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Congenital muscular dystrophy, caused by mutations in LAMAZ (the gene encoding laminin a2 chain), is
a severe and incapacitating disease for which no therapy is yet available. We have recently demon-
strated that proteasome activity is increased in laminin &2 chain—deficient muscle and that treatment
with the nonpharmaceutical proteasome inhibitor MG-132 reduces muscle pathology in laminin a2
chain—deficient dy**/dy** mice. Here, we explore the use of the selective and therapeutic proteasome
inhibitor bortezomib (currently used for treatment of relapsed multiple myeloma and mantle cell
lymphoma) in dy**/dy** mice and in congenital muscular dystrophy type 1A muscle cells. Outcome
measures included quantitative muscle morphology, gene and miRNA expression analyses, proteasome
activity, motor activity, and survival. Bortezomib improved several histological hallmarks of disease,
partially normalized miRNA expression (miR-1 and miR-133a), and enhanced body weight, locomotion,
and survival of dy**/dy** mice. In addition, bortezomib reduced proteasome activity in congenital
muscular dystrophy type 1A myoblasts and myotubes. These findings provide evidence that the pro-
teasome inhibitor bortezomib partially reduces laminin a2 chain—deficient muscular dystrophy.
Investigation of the clinical efficacy of bortezomib administration in congenital muscular dystrophy
type 1A clinical trials may be warranted. (Am J Pathol 2014, 184: 1518—1528; http://dx.doi.org/
10.1016/j.ajpath.2014.01.019)

Congenital muscular dystrophy type 1A (MDC1A) is a se-
vere form of muscular dystrophy for which there is currently
no cure. Patients exhibit severe muscle hypotonia early in life,
general muscle weakness accompanied by joint contractures,
and few children achieve the ability to walk. Critical com-
plications of MDC1A include respiratory failure and feeding
problems, but noninvasive ventilation and gastrostomy can
significantly improve health. Nonetheless, respiratory-tract
infection is the most common cause of death, and approxi-
mately 30% of patients die within the first decade of life."”
MDCIA is caused by mutations in the LAMAZ2 gene; this
gene encodes the laminin o2 subunit of the heterotrimeric
protein laminin-211, which is a major constituent of base-
ment membranes in the neuromuscular system. In MDCI1A,
laminin o2 chain expression is absent or significantly
reduced, which leads to disrupted basement membranes and
reduced cell interactions.” > Laminin a2 chain binds two
major cell surface receptors on muscle cells, namely, dys-
troglycan and integrin o7B1.°® Thus, the structural link from
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the extracellular matrix to the cytoskeleton that stabilizes the
muscle cell membrane and protects it from contraction-
induced damage is disrupted in MDCIA.”'" Moreover,
the expression of dystroglycan and in particular of integrin
a7B1 is dysregulated in MDC1A,""™"* and so downstream
intracellular signaling pathways are also interrupted in
MDCI1A. Laminin o2 chain—deficient muscle fibers undergo
degeneration—regeneration cycles, but eventually regenera-
tion can no longer be maintained and consequently muscle
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fibers die (enhanced apoptosis is a significant feature of
MDCI1A); this is followed by a major replacement of muscle
tissue with connective tissue.'*'°

There are several mouse models for MDC1A that, in general,
accurately recapitulate the pathology of MDC1A."® Over the
last decade, our research group has used the most severely
affected dy’*/dy’® mouse, which is the only strain that
completely lacks laminin o2 chain.'”'® The median survival of
dy**/dy** mice is approximately 22 to 23 days, and at time of
death these mice exhibit severe muscle wasting.' """~ Several
approaches to combat disease in laminin o2 chain—deficient
mouse models have been undertaken, and successful methods
include transgenic overexpression of laminin o2 chain,”
laminin ol chain,'” mini21grin,12‘24‘25 integrin o7 subunit,”®
Bcl-2,27 and IGF-l,28 as well as pharmacological treatment
with antiapoptotic>”*’ and antifibrotic’’** compounds or
protein therapy with laminin-111."" Despite encouraging re-
sults to date, clinical applications are still years away.

Recently, our research group demonstrated that protea-
some activity and autophagy are increased in laminin a2
chain—deficient muscle and that separate inhibition of each
system significantly improves muscle morphology in a
mouse model of MDC1A.**33 However, although these
initial studies constitute proof-of-concept validation, neither
of the inhibitors used (MG-132 and 3-methyladenine) is
suitable for clinical testing. In the present study, therefore,
we explored the use of the proteasome inhibitor bortezomib,
which is used for treatment of relapsed multiple myeloma
and mantle cell lymphoma.”’®*’” We found that bortezomib
has beneficial effects in laminin a2 chain—deficient dy’*/
dy*® mice and in MDCIA patient cells.

Materials and Methods

Transgenic Animals

The laminin o2 chain—deficient dy’%/dy’® mice and dy’*3E3
mice used have been described previously.'”*'** Dy*//dy*’
(B6.WK-Lama2®*'/J), mdx (C57BL/10Scsn-mdx/J), B-sar-
coglycan—deficient (B6.129-Sgeb™ ' *™/1J),** and integrin
o7—deficient mice (B6.129-Ttga7"™'B"™*/]) were obtained
from the Jackson Laboratory (Bar Harbor, ME) and bred in
our animal facility. The dy’*/dy’*, dy*’/dy*’, dy’*SE3, and
integrin o7—deficient mice were compared with wild-type
(WT) littermates, and the mdx and B-sarcoglycan—deficient
mice were compared with aged-matched WT mice (C57BL/
6). Mice were maintained in the animal facilities of the
Biomedical Center at Lund according to institutional animal
care guidelines, and permission was given by the Malmo/
Lund (Sweden) ethical committee for animal research
(ethical permit numbers M15-12 and M279-12).

Bortezomib Treatment

Bortezomib was purchased from LC Laboratories (Woburn,
MA). A stock solution dissolved in dimethyl sulfoxide was
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prepared, stored at —80°C, and then diluted in 100 pL
sterile sodium chloride. The bortezomib (0.4 mg/kg) was
injected into the tail vein of dy’*/dy’® and WT mice at 2.5
weeks of age and again at 3.5 weeks. Mice were sacrificed at
14 days after the second injection. Quadriceps and dia-
phragm muscles were processed for morphometric analysis
or immunofluorescence experiments. Plasma analyses of
cystatin-C were performed at the Clinical Laboratory at
Skane University Hospital (Lund, Sweden).

For cell cultures (described below), bortezomib was resus-
pended in dimethyl sulfoxide to obtain a 10 mmol/L solution.
Dilutions of 1 and 10 nmol/L of bortezomib in growth medium
for 24 hours were used for treatment of myoblasts. For myo-
tubes, cell extracts were treated with 10 nmol/L of bortezomib
for the 15 minutes before measurement of proteasome activity.
No significant differences were observed between growth
medium with dimethyl sulfoxide or left untreated; untreated
growth medium was therefore used as control medium.

Cell Culture

Primary myoblasts (passage 2 to 3) were obtained from a
control fetus (12 weeks of gestation) and from an MDCI1A
fetus (15 weeks of gestation) presenting a homozygous
nonsense mutation in exon 31 of the LAMA2 gene.”” Muscle
cells were obtained in accordance with French legislation on
ethical rules for research involving humans. Cells were culti-
vated with F10—Ham’s medium (Life Technologies, Carls-
bad, CA) containing 20% fetal bovine serum (Life
Technologies) at 37°C and 5% CO, in plastic flasks. To induce
differentiation, cells were cultured in Dulbecco’s modified
Eagle’s medium with GlutaMAX supplemented with 2%
horse serum for 8 days. Plates were treated with Geltrex
LDEV-free basement membrane matrix (Life Technologies)
according to the manufacturer’s instructions. The medium was
changed every 2 days. Primary fibroblasts from an MDC1A
patient (GM23311) and a control subject (GM23309) were
purchased from Coriell Cell Repositories (Camden, NJ). The
cells were grown in minimum essential medium with Gluta-
MAX (Life Technologies) supplemented with 10% fetal
bovine serum (Life Technologies) at 37°C and 5% CO,.

Proteasome Activity

Protein lysates were obtained by adding cell pellets into lysis
buffer [SO mmol/L. HEPES (pH 7.5), 5 mmol/L. EDTA, 150
mmol/L. NaCl, 1% CHAPS] on ice for 30 minutes with vor-
texing at 10-minute intervals. The lysates were centrifuged at
13,000 rpm (15,700 x g) for 15 minutes at 4°C, and the protein
concentration in the supernatant was determined by the bicin-
choninic acid method using a Pierce BCA protein assay kit
(Thermo Fisher Scientific, Waltham, MA). Protein (25 ng) was
added to substrate buffer (25 mmol/L HEPES at pH 7.5,
0.5 mmol/LL EDTA, 0.05% NP-40, 0.001% SDS), and 20S
proteasome activity was determined using a fluorometry-based
microplate assay (Millipore, Billerica, MA) that detects
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chymotrypsin-like activity by monitoring amido-4-
methylcoumarin (AMC) release from the synthetic pep-
tide substrate LLVY-AMC.

RNA Extraction, cDNA Synthesis, and gPCR for mRNA
Detection

Total RNA was extracted from 10 mg of crushed quadriceps
muscle from dy’*/dy’¥, bortezomib-treated dy’*/dy’*, WT,
and bortezomib-treated WT mice (3.5 weeks of age for un-
treated mice and 5.5 weeks for treated mice); from dyzj/d ZJ,
dy**SE3, and integrin a7—deficient mice and corresponding
WT litter mates; from mdx, B-sarcoglycan—deficient, and
C57BL/6 mice (5 to 7 weeks of age) and from cardiac muscle
from dy’®/dy’® and WT litter mates (3.5 weeks of age). RNA
was extracted using an RNeasy mini kit (Qiagen, Venlo, The
Netherlands; Valencia, CA), with an initial step of proteinase
K digestion (Fermentas; Thermo Fisher Scientific). Comple-
mentary DNA was synthesized from 1 pg of total RNA with
random primers and SuperScript III Reverse Transcriptase
(Life Technologies) according to the manufacturer’s in-
structions. Amplification by quantitative real-time PCR
(qPCR) was performed in a LightCycler 480 system (Roche
Diagnostics, Indianapolis, IN) in 96-well plates with previ-
ously described primers for NF-kB-p65, FoxO1, MAFbx/
atrogin-1, MuRFI1, and ubiquitin."’"** Thermal cycling
conditions were as follows: preincubation for 15 minutes at
95°C, then 40 cycles of 15 seconds at 94°C, 30 seconds at
55°C, and 30 seconds at 72°C, followed by a melting-curve
cycle of 1 second at 95°C, 30 seconds at 65°C, and 0.11°C
per second increase of temperature until 95°C.

Total RNA was extracted from human myoblasts using a
High Pure RNA isolation kit (Roche Diagnostics), accord-
ing to the manufacturer’s instructions. First-strand cDNA
was synthesized from total RNA (0.7 pg) with oligonucle-
otide dT15 primers and random primers p(dN)6 by using a
First Strand cDNA synthesis kit (Roche Diagnostics).
Primer sequences were designed and analyzed through
Primer-BLAST version 2.0.13 (http://www.ncbi.nlm.nih.gov/
tools/primer-blast) and the Operon tool (http://www.operon.
com/tools/oligo-analysis-tool.aspx, both last accessed
January 10, 2014) was used to check the putative primer—
dimer formation. Oligonucleotide sequences (forward and
reverse, respectively) were as follows: NF-kB-p65, 5'-CTG-
CCGGGATGGCTTCTAT-3' and 5-CCGCTTCTTCACA-
CACTGGAT-3' (NM_021975.3); 20S core particle subunit
o2, 5-ACCGAGAAAAAGCAGAAATCCA-3' and 5-AT-
GGACGAACACCACCTGAC-3 (NM_002787.4); USP19,
5'-AGCGGCACAAGATGAGAAAT-3 and 5'-ACGGGT-
CAAAAGTGATGGAG-3 (NM_006677.1); ubiquitin, 5'-
ATTTGGGTCGCGGTTCTTG-3’ and 5'-TGCCTTGACAT-
TCTCGATGGT-3'*; and GAPDH, 5-CAGTCAGCCGCA-
TCTTCTTT-3' and 5-CCCAATACGACCAAATCCGTT-
3’ (NM_002046.4). Amplification conditions were 45
cycles of 10 seconds at 96°C, 10 seconds at 60°C, and 10
seconds at 72°C.
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Amplification curves were analyzed using the manufac-
turer’s LightCycler 480 software version 1.5.0 (Roche
Diagnostics), both for determination of Cr (by the second-
derivative method) and for melting-curve analysis. Expres-
sion levels were calculated relative to the endogenous
control genes GAPDH and/or RPLPO (alias P0)** and then
relative to control samples.

RNA Isolation, cDNA Synthesis, and gPCR for miRNA
Detection

Total RNA was extracted from quadriceps muscle snap-frozen
in liquid nitrogen using a miRCURY RNA isolation kit (Exi-
gon, Vedbaek, Denmark; Woburn, MA) according to the
manufacturer’s instructions. Total RNA from cells was
extracted using a commercial column-based system (miR-
Neasy mini kit; Qiagen) according to the manufacturer’s in-
structions. RNA (20 ng) was reverse-transcribed using a
miRCURY LNA universal RT cDNA synthesis kit (Exiqon).
The cDNA was diluted 80 times and assayed in 10-uL. PCR
reactions according to the protocol for the miRCURY LNA
universal RT microRNA PCR system. The amplification was
performed in a LightCycler 480 qPCR system (Roche Di-
agnostics) in 96-well plates. The amplification curves were
analyzed using the manufacturer’s LightCycler software, both
for determination of Crt (by the second-derivative method) and
for melting-curve analysis. Primers for miR-1 and miR-133a
were designed by Exiqon (product no. 204344 and 204788,
respectively). We used U6 snRNA and let-7a as internal con-
trols (product no. 203907 and 204775, respectively; Exiqon).

Histology and Immunofluorescence

Quadriceps and diaphragm muscles from dy’*/dy’*,
bortezomib-treated dy3K/dy3K , WT, and bortezomib-treated WT
mice were dissected after euthanasia and frozen in optimal
cutting temperature compound (Tissue-Tek OCT; Sakura
Finetek, Torrance, CA) in liquid nitrogen. Sections (7 pum thick)
were stained with H&E, Masson’s trichrome (using an HT15
commercial kit; Sigma-Aldrich, St. Louis, MO), or biotinylated
wheat germ agglutinin, which was detected with fluorescein
avidin D (Vector Laboratories, Burlingame, CA). Also, sections
were processed for immunofluorescence analyses according to
standard procedures with rat monoclonal anti—tenascin-C
(Mtn15)"? or mouse monoclonal anti—caspase-3 (BD Trans-
duction Laboratories CPP32; BD Biosciences, San Jose, CA).
Sections were analyzed and images captured with a Zeiss
Axioplan fluorescence microscope (Carl Zeiss Microscopy,
Jena, Germany) using an ORCA 1394 ER digital camera
(Hamamatsu Photonics, Hamamatsu City, Japan) and Openlab
software version 3 (Improvision, Coventry, UK).

Morphometric Analysis

Quantifications were performed on entire quadriceps
and diaphragm muscle cross sections. H&E and Masson’s
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trichrome—stained sections were scanned using an Aperio
ScanScope CS2 scanner with ScanScope console version
8.2.0.1263 (Aperio, Vista, CA). For tenascin-C labeled sections,
low magnification (x2.5) Tiff-format images of whole muscle
or multiple images at x 10 magnification covering the whole
muscle were used. The area within muscle corresponding to
Masson’s trichrome—positive areas and to tenascin-C labeling
was quantified relative to the entire area of the quadriceps cross
section. The images of tenascin-C and Masson’s trichrome
staining were converted to 8-bit-mode images, and the mea-
surements were set to a threshold that was manually adjusted for
every individual image (the total muscle area versus stained area,
measured in square pixels). The numbers of centrally located
nuclei, caspase-3—positive cells, Masson’s trichrome—positive
areas, and tenascin-C—positive areas were quantified using
Image] software version 1.43u (NIH, Bethesda, MD). The fiber
area of biotinylated wheat germ agglutinin—stained muscle
fibers was measured and quantified using Adobe Photoshop
CS5 extended version (Adobe Systems, San Jose, CA).

Exploratory Locomotion Test

Exploratory locomotion was evaluated in an open-field test.
In each experiment, a mouse was placed into a new cage and
allowed to explore the cage for 5 minutes. The time that the
mouse spent moving around was measured manually.

Statistical Analysis

Except as otherwise indicated, data were analyzed using
one-way analysis of variance with a Tukey’s multiple
comparison test to determine differences between groups.
U-test or Student’s t-test was used for statistical analyses of
gene expression. The statistical significance of relative
expression changes of target miRNA levels was analyzed
using one-way analysis of variance with Tukey’s multiple
comparison test for quadriceps muscle and REST 2009
software (http.//www.gene-quantification.info, last accessed
January 10, 2014) for myoblasts.** Finally, the log-rank test
was used for the analysis of significance of survival curves.
Statistical significance was accepted for P < 0.05.

Results

Increased Expression of Proteasome-Related Genes in
Laminin a2 Chain—Deficient Muscle but Not in Other
Mouse Models of Muscular Dystrophy

We have recently demonstrated enhanced expression of
ubiquitin-proteasome—related genes in laminin o2 chain—
deficient dy’*/dy’* skeletal muscle.”* To elucidate whether
the augmented expression is a feature of laminin o2
chain—deficient muscle or whether there is a general increase
in expression of proteasome-related genes in muscular dys-
trophy, we analyzed the expression of the transcription factors
NF-kB-p65 and FoxOl, the key ubiquitin ligases MuRF1
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and atrogin-1, and finally ubiquitin mRNAs in quadriceps
muscle from mice with different forms of muscular dystro-
phy. As previously shown,”* we detected significantly in-
creased levels of NF-kB-p65, FoxO1, MuRF, atrogin-1, and
ubiquitin mRNAs in 3.5-week-old dy’*/dy’® quadriceps
muscle (Supplemental Figure S1A). A similar increase was
also detected in muscle from 5-week-old dy*/dy*’ mice
(Supplemental Figure S1B), which exhibit a much milder
muscle phenotype than dy’*/dy** mice. Because of a muta-
tion in the laminin N-terminal (LN) domain, there is slightly
reduced expression of truncated laminin a2 chain devoid of
the LN domain in dyzj/dyzj muscle. Nevertheless, these mice
develop relatively mild muscular dystrophy and peripheral
neuropathy.*”*°

We next quantified the expression level of proteasome-
related genes in quadriceps muscle from 5-week-old dystrophin-
deficient mdx mice (a Duchenne muscular dystrophy mouse
model) and 5-week-old B-sarcoglycan—deficient Sgcb-null
mice (a limb-girdle muscular dystrophy type 2E mouse
model).” No major modification in expression levels was
detected in mdx or Sgch-null (Sgcb~'~) muscle (Supplemental
Figure S1, C and D).

We next assessed quadriceps muscle from 5-week-old
dy’* SE3 mice. These laminin a2 chain—deficient mice over-
express a shortened laminin o1 chain devoid of the dystro-
glycan binding site; however, the integrin binding site remains
uninterrupted. Accordingly, dy’*3E3 limb muscles are quite
dystrophic, but diaphragm and heart muscles are spared.”’ The
expression of NF-kB-p65, FoxO1, MuRFI, atrogin-1, and
ubiquitin mRNAs was not increased in dy’*3E3 quadriceps
muscle (Supplemental Figure S1E), suggesting that the lami-
nin o2 chain receptor dystroglycan may not be involved in the
downstream proteasome activity. To assess whether the
expression of proteasome-related genes is altered when the
other laminin a2 chain receptor, the integrin o7 subunit, is
absent in skeletal muscle, we evaluated quadriceps muscle
from integrin o7—deficient mice. At 5 weeks of age, integrin
o7—deficient muscles are only very mildly dystrophic.*’ No
major alteration in expression levels of proteasome-related
genes was detected (Supplemental Figure SI1F). Last, we
determined the expression levels of proteasome-related
genes in laminin o2 chain—deficient cardiac muscle, which
appears to be relatively mildly affected both in laminin o2
chain—deficient mice and in MDCIA patients.” Only ubiqg-
uitin mRNA levels were significantly increased in dy’*/dy’®
cardiac muscle (Supplemental Figure S1G).

Bortezomib Enhances Weight, Locomotion, and
Survival of Laminin a2 Chain—Deficient Mice

We have previously demonstrated that short-term protea-
some inhibition with MG-132 reduces disease manifestations
in dystrophic dy’*/dy’® muscle.” In the present study, we
determined the efficacy of the proteasome inhibitor borte-
zomib, a drug that is approved for the treatment of patients
with multiple myeloma and mantle cell lymphoma.”*~’ In a
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pilot study, 2.5-week-old dy’*/dy’* mice were injected
intravenously with 0.8 mg/kg bortezomib (the dose given
previously to mdx mice*®). However, the bortezomib-treated
dy**/dy** mice died a few days later, at approximately the
same time as untreated dy’*/dy’® mice, whereas WT pups
tolerated the dose. For the present study, therefore, we
administered 0.4 mg/kg bortezomib (roughly corresponding
to the dose given to patients with multiple myeloma) to dy’*/
dy*® mice at 2.5 weeks of age. The great majority of animals
survived, and a second injection was given at 3.5 weeks of
age. It has previously been shown that the median survival of
dy’*/dy’® mice is approximately 22 to 23 days, and most
mice are dead by 4 weeks of age.”* We analyzed mice and
muscles at 14 days after the second injection (ie, at 5.5 weeks
of age, when dy’*/dy”® mice would ordinarily be dead), and
found that the expression of proteasome-related genes was
partially normalized with the two bortezomib injections
(Supplemental Figure S1H).

We first compared the overall health status of bortezomib-
treated animals by investigating whether systemic bortezo-
mib injections contributed to increased body weight,
improved locomotion, and longer life span. Body weight was
significantly increased, although bortezomib-treated dy’~/
dy’® mice remained significantly smaller than WT mice
(Figure 1A). Mice of the dy’*/dy** strain have been shown to
be significantly less active (compared with WT or hetero-
zygous mice) in an exploratory locomotion test,”’ but in the
present study bortezomib-treated dy’*/dy’* mice exhibited
the same level of activity as WT mice (Figure 1B). Finally,
the median survival of bortezomib-treated dy’*/dy’* mice
was 32 days, a significant increase of 36% relative to the 22 to
23 days established as the median survival for this strain®*
(Figure 1C).

Bortezomib Partially Improves Muscle Morphology and
Reduces Apoptosis and Fibrosis in Laminin a2
Chain—Deficient Muscle

By morphometric measurement, we evaluated muscle fiber
cross-sectional area, central nucleation, apoptosis, and fibrosis,
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all of which are affected in laminin a2 chain—deficient mus-
cles'® (Figure 2, Figure 3, and Supplemental Figure S2). The
muscle fiber cross-sectional area was significantly increased in
quadriceps muscle in bortezomib-treated mice (Figure 2B), and
bortezomib also shifted fiber-size distribution toward the
values of WT muscle (Figure 2C). Most WT fibers had cross-
sectional areas from 500 to 1000 um?, and in this group of fi-
bers there was no significant difference between WT and
bortezomib-treated dy’*/dy’* muscle. However, there were
significantly more small fibers (1 to 500 pm?) in bortezomib-
treated dy’*/dy’* muscle than in WT muscle. Also, the pro-
portion of fibers in the 1000 to 1500 um? group was signifi-
cantly lower in bortezomib-treated dy’*/dy’® muscle than in
WT muscle. Importantly, in each group of fibers there was
always a significant difference between dy’*/dy’® muscle and
bortezomib-treated dy’*/dy’® muscle. In addition, bortezomib
slightly increased the fiber cross-sectional area in diaphragm
muscle, but the difference was not significant (Supplemental
Figure S2, B and C). By contrast, the average muscle fiber
cross-sectional area was significantly reduced in dy’*/dy’*
quadriceps (Figure 2B) and diaphragm (Supplemental
Figure S2B) muscle, compared with WT or bortezomib-
treated WT muscle. Also, an increased number of fibers
with centrally located nuclei is evident in dy’*/dy’® muscle,
indicating ongoing degeneration—regeneration processes
(Figure 3A and Supplemental Figure S2D). However, central
nucleation was not affected by bortezomib treatment, neither in
quadriceps (Figure 3A) nor in diaphragm (Supplemental
Figure S2D) muscle.

It is well established that apoptosis contributes to disease
progression in MDC1A,?” and we have previously demon-
strated significantly increased number of procaspase-3/
caspase-3—positive fibers in dy’*/dy’® quadriceps muscle
(Figure 3B).34’3 > In bortezomib-treated animals, there were
significantly fewer procaspase-3/caspase-3—positive muscle
fibers in quadriceps muscle (Figure 3B). In diaphragm
muscle, bortezomib to some extent reduced the proportion
of procaspase-3/caspase-3—positive muscle fibers (from
19% to 15%), but the difference was not significant
(Supplemental Figure S2E).
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Bortezomib improves body weight, locomotion, and life span in dy**/dy** mice. A: Bortezomib treatment increased the body weight of dy**/dy** mice

by approximately 3.5 g; however, bortezomib-treated mice remained significantly smaller than WT mice. B: Administration of bortezomib increased exploratory
locomotion of dy**/dy* mice in an open-field test to WT levels. C: Bortezomib treatment increased survival in dy**/dy* mice. Median survival for noninjected dy**/
dy* mice was 23.5 days, compared with 32 days for bortezomib-treated animals. Data are expressed as means + SEM. n = 6 to 23, as indicated on data bars.

*P < 0.05, ***P < 0.001, and ****P < 0.0001.

1522

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

Bortezomib Treatment for MDCI1A

dy*"/dy**

€
S
B
]
2
-
)
2z

&

g

&

8

Average cross sectional area (um?) m

Bortezomib-injected

o

6

* kK

Figure 2 Bortezomib increases muscle fiber
cross-sectional area in dy**/dy** quadriceps muscle.
A: H&E staining of cross sections of quadriceps
muscle from WT, bortezomib-treated WT, dy**/dy’",
and bortezomib-treated dy**/dy** mice. B: Average

wr

Bortezomib

(@)

ok

dy**/dy** Bortezomib

* K
80 =WT
70 1 WT Bortezomib
= m dy**/dy**
o 60
b=
< 50
: |
.g 40
% Kk
g 30 -
&O_ 20 B 5 .
10 L * ES
* ¥
I i I3
o | el =
© o o ° °
oy o S "> S
Y o o 2 =

Cross sectional area (um?)

Laminin o2 chain—deficient muscles are also characterized
by extensive fibrosis.'”***” Masson’s trichrome staining
revealed a major replacement of muscle tissue with connective
tissue in untreated dy’*/dy’* quadriceps muscle, whereas
bortezomib-treated mice exhibited less fibrosis (Figure 3, C and
D). As an independent measure of fibrosis, we also quantified
tenascin-C expression, which has been shown to be signifi-
cantly increased in dy’*/dy’® muscle.'” Bortezomib adminis-
tration resulted in less tenascin-C expression in quadriceps
muscle of dy’*/dy’® mice (Figure 3, E and F). Bortezomib also
mildly reduced fibrosis in dy’*/dy’* diaphragm muscle, but the
difference was not significant (Supplemental Figure S2, F—G).
Taken together, these findings provide evidence that bortezo-
mib improves several histological hallmarks of disease in
quadriceps muscle and, to a lesser extent, in diaphragm muscle.

It is also important to note that bortezomib treatment did
not influence muscle architecture, activity, or survival of
WT animals. Furthermore, plasma levels of cystatin-C were
not increased, indicating that bortezomib does not cause
decreased kidney function in dy’*/dy’® or WT mice (data
not shown). Finally, we have previously shown that the
proteasome inhibitor MG-132 does not appreciably improve
the pathology of the peripheral nerve.”* Bortezomib-treated
dy’*/dy’® animals exhibited transient hind-leg paralysis, but
it was not more severe than the transient paralysis detected
in nontreated dy’*/dy’* mice (data not shown).

Bortezomib Partially Normalizes miR-1 and miR-133a
Expression

Next, we characterized the expression of miRNAs that are
promising disease biomarkers in muscular dystrophy. For
example, it has been suggested that miR-1 and miR-133 can
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Py

Bortezomib

¥y
muscle fiber cross-sectional area was reduced in

quadriceps muscle of the dy**/dy** strain, mice, but
it increased with bortezomib treatment. C: Borte-
zomib shifted fiber-size distribution toward the
values of WT quadriceps muscle. Data are expressed
as means + SEM. n = 4 or 6, as indicated on data
bars. *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001. Scale bar = 50 um (A).

be considered as exploratory biomarkers for monitoring
progression of muscle weakness and indirectly the remain-
ing muscle mass in muscular dystrophy,”” and expression of
the muscle-specific miR-1 and miR-133a has been shown to
be down-regulated in mdx muscle.”’ The expression profile
of these miRNAs in MDCIA has not been investigated
previously. In the present study, expression levels of miR-1
and miR-133a were significantly reduced in dy’*/dy’®
quadriceps muscle (Figure 4A) and in MDC1A myoblasts
(Figure 4B). Importantly, bortezomib treatment in mice
significantly increased expression levels of miR-1 and miR-
133a (Figure 4A).

Taken together, these findings show that the beneficial
effects of bortezomib on muscle histology are sufficient to
improve life span and activity of dy’~/dy’* mice. Also, for
the first time, we have demonstrated altered miRNA
expression in laminin a2 chain—deficient muscle that is
partially normalized by bortezomib administration.

Effects of Bortezomib in MDC1A Primary Muscle Cells

To assess whether experimental findings in mice correlate
with human biology, we investigated the expression of
proteasome-related genes and proteasome activity in human
laminin o2 chain—deficient myoblasts and myotubes. We
detected increased expression of NF-kB-p65, ubiquitin, and
the 20S core particle subunit o2 mRNAs in MDCIA
myoblasts (Figure 5A). Also, expression of USP19 mRNA,
which encodes a deubiquitinating enzyme with increased
expression in atrophying skeletal muscle,’” was enhanced in
MDCI1A myoblasts. Furthermore, proteasome activity was
significantly augmented in MDC1A myoblasts (Figure 5B)
and myotubes (Figure 5C). Taken together, these findings
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suggest that increased proteasome activity is a characteristic
of laminin 2 chain—deficient human muscle cells.

Having established that bortezomib partially alleviates
muscle pathology in dy’*/dy** mice, we next investigated
whether bortezomib has beneficial effects on human laminin
a2 chain—deficient muscle cells in vitro. Muscle cells were
treated with 1 or 10 nmol/L bortezomib, followed by assess-
ment of proteasome activity. Bortezomib significantly
reduced proteasome activity in both myoblasts (Figure 5B)
and myotubes (Figure 5C). Last, to investigate whether pro-
teasome activity is also increased in other MDC1A cell types,
we analyzed MDCI1A fibroblasts. In contrast to MDCIA

muscle cells, proteasome activity was not significantly altered
in MDCI1A fibroblasts (Supplemental Figure S3).

Bortezomib-injected

Discussion

Numerous approaches have been used to ameliorate MDC1A
in different mouse models of the disease. Some of the
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Figure 3  Bortezomib decreases apoptosis and
fibrosis in dy**/dy’* quadriceps muscle. A: The
proportion of fibers with centrally located nuclei
increased in dy**/dy** quadriceps muscle and was
not significantly affected by bortezomib. B: Immu-
nostaining using antibodies against procaspase-3/
caspase-3 isoforms revealed an increased number
of apoptotic fibers in dy**/dy** quadriceps muscle,
which decreased with bortezomib treatment. C and
D: Masson’s trichrome staining of transverse cry-
osections of dy**/dy** quadriceps muscle revealed
reduced collagen content with bortezomib treat-
ment. E and F: In transverse cryosections of quad-
riceps muscle stained with antibodies against
tenascin-C, bortezomib reduced the tenascin-C—
positive area. Data are expressed as means + SEM.
n = 5to0 9, as indicated on data bars. *P < 0.05,
**P < 0.01, and ****P < 0.0001. Scale bar = 50
um (D and F).

Bortezomib

transgenic approaches, including re-expression of laminin o2
chain in muscle or widespread overexpression of laminin o1
chain, result in near-complete muscle restoration.'” > The
various pharmacological lines of attack, however, result in only
partial recovery,””*’**%% and only a few of the pharmaco-
logical compounds used (eg, doxycycline and losartan) have
been approved by the U.S. Food and Drug Administration and
similar counterparts in Europe, and even then the approval is
not for muscular dystrophy. Thus, new pharmacological ap-
proaches should continue to be explored. We recently
demonstrated that increased proteasome activity is pathogenic
and that systemic administration of the proteasome inhibitor
MG-132 significantly improves laminin o2 chain—deficient
muscle and increases the life span in dy*®/dy’® mice.** How-
ever, MG-132 also inhibits calpains, however, and it is not
suitable as a therapeutic compound in humans.*® We therefore
evaluated the use of the selective and therapeutic proteasome
inhibitor bortezomib in a mouse model of MDCI1A.

Here, we have provided evidence that bortezomib
partially reduces many of the pathological symptoms in the
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dy**/dy*® mouse model of MDC1A. The benefits of the
treatment encompassed increased life span and enhanced
locomotive activity, coupled with increased muscle cross-
sectional area, decreased apoptosis, reduced fibrosis, and
partial normalization of miR-1 and miR-133a expression in
quadriceps muscle. We also analyzed diaphragm muscle,
because respiratory distress is one of the clinical symptoms
of MDCI1A; however, diaphragm muscle in bortezomib-
treated mice exhibited only very limited reduction in pa-
thology. Although it is problematic to evaluate studies
performed in different laboratories and using different
mouse models of MDCI1A, it is clear that in most studies
diaphragm muscles were not analyzed in great detail after
various pharmacological approaches or that only some of
the parameters were improved.”’ **2*%>3 Nevertheless,
the limitation with respect to diaphragm improvement must
be taken into account in any consideration of proteasome
inhibition as a potential MDCI1A treatment.

It has been argued that inhibition of proteasomal degrada-
tion is likely to lead to severe adverse effects and that therefore
administration of proteasome inhibitors may not constitute a
good treatment option for MDC1A.* Because it induces
apoptosis in a wide spectrum of tumor cells,”* bortezomib
could be counterproductive in MDC1A, given the increased

A B

Relative gene expression (AU)
Proteasome activity (% of control)

® Control ® MDC1A

Figure 4  Expression of muscle-specific miR-1
" and miR-133a is significantly down-regulated in
laminin a2 chain—deficient muscle and partially
corrected on administration of bortezomib. A:
qPCR data revealed significantly down-requlated
expression of muscle-specific miR-1 and miR-
133a in dystrophic muscle of dy*/dy* mice,
compared with WT muscle, which was partially
increased after administration of bortezomib. B:
miR-1 and miR-133a expression was also decreased
in MDC1A myoblasts. Cells obtained from MDC1A
patients were cultured in vitro and the expression
of indicated miRNAs was analyzed by gPCR. Data
miR-133a are expressed as means = SEM. n = 3, as indi-
cated on data bars. *P < 0.05, **P < 0.01.

incidence of apoptosis in this disease.”” Although we are well
aware of predominant toxicities reported in humans,” we
stress that just two doses of bortezomib at 0.4 mg/kg sig-
nificantly improved MDCI1A pathology; more importantly,
bortezomib reduced apoptosis in dy’*/dy’* muscle. Further-
more, there were no major adverse effects in WT animals, and
bortezomib also reduced the proteasome activity in laminin
a2 chain—deficient human cells (although we analyzed only
one pair each of MDC1A and control myoblasts and fibro-
blasts). Thus, it could well be that MDC1A patients would
benefit from a less frequent administration schedule than that
of the treatment regimen for multiple myeloma and mantle
cell lymphoma. Furthermore, new proteasome inhibitors have
been developed, with improved adverse effect profiles.”™®
Even though bortezomib does not target the primary ge-
netic cause of the disease and thus cannot entirely cure
MDCI1A, proteasome inhibition could still offer a support-
ive therapy that counteracts some of the pathological fea-
tures in MDC1A. Interestingly, it was recently demonstrated
that bortezomib administration into dystrophin-deficient
golden retriever muscular dystrophy dogs at 4 months of
age (when clinical signs of muscular dystrophy is already
apparent in this model) reduced the level of phosphorylated
NF-kB and decreased the amount of fibrosis in skeletal

p65 Ubiquitin UsP19 208

Control Control Control MDCIA MDC1A MDC1A Control Control MDCIA MDCIA

mControl ®MDCIA 1nM 10nM 1M 10nM 100M 100M

Bortezomib  Bortezomib Bortezomib  Bortezomib Bortezomib Bortezomib
Figure 5  Bortezomib reduces proteasome activity in MDC1A muscle cells. A: Expression of NF-kB-p65, ubiquitin, 20S core particle subunit .2, and USP19
mRNAs increased in MDC1A myoblasts. B: Proteasome activity was significantly increased in MDC1A myoblasts and was reduced after administration of 1 and 10
nmol/L bortezomib. C: Proteasome activity was significantly increased in MDC1A myotubes and was reduced after administration of 10 nmol/L bortezomib.
*P < 0.05, **P < 0.01; TP < 0.01 versus U-test after Krusakal-Wallis test. n = 4 or 6, as indicated on data bars.
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muscle.”’ Although the main clinical signs related to
muscular dystrophy persisted, it would be interesting to
know whether bortezomib reduces clinical signs if treatment
is initiated before onset of disease. Also, dy’~/dy’* mice
might benefit even more from an earlier intervention than
the 2.5 weeks of age we used. At this age, dy’*/dy’* mice
are well into disease manifestations, which start at approx-
imately 7 days of age with robust signs of inflammation.’®

Neither dystrophin-deficient nor B-sarcoglycan—deficient
mice exhibited a general up-regulation of the proteasome-
related genes in skeletal muscle. However, it should be
noted that expression of phosphorylated NF-kB-p65 is
increased in dystrophin-deficient mdx mice; more importantly,
it has been demonstrated that a reduction in NF-«kB signaling
improves muscle pathology in mdx mice.”” Also, proteasome
inhibition with MG-132 has shown some beneficial effects in
dystrophin-deficient mdx mice,’’°* although it was recently
questioned whether proteasome inhibition actually reduced
the severity of muscle dysfunction.®® Nevertheless, increased
expression of members of the dystrophin—glycoprotein
complex after proteasome inhibition has been reported in
dystrophin-deficient mice, and this salvation from degradation
could be therapeutically beneficial.”’ % Likewise, protea-
some inhibition re-established the biological function of
missense-mutated dysferlin in muscle cells derived from pa-
tients.”* Thus, it would be interesting to evaluate proteasome
inhibition in sarcoglycan-deficient-mice as well.

The connection between laminin a2 chain-deficiency and
increased proteasome and autophagy activity has not yet been
elucidated. Both proteasomal degradation and autophagy are
suppressed by PI3K/Akt,’> and we have previously shown
that Akt phosphorylation is reduced in dy**/dy’* muscle.”*”
Laminin o2 chain binds mainly to integrin o731 and dystro-
glycan in skeletal muscle.”® There is a secondary reduction of
integrin o7 chain in dy’*/dy’® muscle,’” and therefore
absence of laminin o2 chain and integrin o7 subunit could
lead to reduced Akt activation. Also, disruption of lam-
inin—dystroglycan interaction results in decreased phos-
phorylation of Akt, at least in muscle cells in vitro.”® We have
not analyzed whether Akt is underphosphorylated in dy’*3E3
muscle, but neither proteasome-related nor autophagy-related
genes were up-regulated in dy”*3E3 muscle, despite disrupted
laminin—dystroglycan interactions.” The expression of
proteasome-related genes was unaltered also in integrin
a7—deficient muscle. Thus, the gene expression data suggest
that neither dystroglycan nor integrin o781 is involved in the
downstream proteasome activity. The relationship between
deficiency of laminin @2 chain (and laminin «2 chain re-
ceptors) and increased proteasome activity, as well as
enhanced autophagy, remains to be determined.

In summary, we have demonstrated that bortezomib, a
proteasome inhibitor already in clinical use, improves the
muscle phenotype and life span of laminin o2 chain—deficient
dy**/dy’® mice and reduces proteasome activity in MDCIA
muscle cells. It cannot be assured that bortezomib will have
the same advantageous effects in humans as it has in mice,
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but our results suggest that it may be worth testing bortezomib
as a possible supportive therapy for MDCIA.
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