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Abstract

Striated preferentially expressed gene (SPEG), a member of the myosin light chain kinase family, is localized at the level of
triad surrounding myofibrils in skeletal muscles. In humans, SPEG mutations are associated with centronuclear myopathy
and cardiomyopathy. Using a striated muscle-specific Speg-knockout (KO) mouse model, we have previously shown that
SPEG is critical for triad maintenance and calcium handling. Here, we further examined the molecular function of SPEG and
characterized the effects of SPEG deficiency on triad and focal adhesion proteins. We used yeast two-hybrid assay, and
identified desmin, an intermediate filament protein, to interact with SPEG and confirmed this interaction by
co-immunoprecipitation. Using domain-mapping assay, we defined that Ig-like and fibronectin III domains of SPEG interact
with rod domain of desmin. In skeletal muscles, SPEG depletion leads to desmin aggregates in vivo and a shift in desmin
equilibrium from soluble to insoluble fraction. We also profiled the expression and localization of triadic proteins in Speg-KO
mice using western blot and immunofluorescence. The amount of RyR1 and triadin were markedly reduced, whereas
DHPRα1, SERCA1 and triadin were abnormally accumulated in discrete areas of Speg-KO myofibers. In addition, Speg-KO
muscles exhibited internalized vinculin and β1 integrin, both of which are critical components of the focal adhesion
complex. Further, β1 integrin was abnormally accumulated in early endosomes of Speg-KO myofibers. These results
demonstrate that SPEG-deficient skeletal muscles exhibit several pathological features similar to those seen in MTM1
deficiency. Defects of shared cellular pathways may underlie these structural and functional abnormalities in both types of
diseases.
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Introduction

Centronuclear myopathies (CNMs) are a group of congenital
myopathies characterized by clinical features of muscle
weakness, increased central nuclei and genetic heterogeneity
(1,2). The most common forms of CNMs have been attributed
to X-linked recessive mutations in the MTM1 gene encoding
myotubularin, autosomal dominant mutations in the DNM2
gene encoding dynamin 2 and the BIN1 gene encoding bridging
integrator 1 and autosomal recessive mutations in BIN1, the
RYR1 gene encoding ryanodine receptor 1, and the TTN gene
encoding titin (3–8). Models to study the disease mechanisms
that underlie these various forms of CNMs have been established
in yeast (9,10), Caenorhabditis elegans (11–13), drosophila (14–
16), zebrafish (17–19), mice (20–24) and dogs (25,26). Based on
findings from these models, several pathogenic mechanisms
have been suggested, including abnormalities of triads and
excitation–contraction (E–C) coupling (17,27), as well as defects
in autophagy (21,23), and of the neuromuscular junction (28,29),
satellite cells (30), integrin trafficking (15), mitochondria and
desmin cytoskeleton dynamics (31).

Our group has previously identified SPEG as the sixth gene
associated with CNM (32) and found that SPEG deficiency leads
to an abnormal triad structure and defective calcium handling
in skeletal muscles (33), indicating an essential role of SPEG in
triad maintenance and function. The SPEG gene encodes four
distinct tissue-specific isoforms, including Spegα, Spegβ, Apeg1
and Bpeg (34). Spegα (250 kDa) and Spegβ (350 kDa) are the largest
isoforms that are specific to striated muscles and share homol-
ogy with the myosin light chain kinase (MLCK) family mem-
bers, with characteristic immunoglobulin (Ig) and fibronectin
domains. The Speg isoforms, along with obscurin-MLCK, are
unique members of the MLCK family, containing two tandemly
arranged serine/threonine kinase domains (34,35). SPEG exhibits
a reticular distribution surrounding the myofibrils and colocal-
izes with proteins of the sarcoplasmic reticulum (SR) in skeletal
muscles (32). Specifically, SPEG colocalizes with triadin at the
junctional SR flanking desmin, which appears as a series of dots
between the Z lines on longitudinal sections (32). SPEG shows
a significant structural homology to obscurin (OBSCN), which is
known to tether the longitudinal SR to maintain its structure (36),
and we hypothesize that SPEG plays a similar role to maintain
the triad integrity.

To decipher the functional significances of SPEG in skele-
tal muscles, we performed a yeast two-hybrid (Y2H) screen-
ing using the SPEG sequence as bait against a human fetal
and adult skeletal muscle library and identified desmin as a
SPEG-interacting partner. We further confirmed this interac-
tion by a co-immunoprecipitation (co-IP) assay and mapped
their interacting domains. In skeletal muscles, SPEG deficiency
leads to an increased level of desmin aggregates and a shift
in desmin equilibrium from the soluble to the insoluble frac-
tion. In addition, the amount of RyR1 and triadin are markedly
reduced in Speg-knockout (KO) muscles, whereas mislocaliza-
tion of dihydropyridine receptor (DHPRα1), sarcoendoplasmic
reticulum Ca2+ ATPase 1 (SERCA1) and triadin are noted. Fur-
ther, Speg-KO muscles exhibited internalized vinculin and β1
integrin, the latter of which abnormally accumulates in early
endosomes, indicating defective focal adhesion and membrane
trafficking. These results demonstrate that SPEG-deficient skele-
tal muscles present similar pathological features to that found in
MTM1-related myopathies, indicating shared pathways underly-
ing these diseases.

Results
SPEG binds to desmin in skeletal muscles

To decipher the muscle-specific role of SPEG and the phys-
iopathological mechanisms of SPEG-related CNM, we performed
an Y2H screen using partial SPEG sequence [amino acids (aa)
2200–3267] as bait against a human fetal and adult skeletal mus-
cle library. We identified desmin as a SPEG-interacting partner by
isolating three different clones encoding portions of the desmin
(aa 111–402) that include the central α-helical coiled-coil (‘rod’)
domain (Fig. 1A). Desmin is the classical type III intermediate
filament (IF) protein with a tripartite structure comprising a rod
domain flanked by non-α-helical head and tail domains (Fig. 1A).
The rod domain, formed by four α-helical segments (1A, 1B, 2A
and 2B), is involved in protein–protein interactions and plays a
critical role in desmin filament assembly and the formation of
the extrasarcomeric cytoskeleton (37). The region of desmin (aa
179–228) that was contained in the three clones was part of the
helical segment 1B domain.

To identify the SPEG domains that interact with desmin,
we tested a peptide encompassing residues 168–402 of human
desmin (part of the rod domain) for interaction with various
SPEG fragments by using a direct 1-by-1 interaction assay. SPEG
fragments containing amino acid residues 2200–2960, which
include the Ig-like-9 and fibronectin III-2 domains, were con-
firmed to interact with desmin fragment (Fig. 1B). However, nei-
ther Ig-like nor fibronectin III domain alone in isolation showed
interaction with desmin, suggesting that the critical binding
region either overlaps the junction or includes binding sites
from both SPEG domains. In support of the Y2H data, full-length
SPEG and desmin co-immunoprecipitated with each other from
differentiated C2C12 myotube lysates with the use of either
anti-SPEG or anti-desmin antibodies (Fig. 1C).

Abnormal desmin aggregates in SPEG-deficient skeletal
muscles

The expression levels of SPEG and desmin concomitantly
increase during differentiation of myoblasts into myotubes
(31,34). To address whether SPEG depletion affects desmin
IF dynamics, we evaluated its expression and localization in
Speg-KO skeletal muscles. The protein level of desmin was not
significantly different in Speg-KO muscles as compared to litter-
matched controls (Fig. 2A). However, desmin aggregates were
observed in isolated muscles from 1-month-old Speg-KO mice
(Fig. 2B and Supplementary Material, Fig. S1). Further, a shift in
desmin equilibrium from the soluble to insoluble fraction was
observed in Speg-KO muscles on immunoblot analysis (Fig. 2C),
indicating a defect in desmin dynamics.

SPEG colocalizes with DHPRα1, RyR1 and triadin and its
deficiency causes defective expression and localization
of triadic proteins

We have previously shown that SPEG colocalizes with triadin,
a protein found in the terminal cisternae of the SR in human
quadricep muscles (32). To further evaluate the localization of
SPEG at triad, SPEG was co-stained in mouse tibialis anterior
(TA) muscles with antibodies against DHPRα1 (T-tubule marker),
RyR1 and triadin (markers for SR terminal cisternae). Our
immunofluorescence results (Fig. 3) demonstrate that SPEG
colocalizes with DHPRα1, RyR1 and triadin, confirming that SPEG
is localized in the triad.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa276#supplementary-data
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Figure 1. SPEG interacts with desmin in skeletal muscles. (A) Schematic of the three different desmin Y2H prey clones that interact with SPEG fragment bait. These

clones encode portions of the desmin (aa 111–402, as denoted between vertical solid lines) that occupy the central α-helical rod domain. The region of desmin (aa

179−228, as denoted between vertical dotted lines) that was overlapped in these clones was part of the helical segment 1B domain. (B) A schematic of SPEGβ isoform

illustrates the location of three types of domains (Ig-like, protein kinase and fibronectin type III domains) above the map of fragments used for deletion mapping of the

region responsible for interactions with desmin. Deletion analysis of SPEG showed that the Ig-like-9 and fibronectin III-2 domains together are necessary to mediate the

interaction with desmin. (C) SPEG and desmin co-immunoprecipitated from C2C12 myotube lysates with the use of rabbit anti-SPEG generated against a FLAG-tagged

APEG-1 fusion protein (34) and anti-desmin antibodies.

Figure 2. Effect of SPEG depletion on desmin expression and localization. (A) The protein expression level of desmin was not significantly changed in Speg-KO muscles

compared with littermate controls. (B) Desmin aggregates in Speg-KO muscle biopsies. Arrows indicate the desmin aggregates. Scale bar, 20 μm. (C) Effect of SPEG

deficiency on desmin expression and solubility (∗∗P < 0.01, n = 3).

SPEG deficiency leads to abnormal triad and defective
calcium handling in skeletal muscles (33). Here, we further
assessed the expression levels and distribution of multiple
triadic proteins that are involved in these processes. We
found that the protein expression levels of RyR1 and triadin
were significantly reduced in Speg-KO muscles, whereas

expression of DHPRα1, SERCA1 and junctophilin 1 (JP1) remained
unchanged (Fig. 4A). We observed an abnormal accumula-
tion of DHPRα1, SERCA1 and triadin in discrete areas of
Speg-KO myofibers (Fig. 4B and Supplementary Material, Fig.
S2), indicating disorganized T-tubules and triads after SPEG
depletion.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa276#supplementary-data
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Figure 3. SPEG colocalizes with DHPRα1, RyR1 and triadin in WT skeletal muscles. Longitudinal sections from frozen WT mouse TA muscles were co-immunostained

with mouse anti-DHPRα1, mouse anti-RyR1, mouse anti-triadin and rabbit anti-SPEG, respectively. As seen in merged images, SPEG staining colocalizes with DHPRα1,

RyR1 and triadin. Scale bar, 20 μm.

Figure 4. Effect of SPEG deficiency on the expression and localization of triadic proteins. (A) The protein expression levels of RyR1 and triadin were markedly reduced in

the Speg-KO muscles compared to littermate controls (∗P < 0.05, n ≥ 3), whereas levels of DHPRα1, SERCA1 and JP1 were unchanged. (B) Transverse TA muscle sections

stained for DHPRα1, RyR1, SERCA1, triadin and JP1. Abnormally accumulated DHPRα1 (denoted by arrowheads), SERCA1 (denoted by arrows) and triadin (denoted by

asterisks) were observed in discrete areas of Speg-KO myofibers. Scale bar, 20 μm.
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Figure 5. Abnormal localization of focal adhesion complex proteins associated with SPEG deficiency. (A) Transverse (upper panel) and longitudinal (lower panel) WT

and Speg-KO TA muscles stained for the laminin, vinculin and β1 integrin. Arrowheads indicate internalized vinculin and arrows indicate internalized β1 integrin,

respectively. Scale bar, 20 μm. (B) Transverse (upper panel) and longitudinal (lower panel) TA muscle sections stained for β1 integrin (red) and EEA1 (green). Asterisks

indicate the colocalization between internalized β1 integrin and EEA1. Scale bar, 20 μm.

Defective focal adhesion proteins in Speg-KO skeletal
muscles

In skeletal muscles, desmin IFs are linked to Z-discs and
costameres, respectively, coupling sarcomeres with the muscle
fiber plasma membrane. To determine the effects of SPEG
deficiency on the organization of costameres, we evaluated the
localization of several proteins forming the focal adhesion com-
plex. We stained both transverse and longitudinal TA sections
from wild-type (WT) and Speg-KO mice with antibodies against
β1 integrin and vinculin. In WT muscles, vinculin and integrins
localize at the sarcolemma, specifically at the costamere.
Speg-KO muscles, however, exhibited internalized vinculin and
β1 integrin (Fig. 5A and Supplementary Material, Fig. S3). The
protein level of β1 integrin was slightly increased in Speg-KO
mice compared to WT (Supplementary Material, Fig. S4), while
the levels of vinculin were comparable in between them (Fig. 4).

To investigate in which intracellular compartment β1
integrin accumulates, we labeled endosomes on muscle
sections against early endosomal antigen 1 (EEA1), a marker of
early endosomes, and found it to colocalize with β1 integrin
(Fig. 5B and Supplementary Material, Fig. S3). EEA1-positive
endosomes also aggregated in Speg-KO myofibers compared
with WT (Fig. 5B). Overall, these results highlight that β1
integrin abnormally accumulates at early endosomes in Speg-KO
muscles, indicating a defect in β1 integrin turnover.

We also examined the localization of dystrophin–glycoprotein
complex proteins, including dystrophin and α-sarcoglycan
(Supplementary Material, Fig. S5), and did not find any sig-
nificant accumulations of such proteins in Speg-KO mus-
cles. Further staining of α-actinin 2, a Z-line marker, and
vimentin, one of the IF proteins that interacts with desmin
and localizes at Z-line (38,39), revealed that the localization
of these proteins appeared unaltered in the Speg-KO muscles

(Supplementary Material, Fig. S6), suggesting an overall intact
intracellular organization of myofibers.

Discussion
The physiological role of SPEG in skeletal muscle is yet to be
deciphered. We have previously identified that SPEG is critical
to maintaining triad structure and function, including calcium
signaling, and that it interacts with MTM1, a phosphatase defi-
cient in X-linked myotubular myopathy (XLMTM) (32,33). To
further understand its relationship with other muscle proteins,
we performed Y2H assay using SPEG fragment (aa 2200–3267)
as a bait and identified desmin as its binding protein, which
was further confirmed by co-IP. Molecular dissection of the
interaction identified the Ig-like and fibronectin III domains of
SPEG to interact with the rod domain of desmin. The desmin
rod domain is essential for its assembly and binding with its
molecular partners, such as IF and IF-associated proteins, and
sarcomeric proteins (39).

SPEG-deficient skeletal muscles exhibited desmin aggre-
gates, a major morphological hallmark of myofibrillar
myopathies (MFMs) caused by mutations in genes encoding
the myofibrillar proteins (myotilin, filamin C, Bcl-2-associated
athanogene-3) or extramyofibrillar proteins (desmin, αB-
crystallin, plectin) (40). The insights into the pathogenic mecha-
nisms of MFMs indicate that the complex pathology is not solely
due to direct effects of the altered protein but also secondary to
interference in the interaction with binding partners, which
influence the structural and functional organization of the
extrasarcomeric cytoskeleton as well as intracellular signaling
cascades (40). Interestingly, desmin IF aggregates have also been
reported in another type of CNM, the myotubular myopathy
(31). Prior studies have shown that MTM1 is bound to the 2B
rod domain of desmin by its Rac1-induced recruitment domain
and that MTM1 directly regulates desmin IF assembly in vitro

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa276#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa276#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa276#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa276#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa276#supplementary-data
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(31). Furthermore, MTM1-deficient cells and skeletal muscles
exhibited both increased desmin expression and its cytoplasmic
aggregates (31). In this study, we identified that Ig-like-9 and
fibronectin III-2 domains of SPEG bind with the rod domain
of desmin, region of SPEG also found to interact with MTM1
(32). The importance of these domains in SPEG function is
yet to be deciphered. SPEG-deficient skeletal muscles exhibit
a significantly increased level of desmin aggregates, indicating
that SPEG is critical for the maintenance of desmin IF network
through its interaction with desmin and/or MTM1. Further
studies are needed to decipher the specific role of SPEG in this
process and to delineate their inter-relationship.

In addition to desmin IF disequilibrium, defects in focal
adhesion have also been indicated as an important component
of the pathological mechanisms in MTM1-related myopathy
(15,41). In Drosophila, depletion of myotubularin (mtm) leads to
increased integrin turnover at the sarcolemma and an accumu-
lation of integrin with PI(3)P on endosomal-related membrane
inclusions (15), indicating a role for mtm phosphatase activity in
endocytic trafficking. Importantly, similar integrin localization
defects were also found in human XLMTM myofibers (15) and
Mtm1-KO muscles (41), which could be potentially explained
by the fact that MTM1 phosphoinositide phosphatase activity
is involved in the conversion of early to late or recycling
endosomes (42). Additionally, accumulating data indicated that
DNM2 may play a central role in focal adhesion disassembly
(43), although whether DNM2 mutations related to CNMs cause
focal adhesion defects is unknown. We show here that Speg-
KO muscles exhibit internalized vinculin and β1 integrin and
that β1 integrin abnormally accumulates at early endosomes.
These results suggest that defective integrin trafficking and focal
adhesion may account for one of the underlying mechanisms
related to SPEG deficiency.

We have previously demonstrated that SPEG deficiency is
associated with an abnormal triad structure, defective E–C
coupling and calcium mishandling (33), features that are also
revealed in mouse models of human diseases caused by MTM1,
DNM2 and BIN1 mutations (18,19,27). In this study, we observed
aberrant localization of triadic proteins, including DHPRα1,
SERCA1 and triadin, from immunofluorescence analyses of
Speg-KO muscles, similar to what has been seen in other CNM-
related diseases (44). Remarkably, we found significantly reduced
levels of RyR1 and triadin in SPEG-deficient skeletal muscles
as compared to controls. Recessive mutations in RYR1 are a
common cause of congenital myopathies with central nuclei
(4), which are associated with hypomorphic expression of RyR1
and other triadic proteins including triadin (45–47,48). Reduction
of RyR1 protein has been reported in the absence of calpain-3
(49,50). Calpain-3 is the muscle-specific member of a family
of proteolytic enzymes that bind to triad components, such as
RyR1, thereby play a stabilizing role for RyR1 at the triad (49).
Reduction in RyR1 has also been seen in MTM1 deficiency (27),
and the postulated underlying mechanisms include epigenetic
changes, such as altered levels of muscle-specific microRNAs
and upregulation of histone deacetylase-4 (51). Recent studies
in cardiac muscles have identified that SPEG interacts with
and phosphorylates RyR2, a cardiac isoform of ryanodine
receptor, at the dyads, thereby reducing RyR2-mediated SR Ca2+
release (52,53). While we suspect that SPEG interacts with and
stabilizes RyR1 at the triad, the mechanisms of RyR1 reduction
associated with SEPG deficiency in our study are yet to be
deciphered.

In summary, we have shown that SPEG interacts with desmin
and that its deficiency leads to similar pathological changes

to those found in XLMTM, including triadic protein abnormal-
ities, desmin aggregates, focal adhesion defects and reduced
RyR1 level (Table 1). These findings suggest that mechanistic
pathway(s), including endosome trafficking and triad mainte-
nance, may underlie the pathogenesis of SPEG deficiency and
MTM1-related myopathies, and therefore, similar therapeutic
approaches may be applied to both disorders.

Materials and Methods
Yeast two-hybrid

Y2H screening was performed by Hybrigenics, S.A. (Paris, France)
(http://www.hybrigenics-services.com) as previously described
(32). The coding sequence for aa 2200–3267 of human SPEG
(NM_005876.4) was PCR-amplified and cloned into pB66 as a C-
terminal fusion to the Gal4 DNA-binding domain (Gal4-SPEG).
The construct was checked by sequencing and used as a bait
to screen a random-primed Human Adult/Fetal Skeletal Muscle
cDNA library constructed into pP6. Fifty million clones (5-fold
the complexity of the library) were screened using a mating
approach with YHGX13 (Y187 ade2-101::loxP-kanMX-loxP, matα)
and CG1945 (mata) yeast strains as previously described (54). 324
His+ colonies were selected on a medium lacking tryptophan,
leucine and histidine. The prey fragments of the positive clones
were amplified by PCR and sequenced at their 5′ and 3′ junctions.
The resulting sequences were used to identify the corresponding
interacting proteins in the GenBank database (NCBI) using a fully
automated procedure. A confidence score (PBS, for Predicted
Biological Score) was attributed to each interaction as previously
described (55). Three clones encoding the Human class III IF
desmin were identified in the initial screen.

Direct 1-by-1 interaction assay

To identify the SPEG domains that interact with desmin, the
coding sequence of the human SPEG fragments (aa 2200–2960, aa
2770–3267, aa 2583–2677 and aa 2665–2775) was PCR-amplified
and cloned into pB66 as a C-terminal fusion to the Gal4 DNA-
binding domain (Gal4-SPEG). The fragment corresponding to the
protein desmin (aa 168–402, NM_005876.4) was extracted from
the ULTImate Y2H™ screening of SPEG (aa 2200–3267) with the
human Adult/Fetal Skeletal Muscle library. The prey fragment
is cloned in frame with the Gal4 activation domain into plas-
mid pP6. All constructs were checked by sequencing. Bait and
prey constructs were transformed in the yeast haploid cells
CG1945 (mata) and YHGX13 (Y187 ade2-101::loxP-kanMX-loxP,
matα), respectively. The diploid yeast cells were obtained using
a mating protocol with both yeast strains (54), based on the
HIS3 reporter gene (growth assay without histidine). As negative
controls, the bait plasmid was tested in the presence of empty
prey vector (pP7) and all prey plasmids were tested with the
empty bait vector (pB66). The interaction between SMAD and
SMURF is used as positive control (56).

Co-immunoprecipitation

Whole-cell extracts from C2C12 myotubes were obtained by
homogenization in Co-IP buffer (10% NP-40, 20% 20 mm NaF, 1%
Triton X-100) supplemented with complete protease inhibitor
tablet (Roche Applied Science, Indianapolis, IN) and 1 mm leu-
peptin and 1 mm pepstatin A (Sigma-Aldrich, St. Louis, MO).
Cells were collected and lysed at 4◦C for 30 min with rock. After
centrifugation (16 000×g, 20 min), the soluble fractions were
collected and concentration measured using a colorimetric BCA

http://www.hybrigenics-services.com
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Table 1. Histopathological and molecular findings in Speg- and Mtm1-mutant mouse models

Findings Speg-KO (Spegfl/fl: MCK-cre+) Mtm1-KO (Mtm1−/y)

Triad structure and function Poor integrity, low number of triads and
calcium mishandling (33)

Fewer triads and abnormal longitudinally
oriented T-tubules, impaired SR calcium
release (27)

Triadic protein abnormalities Reduced RyR1 and triadin protein,
mislocalization of DHPRα1, SERCA1 and
triadin (this study)

A 3-fold reduction of RyR1 protein, ∼30%
decrease of DHPRα1 and 6-fold increase of
DHPRβ1 in microsomal preparations (27);
disorganization of DHPR and RyR1 labeling
(44)

Desmin aggregation Cytoplasmic desmin aggregates and increased
insolubility (this study)

Increased protein level and insolubility of
desmin, desmin aggregation (31)

Focal adhesion defects Cytoplasmic accumulation of vinculin and β1
integrin, accumulation of β1 integrin at early
endosomes (this study)

Increased protein levels of laminin, vinculin
and β1 integrin; internalized vinculin and β1
integrin; and accumulation of β1 integrin at
early endosomes (41)

Others Fewer satellite cells and delayed muscle
regeneration in response to injury (58)

Abnormalities in the number and behavior of
myogenic cells with decreased proliferation
and increased apoptosis (30)

assay (23 225; ThermoFisher Scientific, Waltham, MA). Soluble
homogenates were pre-cleared with Dynabead Protein G beads
(ThermoFisher Scientific) for 1 h and supernatants were incu-
bated with the specific antibodies directed against the protein
of interest at 4◦C for 12–24 h. Dynabead Protein G beads were
then added for 2 h to capture the immune complex. Beads were
washed three times with Co-IP buffer supplemented with 0.1%
CHAPS. For all experiments, two negative controls consisted of
a sample lacking the primary antibody and a sample incubated
with another primary antibody from the same serotype as the
antibody of interest. Resulting beads were eluted with Laemmli
buffer and submitted to SDS-PAGE followed by western blot.

Animals

All studies were approved by the Institutional Animal Care and
Use Committee at Children’s Hospital Boston (Boston, MA). Speg-
KO mice have been generated as previously described (33). In
brief, the homozygous Speg-conditional KO mice (Spegfl/fl) were
bred with male transgenic mice (MCK-Cre+) who have the Cre
recombinase driven by muscle creatine kinase promoter, with
Cre activity observed in skeletal and cardiac muscles. Spegfl/fl:
MCK-cre+ mice were the Speg-KO mice that were utilized for fur-
ther experiments. Littermates with Spegfl/fl: MCK-cre−, Spegfl/wt:
MCK-cre+ and Spegfl/wt: MCK-cre− genotypes were used as WT
controls.

Immunoblot analysis

Skeletal muscles from Speg-KO and WT littermate mice were
dissected, snap frozen in isopentane and stored at −80◦C
until analysis. Protein isolation and western blot procedures
were performed as described previously (57). Proteins were
probed with antibody against rabbit anti-SPEG (1:500 dilution,
from Dr Mark Perrella, USA) (32), rabbit anti-desmin (Ab8592,
1:1000 dilution, Abcam, Cambridge, MA), rabbit anti-RyR1 (1:500
dilution, from Dr Isabelle Marty, France), rabbit anti-triadin (1:500
dilution, from Dr Isabelle Marty), rabbit anti-DHPRα1 (1:500
dilution, from Dr Isabelle Marty), mouse anti-SERCA1 (Ab2819,
1:1000 dilution, Abcam), rabbit anti-junctophilin-1 (JP1, 40-5100,
1:500 dilution, ThermoFisher Scientific), rat anti-integrin β1
(MAB1997, 1:1000 dilution, Sigma-Aldrich), rabbit anti-laminin

(L9393, 1:100 dilution, Sigma-Aldrich), mouse anti-vinculin
(66305-1-IG, 1:1000 dilution, Proteintech, Chicago, IL) and mouse
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH; MA5-
15738, 1:1000 dilution, ThermoFisher Scientific). Secondary
horseradish peroxidase-conjugated antibodies against mouse
(7076S, 1:2000 dilution, Cell Signaling Technology, Danvers, MA,
USA) and against rabbit (7074S, 1:2000 dilution, Cell Signaling
Technology) were detected using enhanced chemiluminescence.
Quantification of protein levels normalized to GAPDH/vinculin
was performed using the program Quantity One, version 4.2.1
(Bio-Rad Laboratories, Inc., Hercules, CA) on an Image Station
440 (Kodak DS; Eastman Kodak Co., Rochester, NY).

Immunofluorescence

Transversal and longitudinal sections (8-μm thick) of isopentane-
frozen TA muscle were used for Immunofluorescence. M.O.M.
(Mouse on Mouse) Blocking Reagent (MKB-2213-1, Vector
Laboratories, Burlingame, CA) was used to block the endogenous
mouse Ig staining. Immunofluorescence was performed by
standard protocol using mouse anti-desmin (MA5-13259, 1:50
dilution, ThermoFisher Scientific), mouse anti-DHPRα1 antibody
(CACNA1S, Ab2862, 1:50 dilution, Abcam), mouse anti-RyR1
(R129, 1:500 dilution, Sigma-Aldrich), rabbit anti-RyR1 (1:100
dilution, from Dr Isabelle Marty), mouse anti-SERCA1 (Ab2819,
1:500 dilution, Abcam), mouse anti-triadin (IIG12, 1:50 dilution,
Developmental Studies Hybridoma Bank, Iowa City, IA), rabbit
anti-junctophilin-1 (JP1, 40-5100, 1:50 dilution, ThermoFisher
Scientific), rabbit anti-laminin (L9393, 1:30 dilution, Sigma-
Aldrich), mouse anti-vinculin (66305-1-IG, 1:100 dilution, Pro-
teintech), rat anti-integrin β1 (MAB1997, 1:100 dilution, Sigma-
Aldrich), mouse anti-EEA1 (sc-137 130, 1:100 dilution, Santa Cruz
Biotechnology, Dallas, TX), rabbit anti-vimentin (5741S, 1:100
dilution, Cell Signaling Technology), rabbit anti-α-actinin-2 (4B3,
1:100 dilution, from Dr Alan Beggs, USA), mouse anti-dystrophin
(NCL-DYS2, 1:20 dilution, Leica Biosystems, Buffalo Grove, IL),
mouse anti-α-sarcoglycan (NCL-L-a-SARC, 1:100 dilution, Leica
Biosystems) and rabbit anti-SPEG (12472-T16, 1:100 dilution,
SinoBiological, Beijing, China) for primary antibodies. Goat
anti-mouse IgG (H + L) secondary antibody-Alexa Fluor 594
(A-11005, 1:1000 dilution, ThermoFisher Scientific), goat anti-
rabbit IgG (H + L) secondary antibody-Alexa Fluor 488 (A-11008,
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1:1000 dilution, ThermoFisher Scientific), goat anti-mouse IgG
(H + L) secondary antibody-Alexa Fluor 488 (A-11017, 1:1000
dilution, ThermoFisher Scientific) and goat anti-rat IgG (H + L)
secondary antibody-Alexa Fluor 594 (A-11007, 1:1000 dilution,
ThermoFisher Scientific) were used for secondary antibodies.
Slides were coverslipped using Vectashield Mounting Medium
with DAPI (H-1200, Vector Laboratories). Images were captured
using a Nikon Eclipse 90i microscope in conjunction with
NIS-Elements AR software (Nikon Instruments Inc., NY).

Desmin solubility assay

Equal weight of triceps muscles was homogenized with a Bullet
blender at full speed for 5 min in ice-cold T-PER Tissue Pro-
tein Extraction Reagent (ThermoFisher Scientific) supplemented
with Halt Protease Inhibitor Cocktail (ThermoFisher Scientific).
Muscle extracts were incubated on ice for 30 min and centrifuged
for 20 min at 16 000×g at 4◦C. Pellets were collected as the
insoluble material and solubilized in extraction buffer (50 mm
Tris-Cl pH 7.5, 50 mm NaCl, 5 mm EDTA, 5 mm EGTA, 1 mm DTT,
0.5% Triton X-100) supplemented with 8 M urea and protease
inhibitor.

Data analysis and statistics

Results were analyzed with GraphPad Prism (v.8.0; GraphPad
Software, San Diego, CA) and expressed as mean ± standard
deviation. Student’s t-test was used to determine statistically
significant differences between WT and Speg-KO groups.
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