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Abstract

Nebulin is a large skeletal muscle protein wound around the thin filaments, with its C-terminus embedded within the
Z-disk and its N-terminus extending out toward the thin filament pointed end. While nebulin’s C-terminus has been
implicated in both sarcomeric structure and function as well as the development of nemaline myopathy, the contributions
of this region remain largely unknown. Additionally, the C-terminus is reported to contribute to muscle hypertrophy via the
IGF-1 growth pathway. To study the functions of nebulin’s C-terminus, we generated a mouse model deleting the final two
unique C-terminal domains, the serine-rich region (SRR) and the SH3 domain (Neb�163–165). Homozygous Neb�163–165 mice
that survive past the neonatal stage exhibit a mild weight deficit. Characterization of these mice revealed that the
truncation caused a moderate myopathy phenotype reminiscent of nemaline myopathy despite the majority of nebulin
being localized properly in the thin filaments. This phenotype included muscle weight loss, changes in sarcomere structure,
as well as a decrease in force production. Glutathione S-transferase (GST) pull-down experiments found novel binding
partners with the SRR, several of which are associated with myopathies. While the C-terminus does not appear to be a
limiting step in muscle growth, the IGF-1 growth pathway remained functional despite the deleted domains being proposed
to be essential for IGF-1 mediated hypertrophy. The Neb�163–165 mouse model emphasizes that nebulin’s C-terminus is
necessary for proper sarcomeric development and shows that its loss is sufficient to induce myopathy.

Introduction
Nebulin is a long filamentous protein that contributes to the
structure of the skeletal muscle sarcomere. Its size ranges from
600 to 900 kDa and it exists wound around the actin thin fila-
ments (1). It is comprised primarily of repeated modules with
its C-terminus embedded within the Z-disk and its N-terminus
extending out toward the ends of the thin filaments (2). Nebu-
lin’s ability to bind to the thin filament arises from the actin-
binding sequences present in each of the repeated modules
that make up 97% of the protein (3). Most of those modules

are further organized into seven-module, homologous super-
repeats, with mice containing 25 super-repeats (SR1–SR25). Each
super-repeat has an additional tropomyosin binding site that
allows for the further integration of nebulin into the thin fila-
ments (4). Due to its size and localization within the sarcomere,
nebulin was initially believed to interact with proteins along
the length of the thin filament and be the primary contributor
to thin filament length regulation (5). While recent findings
have instead suggested it supports the formation of the thin
filament but does not quite encompass the entirety of some thin
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filaments (6), nebulin’s role as a major thin filament regulator
remains. The remaining non-actin-binding domains of nebulin
exist as a glutamic acid-rich region at the N-terminus and two
domains at the C-terminus: a serine-rich region (SRR) and an SH3
domain (3).

Initial in vivo studies involving nebulin’s function in the sar-
comere were done primarily with nebulin knockout mouse mod-
els (7,8). Following this, it was reported that in addition to thin fil-
ament length regulation nebulin also contributes to cross-bridge
cycling and force generation as well as Z-disk alignment and
width regulation (9–11). As studies moved toward understand-
ing growth and regeneration, a novel myofibrillar hypertrophy
mechanism involving nebulin’s C-terminus was also proposed
(12). This mechanism involves the actin-polymerization protein
N-WASP being sequestered to the Z-disks during IGF-1 stimula-
tion, allowing for interaction between N-WASP and nebulin and
resulting in myofibrillogenesis. What makes this mechanism
stand out is the role of the two C-terminal domains, with the SRR
being a target of phosphorylation and the SH3 domain activating
N-WASP. These different studies emphasize that nebulin is a
multifunctional protein that is vital to several sarcomeric func-
tions. With these advances in knowledge, it became necessary
to study the protein piece by piece in order to understand how
different domains contribute to the overall function of nebulin.

The two non-actin-binding C-terminal domains in nebulin,
the SRR and the SH3 domain, were studied because of their
location in the Z-disk, predicted important functions and poten-
tial role in nemaline myopathy. The SH3 domain was initially
predicted to anchor nebulin to the Z-disks and many studies on
this domain proposed additional interactions with other struc-
tural proteins (3,7,12–15). However, it was also recently found to
be dispensable to nebulin function, suggesting those previously
reported interactions were not essential for disease formation or
protein function in situ (16). Comparatively little is known about
the SRR due to lack of studies, but based on observations in
patient studies, myopathy phenotypes may be caused by the loss
of both domains (17).

The hypothesis that these domains contribute to myopathy
stems from the observation that their loss appears to contribute
to nemaline myopathy, with 55% of patients having some form
of truncating mutation that would all result in the loss of these
unique domains (18,19). Additionally, there was no correlation
between the amount of protein truncated and the severity of
the disease, with patients having lost as little as the C-terminal
domains plus a few actin-binding modules manifesting a severe
myopathy (17,20,21). In all these patients, nebulin’s C-terminus
exists as a point of similarity that suggests that, to better char-
acterize the myopathy phenotype, an in-depth understanding of
nebulin’s C-terminus is required. In order to successfully study
the structural and functional effects of losing both C-terminal
domains, a mouse model expressing a truncated nebulin lacking
specifically nebulin’s two C-terminal domains was created. Fol-
lowing the characterization of the mouse model, unique interac-
tions with the less understood SRR as well as the model’s ability
to undergo muscle hypertrophy were also studied.

Results
Characterization of the Neb�163–165 model

To investigate the role of nebulin’s unique C-terminal domains
in the skeletal muscle sarcomere, a mouse model that would
produce a nebulin protein lacking the SRR and the SH3
domain was generated. In order to remove those domains from

the endogenous Neb locus, homologous recombination was
performed using a vector containing a series of stop codons
followed by an FRT-flanked neomycin cassette. The location of
these stop codons after the start of murine exon 163 allowed for
the complete translation of the final actin-binding module, M206
(Fig. 1B). Flp recombination was used to remove the neomycin
cassette and the integration of the stop codons was verified
via PCR analysis (Fig. 1C). Within the first week, it was visibly
apparent that there was a weight deficit in the homozygous
mice. This deficit carried through into adulthood and mice
remained significantly lighter than their wild-type counterparts
even at 1 year of age (Fig. 1D). However, the truncation of nebulin
also had a severe impact on the postnatal survivability of the
homozygous mice, resulting in 10% of the total population being
homozygous when genotyped ∼10 days after birth (Fig 1F). This
skewed Mendelian ratio is likely due to deaths soon after birth
as the distribution of embryonic genotypes was normal and
few deaths were ever observed past the 1 week time point
(Fig. 1G; Supplementary Material, Fig. S1A). Despite the initial
high mortality rate, 87% of surviving homozygous mice survived
to adulthood (Fig. 1E). Interestingly, the observed weight loss
at multiple time points was not due to an inherently smaller
mouse since tibia lengths, an indicator of growth that can
influence muscle weight (22), was not significantly altered
(Supplementary Material, Fig. S1B). In summary, we created a
mouse model lacking the two C-terminal nebulin domains
in which homozygous mice live to adulthood and the in vivo
functions of the SRR and SH3 domain can be studied.

Changes in skeletal muscle weight and myosin heavy
chain distribution

Analysis of distal limb muscles revealed that several had
decreased weights compared to wild type, especially in the
gastrocnemius, plantaris and quadriceps where weights were
reduced by ∼50% (Fig. 2A and B). These deficits persisted through
adulthood and despite a slight lag in homozygous muscle weight
at 6 months, limb muscle weights remained at a constant ratio
to wild-type weights, returning to the same ratio by 12 months
(Fig. 2C). In performing gel electrophoresis on multiple limb mus-
cles, every muscle studied was found to have a significant shift in
their myosin heavy chain (MHC) composition (Fig. 3A and B). The
shift trended toward slower fiber types, resulting in a reduced
ratio of IIB (fast) fibers and increased IIA/X (middling) and I (slow)
fibers. Even muscles that did not originally have a prominent
type I fiber population, such as the extensor digitorum longus
(EDL), gained a small population of those fibers (Table 1).

Importantly, muscles that did not display a weight reduction,
such as the soleus and the EDL, both experienced this composi-
tional shift. To better understand these changes in the absence
of an overt weight deficit, the changes occurring in individual
fiber types that likely accompanied this shift were investigated.
Specifically, the EDL was studied due to the appearance of the
type I fibers, which are not typically expressed in this muscle.
Here it was found that there was a significant increase in the
number of fibers in the homozygous EDL, with both IIX and IIB
fibers experiencing significant increases in fiber count (Fig. 3C).
However, despite having more fibers, IIB fibers account for a
smaller fraction of the whole cross-sectional area (CSA), while
the area covered by IIX fibers increases (Fig. 3D). Slower fiber
types such as type I and IIA experience a significant increase in
fiber size but neither appears to contribute significantly to the
maintenance of the EDL weight (Fig. 3E and F). Conversely, faster

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz016#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz016#supplementary-data


Human Molecular Genetics, 2019, Vol. 28, No. 10 1711

Figure 1. Neb�163–165 model development and postnatal phenotype. (A) Location of nebulin in the sarcomere. The final two domains at the C-terminus are emphasized.

(B) Generation of the truncation model. Location of the final actin-binding module, M206 is indicated. Black triangles are FRT sites. Removal of the C-terminal domains

was accomplished via stop codons within Exon 163 followed by neo cassette removal via Flp recombination. Locations of forward and reverse primers used to identify

truncation indicated. (C) PCR confirmation of nebulin truncation following neomycin cassette removal. Difference in size is indicative of remaining FRT site and linkers

used in the recombination. (D) Mouse weight comparison at three different time points (male: n = 5, 5, 4; female: n = 12, 8, 5). Homozygous mice remain lighter through

adulthood. (E) Postnatal survival (n = 97). Postnatal deaths were observed as early as 1 week of age. (F and G) Distribution of genotypes in embryonic and postnatal mice

from Het × Het breeding pairs (postnatal, n = 1023; embryonic, n = 101). Postnatal genotypes significantly different from Mendelian ratios.
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Figure 2. Muscle weight analysis. (A and B) Muscle weights at 3 months

(n = 9–10). Raw values are normalized to tibia length. Relative weights obtained

by normalization to wild-type averages. (C) Muscle weight deficits observed

throughout homozygous lifespan (n = 9, 6, 4). Two-way ANOVA reveals age has a

significant effect on the diaphragm (P < 0.0001), with soleus trending (P = 0.06)

and EDL being not significant (P = 0.3).

fiber types become significantly smaller (Fig. 3G and H). These
data show that it is a combination of hyperplasia of the IIB and
IIX fibers as well as retention of type IIX fiber size that results
in the homozygous EDL matching the wild-type EDL in overall
weight.

Variations in nebulin protein expression and the
retention of thin filament length regulation

To determine how well the truncated nebulin was being tran-
scribed and translated, western blots were performed on differ-

ent limb muscles using antibodies to the N- and C-terminus of
nebulin. It was found in the homozygous mice that while the N-
terminus was intact, as expected, the SRR and SH3 domains were
missing (Fig. 4A). Those results further confirmed the proper
truncation of the protein. Quantification of N-terminal expres-
sion revealed that several muscles had reduced nebulin pro-
tein expression (Fig. 4B). This protein deficit in homozygous
tissues was observed at multiple time points, but that deficit
did not significantly change throughout those time points. Sur-
prisingly, the homozygous soleus maintained wild-type levels of
nebulin protein expression. Quantification of the mRNA tran-
script using qRT-PCR showed that in fact there was a persistent
deficit of nebulin transcript in all limb muscles, including the
soleus (Fig. 4C). This indicates that the truncation of nebulin’s
C-terminus is affecting the stability of the mRNA transcript
and may be playing a role in the decreased nebulin protein
expression.

Despite the truncation, nebulin was still able to insert
into the Z-disk. Domains near the truncation were localized
in the Z-disk using an antibody to modules M197 through
M202 [originally referred to as M176-M181 (23)], with the final
actin-binding module (M206) being only four domains away
(Fig. 5A and B). Additionally, nebulin was still able to localize
properly to the thin filaments, with the N-terminus forming an
expected doublet near the H-zone of the sarcomeres (Fig. 5C).
The specificities of both the N-terminal antibody and the
M176-M181 antibody were demonstrated in nebulin exon 55
knockout tissues, which are completely deficient in nebulin
(24) (Supplementary Material, Fig. S2A,B). These data show that
nebulin still aligns with the thin filaments. This was further
supported by the observation that thin filament lengths in both
the soleus and the EDL were not significantly different between
wild-type and homozygous mice (Fig. 5D). These findings
indicate that while the loss of the C-terminus may affect protein
stability during translation, nebulin has nevertheless retained
its ability to regulate the thin filament lengths.

Effects on sarcomere structure and Z-disk width
regulation

To test the hypothesis that loss of the C-terminus is sufficient
to induce the mild myopathic phenotype observed, namely the
weight deficits and fiber-type switching, limb muscle structure
and function was studied. The soleus and the EDL, two function-
ally opposing muscles, were used with the soleus representing
a slow-twitch muscle and the EDL representing a fast-twitch
muscle. The sarcomeres of both muscle types were analyzed
using electron microscopy. Protein aggregates were found in
both muscles, with the EDL exhibiting a more severe phenotype
[Fig. 6A, comparing top (WT) to bottom (Hom)]. These aggregates,
commonly referred to as nemaline rod bodies (25), were largely
found in line with the Z-disks and disrupt the organization
of the sarcomeres (Fig. 6A, arrows). These observations show
that on average, the soleus contained larger rod bodies than
the EDL, but those occurred with lower frequency, resulting in
less total sarcomeric area being occupied by protein aggregates
(Fig. 6B and C).

It was also noted in the homozygous muscles that Z-disk
widths from aggregate-lacking sarcomeres appeared different,
especially in the EDL (Fig. 6D and E). When multiple fibers in
these two muscles were analyzed, the soleus exhibited a small
but significant decrease in Z-disk widths while the EDL exhib-
ited a large increase (Fig. 6F and G). These data could both be
explained by a combination of the MHC composition changes

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz016#supplementary-data
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Figure 3. Myosin heavy chain changes and EDL composition. (A) Representative acrylamide gel of MHC fiber type ratios in both wild-type and homozygous mice.

Control sample is a mix of TC and SOL from C57BL/6 J mouse. (B) Graphical representation of changes in ratios between wild-type and homozygous mice (n = 12). Shift

to slower fiber types indicated by increasing fractions of both type IIA/X and type I. Statistics of changes presented in Table 1. (C) Distribution of different fiber types in

the EDL muscle (n = 9, 7). IIB and IIX fibers are significantly greater (P < 0.0001) in the homozygous tissue. (D) Area covered by different fiber types in the EDL muscle

(n = 9,7). IIB area is significantly reduced (P < 0.0001) while IIX area is significantly increased (P < 0.001). (E–H) Changes in minimum Feret diameter of fiber types in the

EDL muscle. In slower fiber types (I and IIA), homozygous fibers were on average significantly larger (P < 0.0001) while in faster fiber types (IIX and IIB), homozygous

fibers were on average significantly smaller (P < 0.0001).
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Table 1. Two-Way ANOVA analysis of MHC expression for each
muscle comparing WT and HOM fibers

Fiber type IIB, P-value IA/X, P-value I, P-value

TC <0.0001 <0.0001 NS
SOL NS <0.0001 <0.0001
EDL <0.0001 <0.0001 <0.0001
DIA <0.001 <0.05 NS
GAST <0.0001 <0.01 NS
QUAD <0.0001 <0.001 NS

TC, tibialis cranialis; SOL, soleus; EDL, extensor digitorum longus; DIA,
diaphragm; GAST, Gastrocnemius; QUAD, quadriceps.

observed and the loss of nebulin’s C-terminus. While wider
Z-disks are associated with slower fiber types (26), the loss
of nebulin’s C-terminus may also influence the width of the
Z-disks to a small degree, leading to the changes seen in the
soleus. However, because the EDL is a fast-twitch muscle and has
much thinner Z-disks compared to the soleus, the shift to slower
fiber types is dominant as reflected in the drastic widening of its
Z-disks.

Effects on muscle contractility

In quantifying the contractility of both EDL and soleus using
force-frequency protocols on isolated muscle, it was found that
while the EDL displayed a drastic loss of force, the force loss in

the soleus was much more subtle (Fig. 7A and B). Using two-
way analysis of variance (ANOVA) while taking into account
force production over multiple time points, the homozygous
soleus did in fact have a significant force loss (Fig. 7C and D).
Additionally, while the homozygous EDL muscle could contract
and relax in the same amount of time as the wild-type muscle,
deficits were noted in the soleus, specifically in the time it
took for the muscle to complete a single twitch and the time it
took to relax after tetanus (Supplementary Material, Fig. S3A–D).
Considering the normal weight and nebulin protein expression
of the soleus, these data show that the loss of nebulin’s C-
terminus is responsible for the slight changes in contractility
observed in this muscle.

Earlier work by Yamamoto et al. showed that the removal
of nebulin’s SH3 domain resulted in increased sensitivity to
eccentric contraction (EC) damage but did not cause other phe-
notypes (16). The same stimulation-and-stretch EC injury pro-
tocol was performed on the largest head of the EDL muscle,
known as the fifth-toe EDL, and experiments found a similar
trend toward lower forces post-EC damage (Fig. 7E). However,
due to the inherent force deficit in whole EDL, detailed above,
only a trending association toward increased EC damage was
observed (Supplementary Material, Fig. S3E). More prominently,
the homozygous EDL had a higher rate of force loss during the
EC injury protocol (Fig. 3F). Overall, these results support the
findings that loss of the SH3 domain results in an increased
sensitivity to EC-induced injury and shows that the loss of
the SRR in addition to the SH3 domain leads to large force
deficits.

Figure 4. Effects of truncation on nebulin protein and mRNA expression. (A) Representative western blot utilizing several hind limb muscles. Truncation confirmed

through SH3 antibody due to complete absence of signal. (B) Quantification of nebulin protein expression through N-terminal antibody signal and normalized to MHC

content over multiple time points (n = 8, 8, 6). Soleus protein expression is comparable to wild type. Two-way ANOVA shows age has no effect on protein expression in

homozygous soleus. (C) Quantification of mRNA expression in TC, soleus and EDL. Homozygous tissues have significantly less mRNA expression in all muscles tested:

TC (P < 0.01), SOL (P < 0.01) and EDL (P < 0.05).
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Figure 5. Protein localization and thin filament length regulation. (A) Diagram of antibody locations. The section of nebulin embedded within the Z-disk is identified.

(B) Localization of modules M197-M202 (α-M176-M181, red) in EDL along with phalloidin (green) and α-actinin (blue). Modules colocalize with α-actinin at the Z-disks

(scale bar: 5 μm). (C) Localization of nebulin in the sarcomere utilizing the nebulin N-terminal antibody (red) and an α-actinin antibody (blue) to identify the Z-disks.

Doublet near the H-zone of the sarcomere was identified as nebulin (scale bar: 5 μm). (D) Thin filament length comparison in soleus and EDL. Soleus is not significantly

different, EDL trends to slightly longer thin filaments (P = 0.06; n = 4, 6, 9, 7).

Discovery of novel binding partners of the SRR

Glutathione S-transferase (GST) pull-down experiments were
run with whole-muscle lysate using single-domain GST-bound
constructs of the SRR and the SH3 domain as well as a two-
domain construct that mirrored the endogenous C-terminus.
The two-domain construct also allowed for the verification
of single-domain interactions because true physiological
interactions found in single-domain constructs should also
interact with the two-domain construct. From two independent
pulldowns of these constructs, a band appearing ∼65 kDa was
prominent and occurred in both SRR-containing constructs (i.e.
alone or in combination with SH3) but not when using the SH3
domain only (Fig. 8A). Within this band, mass spectrometry
results consistently reported proteins associated with both
skeletal muscle and general metabolism (Table 2). Additionally,
three of these proteins have been previously reported to lead
to other myopathies when disrupted: myotilin, KLHL41 and
AIFM1. These proteins were chosen for further study based on
their reported contributions to the sarcomeres and reported
associations with myopathies.

Myotilin, a prominent regulator of Z-disk width (32), was sig-
nificantly overexpressed in several of the limb muscles studied
(Fig. 8C). Kelch-like protein 41, or KLHL41, a nemaline myopathy-
associated gene (28), did not show significant increases in spe-
cific limb muscles, though through two-way ANOVA, there is an
overall increase in KLHL41 protein expression (Fig. 8D). Finally,
apoptosis-inducing factor, mitochondrial 1 (AIFM1) was found
to mimic myotilin expression, with significantly higher expres-
sion found in the tibialis cranialis (TC), EDL, gastrocnemius and
quadriceps (Fig. 8E). Considering this protein’s role in apopto-
sis (29), changes in this protein may also contribute to the
myopathy phenotype observed. Localization of all three pro-
teins was investigated and no significant changes were found
(Supplementary Material, Fig. S4).

IGF-1-mediated hypertrophy mechanism

Based on a novel hypertrophy model (12), it is expected that the
loss of nebulin’s C-terminal domains attenuates the hypertrophy

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz016#supplementary-data
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Figure 6. Structural studies on the sarcomeres. (A) Low magnification view of fiber bundles (scale bar: 25 μm). Protein aggregates (white arrows) observed frequently

in EDL, infrequently in soleus. (B) Quantification of the size of rod bodies observed and (C) percent area covered by rod bodies in sampled images. Data were gathered

as follows: soleus, 102 images across 20 unique fibers; EDL, 135 images across 29 unique fibers (from n = 2 mice). While EDL contains smaller protein aggregates, they

appear more frequently and cover significantly more area in muscle fibers compared to the soleus. (D and E) Examples of sarcomeres without Z-disk aggregates in

homozygous mice of soleus and EDL compared to wild type (scale bar: 1 μm). Homozygous EDL Z-disks have a distinct widening compared to wild type. (F and G)

Quantification of non-aggregate Z-disk widths in soleus and EDL (n = 11–29 unique fibers). Approximately five measurements were made from five unique images

taken per fiber (WT SOL, 550; HOM SOL, 500; WT EDL, 275; HOM EDL, 666 measurements). Soleus exhibits a slight but significant decrease in widths while EDL exhibits

a drastic increase in widths.
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Figure 7. Functional studies using whole muscle mechanics. (A and B) Force–frequency relationship of the soleus and EDL at 3 months. Slight reduction of half-max

frequency in the soleus not observed at any other time point or in the EDL. (C and D) Max stress produced by the soleus and EDL at various time points (soleus, n = 8, 6, 7;

EDL, n = 7,4,6). Two-way ANOVA indicates that the slight decrease in soleus is significant. (E) EC injury protocol (n = 10). Similar to homozygous whole EDL, the fifth-toe

EDL muscle exhibits a significant force drop in baseline tetanus. (F) Normalized EC injury protocol. All forces normalized to average pre-injury force. Homozygous tissue

loses force exponentially faster than wild type during the injury protocol.

response to IGF-1 stimulus. In short, this is because nebulin’s
SRR is proposed to be phosphorylated by GSK-3β, preventing
the interaction between the SH3 domain and the branched
actin-forming protein, N-WASP. Through IGF-1 stimulation
GSK-3β is inhibited, allowing for this interaction to occur and
leading to myofibrillar hypertrophy. To test this mechanism,
TC muscles were subjected to an intramuscular injection of
an IGF-1 AAV and the effect was quantified for both the TC
and the neighboring EDL after 1 month. One-way ANOVA
showed that IGF-1 increased TC and EDL weights in wild-
type mice by ∼15% (Fig. 9A–C). However, the homozygous
muscles responded in a similar manner and a similar ∼15%

increase in weights was observed. The endogenous expression
of IGF-1 in treated TCs was verified via ELISA to ensure both
wild-type and homozygous tissues had been successfully
treated (Supplementary Material, Fig. S5). A quantification of
the individual fibers from the AAV-treated EDL found no
significant differences between the wild-type and homozygous
hypertrophy response in each fiber type (Fig. 9D).

Discussion
After nebulin was established as a major contributor of nema-
line myopathy, studies turned toward therapies that focused on

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz016#supplementary-data
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Figure 8. GST pulldown with whole muscle lysate. (A) Section of an 8% acrylamide gel revealing the most prominent band located within the pulldown using a GST-

tagged SRR at ∼65 kDa. This band is also found in the GST construct containing both the SRR and the SH3 domain. (B) Western blot examples for myopathy-related

proteins found in pulldown. (C) Protein expression of myotilin (n = 6). TC, EDL, gastrocnemius and quadriceps all significantly increased. Two-way ANOVA also shows

significant increases in protein expression in homozygous mice compared to wild type. (D) Protein expression of KLHL41 (n = 6). A global increase in homozygous tissue

protein expression compared to wild type is observed. (E) Protein expression of AIFM1 (n = 6). EDL, gastrocnemius and quadriceps have significant increases. TC has a

trending increase (P = 0.07). Two-way ANOVA also shows significant increases in protein expression in homozygous mice compared to wild type.

increasing the force of contraction (33,34). However, this meant
that understanding of the protein was limited to findings based
on the full knockout of a multifunctional protein. The only
domain-specific study utilizing a nebulin truncation revealed a
minimal function of the SH3 domain (limiting EC damage) (16)
but nothing that related to nebulin’s more established functions
of thin filament length regulation, force production or structural
regulation of the Z-disks (7–11). It was however proposed that
the SRR acted as a signaling hub or that the two domains
together had a greater function in the sarcomere (16). This
study examined a novel nebulin model that exhibits a more
severe myopathy phenotype, compared to the SH3 knockout
model, through the removal of only two C-terminal domains, the
SRR and the SH3 domain. Through this truncation, the exper-
iments show that these C-terminal domains play a significant
role in developing the structural and functional integrity of the
sarcomere and are sufficient to invoke a nemaline myopathy
phenotype.

Viability of the truncation model

Neb�163–165 mice are born at Mendelian ratios, but many homozy-
gous mice die shortly after birth. The mice that survive exhibit a
weight deficit within the first week and 87% of those remaining
live into adulthood with no further complications. Surviving
homozygous mice appear healthy and do not have any outward
abnormalities other than a slight weight difference. Additionally,
the discovery of stillborn mice only hours after birth suggests
an early postnatal deficit (Supplementary Material, Fig. S1A). A
lack of milk spots in all pups of those groups indicate that it
was more likely a respiratory problem despite no drastic weight
differences being observed in the diaphragm later in life (Fig. 2C).
A possible explanation is that even slight deficits in nebulin
protein expression in the diaphragm can result in contractile
issues after birth, something that has been observed in infant
patients (20,25). If this is the case, then some homozygous mice
overcome this hurdle, but approximately half do not, leading to a

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz016#supplementary-data
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Table 2. Recurrent proteins identified from separate spectroscopy
analyses

Recurring
proteins

Associated myopathy Unique
peptides

Myotilin Myofibrillar myopathy (27) 7
KLHL41 Nemaline myopathy (28) 5
AIFM1 Encephalomyopathy (29) 5
ACADVL Myopathy in late-onset VLCAD

deficiency (30)
14

ATAD3 None (mitochondrial activity), loss in
muscles leads to myopathy
phenotype (31)

9

ARFGAP2 None (protein metabolism) 6
HNRNPK None (mRNA metabolism and

transport)
3

non-Mendelian ratio when quantified at 10 days after birth. This
emphasizes the role of nebulin’s C-terminus in postnatal mus-
cle development as the original conventional nebulin knockout
model also exhibited severe muscle weakness at birth quickly
followed by death within approximately the first week (7,8).

Mice expressing a truncated nebulin may be able to live
longer than their conventional knockout counterparts due to
their ability to produce and retain nebulin, albeit at a reduced
level in some muscles. However, there does not appear to be a
correlation between muscle atrophy and nebulin protein expres-
sion. For instance, while muscles like the soleus and the EDL
had weights comparable to the wild-type controls, the amount
of nebulin each muscle contained was unaltered in the soleus
but reduced by ∼40% in the EDL. Furthermore, despite varying

levels of nebulin protein expression over time, the rate of muscle
growth remained comparable between wild-type and homozy-
gous mice, resulting in a consistent ratio between homozygous
and wild-type weight at multiple time points (Fig. 2C). This sug-
gests that there is no direct correlation between nebulin protein
expression and muscle growth. Rather, nebulin is likely to be
more vital to the initial postnatal development of the sarcom-
eres, contributing little to muscle growth later in life. The lack of
worsening phenotypes also implies that structural contributions
of nebulin are more important during early development. This
new model shows that while the C-terminal domains of nebulin
contribute to postnatal survivability, the mice surviving this
initial event display a much milder myopathy phenotype than
full knockout models.

Changes in MHC fiber content and compensatory
effects

The truncation of nebulin resulted in all distal limb muscles
experiencing a compositional shift toward slower fiber types
(Fig. 3B). Changes in fiber type composition of sedentary mice
suggest changes in the metabolic requirements and can imply
a pathological origin (35). This set of experiments showed that
despite some limb muscles appearing to be unaffected by the
truncation of nebulin there was an underlying myopathy that
affected all skeletal muscles.

As observed in the EDL the changes in MHC composition
were not necessarily due to a loss of fast fiber types, but
rather hyperplasia alongside a reduction in their CSAs. Here
the EDL, which experiences a drastic shift in fiber composition,
undergoes hyperplasia to maintain weight comparable to the
wild-type muscle. The most likely scenario is that truncation of

Figure 9. Injection of IGF-1 AAV to induce muscle hypertrophy. (A) Changes observed between treated and untreated legs for both TC and EDL (n = 10, 7). Intramuscular

injections performed on TC and AAV diffuses to the EDL. Injected TCs are significantly heavier than the PBS-injected TCs. Diffused EDLs trend to higher weights as

well. (C) Percent change of the leg injected with the AAV compared to the PBS-injected leg. No significant differences found in muscle weight change. (D) Fiber-type

specific width analysis performed using MinFeret values. Percent change between AAV-injected and sham-injected legs reported, no significant differences found in

fiber hypertrophy.
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nebulin results in muscle weakness, which in turn causes
changes in protein regulation and mitochondrial biosynthesis to
order to increase the size of slower fiber types (36). Conversely,
fast fibers do not tolerate changes in nebulin as well, a
phenomenon documented in the conditional knockout model
(11). Apparently, some additional growth pathway is influencing
the hyperplasia of fast fibers to maintain muscle mass and
allowing the muscle to generate more force than it would have
in the complete absence of nebulin. One proposed mechanism
of myofibrillogenesis, specifically involving IGF-1 stimulation, is
detailed later on in this discussion.

Loss of the C-terminus and specific nebulin functions

In full nebulin knockout models, studies found an overall short-
ening of the thin filaments with an increased variation in thin
filament lengths (7,8,11). Filaments were found to be as short
as 0.4 μm and few fibers were able to reach the expected 1.0–
1.2 μm range (7). Comparatively, such a loss in the organization
of the thin filaments was not observed in the Neb�163–165 model.
Nebulin was clearly able to localize properly to the thin filaments
and the lengths observed through phalloidin staining indicated
there was no difference between wild-type and homozygous
mice. There were slight density changes in the A-band in the EDL
when observed using electron microscopy wherein the H-zone
was not well defined in homozygous EDL. This was attributed to
a characteristic commonly seen in tissues with more prominent
slow fiber types, namely the soleus and the heart, and seems
to reflect the dramatic shift toward slower fiber types in the
homozygous EDL. Overall, these findings indicate that nebulin’s
C-terminus is not playing a major role in thin filament length
regulation.

An effect that was found is force loss, a common symp-
tom observed in nemaline myopathy (25). The loss of nebulin’s
C-terminus appears partially responsible for the severe force
loss observed in previously studied full knockout models. As
observed in these experiments, both the soleus and the EDL
experienced force loss at multiple time points though the loss
was less apparent in the soleus (Fig. 7C and D). And compared
to previous studies, this loss was not as severe (7,8,11). When
considering that a reduction in nebulin protein expression may
contribute to additional force loss, the soleus shows that even if
a truncated nebulin is expressed to wild-type levels, there will
still be a force deficit.

The effects of the C-terminal truncation are additionally
observed through the alterations in the Z-disk width, where the
EDL experiences a drastic increase while the soleus exhibits
a slight decrease in width. The implication from the soleus is
that nebulin’s C-terminus plays a minor role in Z-disk width
regulation. With the soleus becoming almost completely type I
fibers, an increase in Z-disk width is expected (26). The decrease
in width compared to the wild-type distribution suggests that
loss of the C-terminus is preventing the soleus Z-disk from
reaching the expected larger width.

The observation of protein aggregates in line with the Z-disks
suggests that protein turnover is also partially compromised
within the Z-disk, resulting in the formation of nemaline rod
bodies through a small truncation of nebulin. The truncation
appears to be destabilizing the Z-disk structure, which would
impair any contributions it may have to overall force production
(26). These findings suggest that nebulin’s C-terminus has a
partial contribution to force generation, possibly through its
interaction with other proteins that maintain the stability of the
Z-disk.

SRR and myopathy phenotypes

While the SRR has been proposed to facilitate C-terminal local-
ization of nebulin to the Z-disks (37), it has not been stud-
ied in animal model systems. Conversely, the SH3 domain has
been much more prominently featured in functional studies
(7,12–15). When the SH3 domain deletion model did not reveal
any myopathy phenotypes or changes in previously predicted
protein interactions, the SRR became the target of our studies.
A standard GST pulldown with three different combinations of
the two domains as bait was performed to elucidate this domain.
Considering the results from single-domain and two-domain
constructs, a prominent band observed at ∼65 kDa represented
interactions with the removed domains. Interestingly, this band
was not replicated in the SH3 domain pulldown suggesting that
the interactions were specific to the SRR alone. The proteins
identified within this prominent band were found to be associ-
ated with metabolism, protein turnover and structure, with three
of the seven recurring proteins being contributors to various
myopathies. These findings suggest that the SRR of nebulin plays
an important role in the regulation of sarcomere structure and
its loss may be a primary contributor to the development of
myopathy.

Myotilin is a prominent regulator for the formation of the
Z-disks, interacting with α-actinin and filamin-C to help
stabilize the Z-disk (38). Mutations within this protein are also
known to lead to myopathy (32). AIFM1 on the other hand
is a pro-apoptotic protein that additionally helps maintain
mitochondrial bioenergetics (39). Both myotilin and AIFM1 were
differentially upregulated in the skeletal muscle studied.
Specifically, both proteins appeared to be more upregulated in
muscles that normally have more fast fibers. For myotilin, this
may be related to changes observed at the Z-disk, particularly
in the EDL (Fig. 6E and G), with widening Z-disks and protein
aggregates a result of its upregulation. These findings also
coincide with reports that overexpression of myotilin can
worsen a myopathy phenotype, wherein mice had a more
rapid onset of myofibrillar aggregation and more severe
muscular degeneration (40). AIFM1 is more associated with
the bioenergetics of cells (39) and its upregulation appears
to correlate instead with the changes in fiber composition
(Fig. 3B). That both proteins are more upregulated in fast muscles
indicates muscle type-specific alterations. One possibility is that
the SRR is a signaling hub that helps regulate both the Z-disk
widths and sarcomere bioenergetics. An increase in tension
cost (11) results in an attempt to produce more ATP, resulting
in AIFM1 being upregulated. Simultaneously, myotilin becomes
overexpressed as the fibers take on traits of slower fiber types,
leading to both widening Z-disks and an increase of protein
aggregate presence (Fig. 6A, bottom right). To investigate the
possibility of bioenergetics playing a role in the phenotypes
observed, ACADVL, identified in the pulldown, was also tested.
Western blot showed a significant increase in protein expression
in fast-twitch fibers, similar to that seen in AIFM1 and myotilin
(Supplementary Material, Fig. S6). Further investigation of these
protein interaction may help explain why faster muscle types
exhibit more severe myopathy phenotypes than slower muscle
types (11).

KLHL41, on the other hand, can lead to nemaline myopathy
when mutated (28). Recently, its ability to stabilize nebulin and
prevent myopathy was also elucidated (41). In the Neb�163–165

model, KLHL41 was not significantly upregulated in any one
muscle, though two-way ANOVA indicated that the genotype
was having a significant effect on KLHL41 protein expression.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz016#supplementary-data
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This slight upregulation may indicate that KLHL41 does not
rely wholly on the SRR for its function. Also, the previous char-
acterization of KLHL41 utilized its interaction with nebulin’s
super-repeats (41), suggesting that that this protein interacts
with multiple regions of nebulin. A more in depth study on the
interaction between KLHL41 and the SRR needs to be performed
to clarify how it impacts the published function in nebulin
stabilization (41).

To verify these interactions, a reverse pulldown was
performed using a purified SRR construct lacking the GST
tag (Supplementary Material, Fig. S7). Recombinant KLHL41,
myotilin and AIFM1 were produced with a GST tag on the
N-terminus of these proteins using the same method as the
nebulin C-terminal constructs. This experiment showed no
binding between recombinant protein and purified SRR, sug-
gesting several possibilities. One possibility is that expression
in a bacterial cell may not be ideal for these proteins. There
may be significant differences in processes such as folding or
post-translational modification between the host cell used and
skeletal muscle, which may affect the binding affinity. Another
possibility is that these proteins were initially pulled down by
the GST-tagged SRR through an indirect interaction, whereby
the accessory proteins would be missing in this experiment.
More stringent experiments are required to fully establish the
interactions between the SRR and these three proteins.

Hypertrophy and nebulin

Based on the study of nebulin’s contribution to myofibrillar
hypertrophy, nebulin’s SH3 domain interacts with the branched
actin-forming protein N-WASP while the SRR acting as a phos-
phorylation site regulating this interaction (12). The Neb�163–165

model makes it possible to critically test this proposed
mechanism through the removal of those two key domains. An
IGF-1 AAV was used to create a chronic overexpression of
the signaling protein. This would elucidate the differences
in muscle hypertrophy caused by these missing domains.
However, chronic elevation of IGF-1 failed to reveal a difference
between wild-type and homozygous mice. The injected TC in
both genotypes underwent the same amount of hypertrophy
and the neighboring EDL followed that same trend. Studies
on individual fiber types also failed to reveal any significant
differences in the hypertrophic response. This finding is
supported by the published SH3 deletion model, where they also
failed to reproduce the nebulin-N-WASP interaction following
acute IGF-1 stimulation (16). Thus, nebulin’s C-terminus is
not a limiting factor for the proposed IGF-1 hypertrophy
mechanism. This does, however, imply that nemaline myopathy
patients exhibiting C-terminal truncations may still benefit from
therapeutics utilizing the IGF-1 pathway. Further experiments
should be done to determine why a non-linear actin forming
protein like N-WASP would be localizing to the Z-disks and if
there is a C-terminal independent mechanism influencing the
formation of new actin filaments.

Conclusions
Nebulin’s C-terminus plays a crucial role in early postnatal
development of muscles. Loss of C-terminal domains induces
a fast-to-slow compositional shift in muscle fibers, which in
turn results in changes in Z-disk structure. This two-domain
truncation affects force output, resulting in reduced forces at all
time points tested. However, once those early developmental

changes are set, the mouse continues to develop and the
myopathy phenotypes do not worsen. The cause for these
changes may in part be attributed to the lost interactions
with the signaling region that is the SRR. Finally, despite the
myopathic changes in both sarcomere structure and function,
studies revealed that the IGF-1 growth pathway was still fully
functional, which provides a potential therapeutic option for
patients with truncated nebulin.

Materials and Methods
Generation of the Neb�163–165 mouse model

To create this model, the final actin-binding domain, M185,
based on the previously published full murine sequence was
referenced (23). Murine exon 163 contains the final three
amino acids of M185 along with approximately half of the
SRR. With the help of the GEMM Core at the University of
Arizona, a targeting vector containing stop codons followed
by a frt-neo-frt cassette was generated as shown in Figure 1B.
The vector was transfected into 129/SvJ-derived embryonic
stem cells and neomycin resistant cells were implanted into
C57BL/6 J mice. Chimeras were bred with C57BL/6 J mice and
neo-containing mice were identified via PCR using C-terminus
specific primers, also shown in Figure 1B [forward (WT F): 5′-
CACACTAGAGGAATTATAGGTCAGC-3′, neo reverse (Neo R): 5′-
CTGGCACTCTGTCGATACCC-3′]. Heterozygous mice were then
bred to a separate C57BL/6 J mouse line containing a FLPase
deleter to remove the neomycin cassette. Mice containing the
nebulin truncation but lacking the neomycin cassette were
genotyped using the same forward primer and a reverse primer
to the sequence downstream from the stop codons [wt reverse
(WT R): 5′-CCGTCACTGTATGTGGAAAGG-3′] resulting in bands
as seen in Figure 1C. Mice were initially backcrossed to three
generations before experiments were run and later backcrossed
to generation 10 for verification purposes. All animal procedures
were approved by the University of Arizona Institutional Animal
Care and Use Committee.

Tissue collection

Mice were sacrificed according to approved protocols. Following
the weighing of the mice, they were anesthetized via isofluo-
rane. A toe pinch was performed to ensure complete anesthesia
before cervical dislocation was performed. Hind limb muscles
were then dissected and immediately flash frozen in liquid
nitrogen. Following freezing, tissues were stored at −80◦C. Tissue
weights were normalized to tibia lengths, which were measured
by electronic caliper. For each mouse, muscles from both sides
were taken and weights were averaged between the two limbs.
The same calculation was performed for tibia lengths before a
muscle weight to tibia length normalization was performed.

Sample preparation and gel electrophoresis

Muscle samples were prepared following a well-documented
protocol (42). Tissues were pulverized into a powder via glass
Dounce tissue homogenizers pre-chilled in liquid nitrogen. Tis-
sue powder was allowed to equilibrate in a −20◦C refrigerator
for 20 min before 50% glycerol and a urea buffer were added
in a 1:40:40, sample (mg):glycerol (μL):urea (μL), ratio. Glycerol
solution was made using H2O, glycerol and a mix of inhibitors
[(in mm) 0.04 E-64, 0.16 leupeptin and 0.5 PMSF]. Urea buffer
contained 8 urea and 2 m thiourea, 50 tris–HCl and 75 mm

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz016#supplementary-data
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dithiothreitol, 3% SDS w/v and 0.03% bromophenol blue, with
a pH of 6.8. The solution was mixed and incubated at 60◦C for
10 min before being aliquoted and flash frozen in liquid nitrogen.

Myosin heavy chain gels were performed on 8% acrylamide
gels as previously described, run for 24 h at 275 V before being
stained with coomassie blue (43). Gels for the protein pulldown
used 8% SDS-PAGE followed by staining with coomassie blue.
Western blots for nebulin were run with 0.8% agarose gels run
for 15 mA/gel for 2 h and 50 min before being transferred
to a PVDF membrane using a semi-dry transfer unit (Bio-
Rad, Hercules, CA, USA). Blots for myotilin, KLHL41 and α-
actinin were run using 10% SDS-PAGE before being transferred
to a PVDF membrane. All blots were initially stained with
Ponceau S for protein visualization. Membranes were then
blocked and incubated overnight at 4◦C with the appropriate
primary antibodies. Both the nebulin N-terminal antibody and
the SH3 antibody were provided by Dr Siegfried Labeit (Neb-
N 1:1000 rabbit, SH3 1:200 rabbit, University of Heidelberg,
Mannheim, Germany). The SRR antibody was created in
a chicken host against the peptide TTQLPQQR (GenScript,
Piscataway, NJ, USA). Other antibodies include myotilin (1:1000
rabbit ab68915, Abcam, Cambridge, United Kingdom), KLHL41
(1:400 rabbit ab66605, Abcam), AIFM1 (1:1000 rabbit D39D2,
Cell Signaling, Danvers, MA, USA) and α-actinin (1:2000 mouse
A7811, Sigma-Aldrich, St. Louis, MO, USA). Western blot for
nebulin domains were normalized with MHC visualized through
Ponceau S. Blots run for myotilin, KLHL41 and α-actinin were
normalized to GAPDH (1:2000 mouse #GA1R, Thermo Fisher,
Waltham, Massachusetts, USA). Secondary antibodies used
were conjugated with infrared fluorophores for detection
(1:20 000 goat anti-rabbit CF680, Biotium, Fremont, CA, USA
and 1:20 000 goat anti-mouse CF790, Biotium). Infrared western
blot was analyzed using an Odyssey CLx Imaging System
(Li-Cor Biosciences, NE, USA). MHC viewed through Ponceau
S was quantified via One-D scan EX (Scanalytics Inc., Rockville,
MD, USA).

Fiber type identification and CSA measurements

EDL muscles were pinned at slack length on cork and covered
with OCT (Tissue-Tek). The samples were then frozen in a slurry
of liquid nitrogen-cooled isopentane before being stored at
−80◦C. To prepare samples for cross-sections, muscles were
cut mid-belly and reoriented in a cryomold containing pre-
chilled OCT. Ten micron sections were collected on glass slides
and stored at −20◦C for no longer than 2 days (Microm HM550,
Thermo Fisher). Slides were equilibrated at room temperature
for 10 min while individual samples were demarcated with
a hydrophobic barrier (Vector Laboratories, Burlingame, CA,
USA). Then, samples were skinned using 0.2% triton X-100 for
20 min followed by a 1 h incubation with a blocking solution
(2% BSA, 1% normal donkey serum) in phosphate buffered
saline (PBS) at 4◦C. Primary antibodies were then applied to
the sections for an overnight incubation at 4◦C: laminin (1:400
rabbit L9393, Sigma-Aldrich), MHCI (1:75 IgG2b BA-F8, DSHB),
MHCIIA (1:500 IgG1 SC-71, DSHB), MHCIIX exclusion (1:100 IgG1
BF-35, DSHB) and MHCIIB (1:50 IgM BF-F3, DSHB). Following
primary antibody incubation, sections were washed with PBS
twice for 30 min. The matching secondary antibodies were
then applied for 3–4 h at room temperature: polyclonal Alexa
Fluor 488-conjugated goat anti-rabbit [1:500 IgG (H+L) A11008,
Thermo Fisher], polyclonal Alexa Fluor 350-conjugated goat
anti-mouse [1:500 IgG2b A211440, Thermo Fisher], polyclonal

Alexa Fluor 350-conjugated goat anti-mouse [1:500 IgG1 A21120,
Thermo Fisher] and polyclonal Alexa Fluor 594-conjugated goat
anti-mouse [1:500 IgM (Heavy Chain) A21044, Thermo Fisher].
Post-secondary washes included two 30 min washes with PBS
followed by two quick rinses with water. Images were collected
using an AxioCam MRc (Carl Zeiss, Thornwood, NY, USA). CSAs
were quantified using the semi-automatic muscle analysis using
segmentation of histology (SMASH) MATLAB application (44).

RNA isolation and qRT-PCR

Tissue samples were dissected and immediately stored in
RNAlater (Invitrogen, Carlsbad, CA, USA). Samples were then
processed using the RNeasy Fibrous Tissue Mini Kit (Qiagen).
After processing, mRNA was converted to cDNA via Superscript
III (Invitrogen) and diluted to 5 ng/μL for qRT-PCR. Samples were
run in triplicate using TATA-binding protein (TBP) as a house-
keeping gene (TBP qF: 5′-TGCACAGGAGCCAAGAGTGAA-3′,
TBP qR: 5′-CACATCACAGCTCCCCACCA-3′). Primers for nebulin
were designed for Exon 40 (Neb qF: 5′-CAAGGGTTACGACTTGA
GACC-3′, Neb qR: 5′-GAAAGCCAATTTGCTTGCCTC-3′). Amplifi-
cation was detected using SYBR Green and run using a Rotor-
Gene Q real-time PCR cycler (Qiagen). Delta–delta Ct calculations
were performed with a fluorescence threshold value of 0.1.

Preparation of skinned fibers for immunofluorescence
and electron microscopy

Limb muscle were dissected and immediately placed in relaxing
solution (in mm: 40 BES, 10 EGTA, 6.56 MgCl2, 5.88 Na-ATP, 46.35 K-
proprionate and 15 creatine phosphate at pH7.0) with 1% triton
X-100. At all steps, protease inhibitors were added just prior to
use and samples were placed on a 2D rocker overnight at 4◦C.
Following skinning, muscles were washed with relaxing solution
alone to remove excess triton X-100. Then, samples were placed
in 50% glycerol/relaxing solution first overnight, then stored at
−20◦C. To obtain fiber bundles, skinned muscles were placed in
sylgard dishes containing additional 50% glycerol/relaxing solu-
tion with protease inhibitors and then bundles were carefully
dissected from the muscle. Bundles were held at both ends with
aluminum T-clips and pinned at ∼30% past slack length.

For immunofluorescence, bundles were fixed overnight
at 4◦C in a 10% formalin (4% formaldehyde) solution. Post-
fixation, bundles were washed with PBS before being removed
from the T-clips and embedded in OCT. Longitudinal sections
were taken at 6 μm and collected onto glass slides. These
sections were fixed again in triton x-100 and blocked with
normal donkey serum as described above. Primary antibodies to
nebulin’s N-terminus (1:300), M176–181 (1:100 rabbit, Siegfried
Labeit), phalloidin 488 (1:2000 A12379, Invitrogen) and α-
actinin were then applied for an overnight incubation at 4◦C.
Fluorescent secondary antibodies were applied after post-
primary washes: polyclonal Alexa Fluor 594-conjugated goat
anti-rabbit [1:600 IgG (H + L) A11012, Thermo Fisher] and
polyclonal Alexa Fluor 350-conjugated goat anti-mouse [1:200
IgG (H + L) A21049, Thermo Fisher]. Deconvolution microscopy
was performed using a Deltavision RT deconvolution microscope
(Applied Precision, Issaquah, WA, USA) with an inverted
microscope (IX70, Olympus, Shinjuku, Tokyo, Japan) and the
softWoRx program.

For electron microscopy, fiber bundles were briefly fixed in
a 3% paraformaldehyde solution [3% PF, 2% glutaraldehyde and
0.03% tannic acid in PBS (0.01 m and pH 7.2)] for 45 min at 4◦C.
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Then fixative was washed off with PBS and replaced with a 1%
w/v OsO4 solution in PBS. After this, fixed samples were grad-
ually dehydrated in a series of ethanol washes, starting at 70%
ethanol and ending with a mix of pure ethanol and propylene
oxide. Then samples were infiltrated with resin (araldite/em-
bed813) and then finally embedded in BEEM capsules (Ted Pella,
Redding, CA, USA) for sectioning. Sections were taken at 60 μm
with a diamond knife set parallel to the fiber orientation. These
sections were then incubated with 1% potassium permanganate
followed by 0.25% lead citrate for contrast. Images were taken
with transmission electron microscopy (CM12, FEI/Philips, Hills-
boro, OR, USA). Sarcomere density profiles were obtained via FIJI
(ImageJ, Bethesda, MD, USA) and plot profiles were processed
using the Fityk software.

Intact mechanics

Whole-muscle mechanics were done using an Aurora Scientific
1200A isolated muscle system (45,46). Briefly, the soleus or EDL
were carefully extracted, keeping proximal and distal tendons
intact. Silk suture loops (4–0 diameter) were tied to each ten-
don and the muscle was attached to both a servomotor-force
transducer and a stationary hook. Muscles were submerged in
an oxygenated Krebs–Ringer bicarbonate solution at 30◦C (in
mm: 137 NaCl, 5 KCl, 1 NaH2PO4·H2O, 24 NaHCO3, 2 CaCl2·2H2O,
1 MgSO4·7H2O and 11 glucose; pH7.5). Optimal length (L0) was
found by first performing a tetanus to remove any slack in the
sutures, allowing the muscle to recover, and then increasing
length until twitch forces plateaued. Force frequency relation-
ship was determined by subjecting muscles to increasing stim-
ulation frequencies (in Hz: 1,10, 20, 40, 60, 80, 100 and 150 for
soleus with an additional 200 for EDL). Muscles were allowed
to recover for 30, 30, 60, 90, 120, 120, 120 and 120 s between
subsequent stimulations. Force obtained (converted to mN) was
normalized to the physiological CSA (PCSA) through the follow-
ing equation: PCSA = mass(mg) / [muscle density(mg/mm3) ∗
fiber length(mm)]. The physiological density of muscle is 1.056
and fiber length was found utilizing a fiber length to muscle
length ratio, 0.72 for soleus and 0.51 for EDL (47).

GST pulldown

GST fusions were made using ligation-independent cloning with
vector pET His6 GST TEV LIC (2G-T), a gift from Scott Gradia
(Addgene plasmid #29707). The cloned SRR and SH3 domains
correspond to Uniprot Q9JL90 amino acids 629–715 and 716–
768, respectively. DNA templates were prepared from C57BL/6 J
soleus [RNeasy Fibrous Tissue Mini Kit (Qiagen) for RNA iso-
lation and Superscript III (Invitrogen) for cDNA production].
Amplification of the domains used CloneAmp HiFi Polymerase
(Clontech, Mountain View, CA, USA) with primers to the SRR
(SRR F: 5′-tacttccaatccaatggaggaCGCCGGAGCCGGGACC-3′, SRR R:
5′-ttatccacttccaatACGGAAGATTTTCCCGGCAGTAGACG-3′) and the
SH3 domain (SH3 F: 5′-tacttccaatccaatggaggaGCTATATATGACTAT
ATAGCTGCAGATGCGGATGAAGTGT-3′, SH3 R: 5′-ttatccacttccaatA
ATAGCTTCCACATAGTTGGCAGGGAGCATA-3′). Purified PCR prod-
ucts were cloned into SspI-linearized vector using the In-Fusion
HD Cloning Kit (Clontech). The products were transformed into
Stellar Competent Cells (Clontech) and spread on agar plates
(100 μg/mL). Purified construct sequences were confirmed with
GST forward and T7 reverse primers recommended for the vec-
tor. To express the protein sequences, vectors were first trans-
formed into Rosetta (DE3)pLysS Competent Cells (Novagen) and

grown up in media containing ampicillin (50 μg/mL) and chlo-
ramphenicol (34 μg/mL). Protein induction was done in LB lack-
ing chloramphenicol but containing IPTG (1 mm) at room tem-
perature for 3–4 h. These cells were pelleted and frozen at −80◦C
pending further use.

To purify the protein constructs, cells were lysed in a
lysis buffer [in mm: 20 Tris, 10 imidazole, 150 NaCl, 2 β-
mercaptoethanol, 0.2% NP-40 and a single cOmplete protease
inhibitor cocktail tablet (Sigma) per 100 mL H2O at pH 8.0].
Lysozyme and DNaseI were added to the solution and the cells
were broken apart by sonication. The mixture was centrifuged
and the supernatant was filtered onto a column containing
0.5 mL Ni-NTA Agarose beads (Qiagen). Once bound, cell
supernatant was washed with buffers based on the lysis buffer
[5 mL of each: wash 1 (lysis without NP-40), wash 2 (wash
1 with 1 m NaCl), wash 3 (wash 1 with 25 mm imidazole)]
before being eluted with 2.5 mL of an elution buffer (wash
1 with 330 mm imidazole). Fractions were analyzed via SDS-
PAGE to ensure the purity of the collected GST-tagged construct
(GST + SRR: 35.34 kDa, GST + SH3: 31.76 kDa and GST + SRR + SH3:
41.10 kDa).

Finally, pulldowns were performed using glutathione beads
(Thermo Fisher) and whole-muscle lysate from the TC. Muscles
were ground up in a glass Dounce tissue homogenizers before
being incubating in a high salt lysis buffer (in mm: 100 NaHPO4,
150 NaCl, 1 PMSF, 0.08 E-64, 0.376 leupeptin, 5 EGTA, 0.4% NP-
40 at pH 7.5). Construct-bound glutathione beads were then
incubated with the muscle lysate supernatant. After eluting
the lysate solution, it was mixed with a low salt lysis buffer
(0 mm NaHPO4 instead of 100 mm) to make a 40 mm NaHPO4

medium salt lysis solution. Beads were then incubated twice
with additional medium lysis (40 mm NaHPO4 from high and
low lysis buffer stocks) buffer for 2.5 h each, the flow throughs
being pooled together. Post-incubation, beads were washed in
medium lysis buffer (5 × 10 min) before baits were denatured
and released from the beads using an 8 m urea solution (in m:
8 urea, 0.05 Tris–Hcl and 0.150 NaCl at pH 8.0). To run for SDS-
PAGE, eluted fractions were mixed in a 1:1 ratio with an SDS
running buffer containing bromophenol blue (62.5 mm Tris–HCl
at pH 6.8, 2.5% SDS, 0.002% bromophenol blue, 10% glycerol and
5% β-mercaptoethanol).

IGF-1 AAV

Viral delivery of IGF-I was used to promote muscle hypertro-
phy. Recombinant self-complement AAV serotype 2/8 was used
to facilitate skeletal muscle targeting. The AAV harbored the
cDNA sequence for murine class I Igf-1A, as previously described
(48). This sequence includes the class I signal peptide, followed
by the mature IGF-1 protein and ending with the E-peptide
specific to this IGF-1 isoform. AAV serotype 2/8 was used to
facilitate skeletal muscle targeting. The anterior compartment
of the lower hindlimb was injected, with the TC being the target
of an intramuscular injection and the EDL receiving dosages
via diffusion within the compartment. Muscles were injected at
5 months of age, with one leg being treated with 2.47 × 1010

viral copies in 50 μL of PBS while the other leg with treated
with 50 μL of PBS only. Mice were then sacrificed 1 month after
injection, at 6 months of age. Following this, both TCs and EDLs
were dissected and weighed. Other hind limb muscles were also
weighed as negative controls. TCs were flash frozen while EDLs
were pinned at slack length and embedded in OCT for cryosec-
tioning. TCs were utilized for quantification of IGF-I content
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using IGF-I ELISA (MG100, R&D Systems, Minneapolis, MN) using
the manufacturer’s procedures and as previously described (48).

Supplementary Material
Supplementary Material is available at HMG online.
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