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Gene replacement for laminin-a2-deficient congenital muscular
dystrophy 1A (MDC1A) is currently not possible using a single
adeno-associated virus (AAV) vector due to the large size of the
LAMA2 gene. LAMA2 encodes laminin-a2, a subunit of the
trimeric laminin-211 extracellular matrix (ECM) protein that
is the predominant laminin expressed in skeletal muscle.
LAMA2 expression stabilizes skeletal muscle, in part by binding
membrane receptors via its five globular (G) domains. We
created a small, AAV-deliverable, micro-laminin gene therapy
that expresses these G1–5 domains, LAMA2(G1–5), to test their
therapeutic efficacy in the dyW mouse model for MDC1A. We
also fused the heparin-binding (HB) domain from HB
epidermal growth factor-like growth factor (HB-EGF) to
LAMA2(G1–5) to test whether this would increase muscle
ECM expression. dyW mice treated intravenously with
rAAV9.CMV.HB-LAMA2(G1–5) showed increased muscle
ECM expression of transgenic protein relative to mice treated
with rAAV9.CMV.LAMA2(G1–5) and showed improved
weight-normalized forelimb grip strength relative to untreated
dyW mice. Additionally, dyW muscle fibers expressing either
micro-laminin protein showed some measures of reduced pa-
thology, although levels of muscle cell apoptosis and inflamma-
tion were not decreased. Although systemic expression of
rAAV9.CMV.HB-LAMA2(G1–5) did not inhibit all disease phe-
notypes, these studies demonstrate the feasibility of using a
micro-laminin gene therapy strategy to deliver gene replacement
for MDC1A.

INTRODUCTION
Mutations in the LAMA2 gene can cause laminin-a2-deficient
congenital muscular dystrophy 1A (MDC1A),1,2 a rare but severe
disorder characterized by neonatal hypotonia, progressive muscle
weakness, loss of ambulation, and premature death, often caused
by respiratory muscle failure.3,4 The LAMA2 gene encodes lami-
nin-a2, one subunit in the trimeric laminin-211 protein, the
predominant laminin expressed in the skeletal muscle extra-
cellular matrix (ECM).5 Laminin-211 supports muscle structure
and force transmission by anchoring myofibers to the ECM.6–8

The N-terminal regions of the three laminin protein chains (lam-
inin-a2, -b1, and -g1) enable laminin-211 polymerization in the
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ECM,9 while additional domains bind other ECM components,
such as agrin,10 nidogen, and collagen IV.11 The five globular
(G) domains, unique to laminin-a subunits, bind the myofiber
membrane receptors integrins12 and dystroglycan,13 both of which
are essential to skeletal muscle membrane stability.14,15 Loss of
laminin-211, as a consequence of LAMA2 mutations, allows con-
tracting myofibers to detach from the ECM and undergo
apoptosis, resulting in progressive muscular dystrophy.6 There
are currently no effective FDA-approved treatments known to
modify disease outcome in patients, although various strategies
are being developed, including apoptosis inhibition,16–19 non-
AAV gene20 or protein21,22 replacement, CRISPR-mediated
LAMA2 mutation correction,23 compensatory laminin-a1 gene up-
regulation,24–26 and expression of mini-agrin and laminin-a1
“linker” proteins.27,28

At 9.5 kb, the entire LAMA2 gene is too large to package into a single
adeno-associated virus (AAV).29,30 Complete gene replacement is
therefore impossible using AAV, unless recombination of LAMA2
fragments is induced by expressing gene fragments in separate
AAV vectors, a less efficient strategy than using a single AAV vec-
tor.31 Gene miniaturization is one possible solution to this problem.
The DMD gene encoding dystrophin was previously shortened into
micro-dystrophin by Chamberlain and colleagues,32 allowing it to
fit into AAV. Overexpression of micro-dystrophin reduced dystro-
phic skeletal and cardiac muscle pathology in the mdx mouse model
of Duchenne muscular dystrophy.32–35 A number of other mini- or
micro-dystrophin forms have been tested, some of which have shown
similar therapeutic effects.36–39 Three different AAV.micro-dystro-
phins are now in phase 1/2a clinical trials (ClinicalTrials.org:
NCT03375164, NCT03368742, and NCT03362502). Ruegg and
colleagues28 have shown that expression of miniaturized agrin,
termed mini-agrin, can be therapeutic in the dyW mouse model of
MDC1A. This linker protein fuses the three G domains in the
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C terminus of agrin, which bindmuscle membrane proteins a-dystro-
glycan and several integrins,40–42 to a separate region in the
N terminus of agrin that binds laminin in the ECM (the
NtA domain). Although this approach showed significant therapeutic
effects in transgenic dyW mice,28,43,44 and also in AAV-treated dyW

mice,45 neither strategy resulted in full recovery of normal
muscle function.28 Ruegg, Yurchenco, and colleagues27 have shown
that co-expression of a second linker protein, aLNNd, which is a
fusion of the LN domain of laminin-a1 and the laminin-binding
domain of nidogen, along with mini-agrin yields additional therapeu-
tic improvements. Expression of full-length laminin-a2 or laminin-
a1, in transgenic mice or via CRISPR-mediated mutation
correction, also significantly inhibits disease in dyW mice,20,23,24 as
does laminin-111 protein therapy.21,22

Our goal here was to build on micro-gene and linker protein stra-
tegies to create an AAV-deliverable micro-laminin gene therapy
that would allow us to test partial gene replacement in a disease
model for MDC1A. In doing so, we also tested a method for
increased expression of recombinant laminin-a2 G1–5 protein
fragments in the ECM. The skeletal muscle ECM contains abun-
dant heparan sulfate glycosaminoglycans (GAGs), and these
GAGs are often linked to ECM proteoglycans.46,47 Recently, we
found that overexpression of a secreted form of the heparin-bind-
ing (HB) epidermal growth factor-like growth factor (HB-EGF) in
mouse skeletal muscle led to high expression of this protein within
the muscle ECM.48 We therefore also tested whether adding the
HB domain from HB-EGF to micro-laminin would increase
ECM expression.

RESULTS
Micro-laminins are expressed in wild-type (WT) muscle after

intramuscular (i.m.) injection of AAV

Gene therapy vectors rAAV9.CMV.LAMA2(G1–5) and rAAV9.CMV.
HB-LAMA2(G1–5) expressing micro-laminins were made using the
human gene segments as described in Figure 1A. HB-LAMA2(G1–5)
protein bound a-dystroglycan, a known laminin receptor,13 in gel over-
lays (Figure 1B), and both proteins displayed calcium-dependent bind-
ing in the nanomolar (nM) concentration range to a partially purified
muscle membrane preparation containing a-dystroglycan (Figure 1C).
Both HB-LAMA2(G1–5) and LAMA2(G1–5) protein were secreted
from transfected CHO cells, yielding a 130- to 140-kDa protein, close
to the 109–118 kDa weight expected from the amino acid sequence,
along with proteolytic fragments on immunoblots using anti-HB-
EGF and anti-human laminin-a2 G5 antibodies (Figure 1D). HB-LA-
MA2(G1–5), however, also demonstrated staining of the muscle ECM
in protein overlay staining experiments (Figure 1E), which was
confirmed by co-staining with laminin-a2, while LAMA2(G1–5) stain-
ing overlays did not display ECM localization when a FLAG epitope tag
was on the N terminus of this protein (Figure S1).

To determine whether micro-laminins could be expressed in the mus-
cle ECM, we performed i.m. injections in WT C57BL/6J mice. We in-
jected 1E+11 vector genomes (vg) of rAAV9.CMV.LAMA2(G1–5) or
Molecul
rAAV.CMV.HB-LAMA2(G1–5) into the tibialis anterior (TA) muscles
of 2-month-old WT mice and analyzed transduction, gene expression,
and protein expression 2 months later. PBS was injected as a negative
control, and rAAV9.CMV.HB-EGF (soluble form) was injected as a
positive control, as we had already shown that this form of HB-EGF
binds the ECM when expressed in skeletal muscle.48 In mice injected
with rAAV9.CMV.HB-LAMA2(G1–5), we identified micro-laminin
protein using both an anti-HB-EGF polyclonal antibody and an anti-
human-specific laminin-a2 G4–5 antibody. HB-LAMA2(G1–5) stain-
ing co-localized with endogenous laminin-a2 staining in the ECM,
identified with an antibody against the short arm of mouse laminin-
a2 that does not recognize the G1–G5 domains (Figure 2A). In mice
injected with rAAV9.CMV.LAMA2(G1–5), we identified micro-lami-
nin protein by the human G4–5 domain, while no staining was evident
with the HB-EGF antibody, as expected. LAMA2(G1–5) staining co-
localized with mouse laminin-a2 protein in the ECM, but staining
was less pronounced than for HB-LAMA2(G1–5).

We also assessed protein expression by western blotting of whole-
muscle protein lysates before or after heparin-agarose precipitation
(Figure 2B). rAAV9.CMV.HB-LAMA2(G1–5)-injected muscle pro-
duced a large amount of a 130- to 140-kDa band. This band appeared
in blots using both HB-EGF and laminin-a2 G5 antibodies. The anti-
laminin-a2 G5 antibody also blotted a second band, similar in size to
a known ca. 80-kDa cleavage fragment previously identified in a
mouse muscle.49 rAAV9.CMV.LAMA2(G1–5)-injected muscle also
produced a 130- to 140-kDa band, reactive to the laminin-a2 G5 anti-
body, but not to the HB-EGF antibody. Consistent with immuno-
staining results (Figure 2A), LAMA2(G1–5) band density was
reduced compared with HB-LAMA2(G1–5) (Figure 2B). Both mi-
cro-laminin proteins bound heparin-agarose in precipitation assays.
There was no significant difference in vg muscle transduction be-
tween the rAAV9.CMV.HB-LAMA2(G1–5) and rAAV9.CMV.LA-
MA2(G1–5) groups (data not shown). Immunoblotting for Glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) was used as a control
for equivalent protein loading and transfer.

Micro-laminins are expressed in dyW muscle after intravenous

(i.v.) injection of AAV

To test micro-laminin therapy in dyW mice, we injected 1E+12 vg of
rAAV9.CMV.LAMA2(G1–5) or rAAV9.CMV.HB-LAMA2(G1–5) i.v.
into the temporal vein of post-natal day (P) 1 dyW pups. These mice
were analyzed for muscle function at 2 and 3months of age, then were
euthanized at 4 months to determine transduction of tissues with
AAV vg (Figure 3A), as well as gene (Figure 3B) and protein expres-
sion (Figure 4). Although survival time is a standard outcome mea-
surement for dyW mice, it has been found to vary with the genetic
background and, to some extent, husbandry practices between labo-
ratories.50 All dyWmice in our sample groups survived up to 4months
of age, longer than expected from previous studies, and we therefore
we did not report lifespan as an endpoint. Transduction of hindlimb
skeletal muscles (gastrocnemius [Gastroc], TA, and quadriceps
[Quad]) was low, on the order of 0.1–0.2 vg/nucleus, as was transduc-
tion of kidney and brain (ca. 0.1 vg/nucleus). Transduction was
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Figure 1. Micro-laminin design and in vitro

characterization

(A) Using human gene segments, LAMA2(G1–5) was de-

signed by adding the HBEGF gene segment encoding the

signal peptide (s) to the 50 end of the LAMA2 gene segment

encoding G domains 1–5. HB-LAMA2(G1–5) was designed

by adding the HBEGF gene segment encoding the signal

peptide, prepropeptide domain (which is normally cleaved

from the protein), and the heparin-binding (HB) domain to the

50 endof theLAMA2genesegment encodingGdomains1–5.

The HB domain of HB-EGF was expected to enhance lami-

nin-a2 G1–5 binding to the muscle ECM. The G1–G5 do-

mains of LAMA2 were expected to bind muscle membrane

receptors, including integrins and dystroglycan. (B) Whole-

muscle lysates and Wheat Germ Agglutinin (WGA)-purified

dystroglycan were overlaid with HB-LAMA2(G1–5) protein or

incubated in dilution buffer alone (None), then immunoblotted

with antibody recognizing the HB domain of HB-EGF. IIH6

immunoblot recognized a-dystroglycan and demonstrated

similar band location to HB-LAMA2(G1–5) overlay. (C) ELISA

binding assay of HB-LAMA2(G1–5) and LAMA2(G1–5) pro-

teins to WGA-purified muscle membrane proteins, including

a-dystroglycan. Protein binding in buffer containing 1 mM

Ca2+ and 1 mM Mg2+ (open circles and squares) was

compared with binding in buffer with 10 mM EGTA (filled cir-

cles and squares). (D) Whole conditioned media (Whole),

media precipitated by heparin-agarose (Precip), or superna-

tant following precipitation (Supern) from CHO cells trans-

fected with HB-LAMA2(G1–5) or LAMA2(G1–5) expression

vectors was compared with media from mock-transfected

controls. Secreted protein was recognized by blotting with

anti-HB-EGF or anti-human laminin-a2 G5 (Lmn-a2 G5) an-

tibodies. Fromtheaminoacid sequence, the expectedweight

of HB-LAMA2(G1–5) is 118 kDa, and that of LAMA2(G1–5) is

109 kDa. (E) Muscle sections were overlaid with HB-

LAMA2(G1–5) protein, and protein binding was visualized

by immunostaining with an anti-HB-EGF antibody, then

compared with staining for endogenous laminin-a2 using an

antibody to the short-arm domain not present in micro-lami-

nin. In (B), (D), and (E), antibodies used for staining or blotting

are shown on the left side of the figures.
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higher in forelimb muscle (0.3–0.4 vg/nucleus, triceps brachii) and
diaphragm (0.8 vg/nucleus), while transduction was highest in
heart and liver (ca. 5–10 vg/nucleus). Importantly, transduction
levels for mice treated with rAAV9.CMV.HB-LAMA2(G1–5) or
rAAV9.CMV.LAMA2(G1–5)were roughly equivalent inmost tissues.
Use of the CMV (Cytomegalovirus) promoter allowed for transgene
expression throughout the body, which was compared in each tissue
with the level of endogenous mouse Lama2 gene expression in WT
mice (Figure 3B).

Staining for micro-laminin proteins was present in the ECM sur-
rounding the membranes of skeletal myofibers 4 months after i.v. de-
276 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2021
livery in P1 dyW mice (Figure 4A). Staining pat-
terns in the triceps brachii muscle were similar
to those observed in WT muscle following i.m.
injection (Figure 2A). Again, HB-LAMA2(G1–5) protein was
stained by both HB-EGF and laminin-a2 G4–5 antibodies,
while LAMA2(G1–5) was stained by only the laminin-a2 G4-5 anti-
body. As expected, residual mouse laminin-a2 protein could be
detected with an anti-laminin-a2 short-arm antibody in dyW

muscle.51 As seen in the WT i.m. injections, HB-LAMA2(G1–5)
staining was more intense and present in more myofibers than was
LAMA(G1–5) staining (Figure 4A).

Similar to WT i.m. injections (Figure 2B), immunoblotting with a
laminin-a2 G5 antibody after i.v. injection produced bands around
130–140 kDa in triceps brachii whole-muscle lysate from mice



Figure 2. Micro-laminin protein expression in mouse

skeletal muscle following intramuscular injection

TA muscles from adult wild-type mice were injected

with 1E+11 vg rAAV9.CMV.HBEGF, rAAV9.CMV.HB-

LAMA2(G1–5), rAAV9.CMV.LAMA2(G1–5), or an equiva-

lent volume of PBS. Muscles were analyzed at 2 months

post-injection. (A) TA muscle sections stained with anti-

bodies against HB-EGF (red), human laminin-a2 G4–5

(Lmn-a2 G4–5, green), and mouse laminin-a2 short-arm

(Lmn-a2 short-arm, far-red). (B) Recombinant human HB-

EGF protein (rHB-EGF) and TA muscle lysates were blotted

with antibodies against HB-EGF and human laminin-a2 G5

domain (Lmn-a2 G5). Anti-GAPDH blotting was performed

as a loading control. Heparin-agarose precipitation of

muscle lysates was performed to demonstrate heparin

binding. Genes expressed are shown on the top of the

figures, with PBS injection shown as a negative control.

Antibodies used for staining or blotting are shown on the left

side of the figures.
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receiving either vector (Figure 4B), while immunoblotting with an HB-
EGF antibody produced a band only for HB-LAMA2(G1–5). Both
micro-laminin proteins could be precipitated by heparin-agarose.
As before, the anti-laminin-a2 G5 antibody also recognized a ca.
65-kDa protein fragment. As with WT i.m. injection (Figure 2),
HB-LAMA2(G1–5) protein showed higher overall expression than
LAMA2(G1–5) protein, despite no significant difference in vg trans-
duction and transgene expression (Figure 3). This was the case in mul-
tiple different comparisons of transduced triceps brachii muscles from
rAAV9-treated dyWmice (Figure S2). The average of six such compar-
isons, all normalized to internal GAPDH blots, showed that overall
expression of LAMA2(G1–5) protein was reduced in the triceps brachii
Molecular Therapy: Methods
by 35% ± 11% relative to HB-LAMA2(G1–5) (n =
5–6 muscles per group; p < 0.05).

Onwestern blot, micro-laminin protein levels var-
ied in muscles throughout the body (Figure S3A).
Recombinant protein was evident in the TA,
Quad, triceps brachii (triceps), diaphragm, and
heart, while expression was lower in Gastroc mus-
cle. Micro-laminin protein expression was not
evident by western blot in liver, despite a high
vg biodistribution, nor was it evident in kidney
or brain (Figure S3A). Immunostaining for
HB-LAMA2(G1–5) was prominent in the dia-
phragm (Figure S3B), although coincidence of
HB-EGF and LAMA2 G4–5 staining was less
apparent than in the triceps brachii. Staining for
HB-LAMA2(G1–5) and LAMA2(G1–5) was also
high in cardiomyocytes in the heart (Figure S3C).
Human laminin-a2 G4–5 staining in the liver
was difficult to evaluate because of high back-
ground staining, but staining was elevated in
HB-LAMA2(G1–5) relative to untreated dyW,
while LAMA2(G1–5) staining appeared to be predominantly intracel-
lular (Figure S3D). Although endogenous laminin-a2 staining was pre-
sent in the glomeruli of theWTmouse kidney, it was reduced or absent
in treated and untreated dyWmice (Figure S3E). There was only a small
degree of micro-laminin staining present in the kidney for HB-LA-
MA2(G1–5). Micro-laminin staining was also present in the choroid
plexus of treated dyW brain (Figure S3F).

Analysis of histopathology in i.v.-micro-laminin-treated and

control dyW muscles

We assessed the percentage of micro-laminin-expressing myofibers
and pathology within expressing triceps brachii muscles at 4 months
& Clinical Development Vol. 21 June 2021 277
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Figure 3. Biodistribution of AAV vector genomes and transgene expression

in dyW mice following intravenous injection

Neonatal dyW mice were injected intravenously with 1E+12 vg rAAV9 containing the

micro-laminin genes under the CMV promoter. DNA was extracted from tissues at

4months of age. (A) The number of AAV vector genomes per nucleus was quantified

using qPCR. Errors bars are standard error of the mean (SEM) for n = 6 mice per

condition. (B) Fold change in transgene expression was calculated relative to

expression of the endogenous mouse Lama2 gene in corresponding tissues of age-

matched WT littermates, with 18S ribosomal RNA gene expression as an internal

control. Errors bars are SEM for n = 6 mice per condition.
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of age after i.v. delivery of micro-laminin gene therapy in P1 dyW

mice: 36.3% ± 3.8% (n = 9 muscles) of myofibers stained for HB-
LAMA2(G1–5) protein, and 10.6% ± 3.2% (n = 9 muscles) of myofib-
ers stained for LAMA2(G1–5) (Figure 5A). Within triceps brachii
muscles of treated mice, myofibers expressing either micro-laminin
had significantly increased diameter (Figure 5B), reduced coefficient
of variance in diameter (Figure 5C), and reduced percentage of cells
with central nuclei (a marker for a cycle of muscle degeneration
and regeneration) (Figure 5D). Increased myofiber size variability
and central nucleation are indicators of muscle pathology. Thus, my-
ofibers expressing either micro-laminin protein has less histopathol-
ogy relative to non-expressing myofibers. There was, however, no sig-
nificant improvement in muscle pathology between treated and
untreated dyW mice when myofibers were not broken down between
expressing and non-expressing groups (Figure S4). This may be
because of the low percentage of micro-laminin-expressing myofibers
or the presence of additional regenerating fibers in treated muscles,
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which would be consistent with elevated overall central nuclei in
HB-LAMA2(G1–5)-treated muscles.

There was no difference inmuscle wasting, measured by percent mus-
cle area occupied by myofibers, between untreated and HB-
LAMA2(G1–5)-expressing dyW mice, but, surprisingly, LAMA2
(G1–5)-expressing dyW muscle had increased muscle wasting relative
to untreated muscle (Figure S5C). To further assess fibrosis, we
measured collagen-1 expression. Triceps brachii muscle in dyW

mice had regional variation in collagen-1 protein expression (Fig-
ure S5A). In HB-LAMA2(G1–5)-expressing muscle, regions with
greater micro-laminin protein frequently coincided with lowered
collagen-1 staining, while regions with little or no HB-LAMA2(G1–
5) had higher collagen-1 staining. Col1a1 mRNA expression in the
whole muscle, however, was still elevated in micro-laminin-treated
dyWmuscle relative to untreated dyWmuscle and was elevated higher
still in LAMA2(G1–5)-treated dyW mice (Figure S5B).

To assess muscle inflammation, we stained muscle for CD4, a marker
for helper T cells, CD8, a marker for cytotoxic T cells, and CD68, a
marker for macrophages (Figure S6A). We then quantified the
numbers of positively stained cells for each condition (Figure S6B).
There was no significant difference in the number of CD4+, CD8+,
or CD68+ cells between micro-laminin-treated and untreated dyW

mice. There were, however, increases inmRNA expression for inflam-
matory cytokines, including interleukin-b1 (Ilb1), C-C chemokine
ligand 2 (Ccl2, also called MCP1), and C-C chemokine ligand 3
(Ccl3, also called MIP1a) in LAMA2(G1–5)-treated dyW muscles
relative to HB-LAMA2(G1–5) treatment and to untreated dyW mus-
cles (Figure S6C).

We next quantified the number of i.m. apoptotic cells using TUNEL
staining with a DAPI co-stain to mark all nuclei. There was an in-
crease in TUNEL+ cells in dyW muscle relative to WT, as previously
shown,52 and this was not decreased by either micro-laminin treat-
ment. If anything, LAMA2(G1–5) treatment dyW muscle trended to-
ward higher numbers of apoptotic cells relative to HB-LAMA2(G1–
5)-treated and untreated dyW muscles (Figure S7).

Improvement in forelimb grip strength in rAAV9.CMV.HB-

LAMA2(G1–5)-treated dyW mice but lack of improvement in

hindlimb grip strength or ambulation

We found a statistically significant improvement in body weight-
normalized forelimb grip strength in dyW mice treated with
rAAV9.CMV.HB-LAMA2(G1–5) (3.1 ± 0.2 g/g, n = 12 mice)
compared with untreated dyW littermates (2.5 ± 0.1 g/g, n = 24
mice, p = 0.021) at 3 months of age (Figure 6). Due to dystrophy
and peripheral nerve demyelination,51 dyW hindlimbs are stiffened
by paralysis and contractures. Likely because of this and lowered
transduction of hindlimb muscles relative to forelimb muscles, we
found that ambulation speed and duration were not significantly
changed by micro-laminin treatment (Figures S8A and S8B). Perhaps
for similar reasons, hindlimb grip strength was not significantly
increased in the HB-LAMA2(G1–5)-treated group (Figure S8C).
021



Figure 4. Micro-laminin protein expression in dyW

mouse skeletal muscle following intravenous AAV

injection

Tissues from dyW mice treated with intravenous rAAV9 and

from untreated WT and dyW littermates were collected at

4 months of age. (A) Triceps brachii muscle sections

stained with antibodies against HB-EGF (red), human

laminin-a2 G4–5 (Lmn-a2 G4–5, green), and mouse lami-

nin-a2 short-arm (Lmn-a2 short-arm, far-red). (B) Recom-

binant human HB-EGF protein and triceps brachii muscle

lysates were immunoblotted with antibodies against HB-

EGF and human laminin-a2 G5. Anti-GAPDH blotting was

performed as a loading control. A heparin-agarose pre-

cipitation of triceps brachii muscle lysates was performed

to demonstrate binding to heparin. Antibodies used for

staining or blotting are shown on the left side of the figures.
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Untreated dyW mice had reduced body and muscle weight compared
with WT littermates. Neither micro-laminin significantly improved
these measures (Figure S9).

Changes in AAVbiodistribution and gene and protein expression

with age in micro-laminin-treated dyW muscles

After transduction of single-stranded rAAV vectors into skeletal
muscle, maximum gene expression usually takes 3 or sometimes
4 weeks.53,54 Therefore, we compared micro-laminin gene expression
at 1 month post-injection, when gene expression first reaches
maximum, with expression at 4 months post-injection, the experi-
mental endpoint, after i.v. injection of dyW mice with 1E+12 vg
rAAV9.CMV.HB-LAMA2(G1–5) at P1. vg counts were significantly
higher at 1 month of age than at 4 months of age in the TA, Gastroc,
Molecular Therapy: Methods
and triceps brachii muscles (Figure 7A).
Although this reduction in vg counts over time
was evident in several limb muscles, it was not
observed in the diaphragm, heart, liver, or
Quad. Interestingly, gene expression did not
necessarily follow the trend set by vg counts
(Figure 7B). Notably, the percentage of HB-
LAMA2(G1–5)-stained myofibers in the triceps
brachii muscle was greater at the 4-month time
point (36.3% ± 3.8%, n = 9 muscles) than at the
1-month time point (11.4% ± 2.6%, n = 8 mus-
cles, p < 0.0001) (Figures 7C and 7D). Further,
there was more ECM staining at 4 months than
at 1 month, when staining was primarily intracel-
lular (Figure 7D). This result could reflect secre-
tion of HB-LAMA2(G1–5) from transduced my-
ofibers onto adjacent non-transduced myofibers
over time (bystander effect), slow kinetics of pro-
tein expression, or increased promoter activity at
the later time point. Although gene expression
was increased in the triceps brachii and dia-
phragm muscles, it was decreased in hindlimb
muscles. This suggests that loss of gene expres-
sion may also occur because of ongoing muscle damage to expressing
myofibers.

Increased expression of micro-laminin protein after i.m.

injection in juvenile dyW mice

We next sought to increase the percentage of myofibers expressing
micro-laminin by performing i.m. injections in juvenile dyW mice.
To do this, we injected 1E+11 vg rAAV9.CMV.HB-LAMA2(G1–5)
or rAAV9.CMV.LAMA2(G1–5) bilaterally into dyW TA muscles at
2 weeks of age and analyzedmuscles 2 months after injection. Because
i.m. injection into a small muscle often leads to variable levels of
transduction, we found vg from rAAV9.CMV.LAMA2(G1–5)
injection to be 2.7 ± 1-fold higher than for rAAV9.CMV.HB-
LAMA2(G1–5). This led to expression of micro-laminin in an
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Figure 5. Triceps brachii muscle histopathology after

intravenous treatment of dyW mice with AAV9

expressing micro-laminins

(A) Percentage of myofibers that stained positive for micro-

laminin proteins. (B) Minimum (mini-)Feret’s diameter of

stained myofibers compared with unstained myofibers.

(C and D) Quantification of myofiber pathological measures

(coefficient of variance inmyofiber diameter and percentage

of myofibers with central nuclei) in stained and unstained

myofibers. Error bars are SEM for n = 9 muscles per con-

dition. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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equivalent percentage of myofibers for both HB-LAMA2(G1–5) and
LAMA2(G1–5), even though LAMA2(G1–5) had lower expression
when transduction levels were equivalent (Figures 2, 3, and 4). In
both cases, the percentage of myofibers transduced exceeded levels
found with i.v. treatment; 45.5% ± 6.1% of muscles expressed HB-
LAMA2(G1–5) protein, while 42.6% ± 6.3% of myofibers expressed
LAMA2(G1–5) protein (Figures 8A and 8B).

Because about half of all myofibers in the TA muscle were transduced,
we assessed pathology for the entire muscle to determine the effects
of each transgene on muscle pathology. Surprisingly, overall, TA myo-
fiber diameters were, on average, smaller in rAAV9.CMV.HB-
LAMA2(G1–5) (20.8 ± 0.7 mm, n = 9 muscles, p = 0.0006) and
rAAV9.CMV.LAMA2(G1–5) (20.6 ± 0.7, n = 10 muscles, p = 0.0003)
conditions compared with PBS-injected dyW littermates (25.8 ±

0.8 mm, n = 12 muscles) (Figure 8C). Within treated muscle, however,
myofibers expressing HB-LAMA2(G1–5) or LAMA2(G1–5) were
54% ± 2% or 50% ± 2% larger, respectively, than non-expressing my-
ofibers (p < 0.001 for both comparisons). Pathological measures of
muscular dystrophy, including myofiber diameter variance (52.9 ±

1.0 mm/mm, n = 10 muscles, p < 0.0001) and the percentage of myofib-
ers with central nuclei (21.5%± 2.4%, n = 10muscles, p = 0.0002), were
reduced in muscles expressing LAMA2(G1–5) compared with PBS-in-
jected dyW littermates (63.8 ± 1.3 mm/mm, n = 12 muscles; 25.7% ±

1.6%, n = 12muscles) (Figures 8D and 8E).Myofiber diameter variance
was also reduced in muscles expressing HB-LAMA2(G1–5) (59.8 ±

1.2 mm/mm, n = 9 muscles). Thus, injection of muscles with AAV.mi-
cro-laminin at P14 decreased pathology measures at the whole-muscle
level but may have also changed post-natal muscle growth.

There are compensatory increases in other laminins, such as laminin-
a4,27 and laminin-associated proteins in dyWmuscles following loss of
280 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2021
laminin-a2 expression, and upregulation of these
proteins may inhibit the extent of disease.27,55

We therefore compared gene and protein expres-
sion for potential therapeutic molecules using TA
muscles injected i.m. with AAV.micro-laminin
(Figure S10). Laminin-a4 (Lama4) gene expres-
sion was elevated about 4-fold in treated and un-
treated dyW muscles relative to WT mice, as was
gene expression of Lamb1, which encodes lami-
nin-b1, while Lama2 expression was reduced (Figure S10B). Expres-
sion of laminin receptors, including integrin-a7b1 (encoded by Itga7
and Itgb1) and dystroglycan (encoded by Dag1), was not changed
more than 2-fold in either direction in micro-laminin-treated muscles
relative to untreated dyW muscles. Immunostaining found differences
between dyW TAmuscles andWT TAmuscle in laminin-a2, laminin-
a4, integrin-a7, integrin-b1,a-dystroglycan (by IIH6 staining), and to-
tal a/b-dystroglycan expression. Comparison of western blots for these
proteins between treated and untreated TA muscles, using GAPDH as
an internal control for protein loading and transfer (which was lower
in dyW than in WT, but which did not significantly vary between
treated and untreated dyW muscles), showed that laminin-a4 expres-
sion was elevated, although not to a statistically significant level, in
HB-LAMA2(G1–5)- and LAMA2(G1–5)-treated dyW muscle relative
to untreated dyW muscle, as was expression of a-dystroglycan (by
IIH6 blotting) and b-dystroglycan (Figures S10C–S10F). Expression
of integrin-a7 and -b1 were more variable. We used a polyclonal anti-
body to the C terminus of integrin-a7 for immunoblotting that recog-
nizes multiple cleaved protein forms in addition to the native 120-kDa
protein, resulting in multiple bands, and so we quantified each protein
fragment separately.

DISCUSSION
Although LAMA2 whole gene replacement is known to be therapeu-
tically efficacious in mouse models of MDC1A using transgenic or
gene-editing approaches,20,23 the LAMA2 gene is too large to fit
into a single AAV vector, the best current clinical method for gene
therapy. In this work, we have designed a micro-laminin gene therapy
and demonstrated that it can prevent several aspects of muscle histo-
pathology and even, in one instance, improve muscle function in the
dyWmouse model for MDC1A. This strategy is akin to the linker pro-
tein therapies used by Ruegg, Yurchenco and colleagues27 to create a



Figure 6. Weight-normalized forelimb grip strength after intravenous

treatment of dyW mice with AAV9 expressing micro-laminins

The forelimb grip strength of mice treated with intravenous rAAV9 and that of un-

treated wild-type and dyW littermates was assessed at 2 and 3 months of age. Grip

strength was normalized to body weight for each mouse. Error bars are SEM for n =

7–24 mice per condition. *p < 0.05, **p < 0.01, ****p < 0.0001.
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LAMA2 surrogate out of forms of agrin28 or laminin-a1. In both
cases, functional protein-binding regions were linked to an ECM-
binding region to create structural scaffoldings akin to those present
in the native laminin-211 protein. We have used a similar linker pro-
tein strategy with the G1–5 domains of LAMA2 protein itself, which
allows for a partial gene replacement, by adding the HB motif from
HB-EGF, a protein that can be highly expressed in the muscle
ECM.48 Interaction of the HB domain with muscle ECM likely results
from binding to GAGs that are copiously present in the muscle
ECM.47 In doing so, this very small HB domain may replace the
much larger ECM-binding domains in the N termini of the a2, b1,
and g1 chains of laminin-211 that normally dictate ECM localiza-
tion.9,11,56 The G1–5 region of LAMA2 also has the ability to bind
heparin,57,58 but this HB region likely overlaps with its dystroglycan
binding domain,57,58 which can be blocked by heparin. Thus, addition
of the HB domain may free the G1–5 domains of laminin-a2 to prop-
erly bind dystroglycan at the muscle membrane. The HB domain may
also serve to facilitate the secretion of the large G1–5 protein frag-
ment, which is less well expressed, less effective, and in some in-
stances, even deleterious in muscle in the absence of the HB domain.

Although our gene therapy approach is the first to show that themicro-
laminin can have clinical benefits in a mouse model for MDC1A, it
clearly is only one step toward maximizing this approach for patients.
For example, althoughmicro-laminin expression could prevent muscle
damage, increase myofiber size, and even increase weight-normalized
forelimb grip strength, dyWmice treated with micro-laminin displayed
no improvement in ambulation or hindlimb grip strength. This may be
because of limited treatment effect on the peripheral nervous system,
because dyW mice display demyelination of peripheral nerves and
Molecul
gradual hindlimb paralysis,20 or it may be because of the limited trans-
duction in hindlimb muscles. Additionally, the AAV vectors we have
used may need to be optimized further to allow more efficient protein
expression and secretion. The expression of such a large ECM protein
clearly requires time. Analysis of HB-LAMA2(G1–5) staining at
1 month post-treatment, when gene expression has become saturating
in dyW mice,54 showed a protein expression pattern far less coincident
with theECM,while stainingat 4monthspost-treatment showedhigher
ECM localization. dyW mice have reduced ability to regenerate muscle
and display increasedmuscle cell apoptosis, both of which contribute to
increased muscle histopathology.18,19,59–61 The kinetic lag in achieving
maximum gene expression54 and full protein expression using AAV
may have worked against our testing of this therapy in the dyW model.
Immune responses to the human laminin protein, or HB-LAMA2
fusion domain epitopes, may also have worked against achieving
maximal protein expression.

In its current form, micro-laminin gene therapy does not compare
favorably with other treatment strategies tested in dyW mice,
including rAAV9-delivered mini-agrin,45 apoptosis inhibitor omiga-
pil,17,62 and transgenic expression of the linker protein aLNNd. Each
of these treatments achieved improvements in body weight, grip
strength, and/or ambulation and reduced fibrosis and/or muscle
cell apoptosis. By contrast, HB-LAMA2(G1–5) micro-laminin gene
therapy demonstrated limited therapeutic effect in dyW mice, having
no effect on muscle cell apoptosis or muscle inflammation, but it was
successfully expressed, localized to muscle ECM, and reduced some
aspects of muscle histopathology. It also was generally more effective
than LAMA2(G1–5) without the HB domain, suggesting that addi-
tional modifications to improve protein secretion, expression, and
functionality may further improve treatment outcomes for MDC1A.

MATERIALS AND METHODS
Production of AAV9 vectors containing micro-laminin genes

The LAMA2(G1–5) andHB-LAMA2(G1–5)micro-laminin genes were
designedusing thehumanLAMA2Gdomaincoding sequence fromRe-
fSeq GenBank: NM_000426.3 (bp 6,538–9,436), the human HBEGF
signal peptide from GenBank: NM_001945.2 (bp 276–348) for
LAMA2(G1–5), and the human HBEGF signal peptide through
HB domain from GenBank: NM_001945.2 (bp 276–597) for HB-
LAMA2(G1–5). The recombinant genes were synthesized by GeneArt
Gene Synthesis (Regensburg, Germany) in a pMA-T vector backbone.
The genes were subcloned into a pcDNA3.3-TOPO backbone for
use in cell culture transfections and into a recombinant Adeno Associ-
ated Virus (rAAV) plasmid with CMV promoter, SV40 enhancer, and
SV40 poly-adenylation signal for vector production. From 50 Inverted
Terminal Repeat (ITR) to 30 ITR, the genome length of
rAAV.CMV.HB-LAMA2(G1–5) was 4.649 kb, and the length of
rAAV.CMV.LAMA2(G1–5) was 4.377 kb. Plasmids were packaged in
recombinant Adeno Associated Virus Serotype 9 (rAAV9) vectors by
the Nationwide Children’s Hospital Viral Vector Core (Columbus,
OH, USA) using the triple-transfection technique in HEK293 cells53

andwere highly purified using sucrose density centrifugation and anion
exchange chromatography, as previously described.63
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Figure 7. Comparison of muscle biodistribution and gene and protein expression at 1 and 4 months after i.v. treatment of dyW mice with rAAV9.CMV.HB-

LAMA2(G1–5)

Neonatal (P1) dyW mice were injected intravenously with 1E+12 vg rAAV9.CMV.HB-LAMA2(G1–5). Tissues were analyzed at 1 (grey circles) or 4 months (dark circles) post-

injection. (A) The number of AAV genomes per nucleus was quantified in various tissues. (B) Expression ofHB-LAMA2(G1–5) transgenewas determined. Tissues were analyzed

at 1 (grey bars) or 4months (dark bars) post-injection. Fold change in gene expressionwas calculated relative to expression of endogenousmouse Lama2 (mLama2) gene in the

corresponding tissues of 4-month-old wild-type littermates. (C) Percentage of myofibers that stained positively for HB-LAMA2(G1–5) protein. (D) Example of HB-LAMA2(G1–5)

staining using HB-EGF antibody (green) at 1 and 4 months post-treatment, with dystrophin (red) used as a counterstain to identify myofibers. Composite image includes DAPI

(blue) to stain nuclei. Error bars are SEM for n = 4 mice for the 1-month time point and n = 6 mice for the 4-month time point. *p < 0.05, **p < 0.01, ****p < 0.0001.
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Cell transfection

CHO-K1 cells (ATCC, Manassas, VA, USA) were grown in 10-cm
dishes in DMEM (Thermo Fisher Scientific) with 10% fetal bovine
serum (Millipore-Sigma). When at 80% confluence, cells were trans-
fectedwith pcDNA3.3-TOPO.CMV.HB-LAMA2(G1–5) or pcDNA3.3-
TOPO.CMV.FLAG-LAMA2(G1–5) using TransIT-X2 Dynamic
Delivery System (Mirus, Madison, WI, USA), according to the manu-
facturer’s instructions for CHO-K1 cells in 10-cm dishes.

Mice

All mouse experiments were performed using protocols approved by
the Institutional Animal Care and Use Committee at The Abigail
Wexner Research Institute at Nationwide Children’s Hospital
(Columbus, OH, USA). C57BL/6J mice were purchased from Jackson
Laboratories (Bar Harbor, ME, USA). dyW mice bred on a pure
C57BL/6 background were a generous gift from Dr. Dean Burkin at
University of Nevada, Reno, Medical School.
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i.m. AAV injections

Adult mice were anesthetized with isofluorane (Baxter, Deerfield, IL,
USA), and hindlimbs were shaved over the TA muscles. 1E+11 vg
rAAV9 in 25 mL PBS was injected into each TA muscle using a 0.33-cc
Thinpro Insulin Syringe (Terumo Medical, Somerset, NJ, USA). Two-
week-old mice were restrained, and 1E+11 vg rAAV9 in 5 mL PBS was
injected into each TA muscle using a 0.3-cc Thinpro Insulin Syringe.

i.v. AAV injections

Mouse pups up to 48 h old were anesthetized on ice and injected with
1E+12 vg rAAV9 into the temporal vein using a 0.3-cc Thinpro Insulin
Syringe. The minimum injection volume allowable by virus titer was
used.

Grip strength

On 3 consecutive days, 1 week prior to grip strength assessment, mice
were trained on the Grip Strength Meter (Columbus Instruments,
021



Figure 8. Tibialis anterior muscle histopathology after intramuscular treatment of dyW mice with rAAV9 expressing micro-laminin

The TA muscles of 2-week-old dyW mice were injected with 1E+11 vg rAAV9 containing either LAMA2(G1–5) or HB-LAMA2(G1–5) genes, or an equal volume of PBS, and

analyzed 2months post-injection. (A) Muscle sections stained with antibodies against human laminin-a2G4–5 to detect micro-laminins (green) and against dystroglycan (red)

to outlinemyofibers. (B) Percentage of myofibers that stained positively for micro-laminins. (C) Myofiber mini-Feret’s diameter. (D) Myofiber mini-Feret’s diameter coefficient of

variance. (E) Percentage of myofibers with central nuclei. Error bars are SEM for n = 9–12 muscles per condition. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Columbus, OH, USA). Each training day consisted of five forelimb and
five hindlimb grip strength trials, whichwere not recorded. The week of
assessment, grip strength was assessed on 5 consecutive days. Each
assessment consisted of five forelimb trials using the “T Peak” setting
and five hindlimb trials using the “C Peak” setting on the Grip Strength
Meter and measured in grams, followed by body weight measurement.
For eachmouse, on each day of the assessment week, the five trials were
averaged and normalized to bodyweight obtained on that day. For each
mouse, the final grip strength value was the average of the body weight-
normalized grip strength values obtained over the 5 days.

Ambulation

On 3 consecutive days, 1 week before ambulation assessment, mice
were trained on the Treadmill Meter (Columbus Instruments,
Columbus, OH, USA). The week of assessment, mice were placed
on the stationary Treadmill Meter, one or two mice per enclosed
lane. The treadmill was started at 5 m/min, increasing 1 m/min every
30 s until 10 m/min was reached. The treadmill was run at 10 m/min
for 10 min. For each mouse, the trial ended when the mouse fell off
Molecul
the end of the treadmill three times in a span of 20 s. At the end of
the trial, the maximum speed reached and time of ambulation at 10
m/min were recorded. If a mouse failed to reach 10 m/min, 0 s was
recorded for ambulation time. For each mouse, the final values for
speed and ambulation time were the averages of those obtained
over the 5 days.

Tissue processing

Skeletal muscles were removed, weighed, mounted with O.C.T.
(Thermo Fisher Scientific) on cork, and snap frozen in liquid-nitro-
gen-cooled 2-methylbutane. The internal organs and heart were
removed, placed in Peel-A-Way Disposable Embedding Molds
(Thermo Fisher Scientific), covered in Tissue Plus O.C.T. (Thermo
Fisher Scientific), and frozen in a 2-methylbutane (Thermo Fisher
Scientific)/dry ice bath. One hemisphere of the brain was snap frozen
for molecular analysis. The other hemisphere was fixed overnight in
4% paraformaldehyde (EMS, Hatfield, PA, USA) in PBS at 4�C,
washed overnight in 0.1 M glycine (Thermo Fisher Scientific) in
PBS at 4�C, then incubated sequentially in 10%, 20%, and 30%
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 283
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sucrose each overnight at 4�C, before freezing in an embedding mold
covered with O.C.T.

AAV biodistribution

DNA was extracted from tissue shavings using a DNeasy Blood & Tis-
sue Kit (QIAGEN, Germantown, MD, USA). vg quantity in 100 ng
sampleDNAwas determined using 2XTaqManGene ExpressionMas-
ter Mix, a standard curve of linearized rAAV plasmid from 5 vg to
5E+6 vg, and the following primer/probe set amplifying a region span-
ning the SV40 enhancer and the transgene: 50-ACTTCTAGGCCTG
TACGGAAGTG-30 (forward), 50-56-FAM/AAAGCTGCG/ZEN/GA
ATTGTACCCGCGGC/3IABkFQ/-30 (probe), and 50- CTGCAGCCA
GAAAGAGCTTCAG-30 (reverse). vg per mouse nucleus was then
calculated using an estimate of 1.7E+5 mouse nuclei per 1 mg genomic
DNA.

Gene expression measurement

RNAwas extracted from tissue shavings using a Direct-zol RNAMin-
iPrep kit (Zymo Research, Irvine, CA, USA), and cDNAwas prepared
using a High-Capacity cDNA Reverse Transcriptase kit (Applied Bio-
systems, Bedford, MA, USA). HB-LAMA2(G1–5) and LAMA2(G1–5)
transgene expression were measured in cDNA samples using Taq-
Man Gene Expression Master Mix and LAMA2 (human) Assay
Hs01124072_m1 (Applied Biosystems). Additional assays included
mouse Lama4, mouse Itga7, and mouse Itgb1 (IDT, Coralville, IA,
USA), mouse Lamb1 Assay Mm008801853_m1, and mouse Dag1
Assay Mm00802400 (Applied Biosystems). 18S rRNA was used as
an internal control (Applied Biosystems). The 2�DDCT method was
used to calculate fold change in expression.64

WGA-agarose precipitation and protein isolation

Immediately following dissection, Gastroc and Quad muscles from
WT mice were minced with a sterile scalpel, placed in 5 mL Nonidet
P-40 (NP-40) lysis buffer, 1% (w/v) NP-40 (Millipore-Sigma, St.
Louis, MO, USA) in 50 mM Tris buffer with 150 mM NaCl, 1 mM
EDTA (Invitrogen, Grand Island, NY, USA), and cOmplete EDTA-
free Protease Inhibitor Cocktail (Millipore-Sigma) and rocked over-
night at 4�C. Supernatant was transferred to 200 mL Wheat Germ
Agglutinin (WGA)-agarose (EY Laboratories, San Mateo, CA,
USA) and rocked overnight at 4�C. Precipitated sample was washed
thoroughly in 0.1% (w/v) NP-40 in 50 mM Tris buffer with
150 mM NaCl, then eluted in 500 mL 0.3 M N-acetyl-D-glucosamine
(GlcNAc; Millipore-Sigma, USA) in 0.1% NP-40 buffer for 20 min
with rocking at 4�C. To reduce GlcNAc concentration, we dialyzed
eluted samples in 1,000-fold volume 0.1% NP-40 buffer overnight
at 4�C using 10K MWCO Slide-A-Lyzer Dialysis Cassettes (Thermo
Fisher Scientific).

Heparin-agarose precipitation and protein isolation

200 mL Heparin-Agarose Type I saline suspension (Millipore-Sigma)
was added per milliliter of conditioned media, cell lysate, or muscle
lysate to be precipitated and mixed overnight at 4�C. Precipitated
samples were washed thoroughly with PBS. For western blotting,
precipitated samples were resuspended in 50 mL 1X NuPage LDS
284 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
Sample Buffer with 100 mM b-mercaptoethanol. 20 mL of the resus-
pension was boiled and used for immunoblotting. For isolation of mi-
cro-laminin proteins, precipitated samples were eluted with a high-
salt solution, 200 mL 1.5 M NaCl in 0.01 M Tris-HCl (pH 7.5). To
reduce salt concentration, we dialyzed eluted samples in 1,000-fold
volume 0.01 M Tris-HCl overnight at 4�C using 10K MWCO Slide-
A-Lyzer Dialysis Cassettes (Thermo Fisher Scientific).
Anti-FLAG-agarose precipitation and protein isolation

We performed anti-FLAG-agarose precipitation and protein isolation
identically to heparin-agarose precipitation and protein isolation, re-
placing Heparin-Agarose Type I with Anti-FLAG M2 Affinity Gel
(Millipore-Sigma). High-salt solution was used for elution, as in hep-
arin-agarose precipitation and isolation.
Immunoblotting

Protein was extracted from tissue shavings using NP-40 lysis buffer.
40 mg of each protein lysate was added to NuPAGE LDS Sample
Buffer (Thermo Fisher Scientific) with 100 mM b-mercaptoethanol
(Thermo Fisher Scientific) and boiled for 10 min prior to gel electro-
phoresis and transfer to nitrocellulose membranes for immunoblot-
ting. The antibodies against HB-EGF (AF-259), laminin-a4
(AF3837), and a/b-dystroglycan (AF6868) were obtained from
R&D Systems (Minneapolis, MN, USA). The antibody against lami-
nin-a2 G5 (2D4) was obtained from Abnova (Taipei, Taiwan). The
antibodies against GAPDH (G9545) and a-dystroglycan, clone
IIH6C4 (05-593) were obtained from Millipore-Sigma. The antibody
against laminin-b1 (PA5-27271) was obtained from Invitrogen. The
antibodies against integrin-a7B and -b1 were obtained as described
by Martin et al.65 The horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies against goat and rabbit IgG were obtained from
Jackson ImmunoResearch (West Grove, PA, USA), and the second-
ary antibody against mouse IgG1 was obtained from Bethyl Labora-
tories (Montgomery, TX, USA). Protein band densities were
measured using ImageJ 1.46r.

For protein overlays, protein gels were transferred to Immobilon-PSQ
polyvinylidene fluoride (PVDF) membranes (Millipore-Sigma) and
washed briefly in laminin-binding buffer (LBB), 140 mM NaCl,
1 mM CaCl2, and 1 mM MgCl2 in 10 mM Tris-HCl, before blocking
in 5% milk in LBB. Membranes were overlaid with micro-laminin
protein samples in LBB overnight at 4�C. Primary antibody in 3%
BSA in LBB was added for 2 h at room temperature, followed by sec-
ondary antibody in 3% BSA in LBB for 1 h.
Enzyme-linked immunosorbent assays (ELISAs)

200 ng WGA-agarose-isolated sample was diluted in 50 mM bicar-
bonate buffer (pH 9.5) and added per well to NUNC-ImmunoMicro-
Well plates, then incubated overnight at 4�C. Plates were blocked in
3% BSA in 50 mM Tris-HCl with 100 mM NaCl, 1 mM CaCl2, and
1 mMMgCl2, then incubated with micro-laminin ligands in blocking
buffer. Ligands were detected using anti-laminin-a2 G5 (2D4) pri-
mary antibody and HRP-conjugated secondary antibody. Substrate
021
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Reagent Pack colorimetric kit (R&D Systems) was used to measure
the signal at 450 nm.
Immunofluorescent staining

10-mm tissue sections, cut on a Cryostat, were placed on Fisher Super-
frost Plus glass slides (Thermo Fisher Scientific). A hydrophobic
border was drawn around each section using an ImmEdge Hydro-
phobic Barrier PAP pen (Vector Labs, Burlingame, CA, USA). Sec-
tions were fixed in 2% paraformaldehyde (EMS) in PBS for 10 min,
permeabilized in 0.1% Triton X-100 (Millipore-Sigma) in PBS for
10 min, incubated in Mouse-on-Mouse Blocking Reagent (Vector
Labs) for 1 h, and blocked with 5% donkey serum in PBS for
30 min prior to incubation overnight at 4�C in primary antibodies.
Sections were then incubated with secondary antibodies for 1 h at
room temperature and then treated with ProLong Gold with DAPI
(Invitrogen) before adding a coverslip. The antibodies against HB-
EGF (AF-259), laminin-a4 (AF3837), integrin-a7 (MAB3518), and
a/b-dystroglycan (AF6868) were obtained from R&D Systems. The
antibodies against human laminin-a2 G4-5 (5H2), laminin-a2
short-arm (4H8-2), and a-dystroglycan, clone IIH6C4 (05-593)
were obtained from Millipore-Sigma. The antibody against dystro-
phin (ab15277) was obtained from Abcam (Cambridge, UK). The
antibody against integrin-b1 clone 9EG7 (553715) was obtained
from BD Biosciences (San Jose, CA, USA). The antibody against lam-
inin-a5 (bs-1086R) was obtained from Bioss (Boston, MA, USA).
Rabbit anti-mouse IgG1 secondary antibody (fluorescein isothiocya-
nate [FITC]; NBP1-73636) was obtained from Novus Biologicals
(Centennial, CO, USA). All other secondary antibodies were obtained
from Jackson ImmunoResearch.

For protein overlay assays, following blocking, sections were incu-
bated in heparin-agarose-isolated micro-laminin protein from trans-
fected cell lysate in 3% BSA in LBB overnight at 4�C. Primary anti-
body in 3% BSA in LBB was added for 2 h at room temperature,
followed by secondary antibody in 3% BSA in LBB for 1 h.
Microscopy and imaging

For all immunofluorescent images, a Zeiss Imager.Z1 with an Axio-
CamMRm camera, Plan-Apochromat 10�/0.45 M27 and Plan-Apo-
chromat 20�/0.8 M27 objectives, and AxioVision40 v4.7.1.0 software
were used to take single-plane multi-channel epifluorescence images.
Equal exposure times were used to image corresponding channels
across samples within each experiment. In all staining, DAPI and
Alexa 488, CY2, or FITC, CY3, and CY5 fluorophores were used
and visualized using fluorophore-appropriate filters.
Histological analysis

Myofiber diameter, central nucleation, and muscle wasting analyses
were performed using an ImageJ macro on 10� images of muscle sec-
tions stained with an antibody against dystrophin to outline myofib-
ers, much as previously described.66 TUNEL+ nuclei were counted
using an ImageJ macro on 10� images of muscle sections. Immune
cells were counted manually on 10� images of muscle sections.
Molecul
Statistical analysis

The statistical significance of differences between two groups was
tested using an unpaired, two-tailed Student’s t test. The significance
of differences between more than two groups was tested using a one-
way ANOVA, with post hoc Tukey’s test for multiple comparisons.
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