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Abstract 

Therapeutic strategies for Duchenne Muscular Dystrophy (DMD) will likely require complementary 
approaches. One possibility is to explore genetic modifiers that improve muscle regeneration and 
function. The beneficial effects of the overexpression of Jagged-1 were described in escaper 
golden retriever muscular dystrophy (GRMD) dogs that had a near-normal life and validated in 
dystrophin-deficient zebrafish (1). To clarify the underlying biology of JAG1 overexpression in 
dystrophic muscles, we generated a transgenic mouse (mdx5cv-JAG1) model that lacks dystrophin 
and overexpresses human JAG1 in striated muscles. Skeletal muscles from mdx5cv-JAG1 and 
mdx5cv mice were studied at one, four, and twelve-month time points. JAG1 expression in mdx5cv-
JAG1 increased by three to five times compared to mdx5cv. Consequently, mdx5cv-JAG1 muscles 
were significantly bigger and stronger than dystrophic controls, along with an increased number of 
myofibers. Proteomics data show increased dysferlin in mdx5cv-JAG1 muscles and an association 
of Nsd1 with the phenotype. Our data supports the positive effect of JAG1 overexpression in 
dystrophic muscles. 

 

Significance Statement  
 
Duchenne Muscular Dystrophy (DMD) patients present a progressive decline in motor function. 
DMD is caused by mutations in the DMD gene that lead to the absence of dystrophin - an essential 
component of muscle cells. However, dystrophin-deficient dogs overexpressing JAG1 had a normal 
lifespan with remarkable motor function. In this study, we increased expression of human JAG1 in 
mouse skeletal muscles lacking dystrophin to explore mechanisms responsible for these benefits. 
Our observations show that overexpression of JAG1 counterbalances the lack of dystrophin by 
generating bigger and stronger muscles as the mouse ages. Moreover, our proteomics dataset 
suggests a role of dysferlin in the phenotype. Therefore, our study supports the exploration of JAG1 
in pre-clinical models.  
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Introduction 
 
Duchenne Muscular Dystrophy (DMD) is an X-linked recessive neuromuscular disease with 

devastating consequences. It is caused by frameshift or truncating mutations in the DMD gene (2), 

leading to the absence of dystrophin in striated muscles (3). DMD incidence is 1 in 3,500 to 5,000 
male births (4). Initial symptoms arise between three to five years of age when patients present 

with constant falls and proximal muscle weakness. As the disease progresses, distal muscles are 

also weakened; ten- to twelve-year-old patients become wheelchair dependent and may need 

ventilatory assistance. The leading causes of death are respiratory insufficiency and 

cardiomyopathy, and the current median lifespan for patients undergoing corticosteroid treatment 

is approximately 28 years (5). 

 

Heterogeneity observed among patients’ disease progression and among animal models led to the 
discovery of a handful of genetic modifiers. The rare G allele in the promoter of SPP1 (rs28357094) 

correlates with rapid progression and greater severity (6). LTBP4 was initially found in a DMD 

mouse model (7), and LTBP4 inhibition with a monoclonal antibody showed beneficial effects in 

mouse muscles (8). In human patients, the LTBP4 IAMM haplotype in homozygosis was associated 

with prolonged ambulation (9). The common null polymorphism R577X in ACTN3 leads to reduced 

power outcomes and a longer time to complete a 10-meter walking test in DMD patients. 

Consistently, a-actinin-3 deficiency in the dystrophin-deficient mouse model (mdx) led to reduced 

muscle strength compared to mdx alone, yet aged double knockout mice displayed phenotypic 

improvements, as noticed by improved histological features and more significant muscle recovery 

from fatigue (10). Recently, a genome-wide association study using 419 DMD patients found six 

additional modifier candidates (11). Finally, myostatin inhibition in a DMD murine model showed 

partial improvements (12). These observations show the complex mechanisms underlying DMD 

progression and raise the possibility for modifier-inspired treatments (13). 
 

The Notch pathway is a conserved cell-to-cell communication system that regulates cell-fate 

specification, differentiation, and patterning. Several studies support the role of Notch modulation 

in muscle health. Jagged-1 is a canonical ligand in the Notch pathway, and its overexpression was 

found in two golden retriever muscle dystrophy (GRMD) dogs that largely escaped their expected 

disease progression (1, 14, 15). A Notch3-/- mouse model exhibited an overgrown muscle 

phenotype after repetitive injuries (16). Constitutively active Notch1 expression under muscle 

creatine kinase (MCK) in mouse myofibers showed improved stem cell niche and regeneration (17). 
Hyperactivation of the Notch pathway in a mouse model of neurofibromatosis type 1 is associated 

with impaired function of muscle progenitors, and early postnatal inhibition of the Notch pathway 
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showed beneficial effects (18). In humans, a reduction in Notch signaling due to a missense 

mutation in POGLUT1 leads to a type of autosomal recessive limb-girdle muscular dystrophy (19). 

Finally, a whole-exome investigation of an international cohort of 23 patients with unexplained 

muscular dystrophy linked their disorder to rare JAG2 variants that caused a novel form of 

autosomal recessive muscular dystrophy (20). Thus, Notch signaling modulation may generate 
beneficial or harmful effects in skeletal muscle.  

 

The finding that jagged-1 was overexpressed in escaper GRMD dogs established the grounds for 

a therapeutic exploration of the Notch pathway in dystrophin-deficient muscles, bypassing the 

rescue of dystrophin expression (1). However, a beneficial effect of a putative therapy relies on 

clarifying its underlying biology. Thus, we generated a mouse model to study the consequences of 

JAG1 overexpression in dystrophic skeletal muscles. The mdx5cv mouse has a mutation in exon 10 

that disrupts full-length dystrophin expression; it is more affected than the standard mdx and has 
fewer revertant fibers (21). This study used a mdx5cv-JAG1 mouse model, a dystrophin-null mdx5cv 

mutant that specifically overexpresses human JAG1 in striated muscles. Our data supports that a 

balanced overexpression of human JAG1 in dystrophic muscles can counterbalance disease 

progression by increasing muscle mass and force over time. Additionally, by proteomics screening 

we identified increased expression of dysferlin and Nsd1 in mdx5cv-JAG1 muscles, suggesting an 

association among jagged-1, dysferlin, and Nsd1. 
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Results 
 

mdx5cv-JAG1’s muscles overexpress JAG1 throughout life. 
 

We took advantage of three previously described mouse models to increase JAG1 expression in 
the striated muscles of the mdx5cv mouse. The R26-LSL-JAG1 (22) carrying the human JAG1 cDNA 

located immediately 3’ of a loxP-flanked STOP cassette that blocks transcription, and the MCK-

Cre (23) mouse that allows Cre-mediated recombination in striated muscles (Figure 1A). Thus, the 

mdx5cv was crossed with the R26-LSL-JAG1 line to insert the human JAG1 cDNA. After at least 

two generations, female mdx5cv;R26-LSL-JAG1tg/tg were crossed with the MCK-Cre line, allowing 

tissue-specific expression of human JAG1 (Figure 1B). We studied JAG1 heterozygotes since the 

escaper dogs were heterozygotes for the variant in the JAG1 promoter (1) and to avoid possible 

toxic effects. Our experimental animal groups were males, either mdx5cv;R26-LSL-JAG1Tg/WT;MCK-
Cre or mdx5cv;R26-LSL-JAG1Tg/W, respectively named mdx5cv-JAG1 and mdx5cv.  

 

To comprehensively understand the effects of JAG1 overexpression in dystrophic muscles, we 

performed non-survival experiments in mice at one, four, and twelve months. For these three time 

points, western blots using protein extracts from quadriceps muscles confirmed increased jagged-

1 expression (Figure 1C and Supplemental Figure 1). Consistently, immunostaining of tibialis 

anterior (TA) muscle sections at four months reinforced our results as increased jagged-1 staining 

in the mdx5cv-JAG1 muscles was observed, particularly at the sarcolemma (Figure 1D). Thus, our 
data confirmed increased jagged-1 protein in skeletal muscles during the timeframe pre-defined for 

this study.  

 

Hematoxylin and eosin (H&E) staining of TA whole sections showed central nuclei at all time points 

in both groups (Figure 1E). By the first month, muscles already displayed dystrophic features, but 

mdx5cv-JAG1 had a higher density of possible regenerative fiber pockets. At four months, mdx5cv 

had extensive inflammation areas and scarring (Figure 1E); while these features were also present 
in the mdx5cv-JAG1, they were less extensive. Sections from one-year-old animals in both groups 

were similar, albeit mdx5cv-JAG1 muscle sections had a larger cross-sectional area than controls.  

 
The mdx5cv-JAG1’s skeletal muscles are bigger than the mdx5cv. 
 

One-month-old mdx5cv-JAG1 and mdx5cv had similar body and muscle mass (Figure 2A). While 

body mass was still remarkably similar between both groups at the four-month-old time point, the 

average mass of mdx5cv-JAG1 quadriceps muscles were ≈ 15% greater, thereby comprising a 
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significantly higher portion of their body mass (Figure 2B and C). Four-month-old mdx5cv-JAG1’s 

TA muscles were not significantly heavier (Figures 2D and E).  

 

Differences increased further by one year when the mdx5cv-JAG1 animals were ≈ 9% heavier 

(Figure 2B), and their TA and quadriceps mass were ≈ 20% greater than mdx5cv (Figure 2B and 
D). Again, skeletal muscles comprised more of mdx5cv-JAG1 total body mass than mdx5cv (Figure 
2C and E). Consistently, mdx5cv-JAG1 TA cross-section area (CSA) was 19.4% larger than mdx5cv 

at 12 months and increased by ≈ 13% compared to four-month-old mdx5cv-JAG1, emphasizing that 

mdx5cv-JAG1 muscle mass continued to grow. In contrast, the average CSA of mdx5cv’s TA muscles 

peaked at four months (Figure 2F). To sum up, our data shows that JAG1 overexpression has a 

mild effect on dystrophic muscle histology but suggests an increase in regenerative areas at one 

month, followed by greater muscle mass later in life. 

 
Muscles from mdx5cv-JAG1 change their myofiber profile with time 
 
We investigated changes in the size and fiber type composition of mdx5cv-JAG1 muscles using 

whole sections of TA muscles obtained from the thickest part of each muscle (Figure 3A and 
Supplemental Figure 2). In the first month, analyses of the myofiber minimum Feret diameter with 

laminin staining showed a similar density distribution across the examined range between groups 

(10 µm to 100 µm). However, the mdx5cv-JAG1 median was slightly lower due to the higher density 

of fibers smaller than ≈ 20 µm (Figure 3B). At the first time point, both groups show the narrowest 

distribution of fiber dimensions (Figure 3C). 
 

Groups profiles diverge at four months. Overall fiber hypertrophy from one to four months and the 
higher density of small fibers drives a broader distribution in both groups – the widest observed 

(Figure 3C). However, the distribution of the mdx5cv-JAG1 group is broader, with the most frequent 

quartile of fiber distribution ranging from 10 µm to 50 µm, whereas controls range from 10 µm to ≈ 

40 µm. Thus, the median minimum Feret of both groups shifts to higher diameter relative to the 

first-month distribution, with a more significant displacement for the mdx5cv-JAG1, surpassing 

control (Figures 3B and C).  
 

As the mice age to one year old, both groups show a narrower distribution profile than at four 

months (Figure 3C). The profiles of both groups have similar shapes, but the mdx5cv-JAG1 

distribution is shifted to the right, still showing a higher density of larger fibers and a higher median 
value (Figures 3B and C). Additionally, the absolute number of fibers per section analyzed was 
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51% greater in the mdx5cv-JAG1 at the one-year time point (Figure 3D), a significant increase from 

four months to one-year-old time point, which was not observed in the mdx5cv group (Figure 3D).  
 

Concomitantly, sections were stained for myosin heavy chain type I, IIA, IIB, and laminin. (Figure 
3A). At one-month-old, the sections of mdx5cv-JAG1 showed ≈ 32% fewer type IIB fibers than 
mdx5cv, while IIX percentages were similar. The average number of fibers type IIB and IIX per cross-

section increases in both groups from the first month to the fourth. However, mdx5cv-JAG1 displays 

a steep increase in the twelve-month time point, while the mdx5cv group remains stable (Figure 
3D). The density distribution of IIB fibers shows a particular deviation from controls at all time points. 

In the first timepoint, mdx5cv-JAG1 mice have a greater density of small IIB fibers (10 µm to 25 µm), 

but on the other timepoints, mdx5cv-JAG1 display greater densities along most of the range (Figure 
3E). 
 

To further address the potential increase in newly formed fibers, sections were stained with anti-

embryonic myosin heavy chain (eMyHC). One-month mdx5cv-JAG1 sections presented more and 

larger eMyHC fiber clusters than mdx5cv (Figure 3F). Increased staining was still observed in the 

four and twelve-month-old time points, albeit fewer eMyHC-expressing fibers could be observed at 

these time points (Supplemental Figure 3). In summary, our data indicates that an increased 
number of newly formed fibers in the mdx5cv-JAG1 group and a sharp increase in type IIB and IIX 

fibers drive the continuous increase in muscle size observed in mdx5cv-JAG1 mice.  

 

Overexpression of JAG1 enhances skeletal muscle force. 
 
We investigated changes in force using TA muscles in situ. Four-month-old mdx5cv-JAG1 muscles 

generated stronger peak forces than mdx5cv (Figure 4A), and normalization per CSA showed 

higher specific force (Figure 4B). Next, muscles underwent a force-frequency protocol with trains 
of electrical impulses ranging from 20 to 200 Hz with one minute resting interval between each train 

(Figure 4C). Consistent with our muscle mass findings, the first time point at one month did not 

show an increase in force, but four- and twelve-month-old mdx5cv-JAG1 generated significantly 

higher forces than mdx5cv at several frequencies (Figure 4D).  
 

Dystrophin-deficient muscles are sensitive to damage when actively stretched (eccentric 

contractions). Muscles from mdx5cv-JAG1 did not show an improvement in resistance to stretch, 

i.e., while their muscles generated higher forces before the stretch-induced injury protocol, their 
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relative force decay was not different from mdx5cv controls (Figure 4F and Supplemental Figure 
4).  
 

At first glance, the experiments described above showed an unexpected specific force profile at 

twelve months. While one-year-old mdx5cv-JAG1’s muscles were stronger, their specific force was 
lower than controls (Figure 4B and E). However, during our study, we noticed a specific set of 

siblings mdx5cv-JAG1 mice that had a much higher abundance of jagged-1 (Figure 4F). These four 

animals generated significantly less force and specific force than the other 11 mdx5cv-JAG1 mice 

studied and were primarily responsible for the unexpected drastic reduction in force and, 

particularly, specific force (Figures 4 G-I). In conclusion, from an in situ physiology perspective, 

mdx5cv-JAG1 mice muscles generate more force but are not more resistant to actively stretch-

induced damage. Nevertheless, it is important to consider our circumstantial observation of mice 

expressing supra levels of jagged-1 - suggesting toxicity. Of note, these four animals were only 
used in physiology experiments. 

 

 

Increased Dysferlin and Nsd1 in mdx5cv-JAG1 muscles 
 

We conducted global proteomics using quadriceps muscles collected at all time points to begin 

exploring the mechanisms behind the mdx5cv-JAG1 phenotype. Dysferlin, a membrane-associated 

protein responsible for sarcolemma repair (24), had ≈ 60% increased abundance at the first and 
third time point (Figures 5A-C). Notably, two out of three four-month-old samples had higher levels 

of dysferlin than mdx5cv animals. Thereby, eight out of nine mdx5cv-JAG1 samples had higher 

dysferlin expression than their respective time point mdx5cv controls (Figure 5D).  
 

Nds1, a histone methyltransferase that binds close to promoters of various genes with important 

roles in cell growth, cancer, and bone morphogenesis (25, 26) was detected among proteins with 

higher abundance and statistical significance.  Dnmt3b was significantly increased in one-year-old 
mdx5cv-JAG1 muscles (Figures 5A-C). Dnmt3b is a de novo DNA methyltransferase that 

preferentially methylates gene bodies of actively transcribed genes (27). Haploinsufficiency of Nsd1 

is associated with overgrown conditions, Sotos and Beckwith-Wiedemann syndromes (28), while 

mutations in the Dnmt3b are associated with forms of Facioscapulohumeral muscular dystrophy 

(28–30).  

 

The number of differentially abundant (DA) proteins increased with age, supporting the temporal 

change in phenotype (Figures 5A-C and Supplemental Figure 5). The first time point showed a 
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set of 14 DA proteins (Supplemental Table 1). Particularly, Arg1, Fam171a1, Fgf2, Mt2, Rrn3, and 

Tnnc2 have described roles in skeletal muscles. Gene set enrichment analysis (GSEA) suggested 

suppression of muscle-related and aerobic respiration pathways, while terms related to 

chromosome organization, chromatin remodeling, and immune system response were activated 

(Supplemental Figures 6). The second time point analysis showed 28 DA proteins - 25 with lower 
abundance (Supplemental Table 2).  Among them are Cthrc1, Jak2, and Mylpf. Most of the top 

activated pathways relate to metabolism, including aerobic respiration and oxidative 

phosphorylation (Supplemental Figure 6).  
 

Finally, the third time point revealed 111 DA proteins (Supplemental Table 3). Among the 104 

proteins with lower abundance in the mdx5cv-JAG1 group were two fibronectins, Fn1 and Fndc1, 

and a series of proteins of the serpin family. Activated enriched pathways included skeletal muscle 

tissue development, actin filament organization, and myotube differentiation (Supplemental 
Figure 6). Overexpression analysis using the DE proteins shows blood coagulation and fibrinolysis 

pathways (Supplemental Figure 6). Of note, while DMD patients display a hypercoagulable state 

(31, 32), genes associated with these pathways are downregulated in the mdx5cv-JAG1 group. 

STRING analyses predicted the association of jagged-1 with Nsd1 and Dnmt3b through Notch1. 

Jagged-1 and Dnmt3b show connections with Kras – a constantly downregulated protein 

(Supplemental Figure 7), and a link with a large cluster of downregulated proteins in the one-year-

old dataset.   

 
Discussion  
 

Our findings show that increased JAG1 expression in skeletal muscles increases muscle mass and 

force over time. The mdx5cv-JAG1 mice have some of the classical features of dystrophin-deficient 

muscles (15). For instance, histology of TA muscles showed the presence of central nuclei, 

inflammation areas, and scar tissue (Figure 1E). However, one-month-old mdx5cv-JAG1’s muscles 

showed increased regenerative fibers (Figures 1E and 5). Consequently, as the mdx5cv-JAG1 mice 
age, they develop larger and stronger muscles, with a sharp increase in the number of type IIB and 

IIX fibers and type IIB fiber cross-sectional area from four months to one year (Figure 3E). 
Therefore, the increase in muscle mass seems to counterbalance the progressive weakness of 

dystrophin-deficient muscles. 

 

A recent study observed that transplanting myogenic progenitors overexpressing the Notch1 

intracellular domain (NICD) into injured mouse muscles increased the number of type IIX fibers 

(33). Dystrophin-deficient fast fibers, particularly IIX in humans, show earlier degeneration than 
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slow fibers (34). Additionally, dystrophin-deficient animal models show that muscles composed 

mainly of type II fibers are more impacted by the lack of dystrophin (35–37). Thus, our findings with 

the mdx5cv-JAG1 are particularly relevant for DMD since the overexpression of JAG1 may spare 

the most damage-susceptible dystrophin-deficient muscles and support a Notch-related fiber type 

specification. 
 

The phenotypic response to the overexpression of JAG1 may not follow a linear relationship 

(Figures 4F-J). Our circumstantial observation of mdx5cv-JAG1 mice with ≈ 10-fold increase in 

JAG1 suggests that modulation of the Notch pathway must be well-adjusted. Supporting this, the 

two escaper GRMD dogs presented only approximately 2-fold increased expression of jagged1 (1), 

and various phenotypes have been described depending on the modulation of the Notch pathway 

(16, 17, 38). Finally, our data supports the role of jagged-1 in the escapers’ dogs, but the absence 

of improved resistance to stretch suggests that jagged-1 was not the only player. For instance, our 
group reported the downregulation of PITPNA in the escaper dogs (39) and demonstrated how 

PITPNA inhibition with PDE10A improves the muscular phenotype in dystrophic zebrafish (40).   

 

Our findings resemble myostatin inhibition, showing increased muscle mass through hypertrophic 

and hyperplasic events (41). Additionally, a myostatin knockout mouse model also shows a higher 

proportion of type IIB fibers (42), and myostatin blockade with antibodies in the mdx mouse showed 

improved muscle function, stronger absolute force, and no difference in eccentric force resistance 

to eccentric contractions (12). However, our data supports higher specific force in four-month-old 
mdx5cv-JAG1 muscles, which was not observed with myostatin-blocking studies (Figures 4B and 
D). Thus, an appropriate level of JAG1 overexpression can increase muscle mass while 

maintaining muscle quality. 

 

Dysferlin has an essential role in muscle repair, and mutations in the DYSF gene cause autosomal 

recessive limb girdle muscular dystrophy type 2B (LGMD2B) and Miyoshi myopathy (43, 44). 

Moreover, the mdx phenotype worsens when dysferlin is lacking (45). Our proteomics dataset 
suggests increased dysferlin expression in mdx5cv-JAG1 muscles (Figure 5). Notably, an mdx 

mouse model expressing the constitutively active form of Notch1 under MCK (MCK-N1ICD-mdx) 

also showed between 50 - 70% increase in dysferlin expression (17). Interestingly, human DYSF 

overexpression in non-dystrophic mice also showed a dose-response effect, where 2-fold increase 

is well-tolerated while > 30-fold higher abundance leads to a dystrophic phenotype (46). Thus, it is 

likely that dysferlin expression is under the control of Notch signaling and that the improved 

muscular phenotypes observed in these models are partially related to a balanced higher 

abundance of dysferlin.  
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Our data suggests an association with Nsd1, Dnmt3b, and Kras (Figures 5D and E). Nsd3, a Nsd1 

paralogue, has been associated with Notch pathway modulation (47), reinforcing an actual role of 

Nsd1 in the mdx5cv-JAG1 phenotype. To cite additional proteomics findings, first, the upregulation 

of Rrn3 is associated with muscle hypertrophy and adaptation to exercise training (48). Second, 
Fgf2 has important roles in skeletal muscle physiology and pathology (49–51). Finally, there is a 

lower abundance of Fn1 and Ctrhrc1; the former is a DMD biomarker (52), and the latter was found 

to be increased in mdx muscles (53). 

 

This is the first study using the mdx5cv-JAG1 model, and future studies will address current 

limitations. First, future studies must explore cardiac function outcomes. Second, it will be 

fundamental to study mdx5cv-JAG1’s muscle satellite cells and their regenerative capacities. Also, 

since modulation of the Notch pathway has shown positive and deleterious effects in skeletal 
muscles (16, 19, 20), it will be essential to understand the precise biochemical mechanism 

downstream of JAG1 overexpression (and supra-expression). Our proteomics dataset gave a 

glimpse into the beneficial mechanisms of increased expression of JAG1 in dystrophic muscles. 

However, contractile proteins are the overwhelming majority of proteins in skeletal muscles, limiting 

the number of proteins found.  

 

In conclusion, we show that muscle-specific increased JAG1 expression leads to increases in 

muscle size and force. This effect is noticeable over time, so JAG1 overexpression continues to 
counterbalance the progressive consequences of dystrophin absence in the mouse. Finally, 

although our data support the exploration of the Notch pathway for DMD therapy, it must be done 

with care since harmful consequences of Notch modulation have been clearly described in humans 

(19, 20).   
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Materials and Methods 

 
mdx5cv-Jag1 generation 
 

All experimental procedures followed the Boston Children’s Hospital Animal Care and Use 
Committee (protocol #00001392). All strains used are on C57BL6/J background (JAX #000664). 

First, we crossed X-linked muscular dystrophy 5 (mdx5cv, JAX #002379) with R26-LSL-JAG1 (JAX 

#030173) to establish mdx5cv carrying human JAG1 (mdx5cv; R26-LSL-JAG1). Next, we crossed  

MCK-Cre (JAX #006475) males  with  mdx5cv-Jag1 Cre- females, establishing mdx5cv-JAG1 Cre+. 

We studied male littermates Cre+ (mdx5cv-JAG1) and Cre- (mdx5cv) carrying JAG1 in heterozygosis.  

 
Histology and immunofluorescence 
 
TA muscles were dissected and snap-frozen in isopentane. Ten micrometers (μm) muscle cross-

sections were obtained from frozen muscles using a Cryostat (Leica CM3050 S). Standard 

hematoxylin and eosin stain was performed. For immunostaining, frozen muscle cross-section 

slides were air-dried for 20 minutes. The slides were treated with blocking solution (1X PBS 

supplemented with 0.1% Tween-20 and 10% goat serum, #G9023 Sigma-Aldrich) for 1 hour at 

room temperature to avoid non-specific binding. Fiber typing was accomplished by histochemical 

staining for different myosin heavy chain isoforms (MyHC). Primary antibodies BA-D5-s (mouse 

IgG2b, dilution 1:50) for MyHC-slow, SC-71-s (mouse IgG1, dilution 1:50) for MyHC2A, and BF-
F3-c (mouse IgM, dilution 1:50) for MyHC2B were obtained from the Developmental Studies 

Hybridoma Bank (DSHB). Unstained fibers were considered type 2X. Anti-laminin (anti-rabbit, 

#L9393, Sigma-Aldrich, dilution 1:500) was used to outline the fibers. Primary antibodies were 

diluted in blocking solution and incubated for two hours at 37°C. Sections were washed thrice for 

five minutes each with PBST (1X PBS with 0.1% Tween-20). Secondary antibodies DyLight 405 

goat anti-mouse IgG2b (RRID: AB_2338801, Jackson ImmunoResearch), Alexa Fluor 594 goat 

anti-mouse IgG1 (RRID: AB_2338885, Jackson ImmunoResearch), Alexa Fluor 488 goat anti-
mouse IgM (RRID: AB_2338849, Jackson ImmunoResearch), and Alexa Fluor 647 goat anti-rabbit 

IgG (H+L) (#A21244, Thermo Scientific) were diluted 1:200 in blocking solution and incubated for 

one hour at 37°C. Sections were washed thrice for five minutes with PBST, and the slides were 

mounted with Vectashield antifade mounting media (H-1000, Vector laboratories). An entire TA 

section was imaged using a 10x magnification objective on an Axio Imager.Z2 (Zeiss) microscope. 

Images were then analyzed using MyoSight macro for ImageJ (54). Non-stained fibers were 

considered type IIX fibers, and, as expected for TA muscles, type I fibers made up less than 1% of 

the total in both groups and were not considered. 
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For jagged-1 staining, sections on slides were fixed in ice-cold methanol for three minutes and 

washed in ice-cold PBS for one minute. Next, slides were incubated in blocking solution (PBS, 10% 

fetal bovine serum, and 0.1% Triton). Primary incubation was done overnight in a wet chamber at 

4oC. Primary antibodies were AbCam 85763 (rabbit polyclonal) for jagged-1 and LS-C96142 
(chicken) for laminin. On the following day, slides were washed in PBS for five minutes and 

incubated in secondary antibodies, anti-rabbit Alexa Fluor 488 and anti-chicken Alexa Fluor 647 

(A21449). Finally, slides were washed in PBS and sealed with Vectashield with DAPI (Vector 

Laboratories: H-1200). Confocal images were taken using a Leica SP8 microscope.   

 

For eMyHC, slides were fixed in 1:1 methanol and acetone for two minutes at -20oC, followed by 

thrice washes in PBS for three minutes. Next, slides were incubated in 5% goat serum in PBS for 

one hour. Primary incubation was done overnight in a wet chamber at 4oC with DSHB F1.652 
(mouse monoclonal) for eMyHC and LS-C96142 (chicken) for laminin. On the following day, slides 

were washed four times for three minutes each in PBS and incubated with anti-mouse Alexa fluor 

488 and anti-chicken Alexa Fluor 647 (A21449) for one hour. After an additional four washes of 

three minutes each, slides were sealed with Vectashield with DAPI (Vector Laboratories: H-1200). 

Images were made using a 20x magnification objective on an Axio Imager.Z2 (Zeiss) microscope. 

 
Western blot 
 
Mechanical grinding of snap-frozen quadriceps muscles was performed with mortar and pestle in 

liquid nitrogen. Muscle powder was transferred to cold RIPA buffer (Boston BioProducts) containing 

protease inhibitors (cOmplete, mini, EDTA-free, Roche) and phosphatase inhibitors (PhosSTOP, 

Sigma-Aldrich). Tissue samples were then briefly sonicated, homogenized for 1 hour at 4°C, and 

centrifuged at 13,500 rpm for 30 mins at 4°C. The supernatant was collected, and protein 

concentration was determined using a Pierce BCA protein assay kit (Thermo Scientific). For SDS-

PAGE, protein samples were denatured in Novex Tris-glycine SDS sample buffer (Invitrogen) 
containing 50 mM dithiothreitol (NuPAGE reducing agent, Invitrogen) and boiled for 8 mins at 90°C. 

Thirty micrograms of total protein were separated by electrophoresis on Novex 4-20% tris-glycine 

mini protein gels (Invitrogen) and transferred to 0.2-mm PVDF membrane (Invitrogen). The quality 

of protein transfer was checked with Ponceau stain (Thermo Scientific) before proceeding to 

Western blotting. Membranes were treated with 5% BSA in TBST buffer (tris-buffered saline 

containing 0.05% Tween-20) for one hour at room temperature to decrease non-specific binding. 

Membranes were then incubated with anti-jagged1 antibody (#ab300561, Abcam, dilution 1:1000) 

in blocking solution overnight at 4°C. Following three ten-minute-long washes in TBST buffer, 
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membranes were probed with anti-rabbit IgG, HRP-linked secondary antibody (#7074S, Cell 

Signaling Technology) in blocking solution for two hours at room temperature. Membranes were 

then washed five times for ten minutes each in TBST buffer. Chemiluminescence detection was 

captured using Pierce ECL western blotting substrate (Thermo Scientific) and Biorad ChemiDoc 

system. The jagged-1 protein signal was analyzed using Image Lab software (Biorad) and 
normalized to the respective Ponceau signal. 

 
ex-vivo Physiology 
 

The functional properties of the tibialis anterior (TA) were assessed using an in situ preparation. 

An anesthetized mouse (sodium pentobarbital, i.p. 80 mg/kg) was stabilized on a temperature-

controlled platform (38°C, Aurora Scientific model 809), and the severed distal tendon of the TA 

was attached to the lever arm of a dual-model muscle lever system (Aurora Scientific model 305C-
LR). Supramaximal 200 μs square-wave pulses were generated by a muscle stimulator (Aurora 

Scientific model 701) and delivered to platinum needle electrodes inserted behind the knee near 

the peroneal nerve. Muscle length was adjusted so that force to brief tetani was maximized. A 

minimum of 60 seconds separated all contractions to minimize fatigue. The force-frequency 

relationship was evaluated by stimulating the TA with trains of increasing frequency (from 10 up to 

200 Hz). Five lengthening, or eccentric, contractions were used to assess the resistance of the TA 

to high-strain contractile activity. These contractions consisted of an initial 100 ms at a fixed length, 

allowing the preparation to attain peak tetanic force, and the remainder with the muscle lengthened 
by 20% of fiber length at 1.5 fiber lengths/s (assuming a fiber length to muscle length ratio of 0.60). 

The series of lengthening contractions were bracketed by fixed-end contractions for assessing pre- 

and post-lengthening tetanic force. The physiological cross-sectional area of the muscle was 

estimated as previously described (55).  

 

Data Analyses 
 
Data analyses and visualization were performed using RStudio (R version 4.3.3) and the ggplot2 

package. For comparisons consisting of one dependent variable (e.g., body mass, muscle mass, 

and peak force), normality was assessed using the Shapiro-Wilk test, and homogeneity of 

variances was evaluated with Levene's test. Depending on the variance results, either a Student's 

t-test (equal variances) or Welch’s t-test (unequal variances) was used for group comparisons. 

Results are presented as mean ± SEM, and the p-value is shown in each plot. A two-way ANOVA 

was used to test the effects of expression levels (baseline, increased, supra) and genotypes (mdx5cv 
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and mdx5cv-JAG1) on the variables when animals with supra-abundance of Jagged-1 were 

considered a separate group.  

 

For non-linear regression modeling of force-frequency relationships and resistance to eccentric 

contraction-induced damage, a four-parameter log-logistic sigmoid function was used to fit data 
from different genotypes at three time points using the drm() function from the drc package for R. 

Genotype-specific models were compared to combined models using an F-test to evaluate whether 

separate genotype-specific curves provided a significantly better fit to the data than a single shared 

curve. Plots show mean ± SEM and fitted non-linear models (solid lines) with shaded 95% 

confidence intervals. 

 
Off-line basic pH reversed-phase (BPRP) fractionation 
 
We fractionated the pooled TMT-labeled peptide (specifically, the unbound and wash from the 

phosphopeptide enrichment) via BPRP HPLC with an Agilent 1260 pump. Peptides were subjected 

to a 560 min linear gradient from 5% to 35% acetonitrile in 10 mM ammonium bicarbonate pH 8 at 

a flow rate of 0.25 mL/min over an Agilent 300Extend C18 column (3.5 μm particles, 2.1 mm ID 

and 25 cm long). The peptide mixture was fractionated into a total of 96 fractions, which were 

consolidated into 24 super-fractions and subjected to FAIMS-MS/MS. These fractions were 

subsequently acidified with 1% formic acid and vacuum centrifuged to near dryness. Each fraction 

was also desalted via StageTip, dried via vacuum centrifugation, and reconstituted in 5% 
acetonitrile, 5% formic acid for LC-MS/MS.  

 

Mass spectrometric data collection 

 

Mass spectrometric data were collected on an Orbitrap Eclipse mass spectrometer coupled to a 

Vanquish Neo UHPLC.  Approximately 1µg of peptide was separated at a flow rate of 450 nL/min 

on a 100 µm capillary column that was packed with 35 cm of Accucore 150 resin (2.6 μm, 150Å; 
ThermoFisher Scientific). The scan sequence began with an MS1 spectrum (Orbitrap analysis, 

resolution 60,000, 350-1350 Th, automatic gain control (AGC) target is set to 100%, maximum 

injection time set to 50ms). Data were acquired 90 minutes per fraction. The hrMS2 stage consisted 

of fragmentation by higher energy collisional dissociation (HCD, normalized collision energy 36%) 

and analysis using the Orbitrap (AGC 200%, maximum injection time 120ms, isolation window 0.6 

Th, resolution 30,000 Turbo TMT). Data were acquired using the FAIMSpro interface the dispersion 

voltage (DV) set to 5,000V, the compensation voltages (CVs) were set at -30V, -50V, and -60V or 

-40V, -60V, and -70V. The TopSpeed parameter was set at 1 sec per CV. 
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Mass spectrometric data analysis 

 

Mass spectra were processed using a Comet-based in-house software pipeline. MS spectra were 

converted to mzXML using a modified version of ReAdW.exe. Database searching included all 
entries from the human UniProt database, which was concatenated with a reverse database 

composed of all protein sequences in reversed order (56, 57). Searches were performed using a 

50 ppm precursor ion tolerance. Product ion tolerance was set to 0.03 Th. Carbamidomethylation 

of cysteine residues (+57.0215Da) were set as static modifications, while oxidation of methionine 

residues (+15.9949 Da) was set as a variable modification. 

Peptide spectral matches (PSMs) were altered to a 1% FDR. PSM filtering was performed using a 

linear discriminant analysis, as described previously (58), while considering the following 

parameters: XCorr, ΔCn, missed cleavages, peptide length, charge state, and precursor mass 
accuracy. Peptide-spectral matches were identified, quantified, and collapsed to a 1% FDR and 

then further collapsed to a final protein-level FDR of 1%. Furthermore, protein assembly was guided 

by principles of parsimony to produce the smallest set of proteins necessary to account for all 

observed peptides. Spectral counts were then extracted and the data were subsequently analyzed. 

 
Proteomics Data analysis 
 

Spectra were converted to mzXML via MSconvert (59). Database searching included all entries 
from human UniProt reference Database (downloaded: January 2024). The database was 

concatenated with one composed of all protein sequences for that database in the reversed order. 

Searches were performed using a 50-ppm precursor ion tolerance for total protein level profiling. 

The product ion tolerance was set to 0.03 Da. These wide mass tolerance windows were chosen 

to maximize sensitivity in conjunction with Comet searches and linear discriminant analysis (58, 

60). TMTpro labels on lysine residues and peptide N-termini +304.207 Da), as well as 

carbamidomethylation of cysteine residues (+57.021 Da) were set as static modifications, while 
oxidation of methionine residues (+15.995 Da) was set as a variable modification. Peptide-

spectrum matches (PSMs) were adjusted to a 1% false discovery rate (FDR) (56, 57). PSM filtering 

was performed using a linear discriminant analysis, as described previously (58) and then 

assembled further to a final protein-level FDR of 1% (56). Proteins were quantified by summing 

reporter ion counts across all matching PSMs, also as described previously (61). Reporter ion 

intensities were adjusted to correct for the isotopic impurities of the different TMTpro reagents 

according to manufacturer specifications. The signal-to-noise (S/N) measurements of peptides 

assigned to each protein were summed and these values were normalized so that the sum of the 
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signal for all proteins in each channel was equivalent to account for equal protein loading. Finally, 

each protein abundance measurement was scaled, such that the summed signal-to-noise for that 

protein across all channels equals 100, thereby generating a relative abundance (RA) 

measurement. 
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Figures and Tables 
 

 
 
Figure 1. mdx5cv-JAG1 mice overexpress Jagged-1 across life. (A) The top portion shows the 
construct used for our mdx5cv controls, which had human JAG1 transcription blocked by a loxP-
flanked STOP cassette. The bottom portion shows the final construct in which muscle creatine 
kinase drives the expression of Cre recombinase and allows overexpression of JAG1 and 
luciferase. (B) Schematic diagram of the breeding strategy to generate mice with striated muscle-
specific Jagged-1 overexpression. Mdx5cv;R26-LSL-JAG1 mice crossed with MCK-Cre mice will 
produce Mdx5cv;R26-LSL-JAG1Tg/WT,MCK-Cre offspring, which overexpress Jagged-1 in skeletal 
and cardiac muscle specific. (C)  Western blot images showed increased expression of Jagged-1 
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at the three time points tested. Intensity changes were calculated using the Ponceau as loading 
control for each timepoint. All original membranes are in Supplemental Figure 1. (D) 
Immunofluorescence images of TA cross-sections at four months stained for DAPI (Cyan), jagged-
1 (Yellow), and laminin (Magenta). (E) Hematoxylin and Eosin (H&E) staining at the three 
timepoints tested (Columns). The top and bottom rows show images from mdx5cv and mdx5cv-JAG1, 
respectively. Scale bars are 250 µm. 
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Figure 2. Changes in body and muscle mass over time. (A - F) Plots for whole body mass, 
dissected quadriceps mass, quadriceps mass normalized per body mass, dissected tibialis anterior 
(TA) mass, TA mass normalized per body mass, and TA cross-section area for one-, four, and 
twelve months. The mdx5cv and mdx5cv-JAG1 groups are in red and blue, respectively. Plots show 
mean ±SEM and p-value. Each gray dot represents data collected from one animal. 
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Figure 3. mdx5cv-JAG1’s sections were bigger and showed differences in fiber type and size.  
(A) Overlay of stained sections obtained from the thickest portion of the TA muscle. The left and 
right rows show sections for mdx5cv and mdx5cv-JAG1 at one-, four-, and twelve-month timepoints. 
Sections were stained for laminin (Magenta), myosin heavy chain type I, type IIA (yellow), and IIB 
(Cyan). Scale bars are 1000 µm. (B) Histograms comparing the normalized density of fibers from 
10 µm to 100 µm between mdx5cv (red) and mdx5cv-JAG1 (blue). (C) Same as the figure 3B but 
organized by genotype to show the temporal progression of fiber density per minimum Feret. (D) 
Comparison of the total number of fibers per section at the three timepoints, and the number of 
fibers of each fiber type for all muscle sections from mdx5cv and mdx5cv-JAG1 mice. Type I fibers 
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were excluded since they are less than 1% of the fiber type composition. Not stained fibers were 
considered type IIX. (E) Histograms comparing the normalized density of type IIB fibers from 10 
µm to 100 µm. (F) mdx5cv-JAG1 mice have an increased number of newly formed fibers at one 
month. From left to right, the figure shows laminin staining in magenta, nuclear DNA staining with 
DAPI in cyan, embryonic myosin heavy chain (eMyHC) in yellow, and the overlay of all channels. 
From top to bottom, the figure intercalates two different mice from each group, i.e. mdx5cv-JAG1 
and mdx5cv. The scale bar is 500 µm. Additional eMyHC from the other four- and twelve-month-old 
time points are shown in Supplemental Figure 3. Error bars are SEM and level of significance 
between genotypes in the same age is indicated as * = p < 0.05 and ** = p < 0.01. Level of 
significance between time points of the same genotype is indicated as § = p < 0.05, §§ = p < 0.01, 
and §§§ = p < 0.001 – the blue color indicates the mdx5cv-JAG1 genotype, no difference was 
observed in the mdx5cv genotype. 
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Figure 4. Overexpression of Jagged-1 increases whole-muscle force over time. (A) Peak 
force of TA muscles from each animal per time point. (B) Specific force (Peak force normalized by 
cross-section area (CSA)). (C) Representative force records of both genotypes tested. (D) Absolute 
force of TA muscles vs. frequency of stimulation. Error bars represent SEM and the shaded area 
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indicates the estimated 95th confidence interval. For each curve, an F-test was used to compare a 
genotype-specific fitting model against a shared model across genotypes. A genotype-specific 
model provided the best fit for data at the four- and twelve-month time points (F(4,289) = 12.47, p 
< 0.001 and F(4,253) = 7.71, p < 0.0001, respectively), but not at the one-month time point 
(F(4,124) = 1.66, p = 0.163). (E) Similar to D, but for specific force. A genotype-specific model 
provided the best fit for data at the four- and twelve-month time points (F(4,289) = 7.00, p < 0.0001 
and F(4,253) = 3.43, p = 0.0095, respectively), but not at the one-month time point (F(4,124) = 
0.16, p = 0.959). (F) Change in isometric force of TA muscles after the eccentric contraction 
protocol. Values are the post-protocol isometric force expressed relative to the pre-protocol 
isometric force. Supplemental Figure 4 shows the progressive decline in force obtained during 
these experiments. (G) Jagged-1 expression in quadriceps muscles assessed by Western blot. 
Intensity of chemiluminescence was normalized to whole protein lysate content (i.e. Ponceau 
staining intensity). Each dot represents Western blot analysis performed in an individual mouse. 
Large discrepancies were observed within the mdx5cv-Jag1 group at 12 months of age in which 
most mice display increased Jagged-1 expression as similarly seen at 1 and 4 months of age (3-
5-fold increase), while a small cohort of mice displays 10-fold increased expression (referred to as 
supra group). (H-K) Peak force, specific force, force-frequency, and specific force-frequency 
relationships when animals with supra-abundance of Jagged-1 are considered as separate group. 
A two-way ANOVA showed a significant effect for level of jagged-1 abundance in Force and 
Force/CSA (p = 0.000958 and p = 0.00435 respectively). Bonferroni-adjusted pairwise comparing 
Force (Fig. H) showed significant differences between Baseline vs. Increased (p.adj= 0.0284) and 
Increased vs. Supra (p.adj= 0.00288), whereas Baseline vs. Supra was not significant (p.adj= 
0.213). The same statistical test for Force/CSA (Fig. I) showed differences between Baseline vs. 
Supra (p.adj= 0.00142) and Increased vs. Supra (p.adj= 0.0131), whereas Baseline vs. Increased 
was not significant (p.adj= 1.000). Error bars are SEM and shaded area is the estimated 95th 
confidence interval, and level of significance is indicated as * = p < 0.05, ** = p < 0.01, and *** = p 
< 0.001. 
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Figure 5. Proteomics using quadriceps muscles dissected from all the time points studied. 
(A-C) Each point in the volcano plot show the fold change of a protein comparing mdx5cv-JAG1 
over mdx5cv. Orange and blue dots show all proteins with statistically significant changes in 
expression and with fold change > 1.5. Magenta points show specific cases described in the main 
text. (D) Heat map showing the Z-score normalized per line of selected important in the context of 
this study. 
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