequencing
of sapje dystrophic zebrafish (a single-mutation vertebrate model of human DMD characterized by a severe
phenotype), transcriptomic profiling of human DMD myoblasts and myotubes, and functional in vivo imaging
using pathway-specific zebrafish biosensors to reconstruct the cascade of events triggered by dystrophin defi-
ciency. We observed that the earliest stages of disease are characterized by marked downregulation of genes
controlling cytosolic Ca>" homeostasis, mitochondrial function and organization, and Pax3/Mef2a/Srf-mediated
transcriptional programs essential for satellite cell maintenance and muscle differentiation. These early deficits
precede robust but ineffective regenerative and metabolic compensatory responses, accompanied by extracel-
lular matrix remodeling and TGFp activation. At advanced stages, both sapje zebrafish and human DMD myo-
tubes converge on profound mitochondrial dysfunction, impaired cell-cycle control, and chronic inflammation
signaling. Live imaging of sapje zebrafish biosensors validated these transcriptomic signatures, revealing reduced
Notch, Bmp, Shh, Hif-1a and Wnt signaling, along with aberrant TGFp activity and disrupted mitochondrial
dynamics in vivo. Together, these findings identify a conserved temporal sequence linking early Ca®* dysregu-
lation to mitochondrial failure, satellite cell hyperactivation, and fibrotic remodeling, providing mechanistic
insights and therapeutic targets for early intervention in DMD patients.

Introduction

Duchenne muscular dystrophy (DMD) is a severe X-linked muscle
disorder characterized by progressive muscle wasting and fibrosis, ul-
timately leading to loss of skeletal muscle function and death from
cardiac or respiratory failure.' > DMD results from mutations in the
dystrophin-encoding DMD gene located on the short arm of the X

* Corresponding authors.

chromosome (Xp21). Most mutations are large deletions or duplications,
although nonsense variants and deletions affecting the transcriptional
start site also occur.”” Complete loss of the full-length Dp427 isoform
causes DMD, while in-frame mutations that preserve partial dystrophin
function generally lead to the milder Becker muscular dystrophy (BMD).

Dystrophin is a large structural protein located beneath the sarco-
lemma in both skeletal and cardiac striated muscle fibers, where it
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functions as a mechanical stabilizer and signaling scaffold. The full-
length protein consists of an N-terminal actin-binding domain, multi-
ple central rod domains that interact with nitric oxide synthase (NOS);
and a C-terminal domain that associates with components of the
dystrophin-associated protein complex (DAPC).° This complex archi-
tecture links the cytoskeleton to the extracellular matrix, forming a
mechanical axis that distributes force and dissipates contractile stress
during muscle activity.'? Beyond their structural role, dystrophin and
DAPC regulate the activity of multiple signaling pathways essential for
muscle homeostasis. For example, dystrophin anchors the neuronal NOS
at the sarcolemma to modulate vasodilation, and its presence in acti-
vated muscle stem cells (MuSCs) is required for proper asymmetric di-
vision and myogenic differentiation.'"'?

Loss of dystrophin renders the sarcolemma fragile and prone to
contraction-induced damage. These membrane damages initiate a
cascade of detrimental secondary events that progressively lead to
muscle fiber death. An abnormal and sustained increase in intracellular
Ca?* levels, arising from membrane tears and leaky channels, promotes
reactive oxygen species (ROS) production and mitochondrial dysfunc-
tion, impairing energy metabolism and muscle repair.>'*"'° Repeated
cycles of muscle damage and cytoplasmic leakage further provoke
chronic inflammation, macrophage infiltration, and progressive muscle
necrosis.

Emerging evidence indicates that dystrophin deficiency in quiescent
muscle satellite cells (MuSCs) impairs their asymmetric division and
myogenic differentiation, promoting their hyperactivation and gener-
ating myoblasts that proliferate excessively but fail to properly differ-
entiate and fuse to form normal muscle fibers.'®'® Along with chronic
inflammation, these defects contribute to the progressive replacement of
muscle tissue by fibrotic and adipose deposits, driven in part by the
activation of fibro-adipogenic progenitors (FAPs).'>?° Moreover, dys-
trophin and several interactors, such as utrophin, dysferlin, and
calpain-3, are functional constituents of the myoblast centrosome, and
their absence leads to centrosome amplification, misorientation, nuclear
abnormalities, and impaired microtubule nucleation, further hindering
differentiation.”’ Although secondary events following membrane
damage are well described, the early molecular cascade of DMD path-
ogenesis remains incompletely defined.

The zebrafish (Danio rerio) is a robust vertebrate model for studying
muscular dystrophies due to its conservation of genes and pathways
essential for muscle biology, including orthologs of the DMD gene and
other DAPC components. The sapje mutant (dmd'92?26/10222ay (]osely
recapitulates key hallmarks of human DMD, including sarcolemma
fragility, Ca%* dysregulation, impaired force generation, and progressive
muscle degeneration.’”>* Notably, zebrafish complete muscle devel-
opment by 2 days post-fertilization (dpf)*° enabling analysis of early
transcriptomic alterations that precede tissue damage.

In this study, we analyzed gene expression in sapje zebrafish profiles
at 2, 5, and 8 dpf to define early and late transcriptomic alterations
associated with dystrophin loss and to clarify the initial molecular steps
of DMD. To enhance translational relevance, we compared tran-
scriptomic zebrafish datasets with RNA-seq profiles from DMD patient-
derived myoblasts and myotubes, enabling evaluation of conserved
dysregulated pathways and cross-validation of potential biomarkers and
therapeutic targets, across developmental and disease contexts. While
zebrafish provide access to early, causative disease events before muscle
degeneration, patient-derived cells model chronic pathological states
characterized by impaired regeneration and inflammation.

As transcriptomic data provide only a snapshot of molecular alter-
ations without revealing upstream regulatory activity or physiological
consequences, we integrated these analyses with in vivo imaging of sapje
biosensors generated to monitor the real-time activity of signaling
pathways involved in muscle repair, differentiation, and inflammation.
Finally, we have performed functional assays to further validate key
transcriptomic data. Together, this integrative approach enables a more
comprehensive reconstruction of the molecular cascade driving the
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DMD pathogenesis.
Results
Transcriptome analysis of sapje zebrafish

To elucidate the sequence of molecular events underlying DMD
pathogenesis and to identify early mechanisms affected by dystrophin
loss, we performed bulk RNA-seq profiling of sapje and wild-type (WT)
zebrafish at 2, 5, and 8 days post-fertilization (dpf). Developmental and
pathological differences between WT and sapje zebrafish at these stages
are summarized in Table 1.?%?%2%27 RNA was extracted from 22 pooled
samples (four WT and four sapje pools at 2 and 5 dpf, and three WT and
three sapje pools at 8 dpf), each containing at least 30 zebrafish
embryos/larvae, and subjected to RNA sequencing.

Longitudinal analysis of WT zebrafish revealed 8,615 genes whose
expression changed significantly over time, with 4,670 progressively
upregulated and 3,945 downregulated between 2 and 8 dpf (Supple-
mentary Table 1). Gene Set Enrichment Analysis (GSEA) identified 72
enriched biological processes and Reactome pathways, including sen-
sory and hormonal responses, starvation response, and cytochrome
P450-mediated metabolism (Supplementary Table 2). We also observed
progressive upregulation of TOR signaling, along with pathways
involved in neuronal development, synaptic maturation, and visual
perception, consistent with physiological maturation of metabolic and
nervous systems during larval development.?®>

Conversely, genes associated with 323 GO Biological Process and
Reactome pathways, including cell cycle progression, DNA replication
and repair, chromatin remodeling, RNA processing, epigenetic regula-
tion, tissue differentiation, were progressively downregulated, reflecting
the expected transition from a proliferative embryonic state to tissue
differentiation.®%>*

To identify genes with different longitudinal expression trajectories
between WT and sapje zebrafish, we tested the interaction between ge-
notype and developmental stage using a generalized linear model. This
analysis did not reveal significant single-gene differences (Supplemen-
tary Table 3). However, GSEA, which is more sensitive in capturing
coordinated shifts across functional gene sets even in the absence of
strong single-gene signals, identified 16 enriched biological processes
related to muscle development and cell cycle regulation (Supplementary
Table 4), indicating altered temporal regulation rather than static gene
expression differences. Muscle-related pathways declined more slowly
or increased more rapidly in sapje larvae, consistent with premature
activation or delayed repression of programs relevant to early DMD
pathology. Enrichment of the “cell cycle G2/M phase transition”
pathway further supports an altered balance between proliferation and

Table 1
Muscle developmental differences between WT and sapje zebrafish.
2 dpf 5 dpf 8dpf
WT muscle development zebrafish larvae can zebrafish larvae move
is fully completed, swim and feed faster and muscle
and muscles are autonomously, and the volume increases
functional innate immune system
is fully developed
sapje  severe muscle muscles try to activate muscle damage is
development and compensatory irreversible, muscle

first macrophage fibrosis is visible,
infiltration appear at

this stage

mechanisms to repair
damages but both
degeneration/
regeneration cycles and
macrophage infiltration
start to be chronic, a
little increase of
extracellular matrix
deposition and muscle
fibrosis starts to be
visible

motor behavior is
totally compromised
and >75% fish die




E. Cannone et al.

differentiation in muscle precursor cells, consistent with aberrant
regenerative responses.>

To better understand mechanisms affected by dystrophin loss, we
performed three separate cross-sectional analyses, comparing gene
expression levels between WT and sapje zebrafish at 2, 5, and 8 dpf,
using Wald tests to identify differentially expressed genes (DEGs) within
each age-matched group. We identified 2,922 DEGs at 2 dpf (1,373
upregulated; 1,549 downregulated), 756 at 5 dpf (428 upregulated; 328
downregulated), and 103 at 8 dpf (28 upregulated; 75 downregulated)
(Fig. 1A; Supplementary Table 5). The reduced number of DEGs detected
at 8 dpf likely reflects the lower number of biological replicates (three
biological replicates instead of four), rather than reduced transcriptional
dysregulation. Fourteen genes were differentially expressed at all time
points, and 267 were shared between 5 and 8 dpf (Fig. 1A), significantly
exceeding random overlap expectations, thus indicating that these
changes represent core components of the DMD phenotype. Among the
14 DEGs consistently altered at all stages, dmd was persistently down-
regulated in sapje larvae, together with other seven genes mainly
involved in inflammation (Ilgmn and CR847936.6, a novel uncharac-
terized gene regulated by the glucocorticoid receptor), mitosis and
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cytoskeleton organization (pcnp, afaplllb, and nsflic), collagen hy-
droxylation (plod3), and oxidative phosphorylation (sdhc) (Fig. 1C).
Conversely, six genes were consistently upregulated, including pro-
inflammatory (mmp2), pro-myogenic (mustnlb, mtus1b, and myog), and
genes involved in Ca?*- dependent cardiac contraction (nntZe, and
myl10). These expression patterns indicate that dysregulation of Ca?*
homeostasis, mitochondrial dysfunction, and inflammation emerge
early and persist throughout disease progression.

GSEA revealed that the number of aberrant pathways increased
progressively over time, reflecting the gradual worsening of disease
(Supplementary Tables 6, 7, and 8).

At 2 dpf, we observed strong downregulation of gene sets involved in
the i) regulation and transport of cytosolic Ca2*t, and ii) skeletal and
cardiac muscle contraction (Fig. 2; Supplementary Table 6). The absence
of upregulated pathways at this stage suggests an early functional deficit
preceding the activation of compensatory responses.

At 5 dpf, a marked upregulation of pathways associated with muscle
development, oxidative phosphorylation, skeletal and cardiac muscle
contraction, protein folding, and extracellular matrix (ECM) organiza-
tion was observed (Fig. 2; Supplementary Table 7). These changes likely
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Fig. 1. Summary of the differential expression analyses performed in D. rerio and Human cell lines. A) Number of overlapping DEGs in the three comparisons
in zebrafish, with the matrix showing in the upper corner the number of DEGs common to more than one comparison and in the lower corner the p-values of the
hypergeometric test. B) Number of overlapping DEGs in the two human cell lines. C) Heatmap of the 14 genes that are differentially expressed in all three zebrafish
comparisons (Z-score normalized values are reported). D) Heatmap of the seven genes that are DEGs both in myoblasts and myotubes.
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Fig. 2. Enrichment map visualization of the GSEA enrichment analysis performed on the RNA sequencing dataset in Zebrafish. Each circle (node) represents
a gene set (GO:Biological Process) or Reactome Pathway. Red slices are pathways enriched for genes up-regulated and blue slices are pathways enriched for genes
down-regulated in dmd embryos compared with WT. The position of the colored slice depends on the development stage. Pathways (nodes) are connected when they
overlap (i.e., they have genes in common), with line width corresponding to the number of shared genes (light blue lines).

represent compensatory but ineffective attempts by the organism to
sustain muscle integrity and initiate regeneration, accompanied by early
fibrotic remodeling.>>>°

At 8 dpf, upregulated pathways sharply declined. The remaining
upregulated gene sets were associated to inflammatory response and
cytokine-mediated signaling pathways (Fig. 2; Supplementary Table 8),
along with persistent activation of “muscle system process” genes. The

overwhelming trend at 8 dpf was a marked downregulation of pathways
related to cell cycle and DNA replication, immune responses (especially
NF-kB dependent response), mitochondria translation, organization and
metabolism, metabolic processes, and proteasome-mediated protein
catabolism. Together, these findings indicate systemic failure of regen-
erative and homeostatic mechanisms at advanced disease stages.

GSEA of Transcription Factor (TF) target genes showed significant
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Fig. 3. Bar Chart of Transcription Factor (TF) Targets enrichment analysis. A) TF target gene-sets found enriched at 2 dpf. B) TF target gene-sets found enriched
at 5 dpf. The orange rectangle means gene down-regulation, the blue rectangle means gene up-regulation.
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repression of Pax3 and Mef2a target genes at 2 dpf (Fig. 3). Pax3 is
critical for satellite cell maintenance, migration, and early myogenic
commitment,*” >’ while Mef2a regulates Ca®*-dependent muscle gene
expression.*’ Downregulation of Pax3 target genes persisted at 5 dpf,
whereas Srf target genes were upregulated at this stage, consistent with
activation of stress-responsive and compensatory transcriptional pro-
grams.”! Notably, none of the TFs themselves were differentially
expressed, suggesting post-transcriptional regulation.

Transcriptome analysis of human cell lines

We next analyzed transcriptomes of myoblasts and myotubes from
DMD patients and healthy donors.

In myoblasts, we identified 51 DEGs (33 upregulated; 18 down-
regulated), and in myotubes, 120 DEGs (60 upregulated; 60 down-
regulated). Seven DEGs (NFATC4, ARRDC3, CADM2, PRELP, TCEA3,
RPL23AP74, MTND3P25), involved in inflammation, apoptosis, ECM
remodeling, cell-cycle regulation, and oxidative phosphorylation
(OXPHOS), were differentially expressed in both cell types: a number
20.31-fold higher than that expected by chance (p = 4.9 x 1078; Fig. 1B,
D; Supplementary Table 9).

In myoblasts, the predominant alterations were downregulated
pathways associated with cell-cycle regulation, DNA replication and
repair, chromosome dynamics, and telomere maintenance (Fig. 4; Sup-
plementary Table 10). This suggested impaired proliferation and
genomic stability, consistent with reduced regenerative capacity. This
deficit in regenerative potential is shared with zebrafish, showing
similar pathway downregulation at 8 dpf. Beyond cell cycle and DNA,
we also identified a significant downregulation of pathways related to
muscle development and contraction, suggesting reduced myogenic
commitment of myoblasts even before differentiation into myotubes.
Gene sets related to mitochondrial function, RNA metabolism, and im-
mune signaling were also suppressed, indicating mitochondrial
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inflammatory responses. Conversely, we observed few upregulated
pathways, mainly involved in ECM remodeling and catabolic processes.
Increased ECM-related gene expression could reflect early fibrotic
remodeling or microenvironmental adaptation to cellular stress. These
observations were observed also in sapje zebrafish, reaching a peak at 5
dpf. On the contrary, upregulation of genes involved in the catabolism of
Glycosaminoglycan, Aminoglycan and Sulfur compounds could indicate
increased cellular turnover or an attempt to remove damaged
components.

In myotubes, all enriched pathways were downregulated (Fig. 4;
Supplementary Table 11). These pathways are mainly related to muscle
structure, contraction, and development, revealing severe defects in
myotube formation and function that align with clinical muscle weak-
ness in DMD. This directly reflects the muscle weakness and degenera-
tion observed in DMD patients. Downregulation of genes involved in
mitochondrial processes and energy metabolism indicates pronounced
mitochondrial dysfunction in mature muscle cells. We also observed a
strong downregulation of genes involved in lipid and steroid meta-
bolism, suggesting compromised membrane integrity and cellular ho-
meostasis. Further downregulation of genes involved in the cell-cycle,
although less extensive than in myoblasts, could reflect aberrant
regenerative attempts or impaired terminal differentiation. Notably, no
upregulated pathways were detected, suggesting a globally repressed
transcriptional state, possibly influenced by the absence of the physio-
logical muscle microenvironment. *>

A cross-comparison of myoblasts and myotubes, revealed shared
defects in pathways related to muscle contraction, filament sliding, and
muscle development, suggesting that functional deficits originate at
early precursor stages and worsen with differentiation. Mitochondrial
pathways were downregulated in both cell types, indicating pervasive
mitochondrial dysfunction and defects in energy production. Core
protein-degradation pathways (such as SCF- and APC/C-mediated
degradation) and several ubiquitin-dependent pathways were down-
regulated in both models, suggesting impaired protein turnover and

dysfunction, deficit in energy production, and dysregulated
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Fig. 4. Enrichment map visualization of the GSEA enrichment analysis performed on the RNA sequencing dataset of human myoblast cell-lines (MB) and
differentiated myotubes (MT). Each circle (node) represents a gene set (GO:Biological Process) or Reactome Pathway. Red slices are pathways enriched for genes
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accumulation of aberrant proteins. Moreover, NIK (NFkB-inducing ki-
nase) and FCERI-mediated NF-kB activation were also downregulated,
indicating altered inflammatory signaling.

TF-target GSEA revealed enrichment of downregulated E2F target
genes in myoblasts (Supplementary Fig. 3), consistent with impaired
proliferation. Targets of ZBTB14 and SF1, two regulators of transcrip-
tional repression and RNA maturation, were also suppressed, aligning
with downregulation of genes involved in pre-mRNA splicing (such as,
UBP1, ELK1). In myotubes, downregulation of MEF2 target genes
mirrored the suppression observed in sapje zebrafish at 2 dpf.

Integrated analysis of zebrafish and human RNA-sequencing data

Among 21,973 human/zebrafish ortholog pairs identified using
Ensembl, 12,462 were analyzable across datasets. In line with the
inherent biological differences between developing larvae and human
adult-derived cells, very few shared DEGs were identified across species
(Supplementary Table 12). The most notable overlap occurred between
human myotubes and zebrafish at 2 dpf, comprising 26 human DEGs
corresponding to 30 zebrafish orthologs. Notably, two of these genes
(dmd, as expected, and myog) were altered at multiple zebrafish stages
(2, 5 and 8 dpf). DMD gene was consistently downregulated both in DMD
patient cell lines and in sapje zebrafish, whereas MYOG gene was
downregulated in human DMD myotubes but upregulated in sapje
zebrafish at all stages, consistent with hyperproliferation of myoblasts
that fail to differentiate or regenerate effectively.

Although gene-level overlap was modest, pathway-level compari-
sons revealed a more robust functional convergence. Pathways sup-
pressed in human myoblasts partially mirrored those downregulated in
sapje zebrafish at late disease stages (8 dpf), especially those involved in
cell-cycle progression, DNA replication, and chromosome maintenance.
This shared signature points toward a conservative impairment in the
regenerative capacity of muscle cells across species.

Human myotubes displayed similarities to the advanced tran-
scriptomic state of zebrafish at 8 dpf, characterized by extensive
repression of muscle structure, sarcomere organization, and
mitochondrial-energy pathways, and absence of compensatory re-
sponses. While these findings highlight conserved pathogenic nodes,
they should be interpreted with caution given the distinct develop-
mental contexts and cellular heterogeneity inherent to each model.

Live imaging of sapje zebrafish biosensors

Despite providing broad insights into the sequence of altered bio-
logical pathways during DMD pathogenesis, transcriptomic data alone
do not fully reveal the activity of crucial signaling pathways controlling
cellular processes like muscle regeneration, differentiation, and the in-
flammatory response. To overcome this issue, we integrated RNA-seq
with in vivo imaging of fluorescent sapje biosensors generated to
monitor the dynamics of crucial signaling pathways. Specifically, we
generated fluorescence sapje biosensors expressing GFP or mCherry
under the control of pathway-responsive promoter elements for Shh,
Notch, Tgfp, Wnt, Bmp, and Hif-1a signaling pathways.** Their activity
was observed and quantified at 2 and 5 dpf in WT and sapje larvae. We
observed a significant and stable reduction in Shh, Bmp, Hif-1a, and
Notch activity in sapje from early stages of disease progression (Figs. 5A,
B, D; Fig. 6B, d’-g’; Supplementary Fig. 4). These pathways are essential
for MuSCs self-renewal, asymmetric division, and commitment to first
myoblasts and then multinucleated myofibers.'>*** Conversely, ca-
nonical Wnt was unaffected at 2 dpf but showed a decreasing trend at 5
dpf (Fig. 5C, e-f), consistent with impaired regeneration.

Tgfp signaling activity was markedly increased and relocalized from
myonuclei to small-nuclei cells (Fig. 6B, a’-c’, h’). Together with
increased macrophage infiltration observed using sapje;tg(mpeg:GFP)
biosensor (Fig. 7) and previous TEM evidence®” these findings indicate
early, severe fibrosis.”'
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Furthermore, a mitochondrial-targeted sapje biosensor, the sapje;tg
(COXVIII:GFP), revealed severely disrupted mitochondrial network,
with marked accumulation of fragmented mitochondria at lesion sites
(Fig. 8), suggesting enhanced mitochondrial fission or dysfunction.

In vivo observations of both signaling pathways and mitochondrial
dynamics align with transcriptomic data of sapje zebrafish.

Functional and physiological validation of RNA-sequencing in living sapje
zebrafish

We first confirmed whether the reduced activity of signaling path-
ways involved in muscle development and MuSCs differentiation
(especially Notch and Shh) affects the function of Pax7*- MuSCs by
performing a whole-mount immunofluorescence analysis in both WT
and sapje homozygotes at 2 and 5 dpf (Fig. 9). The localization of Pax7*-
MuSCs in WT zebrafish was observed in niches around muscle fibers and
at the myotome."? In sapje homozygotes, we observed a significant in-
crease in Pax7"- MuSCs, mainly localized near damaged muscle fibers.
Moreover, a certain degree of activated and proliferating cells that
incorrectly fuse to each other is also present at 5 dpf (Fig. 9B).

Notably, the increase in Pax7t MuSCs occurs in the context of a
reduced Notch signaling activity, as revealed by our biosensor analysis
(Fig. 6). Given the well-established role of Notch in maintaining MuSC
quiescence, and regulating asymmetric division®, its downregulation
likely promotes premature activation and expansion of the Pax7 " pool,
while impairing proper differentiation and fusion.” This interpretation
is consistent with the observed presence of proliferating cells that fail to
correctly fuse, indicating defective regenerative commitment rather
than effective muscle repair.

Then, we determined whether transcriptomic alterations translated
into physiological deficits, by assessing both cytoplasmic and mito-
chondrial Ca®* homeostasis (Fig. 10), cardiac function, mitochondrial
activity, and motor behavior (Fig. 11).

To confirm in vivo the early dysregulation of Ca®t homeostasis
observed in RNAseq data from sapje zebrafish at 2 dpf, we first evaluated
the cytosolic Ca?* level by incubating both WT and sapje homozygotes
with the Fluo-4 AM probe. We observed low Ca’" levels in WT and
elevated Ca2" levels in sapje larvae at the level of damaged muscle fibers
(Fig. 10A).

To also evaluate the mitochondrial Ca®* levels, we injected fertilized
eggs at one-cell stage from incrosses of sapje heterozygotes with 150 pg
(30 ng/ul) of the pCMV-Mito4x (4mt)-GCaMP6f plasmid. After bire-
fringence selection at 2 dpf, we observed basal Ca?' levels in mito-
chondria of WT larvae; conversely, Ca®* overload was detected in
fragmented mitochondria surrounding damaged muscle fibers of sapje
homozygotes (Fig. 10B).

To further validate early mitochondrial dysfunction associated with
dysregulation of Ca?* homeostasis, observed in RNAseq at 2 dpf, we
measured the Oxygen Consumption Rate (OCR) and mitochondrial
membrane potential at 2 dpf. Both were markedly reduced in sapje
larvae (Fig. 11B and C), confirming impaired OXPHOS and mitochon-
drial organization.””

We used DanioScope software to analyze and quantify heartbeats in
WT and sapje zebrafish larvae at 2 and 5 dpf. This analysis revealed
significantly increased heart rate in sapje larvae at 5 dpf (Fig. 11A),
which is consistent with upregulation of cardiac contraction genes
identified by RNA-seq, and reminiscent of ventricular arrhythmias re-
ported in pediatric DMD patients.’>°® At this stage, heart morphology
remained normal, indicating that rhythm defects precede dilated car-
diomyopathy, consistent with clinical disease progression.””

Motor behavior was analyzed by measuring both the touch-evoked
escape response at 2 dpf (Fig. 11D), and the distance moved by zebra-
fish larvae at 5 dpf under cycles of light/dark stimuli (Fig. 11E). Both
assays revealed a significant impairment of motor behavior in sapje
larvae, showing a lower capacity to escape after a tail-touch with a little
tip (Fig. 11D), and a shorter distance moved (Fig. 11E).
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Fig. 5. Quantitative In vivo imaging of sapje biosensors. In vivo imaging of the sapje;tg(4xGlil1RE:eGFP) biosensor (SHH:EGFP), sapje:tg(4xId1RE:eGFP) biosensor
(BMP:EGFP), sapje;tg(7xTCFI2:eGFP) biosensor (WNT:EGFP), and sapje;tg(4xHif-1aRE:eGFP) biosensor (HRE:EGFP) are reported in the sections A, B, C, and D,
respectively. All sections (A, B, C, and D) are organized as follows: letters a and b report the representative birefringence (upper panels) and fluorescence (lower
panels) images of respectively WT embryos at 2 dpf and WT larvae 5 dpf; letters ¢ and d report the representative birefringence (upper panels), and fluorescence
(lower panels) images of respectively sapje embryos at 2 dpf and sapje larvae at 5 dpf; bar graphs in e and f represent the quantification of EGFP fluorescence signal
reported as mean of raw integrated density (number of fluorescent pixels) + s.e.m. Error bars are reported. Scale bar (white bar in section D) is identical for all
pictures and its value is 500 pm. Number of analyzed samples: Section A. A total of 53 WT and 40 sapje were analyzed at 2 dpf; a total of 63 WT and 39 sapje were
analyzed at 5 dpf. Section B. A total of 75 WT and 74 sapje were analyzed at 2 dpf; a total of 60 WT and 46 sapje were evaluated at 5 dpf. Section C. A total of 35 WT
and 43 sapje were analyzed at 2 dpf; a total of 31 WT and 38 sapje were analyzed at 5 dpf. Section D. A total of 37 WT and 31 sapje embryos were analyzed at 2 dpf; a
total of 54 WT and 31 sapje were analyzed at 5 dpf. ** p < 0.01, *** p < 0.001, **** p < 0.0001 according to Mann-Whitney unpaired non-parametric statisti-
cal analysis.
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sapje

Fig. 6. Qualitative in vivo analysis of Tgfp and Notch signaling pathways in WT-like and sapje zebrafish larvae at 2 and 5 dpf. A) Graphical schematic
representation of the trunk skeletal muscle region analyzed. B) Representative lightsheet images of WT-like (a-h) and sapje (a’-h’) larvae biosensors for Tgff} pathway
(a-c, h, a’-c’, h’), and Notch pathway (d-g, d’-g’). For Tgfp and Notch WT and sapje biosensors, mCherry is expressed under the control of promoter regions recognized
by Smad3 Tgfp effector and RBP-jk Notch effector, respectively. (a, a’, d, d’) fluorescent 3D reconstructions of the trunk region obtained with Arivis software, 0.66x
magnification. (b, b’, e, e’) brightfield single plane image and fluorescent Maximum Intensity Projection of selected z-stacks planes (c, f-h, ¢’, f’- h’) of the above-
mentioned trunk region, 1.2x magnification. Scale bar 50 pm. The experiment was repeated three times for each compound condition.

Discussion

DMD remains an incurable disorder, and despite the well-defined
primary defect (the absence of dystrophin due to mutations in the
DMD gene), mechanisms linking this defect to progressive muscle
degeneration are incompletely understood.’®®' Two main hypotheses
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have been proposed. The first states that the lack of dystrophin com-
promises sarcolemma stability, causing i) Ca2t influx through micro-
tears and Ca®*-leak channels activated by excessive muscle stretching,
ii) oxidative stress, and iii) mitochondrial dysfunction, ultimately
leading to muscle fiber death.'®!%%? The second hypothesis considers
dystrophin and the DAPC as central components of a signal-transduction
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Fig. 7. Qualitative in vivo analysis of macrophages infiltration in sapje zebrafish larvae at 2 dpf and 5 dpf. Representative lightsheet images of WT and sapje
biosensors for macrophages, expressing eGFP reporter under the control of the macrophage specific promoter mpegl, at 2 (a, a’, ¢, ¢’) and 5 dpf (b, b’, d, d°).
Brightfield (a-d) and fluorescent Maximum Intensity Projection (a’-d’) of selected z-stack planes of the trunk region, 0.66x magnification, are reported. Scale bar 50

pm. The experiment was repeated three times for each compound condition.

hub in both quiescent muscle satellite cells (MuSCs) and mature muscle
fibers. In this model, loss of dystrophin disrupts DAPC integrity, alters
the sarcolemma-ECM interface, and sensitizes quiescent MuSCs to
aberrant activation and proliferation.'® The following dysregulation of
key pathways, including Ca?* and Notch signaling, compromises Ca”*
homeostasis in both MuSCs and differentiated fibers, triggering mito-
chondrial dysfunction, increased glycolysis, and premature MuSCs
activation. Hyperactivated MuSCs lose self-renewal capacity, becoming
completely committed to regeneration. Consequently, the pool of
quiescent MuSCs within the niches is progressively exhausted, and the
ability of the muscle to self-regenerate is lost.'®®® Hyperproliferating
myoblasts with latent mitochondrial defects®*°® fuse abnormally,
generating hyperbranched fibers with exacerbated mitochondrial
dysfunction that contribute to muscle weakness.’®°” While both models
are supported by experimental evidence, the temporal sequence and
integration of these events remain poorly defined.

Our study addresses this gap by combining longitudinal tran-
scriptomic profiling in the sapje zebrafish model with human DMD cell
data and functional in vivo analyses, enabling reconstruction of early
disease progression across multiple biological layers. Previous studies in
human patients and animal models, including mouse, dog, and zebra-
fish, have provided important insights into the temporal progression of
DMD, highlighting early inflammatory responses, metabolic alterations,
and progressive muscle degeneration. However, these studies have pri-
marily relied on transcriptomic or histological analyses at discrete time
points.®® 72 Our approach provides a dynamic view of disease evolution,
allowing us to identify early molecular perturbations that precede
massive tissue degeneration and to link them to downstream functional
consequences.

Our RNA-seq datasets from sapje zebrafish model and human DMD
cells confirmed previous findings, identifying DEGs involved in the
regulation of Ca®* homeostasis, muscle development, mitochondrial
function, ECM remodeling, proteasomal degradation, and meta-
bolism.®®’%”! Importantly, the sapje zebrafish model allowed us to
resolve the temporal progression of these events, which is not possible in
patient-derived cell lines that reflect heterogeneous mutations and later
disease stages. At 2 dpf, we identified DEGs predominantly involved in
the regulation of Ca®* homeostasis and muscle contraction, thereby
confirming the early disruption of the dystrophin-DAPC signaling
transduction hub.'*'® At 5 dpf, pathways associated with muscle repair
and regeneration, ECM remodeling, cardiac involvement, and metabolic
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compensation were strongly upregulated. These findings support the
hypothesis that hyperactivated MuSCs are fully committed to regener-
ation and probably fail to self-renew.”>’* The pronounced increase in
ECM deposition suggests early activation of fibrotic process driven in
part by pro-regenerative M2 macrophages secreting TGFp, a key factor
promoting the activation of fibro-adipogenic progenitors (FAPs) toward
adipogenesis.”>’® The transcriptomic profile of 5 dpf sapje zebrafish
seems to reflect both the peak of compensatory responses and the onset
of accelerated disease progression. At 8 dpf, a developmental stage
corresponding to advanced disease in sapje zebrafish, the transcriptional
landscape shifts dramatically. We observed widespread downregulation
of pathways essential for cell cycle progression, DNA replication, protein
degradation, cell metabolism, and cell communication, indicating fail-
ure of compensatory mechanisms, and onset of irreversible muscle
degeneration.”®’”” Inflammatory pathways were increasingly upregu-
lated at this stage, consistent with chronic, unresolved damage. These
findings were further supported by enrichment analyses of RNA-seq data
focusing on transcription factor target genes. At 2 dpf, Pax3 target genes,
which are key regulators of satellite cells self-renewal, migration, and
myogenic differentiation, were already downregulated.”®”® Mef2a and
Srf target genes, which play a central role in Ca?* homeostasis and
myofiber maturation’” were similarly suppressed. Notably, Pax3 target
genes remained downregulated throughout disease progression, while
Mef2/Srf target genes shifted substantially at later stages.

Together, these data support a model in which early Ca*" dysregu-
lation triggers mitochondrial dysfunction in both mature muscle fibers
and MuSCs. Hyperactivation of MuSCs leads to loss of asymmetric di-
vision with possible impairments both in self-renewal and muscle
regeneration.

While RNAseq data from sapje zebrafish (harboring a specific A-to-T
transversion in exon 4 of the dmd gene, which is responsible for the
complete absence of dystrophin) 2> have been useful to capture the
systemic and temporal progression of the disease in a living organism,
those derived from DMD patient myoblasts and myotubes (harboring
different mutations in the DMD gene and collected at advanced stages of
disease) °° offered a focused view of intrinsic cellular defects in myo-
blasts and myotubes, but cannot reveal organism-level responses.®%®’
The transcriptomic data from human cell lines suggest that dystrophin
deficiency affects muscle cells from early precursor stages. Human DMD
myoblasts showed impaired proliferation and genomic instability, and
upon differentiation, myotubes exhibited severe defects in contraction,
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Fig. 8. In vivo analysis of mitochondrial activity in WT and sapje zebrafish larvae at 2 dpf. Representative lightsheet images of WT-like (a-d) and sapje (a’-e’)
biosensor larvae, in which GFP is expressed under a mitochondrial localization sequence (subunit VIII of cytochrome c¢ oxygenase-COX). (a, a’) fluorescent 3D
reconstructions of the trunk skeletal muscle region obtained with Arivis software. (b, b’) brightfield single plane image. (c, d, c’, d’, e’) Fluorescent Maximum
Intensity Projection of selected z-stack planes. (a-c, a’-c’) 0.66x magnification. (d, d’) 1.2x magnification, scale bar 50 pm. (e’) 2x magnification, scale bar 20 pm. The
(ixperiment was repeated three times for each compound condition.
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Fig. 9. Immunofluorescence of Pax7'-cells. Whole-mount immunofluorescence analysis was performed at 2 and 5 dpf in wildtype (WT) and sapje larvae to detect
Pax7*-cells. (A) Representative single-plane images of WT (upper panels) and sapje larvae (lower panels) trunk region at 2 dpf. Representative images of Pax7
immunofluorescence (left panels) and correspondent bright filed (right panels) are reported. (B) Representative single-plane images of WT (upper panels) and sapje
larvae (lower panels) trunk region at 5 dpf. Representative images of Pax7 immunofluorescence (left panels) and correspondent bright filed (right panels) are re-
ported. Scale bar in A and B, 40 pM. For each analysed condition, at least 3 single planes of 3 different areas of the trunk from 3 animals were acquired. The
experiment was repeated three times. Activated and proliferating Pax7"-cells (red arrowheads), small Pax7*-cells around muscle fibers (black arrowheads), small
Pax7*-cells located at the myotome (white arrowheads), alterated fusion of Pax7-cells (blue arrowheads) are indicated. White asterisks indicate regions of pro-
nounced muscle damage.

mitochondrial energy production, and metabolism, with no evidence of likely reflect alterations in the niche environment and dysregulated
compensatory responses. Notably, because myoblasts normally express signaling rather than direct structural loss of dystrophin. This interpre-
little or no full-length dystrophin, their transcriptional abnormalities tation aligns with the model of MuSCs hyperactivation and defective
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Fig. 10. Ca** imaging in living WT and sapje zebrafish at 2 dpf. (A) Cytoplasmic Ca** imaging of 2 dpf-old WT and sapje zebrafish incubated for 1 hour with 4-
fluo AM probe. (B) Mitochondrial Ca?* imaging of WT and sapje zebrafish injected at one-cell stage with a pCMV-4mtGCaMP6f plasmid containing the cDNA
sequence of the 4mtGCaMP6f mitochondrial Ca%* probe. All panels in A and B represent single-plane images of zebrafish trunk muscles at 2 dpf: bright filed pictures
(left panels), and probe fluorescence (right panels). For each analysed condition, at least 3 single planes of 3 different areas of the trunk from 3 animals were ac-

quired; the experiment was repeated three times. Scale bar, 50 pm.

myoblast fusion.”*®? Overall, these findings point to early disruptions in
signaling and epigenetic regulation.”*%*

Despite deep differences between the human cell models and the
sapje zebrafish, both systems converge on key pathological mechanisms:
progressive loss of muscle function, mitochondrial dysfunction, and
early activation of fibrotic process.

Mitochondrial dysfunction due to dysregulation of Ca>"-homeostasis
emerged as central shared hallmark. In human dystrophic myotubes,
oxidative phosphorylation and mitochondrial translation were mark-
edly downregulated. In sapje zebrafish, we observed a temporal
sequence: early dysregulation of Ca>* homeostasis (2 dpf) is followed by
transient compensatory upregulation of ATP synthesis and electron
transport (5 dpf), and, at advanced stages, by the almost complete
collapse of mitochondrial organization and gene expression (8 dpf).
While alterations in mitochondrial function, locomotion, and cardiac
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activity have been reported in dystrophic models, our study uniquely
links these phenotypes to early transcriptomic and signaling alterations,
providing a temporal framework that connects molecular defects to
physiological outcomes. The presence of increased Ca* levels, as well as
altered mitochondrial dynamics and functions were also confirmed by
functional assays revealing (i) an increased mass of fragmented mito-
chondria, accumulating high Ca?* levels inside, at the level of lesioned
muscle fibers, suggesting DRP1-mediated fragmentation and alteration
of the mitochondrial permeability transition pore (mPTP) flickering’’;
(ii) low oxygen consumption rate and mitochondrial membrane poten-
tial, probably due to the long-lasting opening of the mPTP as previously
observed.°%®! These findings point to a progressive, worsening energy
crisis across models.®*%°

Impaired regenerative capacity was another strong point of conver-
gence between the two models. Human myoblasts showed profound
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Fig. 11. Functional analyses validate RNA seq and in vivo imaging results. (A) Bar graphs panels represent the heartbeats per second (BPS) recorded in larvae at
2 dpf on the left (50 WT and 46 sapje) and 5 dpf on the right (31 WT and 30 sapje), respectively. Results are reported as BPS mean =+ s.e.m. *p < 0.05, **p < 0.01,
**#%p < 0.0001 according to Mann-Whitney unpaired non-parametric statistical analysis. (B) OCR has been measured by using XF24 Seahorse Flux Analyzer
(Agilent) on 17 WT (black line) and 14 sapje (pink line) zebrafish larvae at 2 dpf. Results are reported as Oxygen picomoles consumed in a minute (pmol/min). Error
bars for each measurement are reported. (C) The bar graph represents the measurement of mitochondrial membrane potential in terms of TMRM incorporation in
zebrafish larvae at 2 dpf. Results are reported as a means of TMRM fluorescence pixel intensity observed in single muscle fibers + s.e.m. *p < 0.05, **p < 0.01, ****p
< 0.0001, according to Mann-Whitney unpaired non-parametric statistical analysis. The experiment was carried out on 18 WT fibers and 17 sapje muscle fibers. (D)
Bar graph represents the analysis of the touch-evoked escape response performed at 5 dpf on 50 WT and 22 sapje larvae. According to the ability of larvae to move,
specific scores were assigned: 3 indicates normal movement; 2 indicates low movement; 1 indicates only the presence of spontaneous coiling events; 0 indicates
complete paralysis. Results are reported as touch-evoked escape response score mean + s.e.m. *p < 0.05, **p < 0.01, ****p < 0.0001 according to Mann-Whitney
unpaired non-parametric statistical analysis. (E) The bar graph represents the locomotor activity of sapje mutants (pink bars, n = 26) and WT (black bars, n = 46) at 5
days post-fertilization under three cycles of dark/light stimuli. Results are reported as the mean of the total distance moved by zebrafish larvae in each of three cycles
of dark/light stimuli + s.e.m. *p < 0.05, **p < 0.01, ****p < 0.0001 according to two-way ANOVA with Bonferroni correction. All experiments in A-E were repeated
in triplicate.

43



E. Cannone et al.

downregulation of pathways involved in cell-cycle progression, DNA
replication, and genome maintenance, a signature that re-emerged in
zebrafish at 8 dpf. This cross-species signature indicates a conserved
failure of the muscle to regenerate effectively.

As mentioned before, we integrated transcriptomic profiling with in
vivo biosensor imaging, which represents a major strength and inno-
vative aspect of this study. While RNA sequencing provides a compre-
hensive overview of gene expression changes, it does not capture the
dynamic activity of signaling pathways at the functional level. By
contrast, our biosensor approach enables real-time monitoring of
pathway activation in intact living organisms, revealing early signaling
alterations that may not be inferred solely from transcriptional data.

Live imaging of sapje biosensors functionally validated and extended
our transcriptomic findings by revealing early and sustained reductions
in the activity of Bmp, Shh, and Notch and Hif-1a signaling pathways,
which are required for satellite cell quiescence and self-renewal.*®57 5
The persistent suppression of Notch and Hif-1a signaling pathways is
consistent with the chronic upregulation of Myogenin observed in sapje
zebrafish, indicating hyperactivation of MuSCs, and defects in asym-
metric division, 4558

In addition to its role in regulating satellite cell function, Hif-1a is a
key mediator of cellular responses to hypoxia and ischemia. In DMD,
progressive vascular dysfunction and reduced perfusion contribute to
muscle ischemia, particularly at later stages of disease.”’”*> The
observed reduction in Hif-1a signaling may reflect an early defect in
hypoxia sensing or metabolic adaptation. Impaired Hif-1a activity could
compromise angiogenic signaling and the ability of muscle fibers to
adapt to energetic stress, thereby amplifying mitochondrial dysfunction
and accelerating disease progression.

Another key finding of our study is the concurrent reduction in Notch
signaling activity and increase in Pax7" MuSCs, which provides mech-
anistic insight into early regenerative defects in DMD. Notch signaling is
essential for maintaining MuSCs quiescence and regulating the balance
between self-renewal and differentiation. Its suppression has been
shown to induce premature activation and expansion of MuSCs, and to
impair their homing during regeneration process, often at the expense of
proper differentiation.>>>*

In sapje zebrafish, the observed accumulation of Pax7 ™" cells, together
with their aberrant localization and defective fusion behavior, suggests
that MuSCs are hyperactivated but functionally impaired. Rather than
contributing to efficient regeneration, these cells likely represent a
dysregulated pool that fails to restore muscle integrity. This interpre-
tation aligns with previous findings in dystrophic models, including
canine DMD, where reduced Notch signaling is associated with defective
muscle regeneration.”

Together, these data support a model in which early Notch pathway
suppression drives pathological MuSCs activation, contributing to the
progressive failure of muscle repair in DMD.”**® Conversely, the in-
crease in TGFp signaling activity supports the robust fibrotic response
observed by RNA-seq, identifying TGFp as a key driver of pathological
tissue remodeling.

To our knowledge, this represents one of the first studies to combine
longitudinal transcriptomics with live imaging of multiple signaling
pathways in a DMD vertebrate model, providing a dynamic and mech-
anistic framework for understanding disease initiation and progression.
This platform may also be highly valuable for in vivo screening of
pathway-targeted therapeutic strategies.

Collectively, our data strongly support a model in which DMD
pathogenesis is initiated by Ca®* dysregulation, leading to mitochon-
drial dysfunction, aberrant activation of MuSCs, impaired regeneration,
and progressive fibrotic remodeling. From a translational perspective,
our findings identify early dysregulation of Ca®* homeostasis, mito-
chondrial function, and key signaling pathways as potential therapeutic
targets. Interventions aimed at preserving mitochondrial integrity or
restoring signaling pathways such as Notch or Hif-1a may be particu-
larly effective if applied at early disease stages, before irreversible
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muscle degeneration occurs. The cross-species convergence observed
between zebrafish and human models further supports the clinical
relevance of these targets.

Materials and methods
Zebrafish maintenance

WT Zebrafish (AB strain), sapje heterozygous mutants, and the pre-
viously generated transgenic reporter lines*’ kindly provided by the
Zebrafish Facility at the University of Padova, have been maintained
according to standard protocols® with a 14-10 light-dark cycle at
28.5°C, in aerated saline water, at the Zebrafish Facility of the Univer-
sity of Brescia. Male and female animals have been separated in the late
afternoon to allow, the next morning, courtship, egg deposition, and
fertilization.

Embryos have been collected in Petri dishes and maintained at
28.5°C in fish water (3 mg/I Instant Ocean, 0.5 mM NaHPO4, 0.2 mg/1
methylene blue, 0.5 mM NaH2PO4). All animal procedures on zebrafish
larvae older than 5 dpf have been performed in compliance with the
European Directive 2010/63/EU, all the Animal Care Standard Oper-
ating Procedures (ARRIVE guidelines 2.0), and and the Guidelines for
the Care and Use of Laboratory Animals issued by the Italian Ministry of
Health. The study has been approved by the Italian Ministry of Health
(Authorization n. 60/2023).

Cells

Immortalized myoblast cell lines from two DMD patients and one
healthy donor (Supplementary Table 13), generated at the Institute of
Myology (Pitié-Salpétriere Hospital, Paris, France), as described in®" by
double transduction of primary myoblasts with hTERT and cdk4, have
been kindly provided by Prof. Vincent Mouly, Institute of Myology,
Sorbonne University, Paris.”%%°

Immortalized myoblast cell lines were expanded in proliferation
medium (Skeletal Muscle Cell Growth medium, PromoCell C-23060),
supplemented with penicillin and streptomycin. For differentiation,
myotubes were obtained by exposing confluent myoblast cultures to
Skeletal Muscle Cell Basal medium (PromoCell C-23260), supplemented
with insulin 10 pg/mL (Sigma), penicillin, and streptomycin for 7 days.
Cell media were changed every 2-3 days in culture.

Primary myoblasts obtained from muscle biopsies of 1 DMD patient
and two healthy donors (Supplementary Table 13) have been kindly
provided by Orthopedic Institute Rizzoli in Bologna, Bologna, Italy,
following ethics committee approval and informed consents. Cultures
were prepared by enzymatic and mechanical treatment of muscle bi-
opsies and by plating in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 20% fetal calf serum, penicillin, streptomycin, and
amphotericin B (Sigma) as previously described 7 and stored in liquid
nitrogen. Cells were expanded and used within the 7th passage.”® The
study was conducted in accordance with the Declaration of Helsinki, and
the protocol was approved by the Ethics Committee at the Rizzoli Or-
thopedic Institute (project identification code: CE 0007151, 11 May
2021).

RNA sequencing

Total RNA from zebrafish embryos and human cell lines was isolated
with the kit Quick DNA/RNA MiniPrep Plus (ZYMO Research D7003)
and quantified with a nanodrop. A total of 22 embryo pools (approxi-
mately 45 embryos per pool) from WT and sapje mutants at 2, 5, and 8
dpf were analyzed. Details are reported in Supplementary Table 14.

Prior to library preparation, sequin (synthetic RNA spike-in controls)
were added to the mRNA as sequencing internal controls.” The spike-in
analysis revealed a gene detection sensitivity of 0.059 attomol/pl. The
correlation between the input concentration and the measured
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concentration of the sequins was 0.91 + 0.04 in zebrafish and 0.92 +
0.17 in human samples; r2 of the linear model was 0.83 + 0.08 in
zebrafish and 0.75 + 0.18 in human samples. The high correlation in-
dicates excellent recovery of the spike-in mix during the entire library
preparation and sequencing workflow. Libraries were produced with
QuantSeq 3' mRNA-Seq Library Prep Kit for Ion Torrent (Lexogen), ac-
cording to the manufacturer’s instructions and quantified with the
QIAseqTM Library Quant Assay Kit (Qiagen).

For zebrafish samples, the templates were prepared with the Ion PI
Hi-Q OT2 200 Kit on the Ion OneTouch 2 System and sequenced on the
Ion Proton System with Ion PI Hi-Q Sequencing 200 Kit (Ion Torrent by
Thermo Fisher Scientific). For human samples, the templates were
prepared with the 540 Kit — OT2 kit (Ion Torrent by Thermo Fisher
Scientific) on the Ion OneTouch 2 System and sequenced on the Ion S5
System.

Demultiplexing and barcode trimming were performed automati-
cally by the Torrent Suite Software after each sequencing run. Following
the guidelines of Lexogen manufacturer, we used cutadapt'’® to cut
poly-A tails and five bases from the 5’ prime end (which may contain
mismatched bases eventually introduced by random priming). After
trimming, all reads with a length below 30 bp and quality trimming
below Q10 were discarded. The quality of processed data was evaluated
by analyzing the sequins spike-in transcripts using Kallisto'’" and the
Anaquin package in R.!%

For zebrafish samples, after QC, STAR aligner v. 2.6 was used to
compute the reads alignment and gene counts based on the Danio rerio
reference genome (GRcz11) and the Ensemble comprehensive gene-set
annotations. After merging data from all samples, only genes with
>10 reads in at least 3 samples were included, resulting in a gene count
matrix with 22 samples and 19035 genes. In all three comparisons (sapje
vs wt at 2, 5, and 8 dpf) 18966 out of 19035 genes were analyzed; 43, 5
and 23 genes were not analyzed at 2, 5 and 8 dpf, respectively, either
because the total read count was zero, or because of the presence of a
sample pool with an extreme count outlier in that specific comparison.

For human samples, read alignment and gene counts were based on
the Homo sapiens reference genome (GRCh38) and the Ensemble
comprehensive gene-set annotations. After combining the data from all
the samples and filtering out genes that had fewer than 10 reads in fewer
than 3 samples, we obtained a gene count matrix with 12 samples and
18103 genes.

Whole transcriptome analyses

Identification of Danio rerio differentially expressed genes

The gene expression analysis was performed using the DESeq2
package in R, as described in.'%® Principal Component Analysis (PCA)
was performed with the PlotPCA function implemented in the DESeq2
package on the regularized log-transformed (rlog) data, using the top
15000 genes selected by highest row variance.

To identify DEGs in our sapje zebrafish model, we performed two
distinct analyses. The first analysis aimed to identify genes whose
expression significantly changed over time, specifically looking for those
with different trajectories between WT-type and mutant fish. For this,
we employed a design that included status (WT/dmd) as a factorial
variable, time as a continuous variable, and the interaction between
status and time. This allowed us to capture genes whose expression
levels varied in a time-dependent manner and, critically, those where
this time-dependent variation differed between WT and sapje zebrafish.
In our secondary analysis, we performed direct comparisons of gene
expression between WT and sapje zebrafish at each time point (2 dpf, 5
dpf, and 8 dpf). Since principal component (PC) analysis clearly showed
that the expression profiles of the embryos are different at 2-, 5-, and 8-
days post fertilization (dpf) (Supplementary Fig. 1A). For this reason,
subsequent analyses were conducted separately on the three groups.
PCA also uncovered a minor batch effect, which is attributable to the fact
that the WT-like embryos are siblings of the mutant ones
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(Supplementary Fig. 1B). The “family effect” was removed with the
Combat seq tool. 104 ComBat-seq adjusted data were then analyzed with
the Wald test implemented in DESeq2 to identify differentially expressed
genes (DEGs). Due to a partial collinearity between the “family effect”
and the time variable, it has not been possible to apply ComBat-seq in
the longitudinal analysis.

False discovery rate BH FDR was used to control for multiple test
comparisons, and genes with FDR < 0.05 were considered as DEGs.

A hypergeometric test was applied to test if the number of common
DEGs at the three time points was significantly higher than expected by
chance.

Identification of human differentially expressed genes

The human cell line differential expression analysis was performed
with the DESeq2 package as described above for the zebrafish embryos.
In this case, PCA revealed a “laboratory of origin” batch effect (Sup-
plementary Fig. 2) that was removed by the ComBat-seq tool prior to
performing differential expression analysis. ComBat-seq adjusted data
were analyzed with the Wald test implemented in DESeq2 separately in
myoblast and myotubule cell lines to identify differentially expressed
genes (DEGs).

Gene set enrichment analyses (GSEA)

Gene-set enrichment analysis was performed using WebGestaltR v.
4.0.3, and the GSEA enrichment method.'”® Enrichment categories
considered were: GO Biological Process, Reactome pathways, and
network Transcription Factor target. Only enrichment categories with
>20 genes and <500 genes were analyzed, and those categories with
FDR < 0.05 were considered significantly enriched. The EnrichmentMap
Cytoscape App'® was used to visualize the results of the enrichment
process as a network.

Integrated analysis of RNA-seq data

The list of 21973 human-zebrafish pairs of orthologue genes was
retrieved from Ensembl using the “getLDS” function in the biomaRt
package in R. The list of orthologs was then intersected with the list of
genes analyzed in this study to identify common genes in the two
species.

To test if the number of orthologue genes found differentially
expressed both in human and zebrafish was higher than expected by
chance, we applied a random statistic test. Briefly, on the overall set of
human-zebrafish pairs of orthologs addressable in our analysis (back-
ground genes), we randomly sampled N pairs, with N equal to the
number of pairs of orthologue genes found differentially expressed in
human, and we counted how many pairs were differentially expressed in
zebrafish at 2, 5, and 8 dpf. The procedure was repeated 10 million
times. Empirical p-values were then calculated as the number of tests
resulting in an equal or higher number of overlapping genes than those
observed in our data.

Birefringence

To isolate the 25% of sapje homozygotes and to assess muscle fiber
structure integrity, birefringence analysis has been performed on
Zebrafish embryos at 48 hpf. This assay takes advantage of muscle fiber
anisotropy, which is the ability of well-organized muscle fibers to refract
polarized light. Briefly, a first polarized filter is placed directly on the
microscope base to polarize the white light. Secondly, the polarized light
passes through the anisotropic muscle fibers that refract it. A second
polarized filter controls the refraction angle. Normal muscle fibers
appear with a brilliant signal, while altered muscle fibers appear
dark.'?’

Generation of sapje biosensors and fluorescence analyses

To study the dynamics of both mitochondrial patterning and the
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expression of different signaling pathways at different stages of DMD
pathogenesis, we generated specific sapje biosensors, expressing fluo-
rescent reporters, such as GFP or mCherry, under the control of a specific
mitochondrial promoter or promoter-responsive elements recognized by
a specific signaling pathway’s effector. To generate sapje biosensors,
adult non-fluorescent heterozygous sapje were outcrossed with adults of
the previously generated transgenic reporter lines.”* The obtained sapje
biosensors for mitochondrial patterning and Notch, Tgfp, Shh, Wnt,
Bmp, Hif-1a signalling pathways were then incrossed to obtain 25% of
homozygous that were further analyzed for fluorescence together with
their WT-like siblings. Images of embryos and larvae from WT-like and
sapje biosensors were acquired at 2 and 5 dpf, to obtain a relative
quantification of the intensity of fluorescence with ImageJ. Concerning
the mCherry reporter lines, the intensity of fluorescence was not quan-
tifiable due to the lower rate of expression of this reporter protein
compared to GFP, whose expression is really fast. Thus, qualitative im-
ages of WT-like and sapje homozygous mCherry biosensors were ac-
quired by using the Zeiss lightsheet microscope. At least 3 samples for
each condition in each experimental replicate have been acquired.

Behavioral assays

Two behavioral assays were carried out on WT-like and sapje ho-
mozygotes at 5 dpf: i) the touch-evoked escape response, which has been
performed to evaluate the ability of larvae to move away after me-
chanical stimuli; and ii) the measurement of the distance moved after a
light/dark stimulus, which has been performed using the DanioVision
system coupled with EthoVision XT software (Noldus Information
Technology, The Netherlands) to evaluate fish motility.

Concerning the touch-evoked escape response, fish movements were
recorded, and a score was assigned to each embryo. The score goes from
zero to three: i) three is associated with the WT phenotype; ii) two is
assigned to a short distance moved; iii) one is linked to the spontaneous
coiling events; iii) zero is assigned to paralyzed animals.

Noldus recordings were performed at 5 dpf from ZT 1 to ZT 6, in a 24-
well plate with a temperature close to 28°C and a constant final volume
of 0.5 mL per well. After 30 minutes of habituation in light conditions,
larvae were exposed to 3 cycles composed of 10 minutes of dark and 10
minutes of light.

Seahorse

Oxygen consumption rates (OCR) were measured using the Seahorse
XF-24 extracellular flux analyzer that allows the detection of oxygen
consumption through a sensor cartridge, which was equilibrated in 1 ml
of calibrant medium overnight at 28°C. After equilibration, OXPHOS
modulators, such as oligomycin (complex V inhibitor), FCCP (uncou-
pling agent), Antimycin A (complex III inhibitor), and rotenone (com-
plex I inhibitor), were added at 10 pM, 1 pM, 1 pM, and 1 pM,
respectively. Wt-like and sapje larvae at 2 dpf were placed in 24-well
islet capture Seahorse plates and the experiments were run at 28.5°C.
OCR of at least 20 embryos wt-like and sapje homozygotes was
analyzed.”**®

Heartbeat

Sapje and WT-like larvae heartbeats were recorded at 2 and 5 dpf
with the Axiozoom V16 Zeiss stereomicroscope at 32x zoom. Acquired
videos were exported at 20 fps and then analyzed with the DanioScope
software to evaluate the presence of alterations.

Mitochondrial membrane potential
Mitochondrial membrane potential was evaluated by measuring the

uptake of tetramethylrhodamine methyl ester (TMRM). Zebrafish em-
bryos at 2 dpf were exposed to 300 nM TMRM supplemented with 1.6
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pM CsH for 4 hours at 28.5°C. After a brief wash with embryo medium,
animals were anesthetized and mounted in 1% low-melting agarose. A
single plane images were acquired with the Zeiss confocal microscope to
allow analysis. The experiment was repeated three times for each
condition.”®

Ca®* homeostasis

Cytosolic Ca?* homeostasis was evaluated with the Fluo-4 AM probe.
Single zebrafish samples at 2 dpf (WT and sapje homozygotes pre-
selected by birefringence) were exposed to a 1 pM final concentration
of the Fluo-4 AM probe, diluted in embryo medium, for 1 hour as pre-
viously described.'%® After incubation, samples were briefly washed,
anesthetized and mounted in 1% low-melting agarose. The experiment
was conducted in triplicate and at least 3 single plane images of 3
different areas from at least 3 zebrafish samples per condition were
acquired with Leica TCS SP5 AOBS confocal-multiphoton.

Mitochondrial Ca®" levels were evaluated by injecting one-cell stage
embryos from incrosses of sapje heterozygotes with 150 pg (5 nl of 30
ng/pl dilution) of the pCMV-Mito4x-GCaMP6f plasmid, kindly gifted by
Dr. Riccardo Filadi, Senior Researcher at the CNR, University of Padua.
WT and homozygote samples were selected by birefringence at 48 hpf,
anesthetized and mounted in 1% low-melting agarose. As previously
mentioned, at least 3 single plane images of 3 different areas from at
least 3 zebrafish samples per condition were acquired with Leica TCS
SP5 AOBS confocal-multiphoton.

Whole-mount immunofluorescence

Zebrafish embryos at 2 and 5 dpf, WT-like and sapje were fixed for 4 h
in 4% PFA and washed in PBS supplemented with 0.1% Tween 20 (PBT).
Embryos were then permeabilized for 30 min or 90 min, depending on
dpf, with 10 pg/mL proteinase K in PBT and briefly post-fixed in 4% PFA
for 15 min. 3 PBT washes of 10 min precede an RT incubation of 1%
DMSO in PBT for 20 min, followed by two PBT washes. Samples were
then blocked with 2% FBS, 2% BSA and 1% DMSO in PBT O.N. at +4°C.
Embryos were then incubated at +4°C for 72 h with the primary
monoclonal anti-Pax7 Ab produced in mouse diluted 1:100 in blocking
solution. After incubation, samples were washed with PBST +1% DMSO
and incubated with secondary anti-mouse Alexafluo 488-conjugated
antibody diluted 1:500 in blocking solution at 4°C for 48 h. After
several washes in PBT, at least 3 single plane images of 3 different areas
from at least 3 zebrafish samples per condition were acquired with
Evident FV4000 inverted confocal.

Statistics

The statistical analyses were performed with GraphPad Prism 8.4.2
software, except for RNA sequencing data, which were analyzed with R.

Analyses of fluorescence quantification, BPS, TMRM, and touch-
evoked escape response have been performed with Mann-Whitney un-
paired non-parametric test, and all relative data are reported as mean
values + standard error of the mean (SEM). The distance moved,
analyzed with the Noldus DanioVision chamber, has been evaluated and
quantified using Ethovision software (Noldus) and statistically analyzed
with the two-way ANOVA with Bonferroni correction. In all the ana-
lyses, the statistical significance was fixed at p < 0.05.
Abbreviations
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BMD Becker muscular dystrophy
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ELK1 Elongation transcriptor factor kinase ELK1
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