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Abstract

Nemaline myopathy (NM) is a rare neuromuscular disorder associated with congenital or childhood-onset of skeletal muscle weakness
and hypotonia, which results in limited motor function. NM is a genetic disorder and mutations in 12 genes are known to contribute to
autosomal dominant or recessive forms of the disease. Recessive mutations in nebulin (NEB) are the most common cause of NM affecting
about 50% of patients. Because of the large size of the NEB gene and lack of mutational hot spots, developing therapies that can benefit
a wide group of patients is challenging. Although there are several promising therapies under investigation, there is no cure for NM.
Therefore, targeting disease modifiers that can stabilize or improve skeletal muscle function may represent alternative therapeutic
strategies. Our studies have identified Nrap upregulation in nebulin deficiency that contributes to structural and functional deficits
in NM. We show that genetic ablation of nrap in nebulin deficiency restored sarcomeric disorganization, reduced protein aggregates
and improved skeletal muscle function in zebrafish. Our findings suggest that Nrap is a disease modifier that affects skeletal muscle
structure and function in NM; thus, therapeutic targeting of Nrap in nebulin-related NM and related diseases may be beneficial for
patients.

Introduction
Nemaline myopathy (NM) is a common form of congenital myopa-
thy, affecting approximately 1 in 50 000 individuals (1,2). NM is a
clinically heterogeneous disorder ranging from severe neonatal
presentations to a milder onset in late childhood or adult stage.
The disease is characterized by generalized muscle weakness and
the presence of protein aggregates in skeletal muscle (nemaline
bodies). Genetically, NM is caused by mutations in 12 genes that
encode either structural proteins that constitute the thin fila-
ments in the sarcomere or proteins that regulate the formation
and maintenance of thin filaments (3–13). The most common
form of NM is caused by recessive mutations in NEB, encoding
nebulin protein (4).

Most mutations identified to date in NEB result in frameshift,
premature stop codons or splicing changes, causing truncations
or deletions within the protein (7,14,15). Missense variants are
common in NEB but are difficult to validate functionally because
of the large size of nebulin. Mutations in NEB are distributed
throughout the gene, and, to date, no mutation hotspots have
been discovered other than a founder mutation in individuals of
Ashkenazi Jewish ancestry. This mutation results in the deletion
of the entire exon 55 of NEB, which leads to an in-frame deletion of
35 amino acids, likely disturbing the super-repeat structure of
the protein (16). The nebulin gene (NEB) comprises 183 exons
spanning 249 kb of genomic sequence and 20.8 kb of the cDNA
sequence (17). Nebulin transcripts are extensively spliced depend-
ing on the muscle type and developmental stage (18). Frequently,
multiple isoforms are also present at the same time. The nebu-
lin protein consists mostly of repeat modules of 35–40 residues

containing an SDXXYK motif, called simple repeats (19). Depend-
ing on the splice isoform, the number of simple repeats varies
from 179 to 239 (20). The central part of the nebulin is organized
into super-repeats made up of seven simple repeats each and
contains a conserved WLKGIGW motif and nebulin proteins with
different numbers of super repeats are expressed within the same
muscle regardless of muscle types (17,21). This change in length
is further complicated by copy number variation in the triplicate
region of NEB (22). The N- and C-terminus domains of nebulin
are not organized into super-repeats but have specific domains
and sequences that interact with different proteins in the skeletal
muscle to stabilize the sarcomere structure and are critical for
their function (19).

The function of nebulin is highly conserved in vertebrates.
Neb knockout mice recapitulate the congenital form of NM with
misaligned myofibrils, formation of nemaline bodies and severe
muscle weakness and die at 8–10 days after birth (23–25). Mouse
models lacking specific nebulin domains or modeling missense
mutations in nebulin exhibit a mild or moderate muscle pheno-
type similar to NM patients (26–30). neb KO zebrafish also exhibit
altered sarcomere structure and muscle weakness with nemaline
bodies (31). Thus, animal models that express mutant nebulin
or completely lack nebulin reflect the skeletal muscle pathology
of human NM and provide an excellent system for preclinical
therapeutic developments.

Currently, there are no therapies available for NM. Therapeutic
developments for nebulin are particularly challenging because of
the large size of the gene, extensive alternative splicing events
that are poorly understood and lack of hot spot mutation regions.
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This limits the application of recently successful approaches such
as gene therapy and CRISPR-based gene editing approaches to
develop therapies for nebulin deficient NM. Previously, our work
has identified that upregulation of Nrap in skeletal muscle con-
tributes to disease pathology. Downregulation of Nrap improved
the skeletal muscle structure and function in KLHL41-NM (32).
Our current studies identified abnormal upregulation of Nrap
levels in nebulin mutant mice and zebrafish animal models. We
further show that the genetic downregulation of nrap in nebu-
lin deficient zebrafish improved the structure and function of
skeletal muscle and increased the lifespan of neb mutant larval
zebrafish. This work identified Nrap reduction as an effective
therapeutic approach in preclinical studies and opened new ther-
apeutic avenues for NEB-NM.

Results
Nrap is upregulated in nebulin deficiency
NRAP is a nebulin family member that is highly expressed in
skeletal muscle during embryonic development and exhibits low
expression in the post-natal muscle (33). In many disease states
such as nemaline and myofibrillar myopathy, increased levels
of NRAP are detected in the post-natal skeletal muscle (32,34).
Our previous studies have shown that overexpression of NRAP in
skeletal muscle results in myopathic phenotypes in zebrafish and
that downregulation of Nrap improved the structure and func-
tion of skeletal muscle in KLHL41-NM (32). Therefore, to investi-
gate NRAP as a therapeutic target in nebulin-NM, we evaluated
nrap mRNA and protein expression in nebulin mutant mice and
zebrafish. These animal models recapitulate the disease pathol-
ogy similar to NM patients (28,31,35). Western blotting analysis of
different skeletal muscle types in control and Neb mutant mice
(Neb�163–165) identified a significant increase in NRAP protein
in nebulin deficiency in mice (Fig. 1A–B). Previous studies have
also shown increased levels of Nrap mRNA in Neb mutant mice
(Neb�163–165) (36). RT-PCR analysis in neb−/− zebrafish (neb906,
obtained from Zebrafish International Resource Center, ZIRC) (35)
also showed an increase in nrap transcripts in neb−/− fish com-
pared with controls (Fig. 1C and E). Similarly, Western blot analysis
in control and neb−/− zebrafish (6 dpf) identified a significant
increase in Nrap protein levels in the neb−/− fish in comparison
with wild-type siblings (controls) (Fig. 1D and F). These studies
show that increased NRAP levels are associated with nebulin
deficiency in vertebrate NM animal models.

Abnormal subcellular changes in nrap
localization in nebulin deficiency
To understand if increased levels of Nrap protein in nebulin
deficiency are associated with any changes in the subcellular
localization, immunofluorescence was performed on myofibers
isolated from control and neb−/− zebrafish at 6 dpf. NRAP protein
is localized at myofiber ends at myotendinous junctions (MTJ) in
mice skeletal muscle (36–39). Similar to mice, Nrap localization
was observed at myofiber ends in control zebrafish myofibers
(Fig. 2A) (40). In contrast, Nrap was randomly localized in differ-
ent regions of the myofibers in neb−/− zebrafish (Fig. 2A). This
abnormal localization of Nrap was observed in myofibers with dif-
ferent levels of thin filament defects detected by reduced or lack
of phalloidin staining (Fig. 2A). neb−/− myofibers also displayed
increased immunoreactivity for Nrap protein at the myofiber
ends compared with controls. Therefore, increased Nrap protein
in neb−/− mutant myofibers is present at MTJs where Nrap is
normally localized, as well as in random distribution throughout

the myofibers. Quantification of the fractional area of myofibers
exhibiting abnormal Nrap localization showed a large variability
between individual myofibers (18–46%) (Fig. 2B). This abnormal
Nrap localization was observed in most myofibers examined in
neb−/− zebrafish (82 ± 7.2%) compared with controls (Fig. 2C). In
NM, nemaline bodies or protein aggregates in skeletal muscle con-
tain sarcomeric α-actinin protein. To evaluate if abnormal Nrap
observed in neb−/− myofibers overlaps with sarcomeric protein
aggregates or nemaline bodies usually present in nebulin defi-
cient muscle, Nrap coimmunofluorescence was performed with
sarcomeric α-actinin and actin. Co-immunofluorescence showed
partial co-localization of Nrap with sarcomeric α-actinin (Actn2/3)
at myofiber ends. These studies suggest that in the absence of
nebulin, an increased amount of Nrap exhibits abnormal mislo-
calization in myofibers and partially co-localizes with the sarcom-
eric protein aggregates present in the neb−/− myofibers.

Nrap deficient zebrafish exhibit normal skeletal
muscle and cardiac function
Our previous studies have shown that overexpression of NRAP in
skeletal muscle results in myopathy in transgenic zebrafish (32).
This suggests that a reduction of abnormally increased amounts
of Nrap in nebulin deficient skeletal muscle may improve the
structural and functional defects associated with nebulin defi-
ciency. Before testing Nrap downregulation as a potential therapy,
we first examined the effect of loss of nrap on skeletal and cardiac
muscle function in the nrap zebrafish line (nrapsa42059, obtained
from ZIRC). To evaluate the effect of Nrap reduction in skeletal
muscle, wild-type (control), nrap+/− and nrap−/− siblings were
examined. Phenotypic analysis showed no obvious differences
between control and nrap −/− larval fish (3 dpf) (Fig. 3A, left
panel). Birefringence analysis was performed to examine skeletal
muscle organization which also showed no differences in the
birefringence between control and nrap −/− fish (Fig. 3A–B. right
panel). Control and nrap −/− embryonic and larval fish exhibited
the expected Mendelian ratio (0 dpf −12 months examined), sug-
gesting Nrap deficiency does not result in lethality at embryonic
or adult stages (Fig. 3C). Cardiac function was also analyzed in
control and nrap −/− larval fish (7 dpf) by examining the heart
rate, which showed no significant difference between these two
groups (Fig. 3D). These analyses show that loss of nrap does not
affect survival and/or skeletal and cardiac muscle function in
zebrafish.

Nrap downregulation improves swim
performance and survival in neb zebrafish
To determine whether reducing abnormal Nrap levels may rescue
NM because of Neb deficiency, Nrap was reduced in the neb−/−
fish at the genetic level by crossing neb and nrap zebrafish
lines. Neb+/− zebrafish were crossed with nrap+/− zebrafish to
obtain neb+/−nrap+/− double heterozygote line that was further
crossed to obtain neb−/−nrap+/− and neb−/−nrap−/− embryos.
To evaluate the effect of nrap downregulation, wild-type controls,
neb−/−, nrap−/−, neb−/−nrap+/− and neb−/−nrap−/− sibling
groups were analyzed for survival and skeletal muscle function.
Neb−/− mutant zebrafish larvae start to exhibit lethality from
5 dpf and 100% neb−/− mutant zebrafish larvae die by 7 dpf.
50% reduction of Nrap in neb−/−nrap+/− larval fish significantly
increased survival from 5 dpf onwards to 12 dpf compared with
neb−/− zebrafish. A complete absence of Nrap in neb−/−nrap−/−
zebrafish also resulted in an improved survival from 6 dpf to
10 dpf compared with neb−/− zebrafish (Fig. 4A). To analyze if
the Nrap downregulation also improves skeletal muscle function,
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Figure 1. NRAP is upregulated in nebulin deficiency in zebrafish and mice skeletal muscle. (A) Western blot of proteins from different skeletal muscle
types in control and Neb mutant mice (Neb�163–165) at 6 weeks. (B) Quantification of NRAP protein in control and (Neb�163–165) at 6 weeks. (C) RT-PCR
analysis of mRNA in control and neb mutant fish (7 dpf). (D) Western blot of proteins from control and neb mutant zebrafish (7 dpf). (E–F). Quantification
of nrap mRNA and protein in control and neb mutant fish (7 dpf), respectively. Data represent mean +/− SD from three different experiments. Non-
significant: ns, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001, Student’s t test. Number of mice in (A) and (B): WT: 3, mutant: 6. Number of zebrafish in
(C) and (D): 25–40 in each group.

automated swimming behavior was analyzed by tracking individ-
ual fish in the multiwell format and total distance was quantified.
Neb−/−nrap+/− zebrafish larvae swam to a significantly higher
distance compared with neb−/− zebrafish at 6 dpf that are mostly
immobile at this stage (Fig. 4B). neb−/−nrap−/− zebrafish also
showed significantly improved swimming behavior in comparison
to neb−/− fish but to a lesser extent than neb−/−nrap+/−
fish. These results demonstrate that Nrap reduction improves
the survival and swimming performance of Neb deficient
zebrafish.

Nrap downregulation improves skeletal muscle
organization and reduces protein aggregates in
myofibers
Nebulin deficiency results in hypotonia, disorganized myofibers
and the presence of protein aggregates (nemaline bodies) in
patients and animal models. To analyze the effect of Nrap
modulation on myotome organization in zebrafish, whole
mount immunofluorescence with phalloidin was performed

on larval zebrafish (6 dpf). neb−/− zebrafish exhibited disor-
ganized myotome and the presence of actin aggregates in the
myofibers as reported previously in neb−/− zebrafish models
(Fig. 5A). The number of sarcomeres in each myofiber was also
significantly reduced in neb−/− fish compared with wild-type
siblings (controls) (Fig. 5A–B). Clinically, many patients with NEB
mutations exhibit contractures of the upper and lower extremities
(41). Although the exact mechanism of contractures is still not
clear, a decrease in sarcomeres in series has been shown to
contribute to contractures (42). This indicates nebulin deficiency
in zebrafish also results in contractures similar to nemaline
patients. Nrap−/− mutant muscle showed normal skeletal muscle
organization and sarcomere number compared with wild-type
controls. A 50% reduction of Nrap in neb−/−nrap+/− zebrafish
resulted in a significant improvement in myofiber organization
and a reduction in protein aggregates in myofibers (Fig. 5A–
C). The number of sarcomeres per myofiber also showed an
increase in neb−/−nrap+/− zebrafish compared with neb−/−.
The complete absence of Nrap in neb−/−nrap−/− also improved
the myofiber organization and resulted in a reduced number
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Figure 2. Nrap is mislocalized in myofibers in nebulin deficiency. (A) Immunofluorescence of myofibers isolated and cultured from control and neb−/−
zebrafish (6 dpf) with Nrap and sarcomeric proteins. (B) Quantification of myofibers that exhibited intracellular Nrap aggregates. (C) Quantification
of the fractional area of myofibers exhibiting Nrap immunoreactivity. Unpaired, two-tailed, t test was performed. ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. n = 15–30
pooled fish in each group. In all, 15–20 myofibers were analyzed in each group. All images are representative of the n = 3 replicates. Bar = 10 uM.

of protein aggregates. Although myotome organization was
improved and sarcomeric protein aggregates were reduced on nrap
downregulation, no significant changes in sarcomere numbers
per myofiber were observed in neb−/−nrap−/− in comparison
with neb−/− zebrafish (Fig. 5A–B). This suggests that partial nrap
downregulation improves myotome organization and sarcomere
number and reduces the accumulation of protein aggregates in
nebulin deficiency.

Nrap downregulation improves sarcomere size,
number and organization
The effect of Nrap downregulation on sarcomere structure
and organization was further evaluated by examining the
ultrastructure of control, neb−/−, nrap−/−, neb−/−nrap+/−
and neb−/−nrap−/− sibling groups at 6 dpf (Fig. 6). neb−/−
zebrafish exhibited reduced sarcomere height (510 ± 107 nm)
in comparison to the control sibling (755 ± 192 nm) (Fig. 6A).
Interestingly, skeletal muscle in neb−/− showed a slight but
significant increase in sarcomere length (1475 ± 55 nm) compared
with controls (1400 ± 96 nm) (Fig. 6A–B). This slight increase
in sarcomere width is consistent with the reduced sarcomere
number observed in neb−/− zebrafish. Neb−/− fish also exhibited
the presence of nemaline bodies in the sarcomere (Fig. 6A).
Nebulin deficient sarcomeres exhibited an increase in Z band
length (Supplementary Material, Fig. S1A). Many sarcomeres also
exhibited a lack of Z-lines and an accumulation of membranes

between adjacent myofibrils (Fig. 6A). Nebulin deficient fish
also showed an increase in the ratio of I- to A-band length
compared with controls indicating a defect in the Z band and thin
filaments’ length (Supplementary Material, Fig. S1B). No signifi-
cant ultrastructural changes were observed in nrap−/− zebrafish
in comparison to controls. Examination of neb−/−nrap−/−
revealed an improvement of sarcomere organization. Z-lines
were observed in all the sarcomeres and Z-band length was
significantly reduced compared with neb−/− fish. Similarly, the I-
to A-band length ratio was also reduced compared with neb−/−
fish (Supplementary Material, Fig. S1). Nemaline bodies were
also rarely observed in the skeletal muscle of neb−/−nrap−/−
zebrafish. However, abnormal membrane accumulation between
myofibrils was still present as seen in neb−/−nrap−/− fish.
Neb−/−nrap+/− zebrafish exhibited improved organization of
sarcomere with the presence of Z-lines and a reduction in
the abnormal membrane accumulation between myofibrils.
The Z-band length was significantly decreased compared with
neb−/− fish. I- to A-band length ratio was also reduced in
comparison to neb−/− fish (Supplementary Material, Fig. S1).
No nemaline bodies or protein aggregates were observed in
the skeletal muscle of neb−/−nrap+/− zebrafish (Fig. 6A and
D). Although the 100% reduction of Nrap (neb−/−nrap−/−) did
not restore the sarcomere length or improve sarcomere height,
a 50% reduction in Nrap (neb−/−nrap+/−) resulted in reduced
length of sarcomere. However, no changes were observed in the
sarcomere height in neb−/−nrap+/− zebrafish compared with
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Figure 3. nrap mutant zebrafish exhibit normal skeletal and cardiac development and survival. (A) Phenotypic analysis of control and nrap mutant
zebrafish shows similar morphology at 3 dpf (left). Birefringence analysis (right) and quantification (B) revealing normal skeletal muscle structure in
nrap mutant zebrafish in comparison to control (3 dpf). (C) Kaplan–Meier Survival curve of the control (+/+) and nrap mutant zebrafish analyzed till
12 months. n = 96. Zebrafish obtained from three different matings were monitored for survival. (D) Heartbeat analysis of control and nrap mutant
zebrafish showed no significant differences. n = 20 in each group. Five replicates with n = 8–20 zebrafish of each genotype were analyzed for every
replicate. Data are presented as mean +/− SD. One-way ANOVA with Tukey’s post-hoc test was performed. Non-significant: ns, ∗∗p < 0.01, ∗∗∗p < 0.001.

Figure 4. Nrap downregulation in nebulin deficiency results in improved survival and skeletal muscle function. (A) Kaplan–Meyer’s survival analysis of
zebrafish embryonic and larval fish (n = 96). (B) Quantification of total swimming distance acquired by automated analysis of zebrafish movement in
a multiwall format. n = 96 zebrafish were analyzed from four different replicates. Data are presented as mean +/− SD. One-way ANOVA with Tukey’s
post-hoc test was performed. Non-significant: ns, ∗∗p < 0.01, ∗∗∗p < 0.001. Scale bar = 50 uM.

neb−/− larval zebrafish. These data and analyses show that Nrap
downregulation results in improved sarcomere length, organized
sarcomeres and reduction in protein aggregates in skeletal muscle
in nebulin deficient skeletal muscle.

Discussion
Identification of genetic disease modifiers is critical to under-
stand the pathological processes and determining potential

therapeutic targets. High amounts of NRAP are detected in the
skeletal muscle of patients affected with protein aggregation
myopathies (32,34,43). However, the direct link between the role of
NRAP in the disease pathology of different myopathies is not clear.
Our previous work showed that overexpression of NRAP results
in myopathy with structural abnormalities in the skeletal muscle
(32). In this study, we have examined NRAP as a disease modifier in
the most common form of NM caused by nebulin deficiency. Our
studies show that downregulation of Nrap in nebulin deficiency
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Figure 5. Nrap reduction improves myotome organization in neb mutant zebrafish. (A) Wholemount immunofluorescence of control (+/+), nrap, neb,
neb−/−nrap+/− and neb−/−nrap−/− zebrafish groups (6 dpf). Maximum intensity projection confocal images showed disorganized myofibers with reduced
sarcomere number per myofiber and protein aggregates in neb mutant fish. Decreasing Nrap levels in neb deficiency improves myotome organization
and reduce protein aggregates without affecting sarcomere number per myofiber. (B) Quantification of the number of sarcomeres/myofiber and (C)
quantification of myofibers exhibiting phalloidin stained actin protein aggregates. Data are presented as mean +/− SD. One-way ANOVA with Tukey’s
post-hoc test was performed. Non-significant: ns, ∗∗p < 0.01, ∗∗∗p < 0.001. n = 10–20 zebrafish were analyzed in each replicate. Scale bar = 50 uM.

improves skeletal muscle structure and function and increases
survival.

NRAP is a nebulin family member that is expressed in
cardiac and skeletal muscle. Our studies in mice and zebrafish
identified increased amounts of Nrap transcripts and protein in
nebulin deficiency. Our previous studies in KLHL41-NM showed
that Nrap protein in skeletal muscle is upregulated because
of reduced turnover by ubiquitination-mediated proteasomal
degradation defects in KLHL41 deficiency. KLHL41 forms a
ubiquitination complex with the E3 ubiquitin ligase CUL3
in skeletal muscle to target specific proteins for degrada-
tion including NRAP (32). Previous studies in Neb−/− mice
have shown that KLHL41 is upregulated in nebulin deficiency
(36). This is intriguing as increased levels of KLHL41 would
imply an increase in NRAP protein degradation in nebulin
deficiency by the KLHL41-CUL3 ubiquitination complex (11).
Unlike KLHL41, CUL3 E3 ligase is significantly reduced in
nebulin deficiency, suggesting impairment in the assembly
and/or function of the KLHL41-CUL3 ubiquitination complex
and a corresponding accumulation of Nrap in the skeletal
muscle (36). In nebulin deficiency, upregulation of Nrap at
both transcriptional (mRNA) and post-translational (protein)

level suggests different mechanisms may contribute to Nrap
upregulation in different genetic forms of myopathies. NRAP
is a nebulin family member, and the increase in NRAP levels
in nebulin deficiency could be owing to genetic compensation
as seen previously in other gene families (44–46). In addition to
Nrap upregulation, we also identified mislocalization of Nrap
protein in nebulin deficient myofibers in zebrafish. NRAP is
normally expressed in developing sarcomeres and is required
for premyofibril assembly during skeletal muscle development
(40). As myofibers mature, Nrap expression is lost from mature
sarcomeres and becomes concentrated near to myotendinous
junction in myofibers. However, neb−/− mutant myofibers
exhibited aberrant and random localization of Nrap protein
within the myofibers. Recent scRNA-seq studies in mice have
identified a small myonuclei population in skeletal muscle
enriched in transcripts for components of premyofibril complex,
including NRAP (37). Although the functional significance of this
myonuclei population is not clear, these may represent early
response myonuclei to target local lesions in myofibers. Previous
studies have shown that upon muscle injury, actin binding XIRP
proteins are localized to the site of muscle damage independent
of the PAX7+-dependent repair program (47). Therefore, increased
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Figure 6. Nrap downregulation improves sarcomere structure in neb mutant zebrafish. (A) Ultrastructure examination of control (+/+), nrap, neb,
neb−/−nrap+/− and neb−/−nrap−/− zebrafish groups (6 dpf) by transmission electron microscopy showed disorganized and misaligned sarcomeres with
electron-dense protein aggregates (arrows) in neb mutant fish. Decreasing Nrap levels in neb deficiency improve sarcomere organization and reduce
protein aggregates. (B)–(C) Quantification of sarcomere length and height, respectively, in different genotypes. (D) Quantification of % organized
sarcomeres. Data are presented as mean +/− SD. One-way ANOVA with Tukey’s post-hoc test was performed. Non-significant: ns, ∗∗p < 0.01, ∗∗∗p < 0.001.
n = 3 zebrafish were analyzed from each genotype from two different replicates. Scale bar = 500 uM.

and abnormal localization of Nrap within myofibers could be a
compensatory response to myofiber damage observed either in
the complete absence of nebulin or in the presence of disease-
causing mutant nebulin in NM. However, abnormal sequestration
of sarcomeric proteins or lack of myofibrillar proteins that are
required for the formation of the mature sarcomere in the
disease state, such as nebulin, may prevent further repair of
sarcomeres. Our previous studies showed that abnormal expres-
sion of NRAP in myofibers results in abnormal sequestration of
sarcomeric proteins, resulting in disorganized sarcomeres (32).
Nrap downregulation resulted in improved Z-line structures in
sarcomeres as well as sarcomere number in nebulin deficiency,
suggesting that a decrease in NRAP and protein sequestration
may improve the availability of sarcomeric proteins to form
normal sarcomeres. Moreover, protein aggregates or nemaline
bodies were significantly reduced on nrap downregulation in
neb−/− zebrafish. Although no direct correlation has been
found between the number of protein aggregates and disease
severity in NM, the presence of sarcomeric protein aggregates
may interfere with the sarcomere function. Nrap downreg-
ulation significantly improved sarcomeric organization and
swimming behavior of nebulin mutant zebrafish. Moreover, Nrap
downregulation rescued the reduced number of sarcomeres

observed in the series observed in nebulin deficiency. Although
this approach did not result in a complete rescue of life span
in nebulin deficiency, a significant increase in both life span
and skeletal muscle function suggests Nrap downregulation
could be therapeutically beneficial to nebulin-NM. Finally, we
investigated if the positive effects of nrap downregulation in
neb deficiency are associated with any negative effects of nrap
reduction in cardiac and skeletal muscle. Nrap mutant zebrafish
exhibited normal skeletal muscle, cardiac function and survival,
showing nrap reduction may not have any detrimental effects
in these tissues. Recent studies have shown that biallelic loss
of NRAP protein function variants results in low penetrance
genetic risk for cardiomyopathy (48,49). However, no abnor-
malities were reported in skeletal muscle, heterozygous family
members or homozygous siblings with the truncating NRAP
variant.

We observed better structural and functional outcomes on 50%
Nrap downregulation in nebulin deficiency in comparison to a
complete absence of Nrap. Therefore, partial reduction of NRAP
in nebulin deficient patients may benefit these patients without
any detrimental negative effects. Modulation of modifier genes
in genetic diseases has shown considerable therapeutic potential
in congenital muscle diseases in mice and patient muscle cells

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/32/10/1711/6994058 by guest on 15 August 2023



1718 | Human Molecular Genetics, 2023, Vol. 32, No. 10

(50–53). Recent studies have also identified small molecule reg-
ulators of muscle function in NM. Omecamtiv, mecarbil and
levosimendan, which are small molecule regulators of calcium
sensitivity and troponin activator CK-2066260 (fiber type II acti-
vator) studies in nebulin deficient mice, show an improvement
of force generation at submaximal activation levels (54–56). NM
caused by defects in a large protein like nebulin is extremely
challenging to be targeted by a single therapy. Therefore, the
identification of NRAP as a modifier of NM may be beneficial for
patients for combination therapy in the future for the complete
rescue of skeletal muscle function.

Materials and Methods
Zebrafish lines
Fish were bred and maintained using standard methods as
described (57). All procedures were approved by the Brigham and
Women’s Hospital Animal Care and Use Committee. nebsa906 and
nrapsa42059 zebrafish lines were obtained from ZIRC. Zebrafish
embryonic (0–2 days post fertilization) and larval stages (3–5 dpf)
have been defined as described previously (58).

Genotyping assays for nebsa906 and nrapsa42059

lines
DNA was extracted from zebrafish larvae or fin clips of adult
zebrafish and genotyped by PCR and Sanger sequencing (59). PCR
Primer sequences are available in Supplementary Material, Table
S1. RT-PCR with Invitrogen TaqMan Custom SNP primers was also
used to genotype neb or nrap fish. Unknown DNA samples were
analyzed with wild-type, heterozygous or mutant samples as con-
trols with TaqPath ProAmp Master Mix (Thermo Fisher, #A30865)
in a 96-well format. RT-PCR with each probe was performed
separately in the following conditions: 3 min at 95◦C, 39 cycles
of 10 s at 95◦C and 30 s at 55◦C. Genotypes were successively
identified by the Bio-Rad CFX Maestro software using the ratio of
FAM to VIC signal.

Birefringence
Muscle birefringence was analyzed as described previously (60).
Quantification data were calculated for five posterior somites
(numbers 12–16) that exhibited flat orientation in zebrafish. Mean
pixel intensity was divided by the skeletal muscle area for each
zebrafish birefringence image using ImageJ (National Institutes of
Health, Bethesda, MD, USA), a value that was then normalized to
WT controls.

Whole mount phalloidin staining
Zebrafish larvae (6–7 days post-fertilization) were fixed in 4%
PFA overnight at 4◦C, then washed as follows: 2 × 10 min in PBS,
2 × 10 min in PBS-T (0.1% Tween-20), 1 × 60 min in PBS-TR (2%
Triton X) and 2 × 5 min in PBS-T. Larval zebrafish were blocked in
PBS-T containing 5% goat serum for 1 hour at RT and incubated
with phalloidin (1:40, Thermo Fisher Scientific, A12379). Subse-
quently, larvae were washed for 4 × 15 min in PBS-T, mounted
in 3% carboxymethylcellulose and visualized using a Nikon Ti2
spinning disk confocal microscope.

Western blotting
Protein analysis on flash-frozen muscle tissue from mice by
Western blotting was performed as previously described (36).
NRAP (1:250, HPA037954-25UL, Sigma-Aldrich, St Louis, MO, USA)
was used to detect NRAP expression by Western Blot. GAPDH
expression was used to normalize other western blots. Secondary

antibodies conjugated with fluorescent dyes with infrared
excitation spectra were used for detection. IR western blots
were analyzed using Odyssey Infrared Imaging System (Li-Cor
Biosciences, NE, USA). Zebrafish larvae at 6–7 dpf were homoge-
nized in buffer containing Tris–Cl (20 mM, pH 7.6), NaCl (50 mM),
EDTA (1 mM), NP-40 (0.1%) and complete protease inhibitor
cocktail (Roche Applied Sciences, Indianapolis, IN, USA). Following
centrifugation at 11 000 g at 4◦C for 15 min, protein concentration
in supernatants was determined by BCA protein assay (Pierce,
Rockford, IL, USA). Proteins were separated by electrophoresis on
4–12% gradient Tris–glycine gels (Invitrogen) and transferred onto
polyvinylidene difluoride membrane (Invitrogen). Membranes
were blocked in PBS containing 5% casein/0.1% Tween 20
and incubated with either rabbit polyclonal anti NRAP (1:250,
HPA037954-25UL, Sigma-Aldrich, St Louis, MO, USA) or mouse
monoclonal anti α-tubulin (1:500, T9026-100UL, Sigma-Aldrich)
primary antibodies. After washing, membranes were incubated
with horseradish peroxidase-conjugated antirabbit (1: 2500, 170–
6515) or anti-mouse (1: 5000, 170–6516) IgG secondary antibodies
(BioRad, Hercules, CA, USA). Proteins were detected using the
SuperSignal chemiluminescent substrate kit (Pierce).

Myofiber isolation and immunofluorescence
Myofibers were isolated from control or neb−/− larval zebrafish
(6–7 dpf) as described previously (61). Fixed cells were blocked
in 10% goat serum/0.3% Triton, incubated in primary antibody
overnight at 4◦C, washed in PBS, incubated in secondary anti-
body for 1 h at room temperature (RT), washed in PBS, then
mounted with Vectashield Mounting Medium (Vector Laborato-
ries, Burlingame, CA, USA). Primary antibodies used were rabbit
polyclonal anti NRAP (1: 100, HPA037954, Sigma-Aldrich), mouse
monoclonal anti sarcomeric α-actinin (1: 100, A7732, Sigma) and
FITC-phalloidin (1:40, Thermo Fisher Scientific, A12379). After
washing in PBS several times, samples were incubated with anti-
mouse Alexa Fluor (1: 100, A-11005) secondary antibody (Ther-
mofisher Scientific). Imaging was performed using a Nikon Ti2
spinning disk confocal microscope.

RT-PCR assay
To detect nrap mRNA expression in zebrafish, RNA was prepared
from control or neb knockout zebrafish (6 dpf) using Rnaeasy
fibrous tissue mini kit (Qiagen) according to the manufacturer’s
instructions. cDNAs were synthesized from 1 μg of total RNA
using Superscript II reverse transcriptase (Thermo Fisher Scien-
tific) and random hexamers.

Zebrafish locomotion assay
Zebrafish swimming behavior was quantified by using the Zantiks
MWP automated tracking system (Zantiks Ltd, Cambridge, UK).
Larval zebrafish were placed individually into each well of a 24-
well plate and their swimming behavior was recorded for 50 min
(10 min light, 10 min dark, 10 min light, 10 min dark, 10 min
light, end). Four independent blind trials were performed, and the
total distance and cumulative duration of the movement were
recorded. Reported values reflect data from 96 larval fish in a
single replicate.

Electron microscopy
6–7 dpf zebrafish embryos were fixed in formaldehyde–
glutaraldehyde–picric acid in cacodylate buffer overnight at 4◦C,
followed by osmication and uranyl acetate staining. Subsequently,
embryos were dehydrated in a series of ethanol washes and
embedded in TAAB Epon (Marivac Ltd, Halifax, NS, Canada).
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Sections (95 nm) were cut with a Leica UltraCut microtome, picked
up on 100-mm Formvar-coated copper grids and stained with
0.2% lead citrate. To check the orientation of the samples, thin
sections of the muscle tissue were viewed by light microscopy
before performing the electron microscopy. Samples with oblique
orientations were discarded. Sections were viewed and imaged
using a JEOL 1200EX transmission electron microscope at the
Harvard Medical School Electron Microscopy Core.

Quantification and statistical analysis
All samples were blinded till final analyses and statistical analy-
ses were performed using GraphPad Prism9.

Supplementary Material
Supplementary Material is available at HMG online.
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