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Patients affected by Duchenne muscular dystrophy (DMD) develop a progressive dilated cardio-
myopathy characterized by inflammatory cell infiltration, necrosis, and cardiac fibrosis. Standard
treatments consider the use of b-blockers and angiotensin-converting enzyme inhibitors that are
symptomatic and unspecific toward DMD disease. Medications that target DMD cardiac fibrosis are
in the early stages of development. We found immunoproteasome dysregulation in affected hearts
of mdx mice (murine animal model of DMD) and cardiomyocytes derived from induced pluripotent
stem cells of patients with DMD. Interestingly, immunoproteasome inhibition ameliorated car-
diomyopathy in mdx mice and reduced the development of cardiac fibrosis. Establishing the
immunoproteasome inhibitionedependent cardioprotective role suggests the possibility of modu-
lating the immunoproteasome as new and clinically relevant treatment to rescue dilated cardio-
myopathy in patients with DMD. (Am J Pathol 2019, 189: 339e353; https://doi.org/10.1016/
j.ajpath.2018.10.010)
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Supported by Italian Ministry of Health Conte Capitale 2015 (G.P.),

Fondazione Umberto Veronesi (A.G.), and Fondazione IEO CCM (D.R.).
Disclosures: None declared.
Skeletal myopathy and muscular dystrophy progression are
commonly associated with cardiac dysfunctions and a conse-
quent high mortality attributable to heart failure.1e3 In partic-
ular, patients with Duchenne muscular dystrophy (DMD)
present with early diastolic dysfunction and myocardial
fibrosis that turn into a dilated cardiomyopathy, complicated
by heart failure and arrhythmia.4 Even though recent im-
provements in the management of respiratory insufficiency
have improved the lifespan and overall prognosis of patients
with DMD, sudden deaths attributable to heart failure nega-
tively affect their quality of life. Prompt treatment and early
stigative Pathology. Published by Elsevier Inc
detection of cardiomyopathy represent the requirements for
successful cardioprotective therapies that block or at least slow
the processes of cardiac remodeling and heart failure.3 Un-
fortunately, the current treatments for dilated cardiomyopathy
are still inadequate because a deep understanding of the spe-
cific mechanisms underlying DMD-attributable heart failure is
. All rights reserved.
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lacking. Common approaches are standard and rely on the use
of angiotensin-converting enzyme inhibitors and b-adreno-
ceptor antagonists.3 Most patients with DMD develop car-
diomyopathic features between 10 and 15 years of age.4

Because of this tight timeline during which heart dysfunction
appears, DMD offers a unique opportunity to assess strategies
to limit cardiomyopathy progression. In the heart of the DMD
murine animal model (the mdx mouse), from 8 weeks of age,
the loss of dystrophin and membrane integrity affects Ca2þ

handling and nitric oxide signaling5 so that mdx car-
diomyocytes are susceptible to mechanical stresseinduced
contractile failure and necrosis.6 Similarly, in skeletal mus-
cle, the lack of dystrophin determines the pathological infil-
tration of immune cells, such as T lymphocytes and
macrophages, and the release of inflammatory cytokines,
activating NF-kBedependent pathways.7 Dilated cardiomy-
opathy and contractile deviances are evident in 36- to
40-weekeold mdx mice.8

Cardiac stress has been recognized for its main role in the
up-regulation of inflammatory cytokines and growth factors
and the generation of reactive oxygen species, which modu-
late different signaling cascades, whose dysfunctions cause
altered cytokine secretion and fibrosis that commonly affects
dystrophic hearts. In particular, the Janus kinase (JAK) STAT
can transduce the signal of IL-6, IL-10, and interferon-g by
means of the selective phosphorylation of STAT1/3.9 Simi-
larly, STAT phosphorylation can be driven by different serine
kinases, such as p38 mitogeneactivated protein kinase and
extracellular-regulated kinase (ERK).9 In addition, STATs
together with NF-kB synergistically up-regulate inducible
nitric oxide synthase in DMDmuscles, causing the inhibition
of the soluble guanylate cyclase 1a,10 whereas STAT3 in-
teracts with osteopontin in extracellular matrix develop-
ment.11 A murine model of hyperglycemia found that the
proliferative capacity of cardiac fibroblasts and their ability to
express collagen was regulated by STAT1/3 possibly through
phosphorylated ERK1/2 blockade of collagen expression.12

Intriguingly, most of these proteins and cytokines are
deregulated in patients with DMD and their functions are
commonly influenced by the immunoproteasome.

The immunoproteasome is formed by the replacement of
the catalytic subunits of the constitutive proteasome with
other subunits, termed PSMB8, PSMB9, and PSMB10, that
are induced by inflammatory stimuli, such as tumor necrosis
factor a (TNF-a) and interferon-g. Moreover, it is a critical
regulator of NF-kB signaling driven by selective phos-
phorylation of STAT1/3.9 In the cells of the immune sys-
tem, the highly expressed immunoproteasome plays a role
in generating peptide ligands for major histocompatibility
complex class I antigen presentation.13 The immunopro-
teasome is also present in the heart and is overexpressed in
dystrophic muscles.14 Immunoproteasome up-regulation
was observed with concomitant loss of cardiac muscle
mass,15 inflammation,16 and myocyte atrophy17 and, in
contrast, with overexpression of oxygen species and
development of atrial fibrosis.18
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So far, there are several promising immunoproteasome
inhibitors that have been developed and already assessed in
phase 1/2 of clinical trials for selectively treating patients
with inflammatory and autoimmune diseases.19,20 Of note,
the potent inhibitor ONX-0914, originally named PR957
and specifically targeted toward the highly active subunit
LMP7 (b5i) of the immunoproteasome,21 was successfully
used to treat a viral myocarditis by diminishing the
expression of proinflammatory cytokines and chemokines,
reducing infiltration of inflammatory cells, and leading to a
general improvement of the cardiac output.22 In line with
this result, our previous work found that ONX-0914 treat-
ment modulates dystrophic features in mdx mice by
reducing the amount of infiltrating activated T cells, myo-
fiber necrosis, and collagen deposition in skeletal muscle
tissues.23

The present study confirmed the possibility of using
ONX-0914 for inhibiting the immunoproteasome function,
therefore countervailing inflammatory cells and fibrosis in
dilated cardiomyopathy of mdx mice and improving their
hemodynamic performance. ONX-0914 treatment damp-
ened the release of proinflammatory cytokines, decreased
major histocompatibility complex I expression, and
increased anti-inflammatory FoxP3þ regulatory T lympho-
cytes. Considering that early dilated cardiomyopathy is
characterized by mild left ventricular dysfunction and differs
from advanced dilated cardiomyopathy for left ventricular
systolic and diastolic dysfunction, the effect of ONX-0914
treatment was tested in mdx mice with early (6-weekeold)
and advanced (9-montheold) dilated cardiomyopathy.
Interestingly, ONX-0914 could both counteract the raising
of the symptoms of cardiomyopathy in younger mdx mice
and alleviate the pathological findings in older mdx mice.
Our study underlines the substantial contribution of the

immunoproteasome in infiltrating myocardial immune cells,
which actively participate in cardiomyocyte death and suc-
cessive fibrosis of the DMD heart. Furthermore, the data
were translated from mdx mice to human cardiomyocytes
derived from the induced pluripotent stem cells (iPSCs) of
patients with DMD, which also displayed aberrant
involvement of the immunoproteasome pathway. On the
basis of the present and the previous findings,23 we suggest
that the immunoproteasome possesses a key role directly
involved in the poor clinical outcomes observed in patients
with DMD, therefore representing a promising candidate
target for rescuing dystrophic dilated cardiomyopathy.

Materials and Methods

Animal Ethics Statement

All the procedures performed on living animals comply with
Italian law (D.L.vo 116/92 and subsequent additions) and
are approved by local ethics committees. This work was
authorized by the Ministry of Health and Local University
of Milan Committee (authorization number 859/2017-PR,
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Table 1 List of Primers for Quantitative RT-PCR

Primer name Primer sequence

m-TNF-a
Forward 50-CTACCTTGTTGCCTCCTCTTT-30

Reverse 50-GAGCAGAGGTTCAGTGATGTAG-30

m-IL-1b
Forward 50-TCTGATGGGCAACCACTTAC-30

Reverse 50-GTTGACAGCTAGGTTCTGTTCT-30

m-CCL2
Forward 50-TTTCTTAAATGCAAGGTGTGGA-30

Reverse 50-CCTTGGAATCTCAAACACAAAGT-30

m-ICAM-1
Forward 50-AGTAGATCAGTGAGGAGGTGAA-30

Reverse 50-GCATCCTGACCAGTAGAGAAAC-30

m-ROR-gt
Forward 50-GACTGACAATCAGCAGGGATAA-30

Reverse 50-GGGAAATACAATGAGGTATTGAAAGG-30

COL3A
Forward 50-GCCTTCTACACCTGCTCCTG-30

Reverse 50-GATCCAGGATGTCCAGAGG-30

CCL2, chemokine (C-C motif) ligand 2; COL3A, collagen 3A; ICAM-1,
intercellular adhesion molecule 1; m-, mouse-specific; ROR-gt, retinoic
acid receptorerelated orphan receptor g; TNF-a, tumor necrosis factor a.

IP Inhibition Aids DMD Cardiomyopathy
5247B.35, 10/07/2017). Six-weekeold, male, wild-type
(C57Bl) mice, 6-weekeold mdx mice, and 9-montheold
mdx mice were provided by Charles River Laboratories
(Wilmington, MA). All animals were housed in a controlled
ambient environment (12-hour light/dark cycle) at a tem-
perature between 21�C and 23�C. The mice had free access
to clean water and food. Intraperitoneal injection of the
immunoproteasome inhibitor ONX-0914 (6 mg/kg; Clin-
iSciences, Nanterre, France) was performed on 6-weekeold
and 9-montheold mdx mice for 5 weeks (two injections per
week, n Z 10). Untreated, aged-matched mdx mice were
used as controls.
iPSC Generation and Characterization

All investigations were conducted after informed consent was
provided under regulation of local ethics committee approval
(Centro Cardiologico Monzino, Milan, Italy). Human fibro-
blasts were isolated from the skin biopsy specimens of pa-
tients with DMD. Healthy adult dermal fibroblasts were
obtained from tebu-bio (Le-Perray-en-Yvelines, France) and
served as controls. Fibroblasts were culture expanded in
Dulbecco’s modified Eagle’s medium supplemented with
10% HyClone fetal bovine serum (GE Healthcare Life Sci-
ences, Buckinghamshire, UK), 1� MEM Non-Essential
Amino Acid Solution, 2 mmol/L L-glutamine (both from
Stemcell Technologies, Vancouver, Canada), and basic
fibroblast growth factor. To generate iPSCs, fibroblasts were
transfected with four episomal vectors (pCXLE-hUL,
pCXLE-hSK, pCXLE-hOCT3/4-shp53-F, and a positive
control pCXLE-EGFP) by electroporation (1650 V, 10 ms, 3
pulses) with the Neon transfection system (Invitrogen,
The American Journal of Pathology - ajp.amjpathol.org
Carlsbad, CA). Transfected fibroblasts were grown on human
recombinant vitronectinecoated multiwell plates and main-
tained in solution for 48 hours at which point the media was
changed to TeSR reprogramming media (Stemcell Technol-
ogies) with daily media changes. Emergent iPSC colonies
were manually isolated between posttransfection days 21 to
30 with a 25-G syringe and seeded onto vitronectin-coated
multiwell plates in mTeSR1 media (Stemcell Technolo-
gies). Fresh medium was replaced daily. From postoperative
day 4 onward iPSCs were passaged without the use of en-
zymes every 3 to 4 days with ReLeSR (Stemcell Technolo-
gies) and plated as cell aggregates onto vitronectin-coated
multiwell plates. Alkaline phosphatase activity was detected
in iPSCs after incubation with Alkaline Phosphatase Live
Stain (Invitrogen) for 30 minutes at 37�C. After washing,
fluorescent-labeled colonies were visualized with a fluores-
cein isothiocyanate (FITC) filter and 20� objective (Apo-
Tome, Zeiss, Oberkochen, Germany). For the analysis of
pluripotency protein expression, stage-specific embryonic
antigen-4 (SSEA4) was detected using a commercially
available antibody (mouse anti-SSEA4, 1:100 in 5% normal
goat serum overnight at 4�C; Abcam, Cambridge, UK) and
revealed by Alexa Fluor 488 anti-mouse secondary antibody
(1:400). Nuclei were counterstained with Hoechst 33,342
(Invitrogen). iPSCs were analyzed with FITC filter and 20�
objective (LSM710; Zeiss). For FACS analyses, iPSCs were
gently dissociated using cell dissociation reagent (Stemcell
Technologies) and stained with Tra-1-60 (1:100, 1 hour;
Abcam). Five percent bovine serum albumin (BSA; Sigma-
Aldrich, St. Louis, MO) in phosphate-buffered saline was
used as blocking solution for excluding nonspecific staining
(Lonza, Caravaggio, Italy). Goat anti-mouse IgM FITC
(1:200, 1 hour; Life Technologies, Carlsbad, CA) was
exploited as secondary antibody. Cells were analyzed using a
FACSCalibur (BD Biosciences, Franklin Lakes, NJ) or Gal-
lios (Beckman Coulter Life Sciences, Indianapolis, IN) flow
cytometers.

iPSC Cardiomyocyte Differentiation and
Characterization

Cardiomyocyte differentiation of iPSCs was performed
following the Lian et al24 monolayer-directed car-
diomyocyte differentiation protocol. Briefly, on day 0 of
differentiation, iPSCs were treated with a GSK3 inhibitor
[12 mmol/L CHIR99021 in RPMI 1640 medium supple-
mented with insulin-free B27 (Selleck Chemicals LLC,
Houston, TX, and Invitrogen, respectively)]. The media was
replacedwith RPMI supplementedwith insulin-free B27 after
24 hours. On day 3, a combined medium was prepared that
contained 1 mL of conditioned media and 1 mL of 10 mmol/L
IWP2 (a Wnt signaling inhibitor, final concentration of 5
mmol/L) in RPMI supplemented with insulin-free B27. On
day 5, the combined medium was replaced with RPMI sup-
plemented with insulin-free B27. On day 7, the medium was
changed to RPMI supplemented with B27 containing insulin.
341
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From this point, the mediumwas changed every 3 days. After
16 days in culture, cardiomyocytes derived from human
iPSCs (CMs-d-iPSCs) were processed for further analysis.
For immunofluorescence analyses of cardiac troponin T type
2 (cTnT2), a commercial cardiomyocyte characterization kit
(Life Technologies) was used following the manufacturer’s
instructions, with the exception of a secondary antibody that
was conjugated to Alexa Fluor 633 (Life Technologies). Cell
dissociation reagent (Stemcell Technologies) was used for
gently dissociating CM-d-iPSCs for flow cytometry analysis.
Afterward, cells underwent fixation, permeabilization (BD
Biosciences), and blocking using 5% BSA (Sigma-Aldrich)
in phosphate-buffered saline (Lonza). Cells were stained with
an anti-cTnT2 antibody (1:100, 1 hour; Life Technologies)
followed by goat anti-mouse IgG1 FITC (1:200, 1 hour; Life
Technologies). Cells were analyzed using a FACS Calibur
flow cytometer (BD Biosciences). After 14 days of differen-
tiation, CMs-d-iPSCs were harvested and plated onto
fibronectin-coated multielectrode array plates. Cardiac de-
polarization and repolarization, T waves, and field potential
durationswere detectedwith theMaestromultielectrode array
system’s cardiac beat detector data processor (Axion Bio-
Systems, Atlanta, GA). Mean field potential durations were
obtained with the Comprehensive in Vitro Proarrhythmia
Assay analysis tool version 9.2 (Axion BioSystems) and
plotted using the AxIS Metric plotting Tool (Axion
BioSystems).
Modeling DMD Cardiomyopathy with Patient-Specific
CMs-d-iPSCs

The determination of dystrophin protein expression in CMs-d-
iPSCs by Western blotting was performed by standard tech-
niques using an anti-dystrophin antibody that recognizes human
dystrophin (1:500; Abcam) and an antieglyceraldehyde-3-
phosphate dehydrogenase antibody as a housekeeping protein
(1:2000; Abcam). Intracellular Ca2þ was determined with a
Fluo-4 Calcium Imaging Kit immunofluorescence-based assay
kit (Life Technologies) and random images were captured with
an ApoTome (Zeiss). Pixel intensity or percent area were
calculated using ImageJ software version 1.51i (NIH,Bethesda,
MD; http://imagej.nih.gov/ij). cTnI or TNF-a in CMs-d-
iPSCeconditioned media was measured with commercial
enzyme-linked immunosorbent assay kits (Life Technologies)
and normalized to total protein.
Figure 1 Expression of immunoproteasome (IP) in C57Bl, mdx, and ONX-0914
Representative measurement of the expression of IP subunits. Western blotting an
of 6-weekeold (6wo) mdx mice related to C57Bl (A) and demonstrates that treatm
Similar down-regulation of IP subunits amount is evidenced in 9-montheold (9
reveals that ONX-0914etreated 6wo mdx mice have a significant decrease of lef
significant improvement of LV ejection fraction (EF), whereas ONX-0914etreated
wall thickness in systole (LVAWs). E and F: Representative Azan Mallory images of
mdx mice. Histogram represents the percentage of cardiofibrotic area per section
n Z 3 independent experiments (A); n Z 3 to 5 independent experiments (B an
test); yP < 0.05, yyP < 0.01 versus mdx (t-test); zP < 0.05, zzP < 0.01, and zzzP
ventricular anterior wall thickness in diastole.
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Histologic Analysis

Animals were sacrificed by cervical dislocation, and cardiac
muscles of ONX-0914 treated and untreated mdx mice were
collected for both histologic and biochemical analyses.
Muscles destined to collagen staining were frozen in liquid-
nitrogenecooled isopentane and cut on a cryostat (Leica
CM1850) into 8 mm. Staining of sections was performed with
rabbit antiecollagen 1 antibody (COL1A; Cell Signaling
Technology, Danvers, MA). Briefly, heart tissues were
blocked for 60 minutes with 3% BSA in phosphate-buffered
saline at room temperature and then incubated overnight at
4�Cwith primary antibody diluted 1:300 in blocking solution.
Monoclonal anti-rabbit 594 (Molecular Probe, Invitrogen)
was added at a dilution of 1:200 in blocking solution for 1
hour. Nuclei were stained with DAPI (Sigma-Aldrich), and
images were captured with a Leica TCS SP2 confocal mi-
croscope. Before sacrificed, other animals were subjected to
cardiac perfusion with saline followed by a 10% formalin
flush. To determine the amount of fibrosis, cardiac tissues
were stained byAzanMallory: the percentage of collagen area
per section (stained in blue) was measured by ImageJ.

Western Blot Analysis

Hearts were isolated from ONX-0914etreated and untreated
mdx mice and total protein concentration obtained as pre-
viously described.25 Samples were resolved on poly-
acrylamide gels (ranging from 6% to 12%) and transferred
to nitrocellulose membranes (Bio-Rad Laboratories, Her-
cules, CA). The membranes were incubated overnight with
the primary antibodies against: PSMB5 (1:500; Abcam);
PSMB8 (1:500; Abcam); PSMB9 (1:500; Abcam); b tubulin
III (1:400; Sigma-Aldrich); vinculin (1:1000; Santa Cruz
Biotechnology, Santa Cruz, TX); osteopontin (1:500; R&D
Systems, Minneapolis, MN); FoxP3 (1:500; eBioscience,
San Diego, CA); TNF-a (1:500; eBioscience); transient
receptor potential channel 1 (TRPC1; 1:500; Santa Cruz
Biotechnology); STAT1 (1:400; Cell Signaling Technol-
ogy); phosphorylated STAT1 (1:400; Cell Signaling Tech-
nology); STAT-3 (1:400; Cell Signaling Technology); and
phosphorylated STAT3 (1:400; Cell Signaling Technology).
After incubation, the membranes were detected with
peroxidase-conjugated secondary antibodies (Agilent
Technologies, Santa Clara, CA) and developed by ECL
(Amersham Biosciences, Little Chalfont, UK).
etreated mdx mice and evaluation of IP inhibition in mdx mice. A and B:
alysis reveals overexpression of IP subunits PSMB8 and PSMB9 in the hearts
ent with ONX-0914 down-regulates IP expression in 6wo mdx mice (B). C:
mo) mdx mice treated with ONX-0914. D: Transthoracic echocardiography
t ventricular end-systolic volume (Vs) and end-diastolic volume (Vd) with
9mo mdx mice up-regulate stroke volume (SV) and left ventricular anterior
the left ventricle of ONX-0914etreated and untreated 6wo (E) and 9mo (F)
of treated and untreated mdx mice. Data are expressed as means � SEM.

d C); n Z 5 to 8 independent experiments (D). *P < 0.05 versus C57Bl (t-
< 0.001 (two-way analysis of variance). Scale bars Z 200 mm. LVAWd, left
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Mitochondrial Enzyme Analysis

Cardiac biopsy specimens were collected from ONX
0914etreated and untreated mdx mice, and the samples were
prepared for analysis as previously described.26 Mitochon-
drial respiratory chain enzymes and the citrate synthase ac-
tivities were measured by means of a spectrophotometer as
previously described.27 The value of citrate synthasewas used
to normalize the values of the other complexes.
Quantitative RT-PCR Experiments

Total RNA was extracted from cardiac biopsies obtained from
ONX-0914etreated and untreated mdx mice. cDNA was
generated using the Reverse Transcriptase Kit (ThermoFisher
Scientific) followed by the SYBR-Green method to quantify
the expression of the genes listed in Table 1. All the cDNA
samples were tested in duplicate, and the threshold cycle (CT)
of each target gene was normalized against GAPDH, which
was considered a housekeeping gene. Relative transcript levels
were calculated from the CT values as XZ 2�Dct, where X is
the fold difference in amount of target gene versus GAPDH
and DCT Z CTtarget � CTGAPDH.
Image Quantification

Histochemical staining was imaged with an Axioskop II
microscope using a digital camera (AxioCamColor) and
Axiovision software version 4.7 (all by Zeiss), a Leica TCS
SP2 confocal system, or a Zeiss 710 multiphoton confocal
mircroscope with ZEN software version 2010D. Densito-
metric analyses and manual or automatic counting
(Threshold Color Plug-in) were performed using ImageJ
software version 2.0.0-rc-2 in 20 sections per muscle.
Statistical Analysis and Power Calculations

Data were analyzed by GraphPad Prism software version 6
(GraphPad Software, San Diego, CA) and expressed as
means � SD or means � SEM. To compare multiple group
means, one-way and two-way analysis of variance was used,
and multiplicity adjusted P values for each comparison were
reported for each analysis. For the comparison of two groups,
a t-test was applied assuming equal variances. The difference
among groups was considered significant at P < 0.05.

The number of animals per experiment was calculated with
the help of the dedicated G POWER online software version
3.1,28 considering a power of 80% and a significance level of
P < 0.05. Based on literature data, the minimum number of
animals per experimental group required to observe statisti-
cally significant differences is 6 mice per group imaging
(ultrasonographic and hemodynamic) and molecular tech-
niques, whereas 4 mice per group are required for immuno-
histochemical analyses for each timepoint.
344
Results

ONX-0914 Treatment of mdx Mice Affects Dilated
Cardiomyopathy

Following up on previous work,23 the expression of consti-
tutive proteasome and immunoproteasome subunits was
analyzed by Western blotting in the hearts of 6-weekeold
mdx mice and C57Bl mice. The results revealed that
6-weekeold mdx mice overexpressed IP subunits (PSMB8,
PZ 0.040; PSMB9, PZ 0.0491), whereas the expression of
the constitutive proteasome subunit (PSMB5) was not altered
(Figure 1A). To test the efficacy of both early- and later-stage
treatment on DMD cardiac pathological findings, the effect of
ONX-0914 injection was investigated in 6-weekeold and
9-montheold mdx mice: ONX-0914 was administered
intraperitoneally two times per week in 6-weekeold and 9-
montheold mdx mice for 5 weeks followed by transthoracic
echocardiography and morphologic analysis. In the hearts of
mdx mice treated with ONX-0914, PSMB8 and PSMB9
expression was down-regulated (PSMB8, P Z 0.0184;
PSMB9, P Z 0.0437), whereas the amount of PSMB5 was
unchanged (Figure 1B). Similarly, in treated 9-montheold
mdx mice, PSMB8 and PSMB9 were down-regulated
(PSMB8, P Z 0.0376; PSMB9, P Z 0.0093), whereas the
expression of PSMB5 was unaltered (Figure 1C).
Regarding the transthoracic echocardiography, the aged

mdx mice had a significant decrease of the ejection fraction
(two-way analysis of variance; PZ 0.0189) and in the scale
stroke volume (two-way analysis of variance; P Z 0.0034).
However, ONX-0914 treatment induced a significant age-
dependent amelioration of ejection fraction (two-way anal-
ysis of variance; PZ 0.0037) and stability of stroke volume
(Figure 1D). The ONX-0914 treatment resulted in a
remarkable reduction in left ventricular (LV) end-systolic
(two-way analysis of variance; P Z 0.0481) and LV end-
diastolic (two-way analysis of variance; P Z 0.0453)
volumes in ONX-0914-treated 6-weekeold mdx mice
compared with untreated age-matched mice (Figure 1D),
Moreover, the ONX-0914 treatment did not affect the LV
alterations of 9-montheold mdx mice. In addition, after
ONX-0914 treatment, the 6-weekeold and 9-montheold
mdx mice had significant differences in the length of LV
anterior wall thickness in diastole and systole) and in the
length of LV internal diameter in diastole and systole
(Figure 1D). Other echocardiographic measurements
revealed significant impairment of cardiac output
(P Z 0.0216) in aging mdx mice but not in ONX-
0914etreated age-matched mdx mice. Length of diameter in
diastole was stable over time. ONX-0914etreated mdx mice
had significant differences at 9 months compared with 6
weeks for length of diameter in systole (P Z 0.0022), LV
mass (P Z 0.0256), and fractional shortening (FS)
(P Z 0.0011) (Supplemental Figure S1). These data add to
an increasing body of literature supporting the effects of
ONX-0914 in both counteracting the increase of first signs
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Figure 2 Amelioration of fibrotic mediators in mdx mice after ONX-0914 treatment. A: Measurement of the expression of pivotal profibrotic proteins in
6-weekeold (6wo) mdx mice by Western blotting analysis. B: Down-regulation of the phosphorylated STAT1 (p-STAT1)/STAT1 and p-STAT3/STAT3 ratios and
osteopontin and phosphorylated ERK1/2 (p-ERK1/2) in ONX-0914 treated 6wo mdx mice. C and D: In 9-montheold (9mo) mdx mice a similar down-regulation
of p-ERK1/2 and p-STAT1/STAT1 ratio is seen, whereas osteopontin variation is not significant. E: Immunofluorescence staining reveals that ONX-0914
treatment determines the down-regulation of collagen 1a (COL1A) (in red) expression in both 6wo and 9mo mdx mice (representative images of the left
ventricle). F: Quantitative RT-PCR experiments demonstrate a decrease in the COL3A gene transcript in 6wo and 9mo mdx mice. Data are expressed as
means � SEM. n Z 3 independent experiments (AeD); n Z 6 independent experiments (F). *P < 0.05, **P < 0.01, and ****P < 0.0001 versus mdx (t-test).
Scale bars Z 50 mm. AU, arbitrary units.
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of cardiomyopathy in 6-weekeold mdx mice and in allevi-
ating the development of the cardiomyopathy pathologic
findings of 9-montheold mdx mice.

ONX-0914 Treatment Diminishes Development of
Fibrosis in 6-WeekeOld and 9-MontheOld mdx Mice

According to the well-known effects of ONX-0914 on in-
flammatory cell subpopulations, we hypothesized that our
treatment could modify cardiac fibrosis and/or inflammation.
Azan Mallory staining of the LV and right ventricle and of the
interventricular septum revealed that 9-montheold mdx mice
were largely characterized by disorganized cardiomyocytes,
prominent myocardial interstitial, and perivascular fibrosis,
whereas 6-weekeold mdx mice had mild substantial
Figure 3 Immunoproteasome (IP) inhibition down-regulates inflammatory m
regulation of the proinflammatory cytokines IL-1b and tumor necrosis factor a
staining of 6wo mdx heart tissue sections demonstrates the reduction of the infi
overexpression of the FoxP3 protein and a slight but significant decrease in major
down-regulated in ONX-0914etreated 6wo mdx mice as assessed by quantitativ
regulated, whereas CCL2 amount is reduced but not significant. F: Western blo
9-montheold (9mo) mdx mice. Data are expressed as means � SEM. n Z 6 indepe
versus mdx (t-test). Scale bars Z 200 mm. AU, arbitrary units; mo, months old;
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myocardial deterioration and fibrotic deposition (Figure 1, E
and F). The ONX-0914 treatment reduced significantly most
signs of cardiac fibrosis in 6-weekeold (P Z 0.0180)
(Figure 1E) and 9-montheold (PZ 0.0023) (Figure 1F) mdx
mice with comparatively mild perivascular fibrosis in the LV
and interventricular septum and perivascular-restricted fibrous
deposition in the right ventricle, thus agreeing with the func-
tional benefits of ONX-0914 treatment for dystrophic
myocardium.
Furthermore, the level of the mediator of fibrosis as osteo-

pontin (PZ 0.0299 and PZ 0.1510, respectively) (Figure 2,
AeD) and phosphorylation of ERK1/2 (P Z 0.0003 and
PZ 0.0370, respectively) (Figure 2, AeD) were significantly
depressed in ONX-0914etreated hearts of 6-weekeold and
9-montheold mdx mice. Because osteopontin can interact
ediators in mdx mice. A: Quantitative RT-PCR experiments show a down-
(TNF-a) in 6-weekeold (6wo) mdx mice. B and C: Hematoxylin and eosin
ltrating cells in the left ventricle of treated mice (B), whereas there is an
histocompatibility complex I (MHC-I) (C). D: RORgt and CCL2 expression is
e RT-PCR experiments. E: In older mdx mice, RORgt expression is down-
tting analysis shows that TNF-a is down-regulated in ONX-0914etreated
ndent experiemnts (A); n Z 3 independent experiments (CeE). *P < 0.05
wo, weeks old.
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Figure 4 Derivation of cardiomyocytes from the induced pluripotent stem cells (iPSCs) of patients with Duchenne muscular dystrophy (DMD). A: Reprog-
ramming of human dermal fibroblasts by transfection via electroporation with episomal vectors containing the Yamanaka factors. Arrow indicates the
mesenchymal-to-epithelial transition phase of the reprogramming process. B: Immunohistochemical characterization of iPSCs for alkaline phosphatase activity
and expression of stage-specific embryonic antigen-4 (SSEA4) and Tra-1-60 by immunohistochemistry and FACS analyses, respectively, in control (CTR) and DMD
iPSC lines. C: Generation of high percentages of cardiac troponin T type 2epositive (cTnT2þ) cardiomyocytes derived fromhuman iPSCs (CMs-d-iPSCs) from CTR and
DMD iPSC lines through modulation of Wnt signaling in iPSCs. D: Replated CMs-d-iPSCs redevelop spontaneous beating 2 days after plating onto multielectrode
array plates. E: Continuous voltage and conduction data were recorded for 2 minutes by the Maestro cardiac beat detector. F: Conduction propagation pattern of a
well showing the spike arrival times of the initiation (blue) and termination (red) of a synchronized beat (black circles indicate that a beat was not detected on that
electrode and x and y axis represent electrode column and row numbers). G: Beat waveforms from all electrodes were vertically aligned (black lines) followed by
selection of the golden electrode [blue line, defined as an electrodewith a repolarization traceable across all conditions and is the electrode used for field potential
duration (FPD) analysis] for each well. Mean FPDs over the entire plate were calculated and plotted (red vertical line represents the golden channel T-wave peak).
H: A Poincaré plot showed no discernible arrhythmic events (green circles indicate those beats used for calculating themean beat waveform for the FDP detection).
All analyses were performed using the Comprehensive in Vitro Proarrhythmia Assay analysis tool. Data are expressed as means � SEM. n Z 3 independent
experiments (B); nZ 4 independent experiments (C). Scale bars: 100mm (A, Day 0); 50mm (A, Days 5e7); 100mm (A, Days 21e35); 200mm (A, P1eP10); 100mm
(BeD). BP(t), beat period (seconds); BP(tþ1), previous beat period; OKSM, transient transcription factors; P1-P10, postoperative days 1 to 10.

IP Inhibition Aids DMD Cardiomyopathy
with STAT proteins29 and STAT-dependent pathways
commonly regulate immunoproteasome structure and
function,30e32 the expression of these proteins to uncover
potential immunoproteasome-dependent molecular mecha-
nisms regulating pathological fibrosis was investigated inmdx
mice with cardiomyopathy. After ONX-0914 treatment, the
The American Journal of Pathology - ajp.amjpathol.org
ratios between both total and phosphorylated STAT1 and
STAT3 were significantly down-regulated (P Z 0.0276 and
P Z 0.0194 for phosphorylated STAT3/STAT3 and phos-
phorylated STAT1/STAT1, respectively) (Figure 2, A and B).
As in younger mdx mice, treated 9-montheold immunopro-
teasome mdx mice had a significant down-regulation of the
347
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ratio between both total and phosphorylated STAT1
(PZ 0.0469) (Figure 2, C andD). Decreased levels ofCOL1A
(Figure 2E) and collagen 3a (PZ 0.0085 and PZ 0.2477 for
6-weekeold and 9-montheold mdx mice, respectively)
(Figure 2F) found in ONX-0914etreated hearts of mdx mice
agree with the observed differences in fibrosis.

ONX-0914 Down-Regulated the Inflammatory
Responses in 6-WeekeOld and 9-MontheOld mdx Mice

Accordingly, with modifications in the extent of fibrosis, the
amount of proinflammatory cytokines expressed in cardiac
samples from treated and untreated 6-weekeold mdx mice
were determined: quantitative RT-PCR experiments proved
that the proinflammatory cytokines IL-1b and TNF-a were
overexpressed in 6-weekeold untreated mdx mice compared
with ONX-0914etreated ones (P Z 0.0250 for IL-1b and
P Z 0.151 for TNF-a) (Figure 3A). Thus, the amount
of immune infiltrating cells that normally secrete proin-
flammatory IL-1b and TNF-a were evaluated, and significant
reduction of these cells (ranging from 10 to >100 cells) was
found in the hearts of ONX-0914etreated 6-weekeold mdx
mice (Figure 3B). Interestingly, the CD3þCD45þ
Figure 5 Characterization of muscular dystrophy cardiomyopathy hallmarks
pluripotent stem cells (iPSCs) (CMs-d-iPSCs). A: Representative staining of con
fluorescent calcium indicator Flou-4 AM (green) shows increased intracellular Ca2

obtained by calculating the intensity of pixels. B: As expected, expression of full-
iPSCs. C and D: Histograms reveal that DMD CMs-d-iPSCs release significantly highe
a) (D) compared with CTR CMs-d-iPSCs. Data are expressed as means � SEM. n
experiments (C and D). **P < 0.01, ****P < 0.0001 versus CTR CMs (t-test). Sc
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subpopulation (B and T lymphocytes) was significantly
decreased in ONX-0914etreated hearts of 6-weekeold mdx
mice (P < 0.01), whereas no differences in the percentage of
CD107þ macrophages was found (data not shown). The spe-
cific reduction of B and T lymphocytes on immunoproteasome
inhibition was corroborated by detection of significantly
reduced major histocompatibility complex I expression
(P Z 0.0387) and overexpression of FoxP3, the specific
marker of T-regulatory cells that act to suppress immune
response (P Z 0.0357) (Figure 3C). In addition, quantitative
RT-PCR experiments revealed that ONX-0914 treatment
reduced the expression of retinoic acid receptorerelated
orphan receptor g (ROR-gt), a master regulator of proin-
flammatoryTh17 lymphocytes (PZ0.0472) andmacrophage-
specific marker chemokine (C-C motif) ligand 2 (CCL2)
(PZ 0.0212) in hearts of 6-weekeold mdxmice (Figure 3D).
Similar to pathologic features described in 6-weekeold mdx

mice, in 9-montheold mdxmice a down-regulation of ROR-gt
(P Z 0.0414) and CCL2 (Figure 3E) was seen, and ONX-
0914 treatment diminished the amount of TNF-a
(Figure 3F). This evidence suggests that immune cell and
cytokine reduction was significant at the onset of detectible
cardiac functional decline, whereas reduced fibrosis, improved
in patient-specific cardiomyocytes (CMs) derived from human induced
trol (CTR) and Duchenne muscular dystrophy (DMD) CMs with the green
þ [(Ca2þ)i] in DMD versus CTR CMs-d-iPSCs, as indicated by the histogram
length dystrophin (427 kDa) was absent in DMD compared with CTR CMs-d-
r amounts of cardiac troponin I (cTnI) (C) and tumor necrosis factor a (TNF-
Z 5 to 8 independent experiments (A and B); n Z 6 to 7 independent
ale bars Z 100 mm.
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Figure 6 Expression of immunoproteasome (IP) in control (CTR) and Duchenne muscular dystrophy (DMD) cardiomyocytes (CMs) derived from human
induced pluripotent stem cells (CMs-d-iPSCs) and the effect of IP inhibition. Measurement of IP expression in CTR and DMD CMs-d-iPSCs. A: Western blotting
analysis reveals that DMD CMs-d-iPSCs up-regulate the IP subunits PSMB8 and PSMB9; however, the expression of PSMB5 is unchanged. B and C: Repre-
sentative staining of CTR and DMD cardiomyocytes with the green fluorescent calcium indicator Fluo-4 AM (green). Treatment of CTR and DMD CMs-d-iPSCs for 7
days (from day 9 after CM differentiation) reverses the increases in intracellular Ca2þ [(Ca2þ)i] (B) and reduces the release of cardiac troponin I (cTnI),
meaning that the effect of IP inhibition on lowering cTnI levels is significantly greater for DMD CMs compared with CTR CMs (C). D: Quantitative RT-PCR
experiments confirm the down-regulation of collagen 3a and transforming growth factor b (TGF-b) in treated DMD CMs-d-iPSCs. Data are expressed as
means � SEM. n Z 4 to 17 independent experiments (A); n Z 9 to 11 independent experiments (B); n Z 3 to 18 independent experiments (C); n Z 8
independent experiments (D). *P < 0.05 versus CTR CMs (t-test); yyyyP < 0.0001 versus CTR CMs (one-way analysis of variance); zzP < 0.01, zzzP < 0.001 (two-
way analysis of variance); xP < 0.05, and xxP < 0.01 versus DMD CMs (t-test). Scale bars Z 100 mm.

IP Inhibition Aids DMD Cardiomyopathy
diastolic filling, and amelioration of cardiac output were
equally present in both early and advanced cardiac decline.
ONX-0914 Affects Cardiac Mitochondrial Functions
Only in 9-MontheOld mdx Mice

According to several works, DMD tissues have a deficit in
resting ATP levels33; consequently, it was reported that active
mitochondria were necessary to rescue sarcolemmal abnor-
malities in myofibers.34 To determine whether the diminished
fibrosis was partially attributable to an amelioration of the
amount and functionality of mitochondria, several mitochon-
drial enzymes were studied in the hearts of ONX-treated and
untreated 6-weekeold and 9-montheold mdx mice. As ex-
pected, two-way analysis of variance revealed increased
mitochondrial activity in aged mdx mice with significant up-
regulation of NADH dehydrogenase (P Z 0.0140), NADH
cytochrome c reductase (PZ 0.008), succinate cytochrome c
reductase (PZ 0.0007), and cytochromeoxidase (P< 0.0001)
(Supplemental Figure S2A). Conversely, ONX-0914
The American Journal of Pathology - ajp.amjpathol.org
treatment of 9-montheold mdx mice determined significant
reduction of the enzymatic activity of NADH cytochrome c
reductase (P Z 0.0337) and, in particular, of succinate cyto-
chrome c reductase (P Z 0.0009) and cytochrome oxidase
(P< 0.0001) (Supplemental Figure S2A), thus resembling the
values of 6-weekeold mdx mice. Because the abnormal
cytosolic Ca2þ levels present inmdx cardiomyocytes led to an
age-dependent degeneration of mitochondrial structure and
function,35 the expression TRPC1 was evaluated for calcium.
Although TRPC1 is up-regulated in the hearts of mdx mice,
confirming previous evidence,36 no differences were found
between ONX-0914etreated and untreated 6-weekeold and
9-montheold mdx mice (Supplemental Figure S2B).

Cardiomyocytes Derived from Dystrophic iPSCs
Recapitulate Abnormal Immunoproteasome Expression
as Observed in mdx Mice

It is extremely difficult to obtain cardiac biopsy specimens
from patients with muscular dystrophy, therefore, to confirm
the interesting results derived from mdx mice, human
349
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dermal fibroblasts were reprogrammed with nonintegrating
episomal vectors containing the Yamanaka factors37

(Figure 4A). Several lines of iPSCs were established from
healthy controls and patients with DMD under feeder-free
defined conditions,38 which had pluripotent morphologic
findings and expressed alkaline phosphatase, SSEA4, and
Tra-1-60, as assessed by immunofluorescence and FACS
(87 � 8 versus 83% � 13% Tra-1-60 positive cells)
(Figure 4B). Cardiomyocytes were derived from control and
DMD iPSC lines (CMs-d-iPSCs) through the temporal
modulation of Wnt signaling in iPSCs grown in defined
feeder-free monolayers as described elsewhere.24 No sig-
nificant difference was found in the percentage of cTnT2-
positive cells (92 � 1 versus 81% � 14% cTnT2þ cells)
(Figure 4C). CMs-d-iPSCs had spontaneous beating with
electrical activity similar to other reports in the literature39,40

(Figure 4, DeG). Interestingly, through Poincare Plot the
absence of unstable or abnormal beats as in arrhythmias was
also determined (Figure 4H). CMs-d-iPSCs were main-
tained as beating monolayers until day 16 of cardiomyocyte
differentiation followed by the assessment of DMD cardiac
disease hallmarks. An up-regulation of intracellular Ca2þ in
DMD CMs-d-iPSCs but not in CTR CMs-d-iPSCs was
observed (1162 � 33 versus 1530 � 45 mean pixel in-
tensity, P < 0.0001), which correlates with our previous
observation of increased function of voltage-gated calcium
channels association with DMD and cardiomyopathy path-
ophysiologic alterations (Figure 5A).41 In DMD CMs-d-
iPSCs, full-length dystrophin protein was absent compared
with control CMs-d-iPSCs (Figure 5B). Furthermore, DMD
CMs-d-iPSCs recapitulated relevant clinical characteristics
of DMD because they displayed increased release of the
cardiac damage marker cTnI (0.65 � 0.10 versus
1.92 � 0.35 ng of cTnI per milligram of total protein,
P Z 0.0072) (Figure 5C) and of TNF-a (�0.8128 � 0.2386
versus 3.358 � 1.705) (Figure 5D). The expression of
constitutive and immunoproteasome subunits in the CMs-d-
iPSCs was determined. The PSMB5 subunit remained un-
altered in DMD CMs-d-iPSCs; the immunoproteasome
subunits PSMB8 (P Z 0.0417) and PSMB9 (P Z 0.0377)
were significantly overexpressed in DMD CMs-d-iPSCs
compared with control CMs-d-iPSCs (Figure 6A). Next,
the effect of ONX-0914 treatment was monitored on car-
diomyopathy hallmarks. Significantly, immunoproteasome
inhibition dampened intracellular Ca2þ (P < 0.0001 for
both DMD CMs and DMD CMs þ ONX-0914 versus
control CMs; 1-way analysis of variance) (Figure 6B) and
reduced the release of cTnI related to DMD CMs (with
PZ 0.0013, PZ 0.0094, and PZ 0.0399 for control CMs,
control CMs þ ONX, and DMD CMs þ ONX, respectively;
two-way analysis of variance) (Figure 6C). Interestingly,
quantitative RT-PCR found the down-regulation of trans-
forming growth factor b and collagen 3a expression in
treated CMs-d-iPSCs (P Z 0.0235 and P Z 0.0020,
respectively) (Figure 6D). Control and DMD CMs-d-iPSCs
treated with 200 nmol/L of ONX-0914 had a severe acute
350
cardiotoxic response, which was not observed at concen-
trations <150 nmol/L, demonstrating a dose-dependent
toxic pattern in CMs-d-iPSCs. Specifically, 2 days after
treatment, CMs-d-iPSCs started displaying abnormal
behavior and were on visual inspection of a distinct poorer
quality to vehicle-treated CMs-d-iPSCs. After 3 to 4 days of
treatment, most CMs-d-iPSCs stopped contracting and dis-
played a further deterioration in cellular morphologic fea-
tures. After 7 days of treatment, most CMs-d-iPSCs were
detached and necrotic (Supplemental Figure S3A), and the
few remaining CMs-d-iPSCs had overt aberrations in
morphologic findings (Supplemental Figure S3, BeD).
Discussion

Dilated cardiomyopathy is the major cause of death of pa-
tients with DMD and is predominantly characterized by
severe inflammation and fibrosis. Unfortunately, dilated
cardiomyopathy is unresponsive to usual care based on
glucocorticoids,42,43 increasing the urgencies for novel
treatments aimed at improving the poor DMD clinical out-
comes and preventing fatal heart failure. The murine model
of DMD, the mdx mouse, develops dilated cardiomyopathy
by 32 weeks of age, when accumulation of connective tissue
and contractile deviances is undeniable.44 However, con-
tractile dysfunctions and development of ventricular
inflammation and fibrosis have already been described in
mdx mice as early as 2 months of age.6,7 Immunoprotea-
some functions are synergistically associated with the ac-
tivity of most of the proteins that are involved in the
development of the symptoms that will lead to dilated car-
diomyopathy, such as cardiomyocyte necrosis, myocardial
tissue degeneration, and fibrosis.22,45,46 We found over-
expression of immunoproteasome subunits in the hearts of
mdx mice and suggest that immunoproteasome modulation
is a valuable tool to counteract cardiac pathologic findings
in mdx mice.
The immunoproteasome inhibition by ONX-0914 treat-

ment decreased inflammatory cell activation, proin-
flammatory cytokine expression, and fibrosis and
ameliorated the hemodynamic performance of mdx mice
with early (6 weeks old) and advanced (9 months old)
dilated cardiomyopathy. Interestingly, immunoproteasome
modulation determined the delay of cardiomyopathy in
mdx mice with early dilated cardiomyopathy (6 weeks old)
and improved the cardiac performance of older mdx mice
with advanced dilated cardiomyopathy (9 months old). LV
dysfunction was prominent in untreated 9-montheold mdx
mice. ONX-0914 administration before the onset of cardiac
functional decline preserved LV systolic function (ie,
ejection fraction and wall thickness). Improvements in the
histologic findings in the hearts of mdx mice resulted
from the treatment correlated well with the functional
improvements detected by echocardiography. Outstand-
ingly, inhibition of PSMB8 in 6-weekeold mdx mice
ajp.amjpathol.org - The American Journal of Pathology
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down-regulated the expression of phosphorylated ERK1/2
that potentially phosphorylate STATs and thus control
collagen expression (whose deposition is typical of
myocardial fibrosis). Importantly, ONX-0914 treatment
reduced the percentage of infiltrating B and T cells in the
hearts of mdx mice, which in turn cause the down-
regulation of NF-kB, hampering its cooperation with
STATs. Such effects may also be attributed to reduced
expression of inflammatory cytokines, such as ROR-gt, IL-
1b, and TNF-a, that activate the JAK/STAT pathways.
Interestingly, a down-regulation of the fibrotic enhancer,
osteopontin, and decreased levels of collagen 1a and 3a,
which agree with the observed differences in fibrosis of
ONX-0914etreated mdx mice, were observed. These data
are in accordance with those published by other groups
reporting the immunomodulatory role of osteopontin in
DMD47 and its association with matrix metalloproteinase
9.48 Recently, in a cohort of 40 patients with DMD and
early myocardial disease, Raman et al49 found a combi-
natorial effect of angiotensin-converting enzyme inhibitor
and angiotensin receptor blocker with the drug eplerenone
(commonly used in the management of chronic heart
failure), which improved cardiac features possibly through
a modulation of an osteopontin-dependent pathway. Thus,
we propose osteopontin as a reliable target to ameliorate
cardiac fibrosis in patients with DMD.50 Nevertheless, the
reduced inflammatory activation and fibrosis obtained in
ONX-0914etreated hearts of mdx mice lead to improved
hemodynamic performance characterized by increased
LV ejection fraction and decreased LV end-systolic and
end-diastolic volumes. Because substantial improvement
of dilated cardiomyopathy was observed in ONX-
0914etreated mdx mice, it was analyzed whether the same
effect could be translated to DMD. Thus, dermal fibro-
blasts isolated from patients with DMD and healthy in-
dividuals were reprogrammed to iPSCs, which were then
differentiated to functional beating CMs-d-iPSCs. It was
confirmed that DMD CMs-d-iPSCs overexpressed the
immunoproteasome subunits and their inhibition protected
cardiomyocytes from damage as indicated by decreased
release of cTnI and TNF-a. In addition, the antifibrotic
function of ONX-0914dat a nontoxic concentration of
150 nmol/L because cardiotoxicity was determined when
ONX-0914 was used at 200 nmol/Ldcould be exerted
through down-regulation of transforming growth factor b
and collagen 1a expression. Interestingly, in an animal
model of hypertension, the overexpression of the immu-
noproteasome subunit PSMB10 was found to be respon-
sible for increasing atrial fibrosis through the TGF-b and
SMAD2/3 pathways and for the up-regulation of inflam-
mation and oxidative stress mediated by NF-kB.18 Taken
together, these data reveal the beneficial effects of ONX-
0914 to treat and prevent dilated cardiomyopathy in mdx
mice, ranking the immunoproteasome inhibitor compounds
among the new drugs to be tested in future DMD clinical
trials.51,52
The American Journal of Pathology - ajp.amjpathol.org
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