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Abstract

Duchenne muscular dystrophy (DMD) is caused by mutations in the dystrophin gene that result in loss of the dystrophin-
glycoprotein complex, a laminin receptor that connects the myofiber to its surrounding extracellular matrix. Utrophin, a
dystrophin ortholog that is normally localized to the neuromuscular junction, is naturally upregulated in DMD muscle, which
partially compensates for the loss of dystrophin. Transgenic overexpression of utrophin causes broad sarcolemma localization
of utrophin, restoration of laminin binding and amelioration of disease in the mdx mouse model of DMD. We previously
demonstrated that overexpression of sarcospan, a dystrophin- and utrophin-binding protein, ameliorates mdx muscular
dystrophy. Sarcospan boosts levels of utrophin to therapeutic levels at the sarcolemma, where attachment to laminin is
restored. However, understanding the compensatory mechanism is complicated by concomitant upregulation of «7p1 integrin,
which also binds laminin. Similar to the effects of utrophin, transgenic overexpression of o7 integrin prevents DMD disease
in mice and is accompanied by increased abundance of utrophin around the extra-synaptic sarcolemma. In order to
investigate the mechanisms underlying sarcospan ‘rescue’ of muscular dystrophy, we created double-knockout mice to test the
contributions of utrophin or o7 integrin. We show that sarcospan-mediated amelioration of muscular dystrophy in DMD mice is
dependent on the presence of both utrophin and o781 integrin, even when they are individually expressed at therapeutic levels.
Furthermore, we found that association of sarcospan into laminin-binding complexes is dependent on utrophin and a7p1
integrin.

Introduction

Loss of appropriate connections between the muscle cell mem-
brane and laminin in the extracellular matrix (ECM) has emerged
as a critical initiating event in many forms of muscular dystrophy
and muscle-wasting disorders. ECM attachment to the membrane

provides mechanical stability to the sarcolemma during muscle
contraction (1) and may also contribute to lateral forces generated
by muscle (2). Identification of mechanisms that restore cell sur-
face-ECM connection and promote muscle growth has the poten-
tial to address a broad range of muscle-wasting disorders by
preventing muscle degeneration and improving regeneration.
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There are three major laminin-binding adhesion complexes in
skeletal muscle, which include the dystrophin-glycoprotein com-
plex (DGC), the utrophin-glycoprotein complex (UGC) and a781D
integrin. Genetic mutations that affect either the expression or
ECM-binding function of these complexes cause many forms of
muscular dystrophy (3).

The DGC is comprised of several integral and peripheral
membrane protein subcomplexes: the dystroglycans, sarcogly-
cans and sarcospan (SSPN). The dystroglycans (a- and p-DG) are
formed from post-translational processing of a single polypep-
tide to produce o- and B-subunits (4,5). a-DG is an extensively
glycosylated, peripheral membrane proteoglycan that binds dir-
ectly to ligands in the ECM and is anchored to the cell surface
by interaction with its integral membrane partner, p-DG (5-12).
The sarcoglycans (o-, B-, y- and 8-SGs) are transmembrane glyco-
proteins that bind SSPN to form the SG-SSPN subcomplex, which
further contributes to the stable attachment of a-DG to the sur-
face membrane (13-15). Dystrophin is a large, 427-kDa protein
that is localized to the intracellular face of the sarcolemma
through interaction with f-DG and cytoplasmic F-actin (16-18).
Duchenne muscular dystrophy (DMD) is caused by mutations
in the dystrophin gene that result in loss of dystrophin protein
and, consequently, the entire DGC from the sarcolemma
(19-21). Laminin binding to the sarcolemma is severely reduced
in the absence of the DGC, rendering the membrane susceptible
to contraction-induced injury (1,10,22,23). It is well established
from null and transgenic mouse models that the expression of
the three laminin-binding complexes is coordinated in skeletal
muscle, although the mechanisms that regulate this interplay are
unknown and complicated by their concomitant regulation (24).

Although DMD patients and the mdx mouse model for this
disease both have mutations in the dystrophin gene, pathological
symptoms in dystrophic mice are attenuated by enhanced
expression of utrophin (25) and o7f1D integrin (26,27). The UGC
and a7p1D integrin are concentrated at neuromuscular and myo-
tendenous junctions (NMJs and MT]Js) in normal skeletal muscle,
but their abundance at the extra-synaptic sarcolemma is slightly
increased in mdx mice in response to dystrophin deficiency
(28,29). Utrophin is structurally homologous to dystrophin and
forms the UGC by interacting with the DGs and the SG-SSPN sub-
complex (30-32). Dystrophin and utrophin bind to F-actin with
similar affinities in a non-competitive manner (33). Mice lacking
both dystrophin and utrophin develop severe, progressive
muscular dystrophy similar to patients with DMD and die prema-
turely by 20 weeks of age whereas mdx mice have a near-normal
lifespan (34,35). Forced overexpression of utrophin in mdx or mdx:
utrophin-null mice ameliorates muscular dystrophy, revealing
the important role of the UGC in restoring laminin binding and
membrane stability during dystrophin deficiency (25,36-40).

a7plintegrin, predominantly expressed in striated muscles, is
a heterodimeric laminin receptor composed of a- and B-subunits
that connects to the intracellular actin cytoskeleton via integrin-
associated proteins (41-44). Mutations in human ITGA7 have
been found in a rare form of congenital muscular dystrophy
(45). o7 integrin-deficient mice exhibit mild myopathy, reduced
force transmission and viscoelasticity in diaphragm muscle
as well as developmental abnormalities of NMJ and MTJ struc-
tures (46-52). Forced overexpression of a7 integrin in utrophin-
deficient mdx mice alleviates cardiac muscle degeneration and
extends lifespan in double-null animals (27,53), and AAV-
mediated expression of p1D integrin in mdx muscle ameliorates
dystrophic pathology and increased utrophin at the sarcolemma
(26). Genetic ablation of o7 integrin in mdx mice leads to an earlier
onset of pathology, severely decreased lifespan (4 weeks) and

increased severity of muscular dystrophy that is similar to
patients with DMD (54,55).

SSPN overexpression in skeletal muscle of dystrophic mdx
mice increases the levels of both utrophin and «7p1 integrin
around the extra-synaptic sarcolemma (31,56). SSPN transgenes
ameliorate mdx disease and restore laminin binding along
with sarcolemma integrity, but the mechanism of SSPN-
mediated ‘rescue’ remains unclear. We have established that
SSPNis a core component of the utrophin- and dystrophin-glyco-
protein complexes (14,31,57) and that SSPN-null muscle displays
reduction in both of these complexes (52). Interestingly, we ob-
served that a7p1 integrin levels increased in SSPN-null muscle
in a compensatory manner (52). The structural similarity of
SSPN with the tetraspanin superfamily of proteins led us to hy-
pothesize that SSPN may associate with o7p1 integrin (52). We
previously generated o7 integrin and SSPN double-knockout
(DKO) mice and determined that DKO mice exhibited exacerbated
myopathy, decreased protein levels of the DGC and UGC, aberrant
Akt signaling and contraction-induced sarcolemmal damage in
the diaphragm muscle (52). While single knockouts displayed
reduced specific force activity relative to wild-type controls, the
specific force of the DKO diaphragm muscle was further reduced
in an additive manner (52). These findings demonstrate that o7
integrin and SSPN function cooperatively to stabilize the levels
of the DGC and UGC at the sarcolemma. Coordinated expression
of laminin-binding complexes in skeletal muscle is further evi-
denced by elevated levels of: (1) utrophin in response to o7 integ-
rin deficiency (52), (2) a7 integrin in response to dystrophin
deficiency (28), (3) a7 integrin in response to combined loss of
utrophin and dystrophin (56) and (4) dystrophin in response to
combined loss of utrophin and o7 integrin (58). While these mo-
lecular events are well documented, the ability of either utrophin
or a7 integrin alone to ‘rescue’ muscular dystrophy is compli-
cated by the findings that overexpression of one compensatory
gene causes a concomitant increase in the other. In the current
study, we demonstrate that expression of both o7 integrin and
utrophin are required to compensate for the loss of dystrophin
function and to prevention of muscular dystrophy in mice.

Results

While it is well documented that a781 integrin and utrophin
are slightly elevated in DMD and mdx muscle and that further
boosting their expression at the sarcolemma can fully compen-
sate for loss of dystrophin, it is unclear whether 071 integrin
and utrophin are both required for SSPN-induced amelioration
of muscular dystrophy (24,28,29,34,35,52,54-56,58). Analysis of
several lines of SSPN transgenic mdx mice revealed that overex-
pression of SSPN alone is sufficient to increase abundance of
a7B1 integrin and utrophin in a manner that is dependent on
the level of SSPN (31,52,56,59). As part of our long-term goal to de-
velop SSPN-based therapies, we sought to investigate the individ-
ual contributions of a7p1 integrin and utrophin, induced by SSPN
overexpression, to muscle development and disease.

Amelioration of DMD muscular dystrophy requires a7
integrin

To determine whether SSPN ‘rescue’ of muscular dystrophy in
mdx mice is dependent on «7 integrin, we introduced the SSPN
transgene, under the control of the human skeletal actin pro-
moter, into mdx mice lacking the a7 integrin gene (mdx: o7/~ T6).
A final cross between mdx: a7+~ ¢ and mdx: a7+~ mice was per-
formed to produce mice possessing the SSPN transgene in the



absence of dystrophin and «7 integrin. Because mdx:o7 '~ mice

die prematurely at 4 weeks of age (54,55), our analysis was con-
ducted at 3 weeks of age. We found that 3-fold levels of SSPN
overexpression, which has been shown to ameliorate mdx dys-
trophy (31,56), did not improve the viability, overall body size or
kyphosis of 3-week-old mdx:oa7~/~ mice relative to mdx:oa7~~ con-
trols (Fig. 1A and B). In fact, mdx:a7 "~ " mice did not survive past
4 weeks of age, as observed in Kaplan-Meier survival curves
(Fig. 1B).

Transgenic and control muscles were evaluated for overall de-
generation/regeneration (central nucleation of myofibers), active
regeneration of myofibers (marked by expression of embryonic
myosin heavy chain or eMHC) and sarcolemma damage (using
an Evan’s blue dye in vivo tracer assay). Each of these biological
parameters was performed and quantitated on transverse
quadriceps sections (Fig. 1C-F; Fig. 2A and B). At 3 weeks of age,
mdx and SSPN transgenic mdx (mdx"©) myofibers display very
few myofibers (<1%) with central nucleation or marked with
eMHC and EBD (Fig. 1C-F; Fig. 2A). mdx mice are at a very early,
prenecrotic stage of disease and do not yet exhibit characteristic
symptoms of muscular dystrophy. As previously documented,
genetic removal of o7 integrin in mdx muscle exacerbates all mea-
sures of dystrophic pathology relative to mdx controls so that dis-
ease symptoms are prevalent even at 3 weeks (Fig. 1C-F) (55).
Overexpression of SSPN in mdx:a7~'~ mice does not alter the
levels of active regeneration or degeneration (Fig. 1C-F). Interest-
ingly, SSPN transgenic mdx:o7~~ mice exhibit increased overall
central nucleation compared with mdx:a7~/~ controls, whereas
the levels of newly regenerating fibers remain unchanged be-
tween the two genotypes (Fig. 2B). During muscle regeneration,
the nucleus is localized to the center of the myofiber between
30 and 130 days and then migrates to the muscle cell periphery
(60,61). We speculate that the elevation of central nucleation in
the SSPN transgenic mdx:o7~~ mice may indicate an earlier
onset in pathology leading to greater numbers of overall central
nucleation at 3 weeks of age relative to mdx:a7~/~ controls. Alter-
natively, SSPN may cause increased spontaneous regeneration in
the context of dystrophin and «7 integrin deficiency. The latter
possibility is further supported by whole quadriceps staining of
mdx:a7 '~ double knockouts revealing widespread eMHC-positive
fibers that are not localized to the areas of focal damage (compare
with mdx:SSPN~~ in Fig. 2A and B). Our data demonstrate that
SSPN-mediated amelioration of mdx dystrophic pathology
requires a7 integrin.

Amelioration of DMD muscular dystrophy requires
utrophin

To determine whether expression of utrophin is required for
SSPN amelioration of mdx dystrophic pathology, SSPN transgenic
mice were crossed with mdx mice lacking the utrophin gene (mdx:
utr~") to produce mice overexpressing 3-fold levels of exogenous
SSPN in dystrophin- and utrophin-deficient mice (mdx:utr~~ ),
Mice were analyzed at 6-weeks of age because this was the age
that SSPN overexpression in mdx muscle was shown to amelior-
ate disease. Similar to mdx:a7~/~ T, SSPN overexpression did not
improve the viability, overall body size or kyphosis of 6-week-old
mdx:utr”~ mice (Fig. 3A and B). In fact, mdx:utr /= T¢ mice did not
survive past 20.5 weeks of age, resulting in Kaplan-Meier survival
curves that were similar to mdx:utr”~ controls (Fig. 3B). Further-
more, quantification of biochemical markers of dystrophic path-
ology (central nucleation, embryonic MHC and Evans blue dye
update) was similar between mdx:utr”~ ¢ and mdx:utr”~ quadri-
ceps muscles at 6 weeks (Fig. 2C and 3C-F). At this age, muscles
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from mdx:utr”~ and mdx:utr quadriceps display statistically
significant more total and actively regenerating myofibers com-
pared with mdx controls (Fig. 3C-E).

Stable integration of sarcospan into an adhesion complex
is dependent on both utrophin and a7 integrin

We used agarose-bound succinylated wheat germ agglutinin
(sSWGA) lectin chromatography to purify the adhesion complexes
from digitonin-solubilized muscle (Fig. 4A). Protein components
of the DGC were initially identified and characterized by their
co-purification with dystrophin from digitonin-solubilized skel-
etal muscle lysates using sSWGA lectin affinity chromatography
(6). To identify the glycoprotein(s) that directly binds sWGA lec-
tin, we prepared protein lysates from wild-type and mdx muscle
under solubilization conditions (RIPA buffer) that are known to
eliminate protein-protein interactions within the DGC (Supple-
mentary Material, Fig. S1A). We found that dystrophin, utrophin,
the SGs and integrins were present in the sSWGA void fraction and
a- and B-DG were present in the eluate, demonstrating that they
bind directly to sSWGA lectin (Supplementary Material, Fig. S1A).
Based on these results, we utilized the SWGA lectin assay per-
formed under mild, near native conditions that preserve protein
interactions as a method to investigate protein interactions with
DG (in other words, retention on sWGA lectin serves as a DG bind-
ing assay).

To investigate the mechanisms underlying the persistent
muscular dystrophy in SSPN transgenic mdx mice lacking o7
integrin, muscles from mdx: a7~/~T¢ were analyzed using the
sWGA lectin assay under gentle solubilization conditions. While
SSPN increased the overall abundance of the UGC in mdx:a7~/~T¢
muscle (Supplementary Material, Fig. S1B), SSPN was unable to af-
fect the detachment of the SG-SSPN subcomplex from DG subcom-
plex that is characteristic of mdx samples (Fig. 4B). In fact, only a
small fraction of SSPN-SG subcomplex is associated with the
DGs and the amount of DG bound to the sWGA lectin is decreased
in mdx:07~/~T¢ samples (Fig. 4B). In the absence of both dystrophin
and o7 integrin, SG-SSPN subcomplex is unable to associate in a
complex with utrophin and DG.

To investigate the mechanisms underlying the persistent
muscular dystrophy in SSPN transgenic mdx mice lacking utro-
phin, total protein lysates from mdx:utrophin-null™ skeletal
muscle (6 weeks of age) were analyzed by immunoblotting. Con-
sistent with our previous findings (56), loss of utrophin in mdx
muscle results in a compensatory increase in the overall levels
of a7p1 integrin and near-complete ablation of the UGC (except
a-SG; Supplementary Material, Fig. S1C). Overexpression of
SSPN increased DG abundance, along with p1D integrin levels
(Fig. 4C). Neither ablation nor overexpression of SSPN affected
utrophin mRNA levels (Supplementary Material, Fig. S1D). We
next analyzed mdx:utrophin-null™ muscle by purification on
sWGA lectin chromatography under gentle, digitonin conditions.
The molecular stoichiometry of a7p1 integrin binding to DG was
increased in response to the absence of utrophin, as revealed by
sWGA lectin assays (Fig. 4C). Although SSPN increases SG sub-
complex attachment to DG in double-null samples, SSPN itself
does not stably associate with this complex in the absence of
utrophin (Fig. 4C). Although levels of 071 integrin are further in-
creased and laminin binding is restored to therapeutic levels in
mdx:utrophin-null™, dystrophic symptoms persist, revealing
that utrophin is required to ameliorate disease and is necessary
for the compensatory function of SSPN (Fig. 4C).

Collectively, these results reveal that the expression of
both utrophin and o7 integrin are necessary for SSPN-based
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Figure 1. SSPN amelioration of mdx pathology is dependent on «7 integrin. (A) Photographs of EBD-injected mdx:a7 integrin-null (mdx:a7~'~) and SSPN transgenic mdx:a7
integrin-null (mdx:a7~~ T mice at 3 weeks of age. No improvement in the severe kyphosis and muscle wasting is observed with the overexpression of SSPN. (B) The
viability of indicated genotypes is shown in the Kaplan-Meier survival curve. All mdx:a7-integrin-null and SSPN transgenic mdx:a7 integrin-null mice die by 28 days.
Analysis included 20 animals per genotype. (C) Transverse quadriceps sections from 3-week-old indicated mice were stained for H&E to visualize histopathology (left).
Middle panels display sections that were co-stained with laminin (red) and eMHC (green), and right panels are images from sections stained with laminin (green) to outline
each myofiber in cryosections from EBD-injected mice (red). Newly regenerating fibers express high levels of eMHC, and membrane-damaged fibers are EBD positive. Bar,
50 um. (D) Regeneration was quantified from central nucleation counts from H&E-stained transverse quadriceps sections from 3-week-old mdx (n = 8), SSPN transgenic mdx
(mdx T, n =4), mdx:o7 integrin-null (mdx:a7~~, n = 8) and SSPN transgenic mdx:o7 integrin-null (mdx:a7~~ T, n = 4) mice. (E) To investigate myofibers actively undergoing
regeneration, eMHC-positive fibers were quantified from laminin co-stained transverse quadriceps sections from 3-week-old mdx (n = 8), SSPN transgenic mdx (mdx ¢,
n=4), mdx:o7 integrin-null (mdx:o7~~, n=8) and SSPN transgenic mdx:o7 integrin-null (mdx:o7 '~ "¢, n =4) mice. (F) Membrane fragility was determined by quantifying
EBD-positive fibers in transverse quadriceps cryosections stained with laminin from 3-week-old mdx (n=7), SSPN transgenic mdx (mdx "¢, n = 4), mdx:a7 integrin-null
(mdx:a7~/~, n=6) and SSPN transgenic mdx:o7 integrin-null (mdx:o7~~ T, n=4) mice. Data are presented as an average, and error bars represent standard deviation of
the mean. Statistics calculated using ANOVAs combined with the Bonferroni correction. P-values are indicated on the plots.

is caused by mutations in the dystrophin gene, which result in the
loss of the entire DGC and subsequently render the sarcolemma
vulnerable to contraction-induced damage owing to the loss of
the major protein complex responsible for maintaining the con-
nection to the ECM (9,19-22). The upregulation of compensatory
adhesion glycoprotein complexes, the UGC and o7p1 integrin, to
restore connections to the ECM is a therapeutic approach to treat-

amelioration of DMD muscular dystrophy. Integration of SSPN
into laminin-binding adhesion complexes is dependent on the
expression of both utrophin and o7 integrin (Fig. 5).

Discussion
Three adhesion glycoprotein complexes, the DGC, UGC and o7p1

integrin, maintain muscle stability during contractions by pro-
viding a mechanical linkage across the sarcolemmal membrane
between laminin in the ECM and F-actin in the cytoplasm. DMD

ing DMD. Many therapeutic strategies to upregulate utrophin
have been developed and proven effective in the mdx mouse
model of DMD, including delivery of recombinant human
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Figure 2. Active regeneration is unaffected in SSPN transgenic mdx:o7 integrin-null and mdx:utrophin-null mice. (A-C) Anti-laminin (red) and anti-embryonic myosin
heavy chain (eMHC; green) antibodies were used to denote the sarcolemma and newly regenerated fibers in transverse whole quadriceps cryosections from: (A) mdx
and mdx:SSPN-null (mdx:SSPN~~) mice, (B) mdx:o7 integrin-null (mdx:a7~~) and SSPN transgenic mdx:o7 integrin-null (mdx:a7~/~ T) mice and (C) mdx:utrophin-null

(mdx:utr~") and SSPN transgenic mdx:utrophin-null (mdx:utr~/~ 7€)

mice. The additional loss of SSPN in mdx mice results in an earlier onset of active regeneration

compared with mdx mice at 3 weeks (A). Overexpression of SSPN in mdx:a7 integrin-null mice did not improve active regeneration compared with mdx:o7 integrin-null
mice at 3 weeks (B). Overexpression of SSPN in mdx:utrophin-null mice did not improve active regeneration compared with mdx:utrophin-null mice at 6 weeks (C). Bar,

1000 mm.

biglycan (62), SMTC 1100 (63) and adeno-associated viral (AAV)
delivery of mini-utrophin (36). Recently, AAV delivery of o7 integ-
rin has been shown to ameliorate dystrophic symptoms in the
mdx mouse (64). Interestingly, systemic delivery of Engelbreth-
Holt-Swarm-derived laminin-111 in the mdx mouse acted as a
dual therapy by increasing the protein levels of both the UGC
and o7B1 integrin (65). While the compensatory expression of
laminin-binding complexes has been documented in several
murine models of muscular dystrophy, the molecular mechan-
isms that account for this regulation are unknown.

This study supports evidence that overexpression of exogen-
ous human SSPN is also a dual targeting therapy. SSPN is a
transmembrane protein with biochemical features of both tetra-
spanins and CD-20 that has been shown to be a core component
of the DGC and UGC at the sarcolemma (3,31,52,56,57).

Additionally, SSPN has been shown to genetically interact with
a7f1 integrin: SSPN- and o7 integrin-deficient mice display more
severe myopathy, reduced specific force production and increased
percentage of force drop in the diaphragm muscle (52). Genetic re-
moval of o7 integrin from SSPN-deficient mice also results in re-
duced levels of the DGC and UGC, suggesting that protein-
protein interactions between SSPN and o7 integrin are important
for DGC and UGC stability at the sarcolemma (52). Overexpression
of SSPN in mdx muscle results in the upregulation of both UGC and
a7p1 integrin compensatory complexes, activated Akt signaling
and increased the GalNAc glycan epitopes per DG protein
(31,56). SSPN combines many effects that have individually been
shown to reduce dystrophic symptoms in mouse models of DMD
(25,27,66-69). The inability of overexpression of SSPN to reduce
muscle pathology in the Large™9 mouse model demonstrates
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Figure 3. SSPN amelioration of mdx pathology is dependent on utrophin. (A) Photographs of EBD-injected mdx, SSPN transgenic mdx (mdx ™€), mdx:utrophin-null (mdx:utr~/-)
and SSPN transgenic mdx:utrophin-null (mdx:utr”~ ") mice at 6 weeks of age. No improvement in the severe kyphosis and muscle wasting is observed with the
overexpression of SSPN. (B) The Kaplan-Meier survival curve displays the lifespan of mdx:utr”~ /=TS mice. All mdx:utr”~ die by 22 weeks, and all mdx:utr -
TG mice die by 20.5 weeks. Twenty mdx:utr”~ T and ten mdx:utr”~ animals were included in this study. (C) Transverse quadriceps sections from 6-week-old indicated
mice were stained for H&E to visualize histopathology (left). Middle panels display sections that were co-stained with laminin (red) and eMHC (green), and right panels
are images from sections stained with laminin (green) to outline each myofiber in cryosections from EBD-injected mice (red). Newly regenerating fibers express high
levels of eMHC, and membrane-damaged fibers are EBD positive. Bar, 50 um. (D) Regeneration was quantified from central nucleation counts from H&E-stained
/=, n=4) and SSPN transgenic mdx:utrophin-
, n=6) mice. (E) To investigate myofibers actively undergoing regeneration, eMHC-positive fibers were quantified from laminin co-stained transverse
/=, n=4) and SSPN transgenic mdx:utrophin-null (mdx:
, n=4) mice. (F) Membrane fragility was determined by quantifying EBD-positive fibers in transverse quadriceps cryosections stained with laminin from 6-week-
old mdx (n=6), SSPN transgenic mdx (mdx T, n =8), mdx:utrophin-null (mdx:utr”~, n=4) and SSPN transgenic mdx:utrophin-null (mdx:utr”~ 6, n=4) mice. Data are
presented as an average, and error bars represent standard deviation of the mean. Statistics calculated using ANOVAs combined with the Bonferroni correction. P-values
are indicated on the plots.
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transverse quadriceps sections from 6-week-old mdx (n = 6), SSPN transgenic mdx (mdx ", n = 8), mdx:utrophin-null (mdx:utr
null (mdx:utr”~ ¢
quadriceps sections from 6-week-old mdx (n=6), SSPN transgenic mdx (mdx ¢, n = 8), mdx:utrophin-null (mdx:utr

utr’/’ TG
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Figure 4. SSPN association with DG complexes is dependent on utrophin and o7 integrin. (A) Schematic diagram to illustrate sSWGA lectin assay. Muscle proteins
solubilized in mild digitonin buffer were applied to SWGA agarose, washed and eluted with N-acetylglucosamine (GlcNAc). The sWGA lectin assay in RIPA buffer on
wild-type and mdx muscle is shown in Supplementary Material, Figure S1A. (B and C) Skeletal muscle lysates from the indicated murine genotypes were solubilized in
digitonin buffer and enriched using sWGA lectin chromatography. Eluates (10 ug) were resolved by SDS-PAGE and immunoblotted with indicated antibodies. Transgenic,
exogenous human SSPN (hSSPN) is also shown. Laminin overlays onto immobilized a-DG are also provided (Lam O/L).
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Figure 5. SSPN amelioration of DMD is dependent on two distinct laminin-binding adhesion complexes. Schematic diagrams of the adhesion glycoprotein complexes at
the sarcolemma of mdx and SSPN transgenic mdx (mdx T¢) mice. SSPN transgenic mdx mice are described relative to mdx muscle, which displays dystrophic pathology
(sarcolemmal damage is represented by a ‘lightening bolt’). SSPN overexpression in mdx muscle stabilizes the sarcolemma through the upregulation of both the UGC
and o7p1 integrin. SSPN is unable to ameliorate dystrophic pathology in mdx:o7~/~ or mdx:utr’~ muscle. This study highlights the necessity of utrophin and a7
integrin for SSPN association with DG subcomplexes, revealing that SSPN-dependent ‘rescue’ of dystrophin function requires both the UGC and o7p1 integrin.

that SSPN requires laminin binding to «-DG in the DGC to ameli- dystrophic pathology. In creating SSPN transgenic o7 integrin-de-
orate mouse models of muscular dystrophy (56). ficient mdx mice and SSPN transgenic utrophin-deficient mdx
In the current study, we tested the requirement of utrophin mice (two different sets of double-knockout mice), we discovered

and o7 integrin for SSPN-mediated amelioration of mdx that SSPN overexpression did not extend the lifespan or decrease
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central nucleation, actively regenerating myofibers, or degener-
ating myofibers in these mice. In the current study, it is difficult
to discern whether the level of ongoing regeneration is normal or
slightly impaired in the various knockout and SSPN transgenic
knockout mice, owing to the extent of muscle damage that has
occurred in the mice prior to examination. To determine whether
regeneration is impaired, further studies on isolated myoblasts to
examine their capacity to proliferate and fuse into myotubes are
needed. Examination of DG-associated proteins in sWGA eluates
revealed that the UGC is reduced in mdx:o7~~"¢ muscle com-
pared with controls. In mdx:utr '~ mice overexpressing SSPN, an
increase in a7p1 integrins associated with DG proteins was ob-
served. However, the extent of dystrophic pathology was not re-
duced, and lifespan was not extended, demonstrating that the
increase in 07f1 integrin was insufficient in preventing severe
dystrophic symptoms. Interestingly, exogenous hSSPN was re-
duced in sSWGA enrichments from both mdx:a7~~T¢ and mdx:
utr”~T¢ samples compared with mdx"® controls, demonstrating
that both utrophin and o7 integrin are required to stabilize SSPN
association with DG complexes. These studies are useful for
furthering the mechanistic understanding of SSPN-mediated
amelioration of DMD pathology and allow for more complex design
or verification of screens to identify therapeutic compounds for
DMD disease that act through SSPN.

While a-DG and integrin bind laminins and other compo-
nents of the basallamina, the identification of their distinct func-
tions within skeletal muscle has been elusive. Recent studies
have reported that loss of o7 integrin did not affect sarcolemma
stability, as evidenced by laser-induced membrane damage as-
says and lengthening-contraction models of muscle injury (70).
Furthermore, electron micrographs of a7 integrin-null muscle
appeared normal in contrast to the disruption of basal lamina-
sarcolemma connection in hypoglycosylated Large-deficient
myd muscle (70). Because DGC levels are not drastically compro-
mised in a7 integrin-null muscle, defects in ECM attachment may
be difficult to assess in these experiments. Alternatively, it is
feasible that the role of 0«71 integrin may be to regulate signaling
pathways that promote muscle cell growth without contributing
significantly to ECM-membrane attachment. We and others have
reported reduced force transmission in the diaphragm muscle of
a7 integrin-deficient muscle demonstrating that while its precise
role is unclear, o781 integrin is important for muscle function
(49,52).

We have previously reported that SSPN-mediated amelior-
ation of mdx dystrophy requires at least 3-fold overexpression
(56), so it is not surprising that loss of SSPN association with lam-
inin-binding complexes in o7 integrin-deficient mdx and utro-
phin-deficient mdx muscle results in the failure to alleviate
dystrophic pathology. These data suggest that while 071 integrin
and the UGC may have distinct roles in muscle, their combined
presence at the membrane is important for stability in the con-
text of SSPN overexpression (Fig. 5).

The results presented here illuminate the importance of in-
tegrin expression to muscle physiology and suggest that in-
creased expression of utrophin alone may be insufficient to
prevent muscle degeneration. Interestingly, it has been reported
that overexpression of a7 integrin in utrophin-deficient mdx mus-
cle reduces dystrophic pathology in the heart and significantly
extends lifespan; however, no reduction of regeneration was
observed in the quadriceps muscle (27,53). Future studies will
be focused on determining whether utrophin overexpression
ameliorates dystrophic pathology in the absence of dystrophin
and o7 integrin.

Materials and Methods

Animal models

Wild-type and mdx mice were purchased from Jackson Laborator-
ies (Bar Harbor, ME, USA), and SSPN-deficient mice were a gener-
ous gift from Dr Kevin P. Campbell (University of lowa Medical
School, Howard Hughes Medical Institute, Iowa City, IA, USA)
(71). o7 integrin-deficient mice were previously generated by
Burkin and colleagues (48) and transferred from University of
Nevada (Reno, NV, USA) to University of California (Los Angeles,
CA, USA). mdx:utrophin*~ mice were a generous gift from
Dr Joshua Sanes and shipped by Dr Jeffrey Chamberlain (35).
Genotyping protocols have been previously described (35,48,56,71,72).
SSPN transgenic mice, expressing ~3-fold more SSPN than wild-
type, were engineered with the human skeletal actin promoter
and VP1intron upstream of human SSPN, as described previously
(56). Transgenic mice were generated by microinjections of trans-
gene DNA into the pronucleus of fertilized single-cell embryos
(University of California Irvine, Transgenic Mouse Facility). mdx:
SSPN-Tg (mdx ") males were crossed with mdx:a7 integrin-null
females generating mdx/+ or Y:o7 integrin*/~:SSPN-Tg males
and females. Siblings were intercrossed to generate mdx, mdx
TG mdx:a7 integrin-null and mdx:a7 integrin-null "€ littermates,
which were analyzed at 3 weeks. mdx:utrophin*/~ mice were
crossed with mdx:SSPN-Tg to generate mdx:utrophin*~:SSPN-Tg
mice. The mdx:utrophin*/":SSPN-Tg males were then crossed
with mdx:utrophin*~ females to generate mdx:utrophin™:
SSPN-Tg mice. mdx, mdx:SSPN-Tg, mdx:utrophin~~ and mdx:utro-
phin~":SSPN-Tg mice were analyzed at 6 weeks. Mice were main-
tained in the Life Sciences and Terasaki Life Sciences Vivariums,
and all procedures were carried out in accordance with guide-
lines set by the University of California, Los Angeles Institutional
Animal Care and Use Committee.

Evans blue dye assay

EBD uptake analysis was performed by an intraperitoneal injec-
tion of mice with 50 ul of Evans blue dye (10 mg/ml in 10 mM of
sterile phosphate buffer and 150 mm NaCl, pH 7.4) per 10 g of
body weight at least 8 h prior to dissection as described previous-
ly (73). Quadriceps muscles were processed as described later.

Immunofluorescence assays

Muscles were mounted in 10.2% polyvinyl alcohol/4.3% poly-
ethylene glycol and flash frozen in liquid nitrogen-cooled isopen-
tane. Muscles were stored in the —80°C until further processing.
Transverse sections (8 um) were placed onto positively charged
glass slides (Thermo Fisher Scientific) and stored at —80°C. Sec-
tions were acclimated to RT for 15 min and blocked with 3%
BSA diluted in PBS for 30 min at RT. The avidin/biotin blocking
kit (Vector Labs) was used according to manufacturer’s instruc-
tions. Mouse primary antibodies were prepared with the M.O.M.
blocking reagent (Vector Labs) as described by the manufac-
turer’s protocol. Sections were incubated in primary antibody in
PBS at 4°C overnight with the following antibodies: laminin
(L9393, 1:25; Sigma) and eMHC (F1.652, 1:25; Developmental
Studies Hybridoma Bank). Primary antibodies were detected
by biotinylated anti-rabbit (BA-1000, 1:500; Vector Labs) and
biotinylated anti-mouse (BA-9200, 1:500; Vector Labs). Fluores-
cein-conjugated avidin D (A-2001, 1:500; Vector Labs) was used
to detect biotinylated secondary antibodies. Both secondary
and tertiary probes were diluted in PBS and incubated with



sections for 1 h at RT. Sections were mounted in Vectashield
(Vector Labs) to prevent photobleaching. Sections were incubated
with secondary and tertiary antibodies alone as a control for spe-
cificity. Antibody stained sections were visualized using a fluor-
escent microscope (Axioplan 2; Carl Zeiss, Inc.) equipped with a
Plan Neofluar 40x NA 1.3 oil differential interference contrast ob-
jective, and images were captured under identical conditions
using Axiovision Rel 4.5 software (Carl Zeiss, Inc.).

Histology

Hematoxylin and eosin (H&E) staining was used for visualization
of centrally placed nuclei as described previously (74). Transverse
quadriceps sections (8 um) were acclimated to RT for 15 min be-
fore beginning the staining procedure. Slides were incubated in
hematoxylin for 5 min, washed in water for 2 min, incubated in
eosin for 5 min and dehydrated in 70, 80, 90 and 100% ethanol.
Sections were then incubated in xylene for 10 min and mounted
in Permount. All supplies for this procedure were purchased from
Thermo Fisher Scientific. 40x quadriceps images were captured
under identical conditions using an Axioplan 2 fluorescent
microscope and Axiovision Rel 4.5 software (Carl Zeiss, Inc.).
The percentage of centrally nucleated fibers was assessed. The
data are represented as an average percentage of the total num-
ber of fibers in each whole quadriceps section.

Total protein preparation from skeletal muscle

Total skeletal muscle was snap-frozen in liquid nitrogen and
stored at —80°C. For signaling blots, only quadriceps muscles
were used. Tissues were ground to a fine powder using a mortar
and pestle and then added to ice-cold DGC buffer (50 mM Tris—
HCI, pH 7.8, 500 mm NaCl and 0.1% digitonin) or radioimmuno-
precipitation assay buffer (RIPA) (89901; Thermo Scientific)
containing fresh protease inhibitors (0.6 ug/ml pepstatin A,
0.5 ug/ml aprotinin, 0.5 ug/ml leupeptin, 0.75 mm benzamidine,
0.2 mmMm PMSF, 5 um calpain I and 5 um calpeptin). Homogenates
were rotated at 4°C for 1 h. Lysates were clarified by centrifuga-
tion at 15,0009 for 20 min at4°C, protein concentration was deter-
mined using the DC Protein Assay (Bio-Rad) and lysates were
stored at —80°C.

Immunoblot analysis

Equal quantities (10 ug for sWGA and 60 pg for total protein)
of protein samples were resolved on 4-20% Pierce precise pro-
tein gels (Thermo Scientific) by SDS-PAGE and transferred to
nitrocellulose membranes (Millipore). An identical protein gel
was stained with Coomassie blue stain to visualize total protein.
A 5% blotto solution [non-fat dry milk in TBS with 0.2% tween-20
(Fisher)] was used to block membranes for 30 min at RT and incu-
bated in primary antibodies overnight at 4°C. Incubations were
performed with the following primary antibodies: dystrophin
(MANDYS1, 1:200; Development Studies Hybridoma Bank), utro-
phin (MANCHOS3, 1:50; Development Studies Hybridoma Bank),
a-DG IIH6 (sc-53987, 1:500; Santa Cruz Biotechnology, Inc.),
B-DG (MANDAG?2, 1:250; Development Studies Hybridoma
Bank), a-SG (VP-A105, 1: 100; Vector Labs), B-SG (VP-B206, 1:100;
Vector Labs), y-SG (VP-G803, 1: 100; Vector Labs), laminin (L9393,
1:5000; Sigma), p1D Integrin (MAB1900, 1:200; Chemicon), a7B
Integrin (affinity purified rabbit B2 347, 1:500) (55), o5 Integrin
(AB1928, 1:500; Millipore), hSSPN (affinity purified rabbit 15, 1:
2000) and SSPN (affinity purified rabbit 3, 1:5). Horseradish per-
oxidase-conjugated anti-rabbit IgG (GE Healthcare), anti-mouse
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IgG (GE Healthcare) and anti-mouse IgM (Roche) secondary anti-
bodies were used at 1:2000 dilutions in 5% blotto and incubated
at RT for 3 h. Immunoblots were developed using enhanced
chemiluminescence (SuperSignal West Pico Chemiluminescent
Substrate; Thermo Scientific).

sWGA lectin enrichment

Protein samples (7 mg) were incubated with 1.2 ml succinylated
WGA (sWGA)-conjugated agarose slurry (AL-1023S, Vector labs)
and gently rotated overnight at 4°C. SWGA agarose was washed
4x in 10 ml standard DGC solubilization buffer (50 mm Tris-HCI,
pH 7.8, 500 mM NaCl and 0.1% digitonin) or radioimmunoprecipi-
tation assay buffer (RIPA) (89901; Thermo Scientific) containing
fresh protease inhibitors (0.6 pg/ml pepstatin A, 0.5 pg/ml aproti-
nin, 0.5 pg/ml leupeptin, 0.75 mM benzamidine, 0.2 mM PMSF,
5 um calpain I and 5 uMm calpeptin) to remove unbound proteins.
Bound proteins were eluted with 0.3 M N-acetylglucosamine
(SWGA) (Sigma-Aldrich) and concentrated using Centricon Ultra-
cel filtration columns (Millipore) by centrifugation at 4000g for
75 min. Protein concentration was determined with the DC
Protein Assay (Bio-Rad). Equal concentrations of eluates (10 ng)
were resolved by SDS-PAGE, transferred to nitrocellulose mem-
branes and immunoblotted as described earlier.

Laminin overlay assay

Membranes were prepared as described in sWGA enrichment of
protein lysates. Membranes were blocked with 5% BSA in lam-
inin-binding buffer (LBB; 10 mm triethanolamine, 140 mm Nacl,
1mm MgCl,, 1mmMm CaCl,, pH 7.6) followed by incubation of
mouse ultrapure Engelbreth-Holm-Swarm laminin (354239, BD
Biosciences) in LBB 6 h at 4°C. Membranes were washed and incu-
bated with rabbit anti-laminin (L9393, 1:5000; Sigma) overnight
at 4°C followed by horseradish peroxidase-conjugated anti-rabbit
IgG or anti-mouse IgG (GE Healthcare) at RT for 3 h. Blots were
developed by enhanced chemiluminescence (SuperSignal West
Pico Chemiluminescent Substrate; Thermo Scientific).

Kaplan-Meier survival curve

The dates of birth and death of the mice were recorded in order to
calculate the weeks of survival. These data were then inputted
into an Excel spreadsheet to create a step graph with the number
of weeks along the X-axis and percent survival of the mice along
the Y-axis.

Whole-body images

Mice were first safely euthanized before they were skinned,
according to the guidelines of the University of California, Los
Angeles Institutional Animal Care and Use Committee. PBS was
used to dampen and remove any excess hair on the body. Once
dissected, whole-body pictures were captured. Bodies may
appear blue owing to Evans blue dye.

Quantification of dystrophic pathology

ImageJ was used to quantify individual fibers in a whole quadri-
ceps muscle sections. In H&E-stained sections, centrally nu-
cleated and total fibers were quantified in order to determine
the level of regeneration. In muscle sections treated with EBD
to visualize degeneration, EBD-positive and total fibers outlined
with anti-laminin were quantified. eMHC-positive and total fi-
bers outlined with anti-laminin were quantified to determine
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the level of active regeneration. Dividing the number of H&E-,
EBD- or eMHC-positive fibers by the total number of fibers yielded
the percentage of dystrophic pathology seen in one whole muscle
section. Averaging the percentages of whole muscle sections
within one genotype gives the mean level of dystrophic path-
ology. Excel was used to create the bar graphs visualizing regen-
eration and degeneration.

Statistics

All statistics were analyzed using the one-way analysis of vari-
ance (ANOVA) with a Bonferroni correction or Tukey’s multiple
comparison tests to determine differences between groups.
Statistical analysis between two samples was performed using
the Student’s T-test. n- and P-values are indicated on the plots.
Statistical significance was accepted for P <0.05.

Supplementary Material

Supplementary Material is available at HMG online.
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