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Abstract

LAMA2-related muscular dystrophy (LAMA2 MD or MDC1A) is the most frequent form of 

early-onset, fatal congenital muscular dystrophies. It is caused by mutations in LAMA2, the gene 

encoding laminin-α2, the long arm of the heterotrimeric (α2, β1, and γ1) basement membrane 

protein laminin-211 (Lm-211). We establish that despite compensatory expression of laminin-α4, 

giving rise to Lm-411 (α4, β1, and γ1), muscle basement membrane is labile in LAMA2 MD 

biopsies. Consistent with this deficit, recombinant Lm-411 polymerized and bound to cultured 

myotubes only weakly. Polymerization and cell binding of Lm-411 were enhanced by addition of 

two specifically designed linker proteins. One, called αLNNd, consists of the N-terminal part of 

laminin-α1 and the laminin-binding site of nidogen-1. The second, called mini-agrin (mag), 

contains binding sites for laminins and α-dystroglycan. Transgenic expression of mag and αLNNd 

in a mouse model for LAMA2 MD fully restored basement membrane stability, recovered muscle 

force and size, increased overall body weight, and extended life span more than five times to a 

maximum survival beyond 2 years. These findings provide a mechanistic understanding of 

LAMA2 MD and establish a strong basis for a potential treatment.

INTRODUCTION

Skeletal muscle is the largest organ in the human body accounting for up to 50% of its mass. 

The functional units of skeletal muscle are singly innervated muscle fibers that are formed 

by the fusion of myoblasts to multinucleated cells. To withstand the mechanical force 

generated during contraction, muscle fibers are surrounded by basement membrane (BM), a 
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highly structured assembly of extracellular matrix proteins. The bond between the muscle 

plasma membrane (called sarcolemma) and BM is crucial for muscle fiber stability and 

signal transduction. Mutations in BM proteins, their receptors, or cytosolic adaptors can 

cause muscular dystrophies of different severity and time of onset (1).

Congenital muscular dystrophy (CMD) is a group of muscular dystrophies characterized by 

an early onset. LAMA2-related muscular dystrophy (LAMA2 MD), also called muscular 

dystrophy congenital type 1A (MDC1A or merosin-deficient CMD), is among the most 

frequent CMDs in Europe (2, 3). It is caused by mutations in the LAMA2 gene encoding the 

α2 subunit of laminin-211 (Lm-211). Most LAMA2 MD patients show complete absence of 

laminin-α2, are hypotonic (floppy) at birth, fail to ambulate, and succumb to respiratory 

complication. Patients with less severe symptoms often express low amounts of laminin-α2 

or a truncated form (4). Several mouse models for LAMA2 MD exist (5). Most widely used 

are the dyW/dyW mice (6) that show a very early-onset muscular dystrophy and a markedly 

shortened life span. A less severe model, dy2J/dy2J mice, expresses an N-terminally 

truncated mutant of laminin-α2 and shows a mild dystrophic pathology (7, 8).

Lm-211, a heterotrimer of the α2, β1, and γ1 chains, is the prevalent laminin found in both 

the endomysial BM of mature skeletal muscle and the Schwann cells of peripheral nerves 

(9). During embryonic development, muscle BM is composed of Lm-411 (α4, β1, and γ1), 

Lm-511 (α5, β1, and γ1), and Lm-211 (10). In rodent muscle, laminin-α4 and laminin-α5 

disappear postnatally from the BM except at the neuromuscular junctions, with laminin-α2 

becoming the major subunit in adults (9). In LAMA2 MD mouse models, laminin-α4 

expression remains elevated into adulthood (9, 11, 12). Laminin-α4 lacks the laminin N-

terminal (LN) globule. In vitro BM assembly assays in combination with mutational analysis 

of Lm-111 (α1, β1, and γ1) suggested that LN globules are important for Lm-111 self-

polymerization (13, 14). Moreover, the C-terminal laminin globular (LG) domains of 

laminin-α4 bind only weakly to the laminin-α2 receptors α-dystroglycan (αDG) and α7β1 

integrin (15–17).

We have previously demonstrated that transgenic expression of a miniaturized form of the 

protein agrin, called mini-agrin (mag), can substantially ameliorate muscular dystrophy in 

LAMA2 MD mice (12, 18). This function is based on the binding of mag to the coiled-coil 

domain of laminins at one end and to αDG at the other, thereby improving BM stability 

(19). Although this strategy confers strong benefits, muscular dystrophy still progresses in 

mag-expressing mice and life expectancy remains markedly shorter than in wild-type 

controls (12, 19). Here, we tested whether additional restoration of laminin’s polymerization 

activity could further improve muscle structure and function in severely dystrophic dyW/dyW 

mice by introducing an additional fusion protein, called αLNNd (laminin-α1 LN-domain 

nidogen-1) (20). Recent work showed that expression of αLNNd substantially ameliorates 

disease in dy2J/dy2J mice (21). We now establish that combined expression of αLNNd and 

mag in dyW/dyW mice fully restores muscle BM and extends maximum survival beyond 2 

years. These data demonstrate that defects in BM assembly and its proper connection to the 

sarcolemma are the primary cause of LAMA2 MD. The use of mag and αLNNd may open 

new possibilities to treat LAMA2 MD.
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RESULTS

Muscle BM is deficient in LAMA2 MD patients

Lama2-deficient mice show prominent increases in laminin-α4 and, to a lesser extent, 

laminin-α5 expression (9, 11, 12, 18). To examine laminin expression in human patients, we 

stained muscle biopsies from muscular dystrophy patients, selected to be negative for any 

laminin-α2–like immunoreactivity (fig. S1A), with antibodies against laminin-α4. We 

observed strong laminin-α4 immunoreactivity colocalizing with laminin-β1γ1 in LAMA2 
MD patients (Fig. 1A). In biopsies of age-matched controls, laminin-α4 immunoreactivity 

was either very low or not detected in muscle BM (Fig. 1A), except at the neuromuscular 

junction and in blood vessel BM (fig. S1B). Western blot analysis revealed an increase in 

laminin-α4 as compared to controls (Fig. 1B). Because the amount of laminin-β1γ1 was not 

different between LAMA2 MD patients and controls (Fig. 1B), the loss of laminin-α2 seems 

compensated for by the increase in laminin-α4. In dyW/dyW mice (6), the distribution of 

laminin-α4 in 8-week-old triceps muscle was very similar to that observed in human 

biopsies (Fig. 1C). Laminin-α4 expression, as measured by Western blot analysis, was 

higher than in wild-type mice, whereas laminin-β1γ1 expression was unchanged (Fig. 1D). 

Transcriptional changes in Lama4 coincided with increased laminin-α4 in dyW/dyW muscle 

(Fig. 1D). Both wild-type and dyW/dyW mice expressed a similar amount of laminin-α4 at 

birth (fig. S2, A and B). Although expression of laminin-α4 decreased over the next 8 weeks 

in wild-type mice, it remained high in dyW/dyW mice (fig. S2B), suggesting that dyW/dyW 

mice continue to express the embryonic laminin-α4, whereas this isoform is progressively 

replaced by laminin-α2 in wild-type mice. We also observed a similar increase, although 

less strong than laminin-α4, of laminin-α5 in both LAMA2 MD patients and dyW/dyW mice 

(fig. S3). In summary, these results show that expression of the embryonic laminin-α4 and 

laminin-α5 isoforms remains high in muscle BM in both LAMA2 MD patients and 

dyW/dyW mice, without alterations in either laminin-β1 or laminin-γ1 expression. These 

results confirm previous immunostainings of biopsies from LAMA2 MD patients (22, 23) 

and support the notion that dyW/dyW mice closely resemble the human disease.

To investigate why Lm-411 cannot functionally compensate for the loss of Lm-211, muscle 

BM in LAMA2 MD biopsies was analyzed by subcellular fractionation using a combination 

of differential extraction, enzymatic digestion, and ultracentrifugation (Fig. 1E). Similar 

methods have been used to determine BM stability in dy2J/dy2J mice, the mouse model 

expressinga truncated form of laminin-α2 (8). After removal of soluble and membrane 

proteins, the second pellet (P2) was treated with collagenase to release loosely attached BM 

proteins into the third supernatant (S3) (Fig. 1E). Finally, stably bound components of the 

BM from P3 were solubilized by adding high concentrations of EDTA and appeared in S4. 

Incontrol biopsies, soluble proteins were enriched in S1, membrane proteins were enriched 

in S2, and laminin-β1γ1 appeared in S4 (Fig. 1F). Analysis of S3 and S4 fractions from 

control patients showed that laminin-α2 predominately appeared in S4 (Fig. 1G, left lanes, 

top). Laminin-α4, however, was recovered from fraction S3 in LAMA2 MD patient samples 

(Fig. 1G, right lanes, middle). To compare the distribution of all laminin isoforms in S3 and 

S4, we also probed for laminin-β1γ1 in controls and LAMA2 MD patients. Laminin-β1γ1 

appeared predominately in S4 for controls but was mainly detected in S3 for LAMA2 MD 
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patients (Fig. 1G, bottom and right). These results show that Lm-211 is strongly attached to 

the BM in controls, whereas the compensatory Lm-411 in LAMA2 MD patients is weakly 

attached.

αLNNd and mag induce accumulation of Lm-411 on C2C12 myotubes

Reasons for the weak BM attachment of Lm-411 could be lack of the LN globule, which is 

important for Lm-111 self-polymerization in vitro (24), or lack of binding to αDG and α7β1 

integrin, as observed in binding assays using laminin-α4 fragments (Fig. 2A) (15–17). In 

previous work, we showed that mag binds to laminins via high-affinity binding to the coiled-

coil domain (25, 26) and to αDG (27) (Fig. 2A and fig. S4A) but is unlikely to bind to α7β1 

integrins (28). Other work has shown that a chimeric protein, called αLNNd, restores 

polymerization of LN-truncated Lm-111 (ΔLN–Lm-111) and improves binding of ΔLN–

Lm-111 to cultured Schwann cells (20). αLNNd comprises the LN domain of laminin-α1 

and the laminin/collagen IV binding site of nidogen-1 (Fig. 2A and fig. S4B). Because 

previous experiments used only fragments of Lm-411 to measure binding affinities to α7β1 

integrins and to αDG, we compared binding of recombinant, full-length Lm-411 and 

Lm-111. In contrast to the Lm-111 control, no or very little binding of Lm-411 to integrin 

α7X2β1 (Fig. 2B) or to αDG (Fig. 2C) was detected. Adding an equimolar concentration of 

purified mag increased binding of Lm-411 to αDG (Fig. 2D). Mag also significantly 

improved binding of recombinant, full-length Lm-511 to αDG (fig. S4C). Self-

polymerization of recombinant Lm-411 was measured using a sedimentation technique 

previously used with truncated Lm-111 (20). Whereas Lm-111 polymerized with increasing 

concentrations, Lm-411 did not polymerize (Fig. 2E). Lm-411 combined with equimolar 

concentrations of αLNNd, however, dose-dependently formed polymers similar to Lm-111 

(Fig. 2E).

Finally, we assessed the ability of mag and αLNNd to promote binding of Lm-411 to 

cultured C2C12 myotubes grown to confluence. In contrast to Lm-211, Lm-411 did not bind 

to C2C12 myotubes (Fig. 2F). Whereas an equimolar concentration of mag improved 

binding, no significant increase was observed in the presence of αLNNd alone (Fig. 2F). 

Combined addition of mag and αLNNd, however, enhanced binding of Lm-411, reaching a 

similar staining intensity as for Lm-211 (Fig. 2F). These experiments suggest that αLNNd 

promotes Lm-411 polymerization, whereas mag mediates high-affinity binding to αDG, and 

together, they may be sufficient to compensate for the loss of Lm-211 in LAMA2 MD.

Muscle BMs are fully restored in double-transgenic dyW/dyW mice

To test this hypothesis, we generated double-transgenic dyW/dyW mice that expressed 

αLNNd and mag. To allow comparison with previous work using mag (12, 18, 19, 29), 

expression of αLNNd was driven by the same muscle creatine kinase (MCK) promoter. Two 

stable αLNNd transgenic mouse lines were established, which were independently mated to 

obtain mice of the following genotypes: dyW/dyW mice, dyW/dyW mice expressing mag 

(dyW/dyW mag), dyW/dyW mice expressing αLNNd (dyW/dyW αLNNd), and dyW/dyW 

mice expressing both transgenes (dyW/dyW DT). Western blot analysis of total lysates from 

8-week-old triceps muscle demonstrated the presence of the transgenes (Fig. 3A). The two 

independent dyW/dyW αLNNd lines A and B expressed similar amounts of the transgene 
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(fig. S5A). Because there was also no difference in the phenotypes between dyW/dyW DT 

mice of each line (fig. S5, B and C), we focused our analysis on line A. Both the mag and 

the αLNNd transgenic proteins were already present at birth (P0), and their amount seemed 

to increase over the first three postnatal weeks (fig. S5, D and E). As noted previously (12), 

the mag transgene appeared on Western blots as two bands with an apparent Mr (relative 

molecular mass) of 80 and 110 kDa, respectively (Fig. 3A and fig. S5E). The upper band 

corresponds to the full-length mag protein, whereas the lower band is the result of 

proteolytic cleavage by the agrin-specific protease neurotrypsin (30), as shown by 

immunoprecipitation/SDS-PAGE followed by tandem mass spectrometry (fig. S5F) and mag 

expression in neurotrypsin-deficient mice (fig. S5G). At 8 weeks of age, αLNNd and mag 

proteins colocalized perfectly with laminin-g1 in dyW/dyW DT mice, indicating that both 

transgenes were incorporated into the muscle BM (Fig. 3B). Both transgenic proteins were 

bound to Lm-411, as shown by coimmunoprecipitation (Fig. 3C). The expression of the 

transgenes did not affect the total amount of laminin-α4 or of laminin-β1γ1 (Fig. 3, D and 

E) compared to nontransgenic dyW/dyW mice.

To test whether the transgenes changed attachment of laminin-α4 to muscle BM, differential 

extraction was used (Fig. 1E). In dyW/dyW mice, most laminin-α4 appeared in fraction S1, 

which contains secreted and cytosolic proteins. The majority of the remaining laminin-α4 

was recovered in S3, and only a minor fraction appeared in S4 (Fig. 4A). Whereas mag did 

not change the distribution of laminin-α4 in the different fractions, αLNNd increased the 

proportion in S4 (Fig. 4A). In dyW/dyW DT mice, the proportion of laminin-α4 was reduced 

in S1 but increased in S4 compared to dyW/dyW mice, demonstrating a striking improvement 

of laminin-α4 incorporation into BM (Fig. 4A). To examine the association of all laminin 

isoforms with the BM, we compared the proportion of laminin-β1γ1 present in each fraction 

(Fig. 4B). The proportion of laminin-β1γ1 in the S4 fraction of single transgenic mice 

(dyW/dyW mag or dyW/dyWαLNNd) was improved compared to dyW/dyW mice but was still 

lower than that in wild-type mice. In contrast, the proportion of laminin-β1γ1 in the S4 

fraction of dyW/dyW DT mice was indistinguishable from that seen in wild-type mice and 

higher than either single transgenic mouse (Fig. 4B). Furthermore, in dyW/dyW DT mice, the 

amount of mag and αLNNd was higher in the S4 fraction relative to the S3 fraction (fig. 

S5H), showing cofractionation of the transgenic proteins with Lm-411. Finally, BM 

structure, judged by electron density and continuity, was indistinguishable between 

dyW/dyW DT mice and wild-type littermate controls (Fig. 4C). In contrast, BMs in dyW/dyW 

mice appeared patchy and of low electron density (Fig. 4C), whereas single transgenic mice 

showed an intermediate improvement in BM structure (Fig. 4C). These results demonstrate 

that simultaneous expression of mag and αLNNd in dyW/dyW mice mediates incorporation 

of Lm-411 into the BM and restores BM structure to an extent that reaches the quality of 

wild-type controls.

Transgenes greatly ameliorate muscular dystrophy

To test whether the restoration in BM structure also improved function, we next examined 

histology of skeletal muscle by staining cross sections with hematoxylin and eosin (H&E). 

Triceps from 8-week-old dyW/dyW mice showed signs of muscular dystrophy, including 

fibrotic regions, centralized myonuclei indicating muscle fiber degeneration/regeneration, 
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and differences in fiber size (Fig. 5A). Expression of a single transgene improved but did not 

completely overcome these pathological indicators, whereas dyW/dyW DT histology was 

comparable to wild-type controls with the exception of centralized myonuclei (Fig. 5A). 

Qualitative assessment of fibrosis by collagen staining with Sirius Red dye also showed that 

the transgenes reduced fibrosis (Fig. 5B). The collagen content, as quantified by the relative 

amount of hydroxyproline, was reduced to amounts similar to those in wild-type mice (Fig. 

5C). Quantitative assessment of histological changes, such as fiber size variation, median 

fiber size, and total fiber number, revealed that the single transgenes ameliorated the 

muscular dystrophy and that the double-transgenic dyW/dyW DT mice reached values 

similar to those of wild-type controls (Fig. 5D and table S1). Fibrosis in dyW/dyW correlated 

with increased inflammation (macrophages stained with anti-F4/80 antibodies) in cross 

sections of 8-week-old triceps muscle (fig. S6) and an almost 10-fold increase in the F4/80-

encoding transcript Adgre1 (Fig. 5E). Macrophage number and levels of Adgre1 were 

decreased by the transgenes (fig. S6 and Fig. 5E). A very similar normalization by the 

transgenes was observed for Tnc expression, encoding the matricellular protein tenascin-C, 

shown to be increased in dyW/dyW mice (31, 32).

Quantification of the percentage of muscle fibers with centralized myonuclei (CNFs) 

indicated that single- and double-transgenic dyW/dyW mice had the same or an even higher 

number of such fibers (Fig. 5G). Centralized myonuclei in muscular dystrophies are 

indicative of recent muscle regeneration as the consequence of previous muscle 

degeneration. Although the number of centralized myonuclei in dyW/dyW mice is increased, 

there is also evidence that regenerating fibers undergo apoptosis (29, 33, 34), thus hampering 

successful regeneration and lowering the number of centralized myonuclei. Consequently, 

treatments that improve survival of regenerating fibers, such as expression of Bcl2, result in 

a higher number of fibers with centralized myonuclei (29). On the other hand, treatments 

that prevent muscle degeneration will lower the percentage of muscle fibers with centralized 

myonuclei. In previous work, we have shown that mag both lowers muscle degeneration and 

improves muscle regeneration (19). This dual function results in an increased number of 

fibers with centralized myonuclei in dyW/dyW mag mice compared to dyW/dyW mice (29), 

which is consistent with our data in 8-week-old mice (Fig. 5G). To explore possible reasons 

for the high number of centralized myonuclei in dyW/dyW DT mice, we examined cross 

sections of triceps muscle from 3-week-old mice using H&E (fig. S7A) and Sirius Red 

staining (fig. S7B). At this early time point, the triceps of dyW/dyW DT mice showed similar 

signs of muscular dystrophy as did those of dyW/dyW mice (fig. S7, A and B). In addition, 

analysis of 3-week-old muscle for the presence of the embryonic form of myosin heavy 

chain (eMHC) indicated that dyW/dyW DT mice show a high degree of regeneration (fig. S7, 

C and D). At the age of 8 weeks, dyW/dyW DT mice contained only few eMHC-positive 

fibers compared to dyW/dyW mice (fig. S7E), and the amount of eMHC detected in lysates 

was not different from that in wild-type controls (fig. S7F). These data suggest that because 

of the low expression of mag and αLNNd in the first postnatal weeks (fig. S5, D and E), 

stabilization of muscle BM might only be achieved later, leaving the myonuclei still at a 

central position at 8 weeks of age. Consistent with this idea, the number of fibers with 

centralized myonuclei in the triceps of dyW/dyW DT mice was significantly higher at 3 

weeks than at 8 weeks (fig. S7G).
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Expression of the transgenes had a very similar ameliorating effect in 8-week-old tibialis 

anterior (TA) muscle (fig. S8, A and B) and the diaphragm (fig. S8C) as in triceps muscle. 

Quantification of fibrosis by either measuring hydroxyproline content (Fig. 5H for TA) or 

determining the Sirius Red–positive area (Fig. 5I for diaphragm) confirmed the substantial 

improvement by single transgenes and the reduction close to wild-type by the simultaneous 

action of both transgenes. Finally, we measured creatine kinase activity in the blood as an 

estimate for damage of all skeletal muscles. Again, dyW/dyW DT mice were improved 

compared to dyW/dyW and not different from wild-type controls (Fig. 5J).

Next, we assessed disease progression in 16-week-old mice. We excluded dyW/dyW mice in 

this analysis because of their low survival rate. Gross muscle architecture and fibrosis 

remained markedly improved in the double-transgenic compared to single-transgenic 

dyW/dyW mice, as quantified by the variance coefficient of fiber diameter (fig. S9A) and the 

relative content of hydroxyproline in triceps (fig. S9B) and TA (fig. S9C). In summary, the 

overall histological phenotype of dyW/dyW DT muscle became similar to that in wild-type 

mice, with the notable exception that the number of centralized myonuclei was higher than 

that in wild-type controls.

Transgenes improve muscle function and markedly prolong life span

At the age of 8 weeks, dyW/dyW mice were easily distinguishable from control littermates 

by their small size and kyphosis (Fig. 6A). dyW/dyW DT mice looked similar to control 

littermates, with the exception of a waddling gait, slight hindlimb paralysis, and a leaner 

appearance (Fig. 6A). Peripheral neuropathy is a characteristic feature of dyW/dyW mice 

(35), and expression of the transgenes using the MCK promoter does not restore this deficit. 

Despite this neuropathy, in a vertical grid hang test, dyW/dyW DT passed the 3-min test, 

whereas dyW/dyW were largely unable to hold themselves on the grid (Fig. 6B). The 

expression of mag alone improved hang time, whereas little effect was seen in mice 

expressing αLNNd (Fig. 6B). Consistent with the improved hang time, peak tetanic force 

measured in isolated extensor digitorum longus (EDL) at 8 weeks was improved in single- 

and double-transgenic compared to dyW/dyW mice (Fig. 6C). At 16 weeks of age, the effect 

of the combined expression of mag and αLNNd was superior to mice expressing only one 

transgene (Fig. 6D). Similar results were obtained for the peak twitch force and 

measurements in soleus muscles (table S2). Notably, these improvements in force were 

evident in spite of the muscle atrophy resulting from hindlimb paralysis.

To further assess the therapeutic potential of combined mag and αLNNd expression, we 

measured body mass and life span. Both body mass and life span were drastically reduced in 

dyW/dyW mice, with a peak body mass of about 9 g and a median survival of just 15.5 

weeks. The expression of mag or αLNNd resulted in an about 40% increase in body mass 

and in extended life span. Median life span reached 50 weeks in dyW/dyW mag mice, as 

reported before (19). The survival curve of dyW/dyW αLNNd mice was biphasic, extending 

the survival of long survivors (9 of 16) only. The expression of both transgenes together 

increased body mass by more than 90% and increased life span, with a median life span of 

81 weeks and 5 of 16 mice reaching an age beyond 2 years. Two-year-old dyW/dyW DT 

mice were quite active in spite of the complete hindlimb paralysis (fig. S10A). Examination 
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of muscle histology in the triceps and the diaphragm showed preservation of muscle tissue 

(fig. S10, B and C). Finally, staining triceps muscles of the 2-year-old mice for laminin-α4 

and laminin-α5 showed that the sarcolemmal BM of dyW/dyW DT mice still contained high 

amounts of both proteins, whereas the two laminin-a chains were confined to blood vessels 

in wild-type controls (fig. S10, D and E). In summary, these data show that expression of a 

single transgene leads to a modest increase in body mass and a robust extension of life span. 

Combined expression of mag and αLNNd has an even more profound effect that includes 

stabilization of body weight and prolonged preservation of muscle histology, which together 

allows some of these transgenic mice to survive as long as control littermates in spite of the 

complete hindlimb paralysis.

DISCUSSION

Our work provides a framework for the mechanistic understanding of LAMA2 MD and 

presents an efficacious preclinical treatment. The approach is based on the observation that 

muscle BM of LAMA2 MD patients is unstable despite the compensatory increase of 

laminin-α4. This phenomenon was also observed in dyW/dyW mice. Thus, the disease 

pathology in dyW/dyW mice mirrors that seen in LAMA2 MD patients not only 

phenotypically but also mechanistically. Wild-type and dyW/dyW mice express high levels of 

laminin-α4 at birth. Whereas laminin-α2 replaces laminin-α4 in muscle BM postnatally in 

wild-type mice, laminin-α4 remains high throughout the life span of dyW/dyW mice. Such 

sustained expression of laminin-α4 is a unique feature of LAMA2 MD. The slight increase 

of laminin-α5 in LAMA2 MD patients and mouse models, in contrast, may be the 

consequence of ongoing muscle degeneration/regeneration, because such increase has been 

observed during muscle regeneration after injury (36) and in several other muscular 

dystrophies (37). Laminin-α4 and laminin-α5 persist in the muscle BM of LAMA2 MD 

patients at an age of at least 14 years (the oldest donor in our cohort), suggesting that the 

therapeutic translation of this approach into clinics should be possible well after the onset of 

the disease.

The therapeutic approach presented here uses the specific increase of laminin-α4 in LAMA2 
MD as the binding scaffold for the two linker proteins, mag and αLNNd. A cornerstone of 

this study was our finding that combined expression of mag and αLNNd is sufficient to 

enhance the cell binding and polymerization capacity of Lm-411 in cultured C2C12 

myotubes. These findings were corroborated in vivo, with the combination of mag and 

αLNNd restoring BM structure and function in dystrophic dyW/dyW mice. In contrast, 

expression of either transgene singly only partially shifted extractability of Lm-411 and 

partially improved BM structure. These results are thus the direct in vivo support for the 

model (14) that the formation and maintenance of the primary laminin network require both 

cell surface binding (restored in the dyW/dyW DT mice by mag) and laminin self-assembly 

(restored by αLNNd). The therapeutic effect of a single transgene in dyW/dyW mice may be 

based on the increased amount of laminin-α5. In the dyW/dyW mag mice, Lm-511 could 

provide the necessary LN domains to form laminin hetero-oligomers with Lm-411, whereas 

binding to muscle fibers would be mediated by mag (12). Similar hetero-oligomers between 

Lm-411 and Lm-511 could also be formed in dyW/dyWαLNNd, with the laminin-α5 

mediating some binding to muscle receptors. The laminin self-assembly model (14) is also 

Reinhard et al. Page 8

Sci Transl Med. Author manuscript; available in PMC 2017 December 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



supported by the finding that transgenic expression of αLNNd alone is sufficient to 

ameliorate muscle function and BM structure in dy2J/dy2J mice (21). Muscular dystrophy in 

dy2J/dy2J mice is due to an N-terminal truncation of laminin-α2, representing a mild form of 

LAMA2 MD. In these mice, laminin-α2 still contains all the C-terminal LG domains that 

bind to the sarcolemma, and thus, restoration of laminin self-assembly by αLNNd is 

sufficient [see also commentary (38)].

Lack of Lm-211 causes structural instability to contracting muscle fibers, leading to their 

degeneration. This then initiates a cascade of secondary events, which all accelerate disease 

progression. The secondary events, such as apoptosis/necrosis of regenerating muscle fibers, 

inflammation, and fibrosis, are often common to several muscular dystrophies (39). 

Although approaches to inhibit such downstream events are applicable to several diseases, 

their efficacy is limited. For example, inhibition of fibrosis by the angiotensin II type 1 

receptor blocker losartan ameliorates the disease in mouse models for Marfan’s syndrome, 

Duchenne muscular dystrophy, and LAMA2 MD (40–42). In dyW/dyW mice, losartan 

treatment dampens the expression of matricellular proteins, a class of matrix proteins that 

does not contribute directly to BM structure but rather serves as regulators of cell function 

(43). Increased expression of matricellular proteins is an early disease marker in dyW/dyW 

mice (32), and there is evidence that normalization of those markers, in conjunction with the 

improvement of muscle regeneration, ameliorates disease progression (44). We examined the 

expression of the matricellular protein tenascin-C and found that its expression was the same 

as that in wild-type controls upon expression of both linker proteins. Together with our data 

demonstrating reduction of fibrosis and inflammation, these data indicate that prevention of 

the primary deficit of muscle BM instability in LAMA2 MD prevents secondary events.

Forced expression of Lama1, encoding laminin-α1, also tackles the structural deficit in 

LAMA2 MD. In these experiments, ubiquitous transgenic expression fully restored the 

functionality of the BM and prolonged survival of dystrophic mice for up to 2 years (45, 46). 

Because the transgene was also expressed in the peripheral nerve, the mice did not show 

hindlimb paralysis. Although this is proof that laminin-α1 can replace laminin-α2, 

translation of this approach into clinics is fraught with challenges. LAMA1 is too large to 

insert into suitable gene therapy vectors; production of Lm-111, with a size of about 850 

kDa, is challenging; and the efficacy of injected protein remains low (47, 48). The strategy 

presented here, in contrast, has potential for translation into clinics because the 

complementary DNAs (cDNAs) encoding αLNNd or mag are small and can be incorporated 

into adeno-associated virus (AAV) vectors. First, systemic application of muscle-targeted 

AAV that expresses mag ameliorated the disease phenotype in dyW/dyW mice to a similar 

extent as transgenic expression (49). Second, AAV-mediated gene transfer into skeletal 

muscle allows expression of the gene of interest for at least 10 years in human patients (50). 

Third, both linker proteins are secreted and can also be incorporated into the BM in adjacent, 

noninfected muscle fibers. Fourth, mag and αLNNd are derived from proteins (agrin, 

laminin-α1, and nidogen-1) that are expressed in LAMA2 MD patients. Thus, possible 

immune responses to the expressed linker proteins might be restricted to neoepitopes 

generated by the fusion of domains from different proteins. Infection efficacy and immune 

responses are likely less of a challenge than in gene transfer strategies for Duchenne 

muscular dystrophy, where the transferred microdystrophin can only act in the infected 
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muscle fibers and patients may generate antibodies against the expressed protein (51). 

Despite these advantages of our approach, successful translation into patients will require 

the targeting of all muscles by systemic delivery of AAV. Restoration of whole-body muscle 

function for at least 9 months has recently been achieved in dog models for X-linked 

myotubular myopathy by one-time peripheral venous infusion of myotubularin-expressing 

AAV (52). However, systemic delivery of AAV has not been reported for muscular 

dystrophy patients. Moreover, high-efficacy treatment of LAMA2 MD patients would 

require delivery of two different AAV vectors and at young age. Injection of recombinant 

proteins might be another option for treatment, but success might be hampered because mag 

and αLNNd strongly bind to extracellular matrix proteins that are not specific for muscle 

BM.

On the basis of the data obtained in mice, the combined treatment with mag and αLNNd 

should greatly improve quality of life measures, such as muscle function and body mass, and 

most importantly prolong life span. In the mice, median survival increased from 16 weeks 

for the dyW/dyW mice to more than 81 weeks in the dyW/dyW DT mice. In the dyW/dyW DT 

mice cohort, one-third of the mice reached an age of more than 2 years, an age that only 

one-half of female and two-thirds of male wild-type C57/BL6 mice reach (53). The life span 

extension was achieved despite hindlimb paralysis resulting from defective peripheral nerve 

myelination, which is not corrected in the transgenic mice due to the muscle-specific 

expression of the transgenes. The observation that life span extension is possible in spite of 

hindlimb paralysis also shows that the lower efficacy of the single transgenes is likely based 

on an incomplete restoration of muscle function and not on phenotypes caused in nonmuscle 

tissue. Whereas the peripheral neuropathy is a prominent feature of all mouse models of 

LAMA2 MD (5), the muscular dystrophy is the predominant phenotype in human patients 

(54). There is only one case report in which mutations in LAMA2 have been shown to result 

in a limb-girdle type of muscular dystrophy with prevalent peripheral nerve involvement 

(55).

MATERIALS AND METHODS

Study design

The objective of this study was to test the use of two designed small linker proteins for the 

potential treatment of LAMA2 MD. We reasoned that addition of these proteins could 

restore the muscle BM despite Lm-211 deficiency. We tested the capacity of the linker 

proteins in vitro and by transgenic expression in a mouse model for LAMA2 MD. No 

statistical methods were used to predetermine sample sizes, but sample sizes are similar to 

those reported in the field. We did not use any method of randomization and did not exclude 

mice from the study except those that died before the planned age of analysis. Evaluations of 

immunohistochemistry and muscle histology were performed by investigators blinded to the 

specific sample.

Mice

dyW/dyW mice [B6.129S1(Cg)-Lama2tm1Eeng/J; available from the Jackson Laboratory] 

containing a LacZ insertion in the Lama2 (6) served as mouse model for LAMA2 MD. Mice 
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expressing the mag transgene under the MCK promoter were described previously (12). The 

αLNNd transgene is a chimeric protein consisting of the laminin-α1 LN-LEa domains fused 

to the C-terminal part of nidogen-1 (G2-G3 domain) (20). Its corresponding cDNA was 

subcloned into a vector containing the MCK promoter sequence (12). This construct was 

linearized with Pac I and injected into the pronuclei of fertilized mouse oocytes. We used 

two lines that expressed αLNNd at high levels. Neurotrypsin-deficient mice were described 

previously (30). Genotyping of dyW/dyW and mag was performed as described previously 

(6, 12, 19). Genotyping of αLNNd was performed with the following primers: 5′-

CTCATCT-CAGAAGAGGATCTG-3′ and 5′-GAATAATACGAGGTGCAGAT-

GACTTC-3′. The transgenic mouse lines were maintained on a C57BL/6J background. All 

mice analyzed were from breedings of dyW/+ mice that were hemizygous for αLNNd or 

mag, which allowed to receive all genotypes from the same breeding. Control mice were 

wild type or dyW/+ from the same litters. Unless otherwise indicated, female and male mice 

were used. To ensure optimal access of the dystrophic mice to water and food, all cages were 

supplied with long-necked water bottles and wet food. All mouse experiments were 

performed according to the federal guidelines for animal experimentation and approved by 

the authorities of the Canton of Basel-Stadt.

Human samples

Muscle biopsies analyzed were from donors of both genders (ages 5 to 16 years). They were 

collected as extra tissue that was removed during a diagnostic biopsy or as remaining or 

extra tissue that was removed during a medical procedure after patient consent. Biopsies 

were received from the Institute of Pathology, University Hospital, Basel, Switzerland, and 

three institutes associated with EuroBioBank (www.eurobiobank.org) and TREAT-NMD 

(www.treat-nmd.eu): the “Myobank AFM” hosted by the Institute de Myologie, Paris, 

France; the “Cells, tissues and DNA from patients with neuromuscular diseases” hosted by 

C. Besta Neurological Institute, Milano, Italy (funded by the Telethon Network of Genetic 

Biobanks, project no. GTB12001); and “The Muscle Tissue Culture Collection” hosted by 

the Friedrich-Baur-Institute, Munich, Germany [associated with MD-NET and mito-NET, 

which are both funded by Federal Ministry of Education and Research (BMBF)].

Antibodies

For immunostaining and Western blot analysis, the following antibodies were used: α-

actinin (1:5000; Sigma, catalog no. A7732), agrin [chicken, for detection of mag, produced 

in-house (56), 1:1000 for Western blots, 1:200 for immunostainings], eMHC (1:100 for 

Western blot, 1:1200 for immunostainings; developed by H. Blau, obtained from 

Developmental Studies Hybridoma Bank, catalog no. F1.652), F4/80 (1:100; Abcam, 

catalog no. ab6640), laminin-α1 (for detection of αLNNd by Western blot, 1:2000; R&D 

Systems, catalog no. AF4187), αLNNd [for detection of αLNNd by immunostainings, 1:100 

(21)], laminin-α2 [for Western blot analysis (57), 1:500], laminin-α2 (N-terminal, for 

immunostainings of human samples, clone 4H8-2, 1:400; Sigma, catalog no. L0663), 

laminin-α2 (C-terminal, for immunostainings of human samples, clone 5H2, 1:5000; Merck 

Millipore, catalog no. MAB1922), laminin-α4 (21) (1:1000 for Western blots, 1:200 for 

immunostainings), laminin-α5 [clone 504, gift from L. Sorokin (58), 1:1000], laminin-β1γ1 

(1:1000 for Western blots, 1:100 for immunostainings; Sigma, catalog no. L9393), laminin-
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γ1 (1:200; Millipore, catalog no. MAB1914), Na+/K+-ATPase (1:1000; Cell Signaling, 

catalog no. 3010), GAPDH (1:1000; Cell Signaling, catalog no. 2118), and CD31 (1:100; 

Abcam, catalog no. ab9498).

Recombinant and native protein preparation for binding assays

Recombinant Lm-111, nidogen-1, and αLNNd were purified by hemagglutinin–affinity 

chromatography from stably transfected human embryonic kidney (HEK) 293 cells, as 

described (59). Mag was purified by metal-chelating chromatography, as described (20, 59, 

60). Recombinant Lm-211 was purified by heparin affinity chromatography from cells 

grown in the presence 5 µM furin inhibitor-1 (Calbiochem, catalog no. 344930) to reduce 

LG domain cleavage (61). Recombinant Lm-511 containing Lmα5–C-terminal FLAG tag 

was purified from HEK293 by anti–FLAG-M2 affinity chromatography (60). Recombinant 

mouse nidogen-1 was purified from conditioned medium by HisPur-cobalt chelating 

chromatography (Thermo Scientific, catalog no. 89965). Type IV collagen was extracted and 

purified from lathyritic mouse EHS tumor, as described (62). Integrin constructs coding for 

soluble integrin α7X2 and integrin β1 were stably transfected into 293 cells (J. Takagi, Osaka 

University, Japan) and purified on HisPur-cobalt chelating chromatography followed by 

FLAG-agarose affinity chromatography. αDG was extracted from rabbit muscles using 

wheat germ agglutinin–agarose beads (Vector Laboratories, catalog no. al-1023) as 

described (63) or as recombinant protein as described previously (64).

Polymerization assays

For polymerization assays, a 1:1 molar mixture of purified Lm-411 + αLNNd or Lm-411 

and Lm-111 alone were incubated overnight on ice in 50 mM tris-HCl (pH 7.4), 90 mM 

NaCl, and 1 mM CaCl2. Subsequently, aliquots of various concentrations were incubated at 

37°C for 3 hours in polymerization buffer [50 mM tris-HCl (pH 7.4), 90 mM NaCl, 1 mM 

CaCl2, 0.15% Triton X-100, bovine serum albumin (BSA) (30 ng/ml)]. Polymerized 

laminins were separated from nonpolymerized forms by centrifugation at 11,000g. 

Supernatant and pellet were loaded on SDS-PAGE followed by Coomassie blue staining and 

quantitation, as described (57, 60).

In vitro binding assays

To determine laminin binding to αDG, crude αDG was coated onto high-binding 96-well 

plates (Costar, catalog no. 3691) in bicarbonate buffer overnight at 4°C. Plates were 

incubated for 1 hour at room temperature with blocking buffer [50 mM tris-HCl (pH 7.4), 

150 mM NaCl, 3% BSA, 1 mM MgCl2,1 mM CaCl2], washed with phosphate-buffered 

saline (PBS), and incubated with various amounts of recombinant laminins (in blocking 

buffer) for 2 hours at room temperature. Laminin binding was detected with aE4 (10 µg/ml; 

anti-Lm-111) antibodies and secondary anti-rabbit horseradish peroxidase (HRP), developed 

with Ultra-TMB (Thermo Scientific 34028), and absorbance was measured at 450 nm. To 

determine laminin binding to integrin α7X2β1, recombinant Lm-111 or Lm-411 (in 

bicarbonate buffer) was coated to high-binding 96-well plates overnight at 4°C. Plates were 

incubated for 1 hour at room temperature with blocking buffer [50 mM tris-HCl (pH 7.4), 90 

mM NaCl, 1% BSA, 1 mM MnCl2, 0.1% Tween-20], washed with PBS, and incubated with 

various concentrations of integrin α7X2β1 (in blocking buffer) for 2 hours at RT. Bound 
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integrin was detected with anti-VELCRO antibody (1:1000) and streptavidin-HRP 

antibodies and detected with Ultra-TMB, as described above.

Histology and histological quantifications

Muscles were mounted on 7% gum tragacanth (Sigma), and rapidly frozen 2-methylbutane 

was cooled in liquid nitrogen (-150°C). Cross sections of 12 µm thickness were cut on a 

cryostat. General histology was assessed after tissue fixation with 4% paraformaldehyde by 

H&E staining (Merck) or Picro Sirius Red stain [Direct Red 80 (Sigma) in picric acid 

solution]. Images were acquired with an Olympus iX81 microscope using cellSens software 

(Olympus). To assess the severity of muscular dystrophy, the H&E-stained cross sections 

were blindly examined and scored by two to three observers. The basis of the judgment was 

a qualitative extent of muscle degeneration, cell infiltration, fibrosis, the shape of muscle 

fibers and their number, size and size variation, and the number of fibers containing 

centralized myonuclei. Each mouse was given a relative value termed “dystrophic severity 

index” from 0 (no muscular dystrophy) to 4 (severe muscular dystrophy). For fiber number 

and fiber size analysis, laminin-γ1-stained mid-belly cross sections were evaluated using 

cellSens software (Olympus Soft Imaging System). The muscle fiber size was quantified 

using the minimum distance of parallel tangents at opposing particle borders (minimal 

“Feret’s diameter”), as described elsewhere (65). The fibrotic area in diaphragm was 

quantified as the percentage of Sirius Red-positive area per cross-sectional area.

Hydroxyproline assay

Fibrosis in muscles was determined by measuring the amount of collagen-specific amino 

acid hydroxyproline. Methods for isolation, freeze-drying, and amino acid analysis were as 

described (19). Amino acid analysis was done by the Analytical Research and Services, 

University of Bern, Bern, Switzerland.

Grip strength and in vitro muscle force measurement

Grip strength was assessed by placing the mice on a vertical grid and measuring its hang 

time. The experiment was stopped after 3 min. In vitro muscle force measurements were 

performed on isolated EDL and soleus muscle using the 1200A Isolated Muscle System 

(Aurora Scientific). By stimulation with a single electrical pulse (2.5 kHz, 15 V, 0.2 ms), 

muscles were adjusted to the optimum muscle length (Lo) achieved at peak twitch force (Pt). 

Peak tetanic force (Po) was recorded with 500-ms stimulation (150 Hz for EDL, 120 Hz for 

soleus). Specific peak and twitch forces were calculated by normalization to the cross-

sectional area (CSA) by using the following formula: CSA (mm2) = muscle wet weight 

(mg)/[fiber length (lf, mm) × 1.06 mg/mm3], with lf = lo × 0.44 for EDL or lf = lo × 0.71 for 

soleus (66).

Statistical analysis

Statistical analysis was performed using unpaired, two-tailed Student’s t test for 

comparisons of two groups. Welch’s correction was applied if unequal variance between 

groups was detected by F test. One- or two-way ANOVA followed by Bonferroni post hoc 

test was used for the comparisons of more than two groups. We assumed normal distribution 
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of the variables analyzed. Survival analyses were performed using the Kaplan-Meier 

method, and the significance of differences between curves was calculated using the log-

rank test. All statistical tests were performed using Prism version 6 (GraphPad Software). 

Statistical significance was set at P < 0.05. All data are presented as means ± SEM, unless 

indicated otherwise in the figure legend. Individual-level data and exact P values are shown 

in table S3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Muscles of LAMA2 MD patients and dyW/dyW mice contain high amounts of laminin-α4 
and show deficits in BM
(A) Representative immunofluorescence images (magnified images in insets) of human 

muscle biopsy cross sections stained for laminin-α4 and laminin-β1γ1. n = 3 LAMA2 MD 

patients or healthy controls. (B) Western blot analysis and quantification of laminin chains in 

human muscle biopsies. α-Actinin was used as loading control. n = 4 controls, n = 3 

LAMA2 MD patients. (C) Representative immunofluorescence images (magnified images in 

insets) of triceps muscle from 8-week-old mice stained for laminin-α4 and laminin-β1γ1. n 
= 4 mice per genotype. (D) Western blot analysis and quantification of laminin-α4 (left 

graph), laminin-β1γ1 (middle graph), and Lama4 transcripts (right graph) from triceps 

muscle of 8-week-old mice. n = 3 mice per genotype (Western blot) and n = 4 mice per 

genotype (quantitative reverse transcription polymerase chain reaction). (E) Schematic of 

subcellular fractionation. (F) Western blot analysis of S1 to S4 of a muscle biopsy from a 

control patient. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and Na+/K+-ATPase 

(sodium-potassium adenosine triphosphatase) were used as markers for cytosolic and 
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membrane proteins, respectively. (G) Western blot analysis of S3 and S4 fractions from 

control and LAMA2 MD patient muscle biopsies probed for the indicated proteins. Right: 

Ratio of the laminin-β1γ1 intensity in S3 and S4 fraction. n = 4 healthy controls, n = 3 

LAMA2 MD patients. Data are means ± SEM. *P < 0.05; **P < 0.01; n.s. (not significant), 

P > 0.05 (for exact P values, see table S3), Student’s t test. Scale bars, 100 µm (A and C).
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Fig. 2. Binding of recombinant full-length Lm-411 to muscle receptors, myotubes, and self-
polymerization is enhanced by mag and αLNNd
(A) Schematic of Lm-111, Lm-211, and Lm-411 and the linker molecules mag and αLNNd. 

Binding interactions of mag, αLNNd, laminins, integrins, and dystroglycan are indicated. 

(B) Binding curves of integrin α7X2β1 to Lm-111 and Lm-411. (C) Binding curves of 

Lm-111 and Lm-411 to purified αDG. (D) Binding curves of Lm-411 and Lm-411 plus an 

equimolar concentration of mag to purified αDG. Data in (B) to (D) are means ± SEM with 

n = 3 per condition. Curve fitting used the equation Y = Bmax*X/(Kd + X). (E) 

Polymerization assay for Lm-111, Lm-411, and an equimolar mixture of Lm-411 and 

αLNNd. Polymer formation was monitored by SDS–polyacrylamide gel electrophoresis 

(PAGE) and Coomassie blue staining after centrifugation. r2 = 0.998 (Lm-111), r2 = 0.941 

(Lm-411 and αLNNd), and r2 = 0.0013 (Lm-411) using linear regression. (F) Confluent 

layer of cultured C2C12 myotubes after incubation with no Lm, recombinant Lm-211, 

Lm-411, or Lm-411 in the presence of an equimolar concentration of αLNNd and/or mag. 

C2C12-bound Lm-211 or Lm-411 was visualized by staining with antibodies to laminin-γ1. 
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Representative immunofluorescence images (left) and quantification (right) of laminin-γ1 

immunofluorescence (IF). Scale bar, 200 µm. n = 9 cultures (Lm-411 and mag), n = 6 

cultures (Lm-411, Lm-411 + αLNNd, Lm-411 + αLNNd + mag, and Lm-211). Data are 

means ± SEM. ***P < 0.001; n.s., P > 0.05 (for exact P values, see table S3), one-way 

analysis of variance (ANOVA) with Bonferroni post hoc test.
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Fig. 3. Transgenic expression of mag and αLNNd in dyW/dyW mice
(A) Western blot analysis to detect αLNNd and mag in lysates from triceps muscle from 8-

week-old mice. GAPDH was used as loading control. The αLNNd-specific band is indicated 

by an arrow because the antibodies also detect nonspecific bands at higher Mr; mag runs on 

SDS-PAGE as two bands because of its cleavage by neurotrypsin (see fig. S5, F and G, for 

details). (B) Representative immunofluorescence (magnified images in insets) images of 

triceps cross sections from 8-week-old mice stained for mag, αLNNd, and laminin-γ1. n = 4 

mice per genotype. Scale bar, 100 µm. (C) Western blot analysis of immunoprecipitates 

using anti–laminin-α4 antibodies or immunoglobulin Y (IgY) (as control) and lysates of 

triceps muscle from 8-week-old dyW/dyW DT or dyW/dyW mice. (D) Western blot analysis 

of laminin-α4 and laminin-β1γ1 in lysates of triceps muscles from 8-week-old mice. α-

Actinin was used as loading control. (E) Protein quantification in lysates from the different 

mice. n = 3 mice per genotype. Data are means ± SEM. ***P < 0.001; n.s., P > 0.05 (for 

exact P values, see table S3), one-way ANOVA with Bonferroni post hoc test.
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Fig. 4. Expression of mag and αLNNd in dyW/dyW mice improves muscle BM
(A and B) Western blot analysis (top) and quantification (bottom) of laminin-α4 (A) and 

laminin-β1γ1 (B) in the fractions obtained by differential extraction of triceps muscles of 8-

week-old mice (see scheme in Fig. 1E). GAPDH and Na+/K+-ATPase were used as markers 

for the soluble (S1) and the membrane proteins (S2), respectively. n = 4 mice (dyW/dyW), n 
= 6 mice (dyW/dyW mag, dyW/dyW αLNNd, and dyW/dyW DT), n = 5 mice (wild type). 

Data are means ± SEM. *P < 0.05; **P < 0.01; n.s., P > 0.05 (for exact P values, see table 

S3), one-way ANOVA with Bonferroni post hoc test. (C) Transmission electron micrographs 

of triceps muscle from 8-week-old mice. White arrow, sarcolemma; white arrowhead, BM. 

Scale bar, 100 nm.
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Fig. 5. Transgenic expression of α LNNd and mag in dyW/dyW mice improves muscle histology in 
8-week-old mice
(A) Representative images (magnified images in insets) of H&E-stained cross sections from 

triceps muscle. An example of a muscle fiber with centralized myonuclei is indicated with 

an arrow. n = 5 mice per genotype. (B) Representative images (magnified images in insets) 

of Sirius Red–stained cross sections (collagen in red) from triceps muscle. n = 3 mice per 

genotype. (C) Relative hydroxyproline content in triceps indicative of collagen content. 

Values are normalized to controls. n =4 mice (dyW/dyW mag, dyW/dyW αLNNd, and 

dyW/dyW DT), n = 5 mice (dyW/dyW), n = 6 mice (control). (D) Distribution of the muscle 
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fiber diameters (left), the mean of median fiber diameter (middle), and the total fiber number 

(right) in 8-week-old triceps muscle. n = 4 male mice (dyW/dyW and control), n = 5 male 

mice (dyW/dyW αLNNd and dyW/dyW DT), n = 6 male mice (dyW/dyW mag). Statistical 

evaluation of fiber size distribution is shown in table S1. (E) Expression of the inflammatory 

marker Adgre1 (encoding F4/80). n = 4 mice (dyW/dyW, dyW/dyW mag, dyW/dyW αLNNd, 

and control), n = 5 mice (dyW/dyW DT). (F) Expression of transcripts encoding the 

matricellular protein tenascin-C in triceps muscle. n = 4 mice (dyW/dyW mag, dyW/dyW 

αLNNd, and control), n = 5 mice (dyW/dyW and dyW/dyW DT). (G) Quantification of CNFs 

in triceps muscle. n = 3 mice per genotype. (H) Quantification of relative hydroxyproline 

content in TA from 8-week-old mice. n = 3 mice (dyW/dyW DT), n = 4 mice (dyW/dyW mag 

and dyW/dyW αLNNd), n = 5 mice (dyW/dyW), n = 6 mice (control). (I) Quantification of 

fibrotic area (visualized by Sirius Red staining) in diaphragm cross sections. n = 4 mice 

(dyW/dyW and dyW/dyW mag), n = 7 mice (dyW/dyW αLNNd, dyW/dyW DT, and control). 

(J) Creatine kinase activity in blood. n = 7 mice (dyW/dyW and dyW/dyW DT), n = 15 mice 

(control). Data are means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., P > 0.05 (for 

exact P values, see table S3), one-way ANOVA with Bonferroni post hoc test. Controls are 

wild-type or dyW/+ littermates. Scale bars, 100 µm.
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Fig. 6. Transgenic expression of αLNNd and mag in dyW/dyW mice improves muscle function, 
increases body weight, and prolongs life span
(A) Picture of a representative dyW/dyW, dyW/dyW DT, and control mouse (8 weeks old). 

Note that dyW/dyW mice appear small because of the severe kyphosis, and dyW/dyW DT 

mice are leaner than controls. n = 10 mice per genotype. (B) Quantification of grip strength 

of 8-week-old mice. Grip strength was measured by hang time on a vertical grid. Test was 

stopped after 180 s (dotted line). n = 4 mice (dyW/dyW), n = 6 mice (dyW/dyW mag), n = 7 

mice (dyW/dyW αLNNd), n = 9 mice (dyW/dyW DT). (C) Peak tetanic force of EDL muscle 

from 8-week-old mice. n = 9 mice (dyW/dyW), n = 10 mice (dyW/dyW mag), n = 12 mice 

(dyW/dyW αLNNd), n = 13 mice (dyW/dyW DT), n = 14 mice (control). (D) Peak tetanic 

force of EDL from 16-week-old mice. n = 4 mice (dyW/dyW αLNNd), n = 5 mice (dyW/dyW 

mag and control), n = 6 mice (dyW/dyW DT). Data in (B) and (C) are means ± SEM. *P < 

0.05; **P < 0.01; ***P < 0.001; n.s., P > 0.05 (for exact P values, see table S3), one-way 

ANOVA with Bonferroni post hoc test. (E) Body weight of 5- to 15-week-old male mice. 

Mice that died between 5 and 15 weeks of age were excluded from analysis. n = 7 mice 

(dyW/dyW), n = 6 (dyW/dyW mag and dyW/dyW αLNNd), n = 11 mice (dyW/dyW DT), n = 8 

mice (control). Data are means ± SEM. *P < 0.05, **P < 0.01 (for exact P values, see table 

S3), two-way ANOVA with Bonferroni post hoc test. (F) Survival curves for dyW/dyW (n = 

19), dyW/dyW mag (n = 16), dyW/dyW αLNNd (n = 16), and dyW/dyW DT (n = 17) mice. 

Marks indicate mice that were still alive at the end of the study. **P < 0.01 (dyW/dyW mag 

versus dyW/dyW DT), ***P < 0.001 (dyW/dyW versus dyW/dyW DT or dyW/dyW versus 
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dyW/dyW mag) (for exact P values, see table S3), log-rank test. Controls are wild-type or 

dyW/+ littermates.
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