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Abstract: Aberrant extracellular matrix synthesis and remodeling contributes to muscle degeneration
and weakness in Duchenne muscular dystrophy (DMD). ADAMTS-5, a secreted metalloproteinase
with catalytic activity against versican, is implicated in myogenesis and inflammation. Here, using
the mdx mouse model of DMD, we report increased ADAMTS-5 expression in dystrophic hindlimb
muscles, localized to regions of regeneration and inflammation. To investigate the pathophysiological
significance of this, 4-week-old mdx mice were treated with an ADAMTS-5 monoclonal antibody
(mAb) or IgG2c (IgG) isotype control for 3 weeks. ADAMTS-5 mAb treatment did not reduce versican
processing, as protein levels of the cleaved versikine fragment did not differ between hindlimb muscles
from ADAMTS-5 mAb or IgG treated mdx mice. Nonetheless, ADAMTS-5 blockade improved ex
vivo strength of isolated fast extensor digitorum longus, but not slow soleus, muscles. The underpinning
mechanism may include modulation of regenerative myogenesis, as ADAMTS-5 blockade reduced
the number of recently repaired desmin positive myofibers without affecting the number of desmin
positive muscle progenitor cells. Treatment with the ADAMTS-5 mAb did not significantly affect
markers of muscle damage, inflammation, nor fiber size. Altogether, the positive effects of ADAMTS-5
blockade in dystrophic muscles are fiber-type-specific and independent of versican processing.

Keywords: ADAMTS-5; contractile function; desmin; Duchenne muscular dystrophy; mdx mouse;
myogenesis; skeletal muscle; versican; versikine

1. Introduction

Duchenne Muscular Dystrophy (DMD) is an X-linked, pediatric disease with devastating effects
on skeletal, respiratory and cardiac muscles. Patients are commonly wheelchair-bound by 12 years of
age and succumb to cardiorespiratory failure by the third decade of life. DMD is caused by mutations
in the dystrophin gene [1–3]. Dystrophin links the contractile apparatus to the extracellular matrix
(ECM) and provides structural support to the sarcolemma during muscle contraction. The loss of
dystrophin and the dystrophin associated protein complex (DAPC) renders dystrophic muscle highly
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prone to contraction-induced damage [4]. Chronic muscle degeneration combined with a heightened
pro-inflammatory state, compromise muscle repair, leading to muscle loss and expansion of the ECM
(fibrosis) [5,6].

Fibrosis is typically considered to be a hallmark of a developed pathology. However, in DMD
endomysial matrix expansion precedes overt muscle degeneration and is observed in patients as young
as 2.5 weeks of age [7]. This expansion of the endomysial matrix is thought to actively contribute to
the degeneration of dystrophic muscles by heightening inflammation and compromising regenerative
myogenesis [8–10]. Studies in vertebrate models with a high capacity for tissue repair without
fibrosis, such as Urodele amphibians, have shown that effective regenerative myogenesis depends on
carefully regulated ECM synthesis and remodeling [11]. Following injury, there is a rapid shift from
a stiff collagen- and laminin-rich mature matrix to a softer transitional matrix enriched in versican
and hyaluronan. This transitional matrix modulates the behavior of tissue progenitor cells, inflammatory
cells and fibroblasts through mechanical and biochemical signals, which include the regulation of
growth factor and cytokine bioavailability [12]. Successful regeneration also encompasses transitional
matrix remodeling by various ECM proteases, including ADAMTS metalloproteinases with catalytic
activity against versican, followed by the re-deposition of a mature matrix [11,13]. The proteolytic
processing of transitional matrix proteins generates bioactive peptide fragments, which may also
regulate cellular processes relevant to muscle regeneration and degeneration in dystrophy. For example,
V0/V1 versican processing by ADAMTS versicanases generates the bioactive versikine fragment, which,
depending on its biological context may stimulate apoptosis [13], inflammation [14] or proliferation [15].

Fibrosis in dystrophic muscles from patients with DMD and mdx mice (the murine model of
DMD) is characterized by the upregulation of mature and provisional matrix proteins and proteases,
including ADAMTS-5, V0/V1 versican, and the catalytically processed versikine fragment [10,16–20].
This chronic pro-fibrotic state leads to aberrant growth factor and cytokine signaling (including TGFβ),
excess inflammation, failed myogenesis, and further matrix expansion. To date, the pathophysiological
implications of dysregulated provisional matrix synthesis and remodeling in DMD are not well
recognized. Despite extensive pre-clinical research, there is no effective therapeutic strategy to
ameliorate fibrosis in dystrophy. Thus, we would argue that the provisional matrix is a viable upstream
target to improve the efficacy of muscle regeneration in dystrophy and to ameliorate fibrosis, with
the ADAMTS and V0/V1 versican enzyme—substrate axis being of pathophysiological significance.

There is increasing recognition for a role of V0/V1 versican and ADAMTS versicanases in
myogenesis. V0/V1 versican and Adamts-1, -4, -5 and -15 gene expression is increased in developing
mouse hindlimb skeletal muscles and during myogenic differentiation in vitro [21]. Indeed, Adamts-5
is highly expressed during murine limb bud myogenesis and shows overlapping expression with
one of its key substrates, versican [22]. The human ADAMTS-5 gene contains binding elements
for muscle regulatory factors, which are essential for myogenic differentiation [23]. ADAMTS-15 is
also highly expressed in developing limb muscles where it is co-localized to the transitional matrix,
as indicated by hyaluronan staining [24]. Versican is part of the satellite cell niche [25], can stimulate
myoblast proliferation [26], and during myogenic differentiation, remodeling of a versican rich
pericellular matrix by ADAMTS-5 facilitates the fusion of C2C12 myoblasts into multinucleated
myotubes [21]. Interestingly, ADAMTS-15 can rescue the reduction in myoblast fusion following
Adamts-5 gene knockdown, indicating redundancy in versican processing by ADAMTS versicanases
during myogenesis [21]. ADAMTS-5 may also modulate myogenesis via cellular mechanisms
independent of versican processing. In zebrafish embryos, adamts-5 knockdown with morpholinos
impaired somite patterning and early myogenesis due to disrupted Sonic hedgehog (Shh) signaling.
This impairment was rescued with a catalytically inactive Adamts-5 construct, suggesting a putative
role for the ancillary domain of ADAMTS-5 in myogenesis [27].

Also relevant to the pathology of muscular dystrophy, is that versican and ADAMTS versicanases
have been implicated in regulating inflammation in various disease models [28–30]. A carefully
regulated inflammatory response is necessary for effective regenerative myogenesis. Interestingly,
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ADAMTS-1 released by macrophages following injury stimulates satellite cell activation [31],
perhaps through versican remodeling in the satellite cell niche [25]. Versican remodeling by ADAMTS
versicanases has been reported in dystrophic muscles from mdx mice and patients with DMD,
as indicated by the co-localization of versikine to regions of regeneration and inflammation [10,17].
Adamts-5 mRNA transcripts are upregulated in hindlimb muscles from mdx mice [19]. ADAMTS-5
protein is specifically upregulated in serum from patients with DMD and in mdx mice,
where experimental evidence suggests that it may have potential as a therapy responsive biomarker [20].
It is not known whether the upregulation of ADAMTS-5 in dystrophic muscles is an adaptive or
a pathological response. Increased ADAMTS-5 may facilitate regenerative myogenesis via versican
processing [21] and/or catalytically independent signaling pathways (e.g., Shh) [27]. Conversely,
ADAMTS-5 is closely associated with a heightened inflammatory state (best described in the context of
osteoarthritis [32]). High levels of the cleaved versikine fragment may exacerbate dystrophic muscle
pathology by stimulating apoptosis [13] and inflammation [14].

ADAMTS-5 is an important pharmacological target for osteoarthritis, where excess degradation of
its substrate aggrecan leads to cartilage destruction. GlaxoSmithKline (GSK) developed a humanized,
selective monoclonal antibody (mAb) against ADAMTS-5. This ADAMTS-5 mAb reduces aggrecan
degradation via an allosteric lock mechanism. By binding to the catalytic and disintegrin-like domains
of ADAMTS-5, the enzyme’s ability to engage and cleave substrate is inhibited [33], as the catalytic
and disintegrin-like domains are necessary for full proteolytic activity [34]. Intraperitoneal injection
(IP) of the ADAMTS-5 mAb leads to distribution within the musculoskeletal system. Its effects are
relatively long lasting, as indicated by in vivo studies using mouse models of cartilage destruction
where weekly treatment demonstrated biological efficacy [33].

Given the high level of ADAMTS-5, V0/V1 versican and versikine, it was hypothesized ADAMTS-5
blockade with the GSK ADAMTS-5 mAb would modulate the function and structure of dystrophic
hindlimb muscles from young mdx mice. Thus, juvenile male and female mdx mice were treated from 4
to 7 weeks of age with a weekly injection of the ADAMTS-5 mAb [33]. At approximately 21 days of age,
hindlimb muscles from mdx mice undergo a bout of degeneration, which is followed by a period of active
regenerative myogenesis concurrent with postnatal skeletal muscle growth [35]. Our experimental
design allowed for the examination the functional and structural effects of the ADAMTS-5 blockade on
muscle regeneration. The effects on early muscle degeneration could not be assessed, as this occurred
one week prior to the onset of treatment.

2. Materials and Methods

2.1. Ethics Approval, Mouse Husbandry and Antibody Treatment

Mouse studies were approved by the Animal Ethics Committees at Deakin University (G35-2013)
and at La Trobe University (AEC16-08). Animal care and experimental procedures were conducted
in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific
Purposes. All mice were maintained on an alternating 12 h light and 12 h dark cycle, with standard
mouse chow and water provided ad libitum.

Male mdx mice and C57BL/10 mice, 3 to 6 months of age, were used for immunohistochemical
characterization of ADAMTS versicanases (ADAMTS-1, -5 and -15) and versican remodeling in
dystrophic hindlimb muscles, unless otherwise indicated in the figure legends. Mice were deeply
anaesthetized with sodium pentobarbitone (60 mg/kg) via an intraperitoneal injection and killed by
cardiac excision. Tibialis anterior (TA) muscles were excised, embedded in optimal cutting temperature
compound (OCT) and frozen in thawing 2-methylbutane cooled in liquid nitrogen.

To investigate the effects of ADAMTS-5 blockade on dystrophic muscle pathology, pregnant female
mdx mice were obtained from the Animal Resource Centre (Canning Vale, Western Australia). At 4 weeks
of age male and female mdx pups were randomized to receive an ADAMTS-5 monoclonal antibody
(mAb, 12F4.1H7) or an isotype IgG2c control antibody (IgG) kindly provided by GSK. The ADAMTS-5
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mAb has a KD = 0.035 nM and IC50 = 1.46 nM; antibody development and characterization was
completed by GSK, as described previously [33]. In accordance with the published literature and GSK
recommendations, the ADAMTS-5 mAb or the IgG control antibody were administered once weekly
for three weeks at a dose of 10 mg/kg body weight via intraperitoneal injections [36]. Following
the onset of treatment, mice were monitored and weighed every second day until the conclusion of
the study at 7 weeks of age.

2.2. Ex Vivo EDL and Soleus Contractile Function Testing

At 7 weeks of age, mdx mice were anaesthetized via an intraperitoneal injection of medetomidine
(0.6 mg/kg), midazolam (5 mg/kg) and fentanyl (0.05 mg/kg), such that they were unresponsive to
tactile stimuli. Isometric contractile properties of isolated fast twitch EDL and slow twitch soleus hind
limb muscles were evaluated ex vivo, as described in detail previously [37,38]. Briefly, EDL and soleus
muscles were tied at the proximal and distal tendons with braided surgical silk, surgically excised,
and transferred to the 1300A Whole Mouse Test System (Aurora Scientific) organ bath filled with Krebs
Ringer solution (137 mM NaCl, 24 mM NaHCO3, 11 mM D-glucose, 5 mM KCl, 2 mM CaCl2, 1 mM
NaH2PO4H2O, 1 mM MgSO4, 0.025 mM d-tubocurarine chloride), bubbled with Carbogen (5% CO2 in
O2; BOC Gases), and maintained at 25 ◦C. The distal tendon of the muscle was tied to an immobile pin
and the proximal tendon was attached to the lever arm of a dual mode force transducer (300-CLR;
Aurora Scientific). EDL and soleus muscles were stimulated by supramaximal square wave pulses of 350
ms and 1200 ms in duration, respectively, delivered by two platinum electrodes that flanked the length
of the muscle. All stimulation parameters and contractile responses were controlled and measured
using Dynamic Muscle Control Software (DMC v5.415), with on board controller interfaced with
the transducer control/feedback hardware (Aurora Scientific).

A series of 1 Hz isometric twitch contractions were used to determine optimal muscle length
(Lo). Following 4 min of rest, the maximum isometric tetanic force (Po) production was determined
from the plateau of the force frequency curve (FFC). The EDL muscles were stimulated at 10, 30,
50, 60, 80, 100 and 120 Hz and soleus at 10, 20, 30, 50, 60, 80 and 100 Hz, with 2 min rest between
stimulations. Muscles were again rested for 4 min. To assess tolerance to repeated contractile activity
and as an indicator of fatigability, muscles were stimulated sub-maximally (60 Hz) once every 5 s for
4 min [38]. Recovery of Po was determined by stimulating the muscles at 60 Hz at 2, 5, and 10 min post
fatigue testing.

Following the completion of contractile function testing, muscles were trimmed of tendons,
weighed and snap frozen in liquid nitrogen for gene expression analysis. Contralateral hindlimb muscles
were also excised, embedded in OCT, and frozen in thawing 2-methylbutane. Muscle cross-sectional
area was determined by dividing the muscle mass by the product of optimum fiber length (Lf)
and 1.06 mg·mm−3, the density of mammalian muscle. Lf was determined by multiplying Lo by
previously determined Lo/Lf ratios; 0.44 for the EDL and 0.71 for the soleus [39]. Since Pt and Po

are dependent upon muscle size, these values were normalized for muscle cross-sectional area
and expressed as specific force (sPt and sPo; mN·mm−2) for the force frequency curve. To assess
fatiguability and force recovery, data from the fatigue protocol were normalized to the first 60 Hz
contraction and expressed as a percentage.

2.3. Immunohistochemistry for ADAMTS-1, -5 and -15 and Versikine

Transverse frozen sections were cut from the mid-belly of TA or EDL muscles at a thickness
of 8 µm. To assess the co-localization of ADAMTS-5 with CD68 positive macrophages or desmin
positive myoblasts and newly regenerated myotubes, serial sections were cut from mdx TA muscles.
Serial sections were used for the co-localization experiments because the anti-ADAMTS-5, anti-CD68
and anti-desmin antibodies were all raised in the same species (rabbit). To confirm co-localization
based on tissue morphology phase images were captured and overlaid with the corresponding
fluorescent images.
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Immunohistochemistry for ADAMTS-1 (Origene; TA317919), ADAMTS-5 (Affinity Bioreagents;
PAI-1751A), ADAMTS-15 (Abcam; ab45047), versikine (anti-DPEAAE neo-epitope; Thermo Fisher
Scientific, PA1-1748A), or desmin (Abcam, ab15200) was performed as previously described [13,21].
Nuclei were counter-stained with DAPI. For EDL muscle cross-sections reacted with the anti-desmin
antibody, wheat germ agglutinin (WGA) Alexa Fluor 555 (Thermo Fisher Scientific, W32464) was used
as an additional stain for regions of ECM and fibrosis [40].

To assess ADAMTS versicanase immunoreactivity and for the ADAMTS co-localization
experiments, for each TA muscle cross-section four representative digital images were captured
with a confocal microscope at 600×magnification (Olympus; Fluoview FV10i). To quantify the number
of desmin positive myoblasts and newly regenerated myofibers [41,42], due to the small cross-sectional
area of EDL muscles from 7-week-old mdx mice, only two representative digital images were captured
with a confocal microscope (Olympus; Fluoview FV10i) at 200×magnification.

2.4. Immunoblotting for Versikine—A Read out of Total ADAMTS Versicanase Activity

EDL and soleus muscles were homogenized in radio immunoprecipitation assay buffer (RIPA; Merck
Millipore) with protease and phosphatase inhibitors (Thermo Fisher Scientific). Total protein content
was determined using a BCA protein assay (Thermo Fisher Scientific), and 7.5 µg of unfractionated
muscle homogenate was separated on a 4%–15% gradient TGX Stain-Free™ criterion gel (Bio-Rad)
at 100 V. Following which the gel was activated and proteins visualized using the Chemidoc™ XRS
system (Bio-Rad). Proteins were then transferred to PVDF membranes using a Turbo Blot Transfer
System (Bio-Rad) at 2.5 A and 25 V for 12 min. Immunoblotting for versikine (anti-DPEAAE neo-epitope;
Thermo Fisher Scientific, PA1-1748A) was performed as previously described [17]. Blots were imaged
using ECL chemiluminescence. Band densitometry was performed on the western blots and the stain
free gels, to confirm even loading, using Image Lab software (Bio-Rad). Versikine protein expression
was normalized to the optical density of the total protein per lane on the TGX-stain free protein gel.

2.5. Histological Assessment of mdx EDL Muscle Morphology Following Adamts-5 mAb Treatment

As improvements in contractile function were only observed in EDL muscles, these were selected
for further histological and biochemical analyses of dystrophic pathology. Transverse 8 µm thick
frozen sections, cut from the mid-belly of EDL muscles from mdx mice treated with the ADAMTS-5
mAb or the IgG control, were stained with hematoxylin and eosin (H&E) staining to assess muscle
morphology [38]. Digital images of H&E stained muscle were captured at 200x magnification (Leica;
DM1000 upright microscope). All image analysis was completed using Image-Pro Plus software
(Media Cybernetics). To assess muscle fiber size (minimal Feret’s diameter) and the percentage of
centrally nucleated fibers, 116 ± 7 muscle fibers were quantified per cross-section per mouse. Muscle
degeneration was assessed by manually circling regions of fibrosis and mononuclear infiltrate, which
is composed of muscle progenitor cells, inflammatory cells and fibroblasts [43] and expressing these
regions as a percentage of the total muscle cross section [37].

2.6. Real Time Quantitative PCR (qPCR)

To assess the effects of the ADAMTS-5 blockade on V0 and V1 versican (Vcan) mRNA transcripts
and gene markers of inflammation and myogenesis, whole EDL muscles were homogenized in
Tri-Reagent® solution (Ambion Inc, Thermo Fisher Scientific). Total cellular RNA was extracted
and purified using a RNeasy® Mini Kit (Qiagen). An iScript cDNA synthesis kit (Bio-Rad) was
used to reverse transcribe 0.25 µg of total RNA. Quantitative RT-PCR was performed using IQ
SYBR Green Super mix (Bio-Rad) and oligonucleotide primers for the genes of interest (Table 1).
cDNA concentrations were determined using Quant-iT™ OliGreen® ssDNA reagent (Thermo Fisher
Scientific), and Ct values were normalized to cDNA content.
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Table 1. List of primer sequences used for quantitative RT-PCR.

Accession Number Name Forward Sequence Reverse Sequence

NM_001081249.1(V0) V0 Vcan GCA GGG ACC AAG TTC CA ATC ACT CAA TCG ACC TGT CTT GT
NM_019389.2(V1) V1 Vcan ACT GCT TTA AAC GTC GAT TGA GTG TCA CTG CAA GGT TCC TCT

NM_011577.2 TGFβ1 GCC TGA GTG GCT GTC TTT TGA CAC AAG AGC AGT GAG CGC TGA A
NM_011333.3 MCP1 CCCAATGAGTAGGCTGGAGA TCTGGACCCATTCCTTCTTG
NM_031189.2 Myogenin TCGGTCCCAACCCAGGA GCAGATTGTGGGCGTCTGTA
NM_008656.5 Myf CCC ACC TCC AAC TGC TCT G CCG ATC CAC AAT GCT GGA C

2.7. Statistical Analyses

All data are presented as MEAN ± S.E.M. Data were assumed to be normally distributed.
An independent sample t-test or 2-way General Linear Model (GLM) ANOVA, followed by Tukey’s
post hoc analysis where appropriate, were performed as indicated. All statistical analyses were
performed using Minitab statistical software (v17), with P < 0.05 being statistically significant.

3. Results

3.1. Increased ADAMTS-5 Immunoreactivity in Dystrophic mdx Compared to Wild Type Hindlimb Muscles

ADAMTS-1, -5 and -15 process versican to generate the bioactive versikine fragment [44].
ADAMTS-1, -5 and -15 immunoreactivity was very low in TA muscles from adult C57BL/10 mice
(Figure 1D–F, Figure 1J–L and Figure 1P–R). These ADAMTS versicanases have a putative role
in myogenesis during muscle development and regeneration [21]. In healthy, adult TA muscles
where there is essentially no regeneration, it was unsurprising that ADAMTS-1, -5 and -15 protein
expression was low. Whereas, in dystrophic TA muscles from mdx mice where there is ongoing muscle
degeneration and repair, ADAMTS-5 was the most highly upregulated of the ADAMTS versicanases
assessed (Figure 1G–I, Figure 1S; P < 0.05); although, some ADAMTS-1 and -15 immunoreactivity
was also observed in dystrophic TA muscles (Figure 1A–C and Figure 1M–O). ADAMTS-5 was
localized to the endomysium (white arrow) and to regions of mononuclear infiltrate (white arrowhead;
Figure 1G–I). Fibroblasts [45], inflammatory cells [28,30], muscle progenitor cells and differentiating
myoblasts [21,22] can all express Adamts-5. Using serial TA muscle cross-section from mdx mice,
the upregulation of ADAMTS-5 in regions of regeneration and inflammation was confirmed, as indicated
by the co-localization with desmin positive muscle cells (Figure 2A–D) and a close association with CD68
positive macrophages (Figure 2E–H). The relevance of the ADAMTS-5—versican enzyme—substrate
axis to dystrophic muscle pathology is supported by the observations that versikine is also co-localized
with newly regenerated desmin positive muscle fibers (Figure S1) and infiltrating macrophages (Figure
S2) in TA muscles from mdx mice.

3.2. Effects of ADAMTS-5 Blockade on Post-natal Growth and Muscle Mass

ADAMTS-5 blockade with the mAb was well tolerated and did not appear to compromise
postnatal growth. The increase in body weight (g) during the three weeks of treatment did not
significantly differ between mdx mice treated with the ADAMTS-5 mAb or the IgG control (Figure 3).
EDL, but not soleus, muscles from mdx mice treated with the ADAMTS-5 mAb were heavier than EDL
muscles from mdx mice treated with the IgG control. However, when EDL or soleus muscle mass was
normalized to body weight, ADAMTS-5 blockade had no significant effect on proportional muscle size
(Tables 2 and 3, respectively).
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Figure 1. Expression of ADAMTS versicanases in healthy and dystrophic muscles. Representative
images of ADAMTS-1, ADAMTS-5 and ADAMTS-15 immunoreactivity (red) and nuclei (blue).
ADAMTS-1 immunoreactivity in TA muscle cross-sections from mdx (A–C) and C57/BL10 (D–F) mice.
ADAMTS-5 immunoreactivity in TA muscle cross-sections from mdx (G–I) and C57/BL10 (J–L) mice,
where ADAMTS-5 was found to be highly expressed in the endomysium (white arrow) and within
areas of mononuclear infiltrate (white arrowhead). ADAMTS-15 immunoreactivity in TA muscle
cross-sections from mdx (M–O) and C57/BL10 (P–R) mice. (S) Quantitation of ADAMTS versicanase
immunoreactivity demonstrated increased Adamts-5 expression in TA muscles from mdx mice. *P < 0.05;
independent t-test. N = 5 C57BL/10 mice and n = 5 mdx mice. Scale bar = 100 µm.

Figure 2. ADAMTS-5 is highly expressed in regions of regeneration and inflammation in dystrophic
muscles. ADAMTS-5 immunoreactivity (red), desmin or CD68 immunoreactivity (green) and nuclei
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(blue) in serial cross-sections. Phase contrast images overlaid with the fluorescent signal
provide morphological evidence of ADAMTS-5 and desmin or CD68 co-localization. ADAMTS-5
immunoreactivity in TA muscle cross-sections from mdx mice (A and E), with corresponding phase
contrast image (B and F, respectively). Desmin immunoreactivity in TA muscle cross-sections from mdx
mice (C), with corresponding phase contract (D). CD68 immunoreactivity in TA muscle cross-sections
from mdx mice (G), with corresponding phase contrast image (H). Regions of co-localization are
indicated by the outline on the fluorescent and the phase image. N = 3 mdx mice. Scale bar = 100 µm.

Figure 3. ADAMTS-5 blockade does not significantly affect postnatal growth of 4 to 7-week-old mdx
mice. Increases in mouse body weight (g) during 20 days of treatment with the ADAMTS-5 mAb or
the IgG control. N = 19–20 mice.

Table 2. Ex-vivo EDL twitch contractile properties following ADAMTS-5 blockade.

Units IgG ADAMTS-5 mAb P Value

Muscle mass mg 10.29 ± 0.51 *8.85 ± 0.51 0.037
Muscle mass : BW mg:g 0.49 ± 0.01 0.46 ± 0.02 0.187

Pt mN 39.3 ± 3.3 48.5 ± 5.9 0.176
sPt mN/mm2 27.5 ± 1.6 35.5 ± 3.0 0.026

TPT s 0.2198 ± 0.0005 0.2217 ± 0.0018 0.282
1
2 RT s 0.0151 ± 0.0006 0.0236 ± 0.0056 0.132

Data are means ± S.E.M. * Statistical significance at P < 0.05 for all measurements, analyzed by 2-tailed independent
t-test. BW = body weight; Pt = twitch force; sPt = specific twitch force; TPT = time to peak tension; 1

2 RT = half
relaxation time. N = 17–19 mice.

Table 3. Ex-vivo soleus twitch contractile properties following ADAMTS-5 blockade.

Units IgG ADAMTS-5 mAb P Value

Muscle mass mg 7.04 ± 0.46 6.71 ± 0.84 0.743
Muscle mass : BW mg:g 0.34 ± 0.02 0.34 ± 0.01 0.966

Pt mN 16.1 ± 1.7 13.5 ± 1.4 0.273
sPt mN/mm2 25.4 ± 2.1 25.8 ± 2.6 0.9.02

TPT s 0.2661 ± 0.0303 0.2567 ± 0.0193 0.794
1
2 RT s 0.0559 ± 0.0088 0.0646 ± 0.0219 0.725

Data are means ± S.E.M. * Statistical significance at P < 0.05 for all measurements, analyzed by 2-tailed independent
t-test. BW = body weight; Pt = twitch force; sPt = specific twitch force; TPT = time to peak tension; 1

2 RT = half
relaxation time. N = 16–19 mice.
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3.3. ADAMTS-5 Blockade Does Not Reduce Versican Processing in Dystrophic EDL and Soleus Muscles

It was hypothesized that ADAMTS-5 blockade would reduce versican processing and thus
decrease versikine protein content [46]. Unexpectedly, versikine was readily detected in EDL
muscle cross-sections from both ADAMTS-5 mAb and IgG treated mdx mice. In concordance with
previously published findings, immunoreactivity was localized to the endomysium and to myonuclei
(Figure 4A,B) [17]. When quantitatively assessed using immunoblotting, versikine protein content in
either EDL or soleus muscles did not significantly differ between mdx mice treated with the ADAMTS-5
mAb or the IgG control (Figure 4C,D). This lack of difference in versikine protein levels following 3
weeks of ADAMTS-5 mAb blockade was unexpected, hence mRNA transcript abundance of the V0
and V1 Versican (Vcan) was assessed using qRT-PCR. Overall, mRNA transcript abundance of V0
and V1 Vcan was increased in EDL muscles from mdx mice treated with the ADAMTS-5 mAb (Figure 4E;
P = 0.01). This suggests that in hindlimb muscles from young mdx mice, ADAMTS-5 blockade may
result in a compensatory upregulation of substrate, such that versikine levels are not decreased with
treatment. Thus, any observed effects of the ADAMTS-5 blockade on dystrophic muscle function
and structure are likely to be independent of versican processing by ADAMTS-5.

3.4. Contractile Properties of Isolated, Dystrophic EDL and Soleus Muscles Following ADAMTS-5 Blockade

The ex vivo 1 Hz twitch force (Pt), time to peak tension (TPT), and 1
2 relaxation time ( 1

2 RT) did
not significantly differ between EDL or soleus muscles from mdx mice treated with ADAMTS-5 mAb or
the IgG control. When twitch force (Pt) was normalized to muscle cross-sectional area, ADAMTS-5
blockade increased the force output (sPt) in response to 1 Hz stimulation in EDL (P < 0.05), but not
soleus muscles (Tables 2 and 3, respectively). This indicates that ADAMTS-5 blockade may specifically
increase muscle strength in fast dystrophic hindlimb muscles. Whilst having no significant effect
on muscle relaxation or Ca2+ regulation in either fast or slow dystrophic hindlimb muscles, as TPT
and 1

2 RT are determined by myosin heavy chain composition, Ca2+ sensitivity, and SERCA isoform
and function [47].

Figure 4. ADAMTS-5 blockade does not decrease versican processing. Representative images of
versikine immunoreactivity (red) on EDL cross-sections from mdx mice treated with IgG control (A; n = 3)
or ADAMTS-5 mAb (B; n = 3); nuclei (blue). Versikine protein levels in EDL and soleus muscles (C
and D; n = 5 per muscle and treatment group) and (E) V0 and V1 Versican gene expression in dystrophic
EDL muscles following ADAMTS-5 blockade. *P = 0.01, independent t-test. N = 5 mice for versikine
immunoblotting and n = 13 mice for V0 and V1 versican gene expression. Scale bar = 100 µm.
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In concordance with the 1 Hz twitch data in EDL muscles, ADAMTS-5 blockade increased
the isometric strength normalized to muscle cross-sectional area (sPo), as indicated by an upward
shift in the 1 to 120 Hz force frequency curve (P < 0.001; Figure 5A). Whereas, in slow soleus muscles,
ADAMTS-5 blockade had no significant effect on isometric muscle strength (sPo; Figure 5C). Following
assessment of isometric strength, muscle endurance was assessed. During the 4 min of intermittent,
submaximal stimulation at 60 Hz, EDL muscles from mdx mice treated with the ADAMTS-5 mAb
fatigued less than IgG control treated littermates (P < 0.05), and force recovery was enhanced (P < 0.05;
Figure 5B). In soleus muscles, ADAMTS-5 blockade had no significant effect on the rate of fatigue or
force recovery (Figure 5D). Altogether, these data demonstrate that the positive effect of ADAMTS-5
blockade on the contractile function of dystrophic hindlimb muscles is fiber type specific.

3.5. Effects of ADAMTS-5 Blockade on EDL Muscle Structure

To gain insight into the potential mechanism underpinning the increase in EDL muscle strength
following treatment with the ADAMTS-5 mAb, a morphometric analysis of H&E stained EDL muscle
cross-sections was undertaken. In dystrophic EDL muscles, muscle fiber size, as indicated by min Feret’s
diameter, did not significantly differ between mice treated with ADAMTS-5 mAb or the IgG control
(Figure 6A). This is in concordance with a lack of effect of ADAMTS-5 blockade on the EDL muscle mass
to bodyweight ratio (Table 2). As a marker of muscle damage and repair, centrally nucleated fibers
were assessed in ADAMTS-5 mAb or the IgG control treated EDL muscles. The percentage of centrally
nucleated fibers also did not differ between ADAMTS-5 mAb or IgG control treated mice (Figure 6B).
Muscle degeneration, comprising of connective tissue and mononuclear infiltrate, also did not differ
between ADAMTS-5 mAb or the IgG control treated mice (Figure 6C). In line with the morphometric
analysis of muscle degeneration, Mcp-1 and Tgfβ1 gene expression was also not significantly altered
by ADAMTS-5 blockade (P = 0.331 and P = 0.233, respectively, Figure 6D,E). Therefore, the increase
in EDL muscle strength in mdx mice treated with the ADAMTS-5 mAb is unlikely to be mediated by
muscle hypertrophy or decreased muscle degeneration.

Figure 5. In mdx mice ADAMTS-5 blockade improved the contractile function of fast EDL muscles.
(A) Treatment with the ADAMTS-5 mAb increased the specific isometric force (sPo) output of EDL
muscles. (B) During 4 min of intermittent 60 Hz stimulation, the relative fatigability of EDL muscles
from mdx mice treated with the ADAMTS-5 mAb was reduced and the relative force recovery was
also improved. In soleus muscles, ADAMTS-5 blockade had no significant effect on (C) isometric
strength or (D) fatigability and force recovery. *P < 0.05 and **P < 0.001, main effect treatment, 2-way
GLM-ANOVA. N = 17-19 mice.
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Figure 6. Fast twitch EDL muscle morphology is unaffected by ADAMTS-5 blockade in mdx mice. EDL
fiber size as assessed by minimal Feret’s diameter (A), the proportion of centrally nucleated fibers (B)
and percent area of degeneration and mononuclear infiltrate (C) did not significantly between EDL
muscle cross sections from IgG and ADAMTS-5 mAb treated mdx mice (A–C; n = 7). The mRNA
transcript abundance of Tgfβ1 (D) and Mcp-1 (E) did not significantly differ between EDL muscles from
IgG or ADAMTS-5 mAb treated mdx mice. N = 7 mice for morphometric analyses and n = 13 mice for
gene expression analysis. Scale bar = 100 µm.

3.6. Effect of ADAMTS-5 Blockade on Markers Regenerative Myogenesis in EDL Muscles

Desmin positive muscle progenitor cells (outlined with a white circle) and small, centrally
nucleated desmin positive muscle fibers (white arrow) were observed in EDL muscle cross-sections
from mdx mice treated with either the ADAMTS-5 mAb or the IgG control (Figure 7A–D). However,
the number of desmin positive muscle fibers per mm2 of tissue cross-section was lower in mdx mice
treated with the ADAMTS-5 mAb (P < 0.05), whilst the number of desmin positive muscle progenitor
cells did not significantly differ between treatment groups (Figure 7E). It should be noted that not all
centrally nucleated fibers had high levels of desmin immunoreactivity (Figure 7C; white asterisks),
highlighting the limitation in central nuclei as a marker of recent regeneration. A non-significant
increase in the mRNA transcript abundance of the myogenic regulatory factors Myf5 and Myogenin
was also observed in EDL muscles from mdx mice treated with the ADAMTS-5 mAb (Figure 7D,E;
P = 0.140 and P = 0.116, respectively). The desmin immunohistochemistry, and perhaps the myogenic
regulatory factor gene expression data, offer preliminary in vivo evidence that ADAMTS-5 blockade
may have the potential to modulate regenerative myogenesis in dystrophic muscles.
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Figure 7. Markers of regenerative myogenesis in dystrophic EDL muscles following ADAMTS-5
blockade. Desmin immunoreactivity (green) immunoreactivity in EDL cross sections from mdx mice
treated with the IgG (A) and the ADAMTS-5 mAb (B); connective tissue (red; WGA) and nuclei (blue).
(C–D) Magnified area of interest (white box) with desmin positive muscle progenitor cells (white circles)
and desmin positive, newly regenerated myofibers (white arrows); also, not all centrally nucleated
fibers had high levels of desmin immunoreactivity (white asterisks). (E) Quantification of desmin
positive muscle progenitor cells and regenerating myofibers. (F–G) Effects of ADAMTS-5 blockade on
the mRNA transcript abundance of Myf5 and Myogenin. *P < 0.05, independent t-test. N = 8–9 mice for
desmin immunoreactivity analysis and n = 13 mice for gene expression analysis. Scale bar = 100 µm.

4. Discussion

Here we report that ADAMTS-5 is highly expressed in dystrophic hindlimb muscles from mdx
mice and upregulated in regions of regeneration and inflammation. The co-localization of ADAMTS-5
with desmin positive muscle cells in dystrophic hindlimb muscles aligns with previous observations by
our laboratory that versikine, the bioactive product of versican remodeling by ADAMTS versicanases,
is also co-localized with newly regenerated desmin positive muscle fibers and muscle progenitor cells
in dystrophic muscles [17]. The immunoreactivity of ADAMTS-5 in regions of mononuclear infiltrate
and inflammation are also consistent with the co-localization of versikine and infiltrating macrophages
in dystrophic muscle [10]. Reports that macrophages express Adamts-5 mRNA transcripts in vitro
further support our immunohistochemical data. Altogether, our findings highlight the potential
relevance of ADAMTS-5 and its substrate versican to the pathogenesis of DMD.

When young mdx mice were treated with an ADAMTS-5 mAb for 3 weeks beginning at 4 weeks
of age, the isometric strength and endurance of dystrophic hindlimb muscles was improved in a fiber
type specific manner. The positive effects of ADAMTS-5 blockade on the contractile function of
EDL muscles were independent of a reduction in versican remodeling, as versikine protein levels in
EDL muscles did not differ between mdx mice treated with the ADAMTS-5 mAb or the IgG control.
The ADAMTS-5 mAb used in this study has a high binding affinity and a slow off rate, which makes it
very effective at blocking aggrecanolysis in cartilage [33]. Indeed, in human osteoarthritic cartilage
explants, in cynomolgus monkey cartilage, and in a mouse model of mechanical allodynia, treatment
with the GSK ADAMTS-5 mAb decreased substrate (aggrecan) degradation, demonstrating successful
inhibition of ADAMTS-5 catalytic activity [33,36]. Thus, compensatory upregulation of other ADAMTS
versicanases may contribute to the lack of difference in versikine levels following treatment with
the ADAMTS-5 mAb.

In this study, treatment with the ADAMTS-5 mAb coincided with a period of active regeneration
in young mdx mice [35], and regenerative myogenesis in vivo recapitulates many of the cellular
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processes necessary for embryonic skeletal muscle development and myoblast differentiation in vitro.
In developing embryos and cell culture models, myogenesis is associated with an upregulation of
ADAMTS versicanases, with Adamts-1, -4, -5 and -15 mRNA transcripts all increased [21]. During C2C12
myoblast fusion, ADAMTS-15 can compensate for ADAMTS-5 with regards to versican processing [21].
During development, versican processing is also critical for interdigital web regression. Immediately
prior to apoptosis, Adamts-1, -5, -9 and -20 are all upregulated in interdigital cells [13]. Compensation
by other ADAMTS versicanases ensures that the incidence of soft-tissue syndactyly is low in Adamts-5-/-

knockout mice; however, it reaches full penetrance in Adamts-5, Adamts-9 and Adamts-20 combinatorial
mutants [13].

Redundancy in versican processing by other ADAMTS proteases following ADAMTS-5 blockade
or deletion appears to be modulated by biological context. Indeed, at E13.5, intense versikine
immunoreactivity was observed in developing hindlimb muscles from wild type and Adamts-5-/-

knockout mice. Whereas, at 10 days and 3 weeks of age, versikine was detected in hindlimb muscles
from wild type mice but not Adamts-5-/- knockout mice [21]. Thus, in healthy muscles compensatory
versican processing by other ADAMTS versicanases may occur during developmental myogenesis,
but not postnatal growth. This fits with the dramatic downregulation of Adamts-1, -4, -5 and -15
mRNA transcripts in hindlimb muscles from wild type mice during postnatal growth (encompassing
10 days to 3 weeks of age to adulthood) [21]. Whereas in dystrophic muscles, chronic muscle damage
stimulates regenerative myogenesis, recapitulating cellular mechanisms of developmental myogenesis
making compensatory versican processing more likely.

Increased V0/V1 versican gene transcription leading to increased substrate content could also
have contributed to this lack of difference in versikine protein content following ADAMTS-5 blockade.
In knee joints from healthy mice, treatment with the ADAMTS-5 mAb increased proteoglycan content,
as assessed by histological staining [33]. Furthermore, Gorski et al. observed that the genetic deletion
of ADAMTS-5 did not affect versican (or aggrecan) cleavage and concluded that ADAMTS-5 can
have biological effects independent of substrate proteolysis [48]. Dancevic et al. identified a role for
ADAMTS-5 in early myogenesis in zebrafish embryos which also was independent of its catalytic
function [27].

The increase in isometric strength (sPo) in EDL muscles from mdx mice treated with the ADAMTS-5
mAb was not mediated by an increase in fiber size nor a reduction in inflammation and muscle damage,
as indicated by morphometric analysis and the mRNA transcript abundance of pro-inflammatory gene
markers (Mcp-1 and Tgfβ1). Conversely, in a mouse model of mechanical allodynia and knee joint
degeneration, treatment with the ADAMTS-5 mAb decreased Mcp-1 protein production in isolated
and cultured dorsal root ganglia cells [36], indicating that biological context may determine the effects
of ADAMTS-5 blockade on inflammation.

Regeneration efficacy following damage determines muscle strength (sPo). Treatment with
the ADAMTS-5 mAb had no significant effect on the proportion of centrally nucleated fibers. However,
these persist for a prolonged period following injury, and as such provide limited insight into
the efficacy of regenerative myogenesis. Hindlimb muscles from young mdx mice undergo an acute
bout of necrosis at three weeks of age, with the regenerated, centrally nucleated myofibers persisting
for up to 14 weeks [49]. Studies in wild type mice using various models of muscle damage have also
reported centrally nucleated fibers for up to 3 months post-injury, long after satellite cell proliferation
and myoblast differentiation have ceased [50,51]. Given that mdx mice were treated with the ADAMTS-5
mAb between 4 and 7 weeks of age, it is impossible to discern from H&E stained EDL cross-section
which centrally nucleated fibers represent repair from that initial bout of myonecrosis at 3 weeks of
age and which are indicative of more recent damage and repair [35]. To begin to assess the effects of
ADAMTS-5 blockade on muscle repair, desmin positive muscle progenitor cells and desmin positive,
newly regenerated muscle fibers were quantified in EDL cross-sections. The reduction in the number
of desmin positive muscle fibers, but not desmin positive progenitor cells, suggests that ADAMTS-5
blockade may improve the efficacy of regenerative myogenesis, which in turn would account for
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the increase in EDL muscle strength. This interpretation needs to be carefully interrogated in follow-up
studies using more sensitive markers of regenerative efficacy. Specifically, immunohistochemical
staining for muscle fibers expressing embryonic and neonatal myosin to assess initiation of regeneration
at 1 to 3 days post-damage and ongoing regeneration 1 to 3 weeks post injury, respectively. This should
be supported by an assessment of satellite cell proliferation and myoblast differentiation.

It remains to be determined how treatment with the ADAMTS-5 mAb improves the pathology
of fast dystrophic muscles, if a reduction in versican processing is not the underpinning mechanism.
Treatment with the ADAMTS-5 mAb may result in the accumulation of ADAMTS-5 with a locked
catalytic and distingrin domain [33] and a free ancilliary domain which has a role in substrate recognition
and tissue compartmentalization [52,53]. There is in vivo evidence from ‘in-frame’ Adamts-5-/- knockout
mice [48] and zebrafish [27], that ADAMTS-5 with intact ancilliary and disintegrin domains has
biological activity despite a loss of catalytic function. The potential role of ADAMTS-5 ancilliary
and disintegrin domains in dystrophic muscle pathology warrants further investigation. Especially,
if the underpinning mechanism involves regulation of Sonic hedgehog (Shh) signaling, as proposed
by Dancevic et al. [27]. Shh signaling is important for effective regenerative myogenesis [54], and is
compromised in fast hindlimb muscles from mdx mice, where it is associated with increased fibrosis [55].

5. Conclusions

This is the first published study to identify a therapeutic effect of ADAMTS-5 blockade in dystrophic
muscles; however, there are limitations which need to be acknowledged. The treatment protocol used,
whilst capturing postnatal growth, was brief and included male and female mdx mice. Exhibiting
limited fibrosis and a high regenerative capacity, the pathology of hindlimb muscles from young mdx
mice is mild compared to young patients with DMD [35]. It is yet to be determined whether the effects
of ADAMTS-5 blockade on EDL muscle contractile function, translate to functional improvements in
exercise capacity and whole-body strength (e.g., grip strength). Therefore, longer duration studies
are needed in male mdx mice, which include an assessment of whole-body exercise performance
and diaphragm muscle structure and contractile function. The effects of ADAMTS-5 blockade on
diaphragm muscle contractile also warrants further investigation. In mdx mice, it is the diaphragm
which best models DMD pathology due to high levels of endomysial fibrosis and impaired strength
and endurance [56,57].

Altogether, our findings demonstrate an association between ADAMTS-5, versican remodeling
and regenerative myogenesis in dystrophic muscles. More importantly, the observed therapeutic
benefits of ADAMTS-5 blockade in EDL muscles from mdx mice are of pathophysiological
and translational relevance, as in DMD it is the fast muscle fibers which are preferentially vulnerable
to degeneration [58]. There is an urgent, unmet need for new therapeutic strategies targeted towards
the extracellular matrix of dystrophic muscles, given that fibrosis is an active driver of muscle
degeneration in dystrophy [5].

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/3/416/s1.

Author Contributions: Conceptualization and study design, N.S., D.R.M.; Investigations, data collection
and analysis, L.G.F., A.B.A., N.L.M., R.W.K., P.L.M., D.R.M., B.M., N.S.; Writing the manuscript and figure
preparation, A.B.A., N.S.; Revising and Editing the manuscript, A.B.A., N.S.; Supervision and training, L.G.F.,
B.N., D.R.M., N.S.; Funding Acquisition, N.S., D.R.M. All authors have read and agree to the published version of
the manuscript.

Funding: This research was supported by The Financial Markets Foundation for Children Grant (162-2010; to DRM
and NS) and the Centre for Molecular and Medical Research (CMMR; Deakin University). In addition, NLM was
supported by an Australian Postgraduate Award and ABA was supported by a CMMR Postgraduate Scholarship.

Acknowledgments: The authors wish to thank Chris van der Poel (Department of Anatomy, Physiology,
and Microbiology, La Trobe University) for the donation of TA cross-sections from mdx and C57BL/10 mice.

Conflicts of Interest: The authors declare no conflict of interest.

http://www.mdpi.com/2218-273X/10/3/416/s1


Biomolecules 2020, 10, 416 15 of 18

References

1. Mercuri, E.; Muntoni, F. Muscular dystrophies. Lancet 2013, 381, 845–860. [CrossRef]
2. Simonds, A.; Muntoni, F.; Heather, S.; Fielding, S. Impact of nasal ventilation on survival in hypercapnic

Duchenne muscular dystrophy. Thorax 1998, 53, 949–952. [CrossRef]
3. Wagner, K.R.; Lechtzin, N.; Judge, D.P. Current treatment of adult Duchenne muscular dystrophy. Biochimica et

Biophysica Acta (BBA) - Mol. Basis Disease 2007, 1772, 229–237. [CrossRef]
4. Emery, A.E.H. The muscular dystrophies. Lancet 2002, 359, 687–695. [CrossRef]
5. Dadgar, S.; Wang, Z.; Johnston, H.; Kesari, A.; Nagaraju, K.; Chen, Y.W.; Hill, D.A.; Partridge, T.A.; Giri, M.;

Freishtat, R.J.; et al. Asynchronous remodeling is a driver of failed regeneration in Duchenne muscular
dystrophy. J. Cell. Biol. 2014, 207, 139–158. [CrossRef]

6. Klingler, W.; Jurkat-Rott, K.; Lehmann-Horn, F.; Schleip, R. The role of fibrosis in Duchenne muscular
dystrophy. Acta Myol. 2012, 31, 184–195.

7. Bushby, K.; Finkel, R.; Birnkrant, D.J.; Case, L.E.; Clemens, P.R.; Cripe, L.; Kaul, A.; Kinnett, K.; McDonald, C.;
Pandya, S.; et al. Diagnosis and management of Duchenne muscular dystrophy, part 1: diagnosis,
and pharmacological and psychosocial management. Lancet Neurol 2010, 9, 77–93. [CrossRef]

8. Yamazaki, M.; Minota, S.; Sakurai, H.; Miyazono, K.; Yamada, A.; Kanazawa, I.; Kawai, M. Expression of
transforming growth factor-beta 1 and its relation to endomysial fibrosis in progressive muscular dystrophy.
American J. Pathol. 1994, 144, 221–226.

9. Zhou, L.; Lu, H. Targeting fibrosis in Duchenne muscular dystrophy. J. Neuropathol Exp. Neurol. 2010,
69, 771–776. [CrossRef] [PubMed]

10. Coles, C.A.; Gordon, L.; Hunt, L.C.; Webster, T.; Piers, A.T.; Kintakas, C.; Woodman, K.; Touslon, S.L.;
Smythe, G.M.; White, J.D.; et al. Expression profiling in exercised mdx suggests a role for extracellular
proteins in the dystrophic muscle immune response. Hum. Mol. Genetics 2020, 29, 353–368. [CrossRef]

11. Calve, S.; Odelberg, S.J.; Simon, H.G. A transitional extracellular matrix instructs cell behavior during muscle
regeneration. Dev. Biol. 2010, 344, 259–271. [CrossRef] [PubMed]

12. Wight, T.N. Provisional matrix: A role for versican and hyaluronan. Matrix Biol. 2011, 60–61, 353–368.
[CrossRef] [PubMed]

13. McCulloch, D.R.; Nelson, C.M.; Dixon, L.J.; Silver, D.L.; Wylie, J.D.; Lindner, V.; Sasaki, T.; Cooley, M.A.;
Argraves, W.S.; Apte, S.S. ADAMTS metalloproteases generate active versican fragments that regulate
interdigital web regression. Developmental Cell 2009, 17, 687–698. [CrossRef] [PubMed]

14. Hope, C.; Foulcer, S.; Jagodinsky, J.; Chen, S.X.; Jensen, J.L.; Patel, S.; Leith, C.; Maroulakou, I.; Callander, N.;
Miyamoto, S.; et al. Immunoregulatory roles of versican proteolysis in the myeloma microenvironment.
Blood 2016, 128, 680–685. [CrossRef]

15. Carthy, J.M.; Abraham, T.; Meredith, A.J.; Boroomand, S.; McManus, B.M. Versican localizes to the nucleus in
proliferating mesenchymal cells. Cardiovasc. Pathol. 2015, 24, 368–374. [CrossRef]

16. Negroni, E.; Henault, E.; Chevalier, F.; Gilbert-Sirieix, M.; Van Kuppevelt, T.H.; Papy-Garcia, D.; Uzan, G.;
Albanese, P. Glycosaminoglycan modifications in Duchenne muscular dystrophy: specific remodeling of
chondroitin sulfate/dermatan sulfate. J. Neuropathol. Exp. Neurol. 2014, 73, 789–797. [CrossRef]

17. McRae, N.; Forgan, L.; McNeill, B.; Addinsall, A.; McCulloch, D.; Van der Poel, C.; Stupka, N. Glucocorticoids
Improve Myogenic Differentiation In Vitro by Suppressing the Synthesis of Versican, a Transitional Matrix
Protein Overexpressed in Dystrophic Skeletal Muscles. Int J. Mol. Sci. 2017, 18, 2629. [CrossRef]

18. Chen, Y.W.; Zhao, P.; Borup, R.; Hoffman, E.P. Expression profiling in the muscular dystrophies: identification
of novel aspects of molecular pathophysiology. J. Cell. Biol. 2000, 151, 1321–1336. [CrossRef]

19. Marotta, M.; Ruiz-Roig, C.; Sarria, Y.; Peiro, J.L.; Nunez, F.; Ceron, J.; Munell, F.; Roig-Quilis, M. Muscle
genome-wide expression profiling during disease evolution in mdx mice. Physiol. Genomics 2009, 37, 119–132.
[CrossRef]

20. Coenen-Stass, A.M.; McClorey, G.; Manzano, R.; Betts, C.A.; Blain, A.; Saleh, A.F.; Gait, M.J.; Lochmuller, H.;
Wood, M.J.; Roberts, T.C. Identification of novel, therapy-responsive protein biomarkers in a mouse model of
Duchenne muscular dystrophy by aptamer-based serum proteomics. Sci. Reports 2015, 5, 17014. [CrossRef]

21. Stupka, N.; Kintakas, C.; White, J.D.; Fraser, F.W.; Hanciu, M.; Aramaki-Hattori, N.; Martin, S.; Coles, C.; Collier, F.;
Ward, A.C.; et al. Versican processing by a disintegrin-like and metalloproteinase domain with thrombospondin-1
repeats proteinases-5 and -15 facilitates myoblast fusion. J. Biol. Chem. 2013, 288, 1907–1917. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0140-6736(12)61897-2
http://dx.doi.org/10.1136/thx.53.11.949
http://dx.doi.org/10.1016/j.bbadis.2006.06.009
http://dx.doi.org/10.1016/S0140-6736(02)07815-7
http://dx.doi.org/10.1083/jcb.201402079
http://dx.doi.org/10.1016/S1474-4422(09)70271-6
http://dx.doi.org/10.1097/NEN.0b013e3181e9a34b
http://www.ncbi.nlm.nih.gov/pubmed/20613637
http://dx.doi.org/10.1093/hmg/ddz266
http://dx.doi.org/10.1016/j.ydbio.2010.05.007
http://www.ncbi.nlm.nih.gov/pubmed/20478295
http://dx.doi.org/10.1016/j.matbio.2016.12.001
http://www.ncbi.nlm.nih.gov/pubmed/27932299
http://dx.doi.org/10.1016/j.devcel.2009.09.008
http://www.ncbi.nlm.nih.gov/pubmed/19922873
http://dx.doi.org/10.1182/blood-2016-03-705780
http://dx.doi.org/10.1016/j.carpath.2015.07.010
http://dx.doi.org/10.1097/NEN.0000000000000098
http://dx.doi.org/10.3390/ijms18122629
http://dx.doi.org/10.1083/jcb.151.6.1321
http://dx.doi.org/10.1152/physiolgenomics.90370.2008
http://dx.doi.org/10.1038/srep17014
http://dx.doi.org/10.1074/jbc.M112.429647
http://www.ncbi.nlm.nih.gov/pubmed/23233679


Biomolecules 2020, 10, 416 16 of 18

22. McCulloch, D.R.; Le Goff, C.; Bhatt, S.; Dixon, L.J.; Sandy, J.D.; Apte, S.S. Adamts5, the gene encoding
a proteoglycan-degrading metalloprotease, is expressed by specific cell lineages during mouse embryonic
development and in adult tissues. Gene Expression Patterns: GEP 2009, 9, 314–323. [CrossRef] [PubMed]

23. Barthel, K.K.B.; Liu, X. A Transcriptional Enhancer from the Coding Region of ADAMTS5. PLoS ONE 2008,
3, e2184. [CrossRef] [PubMed]

24. Dancevic, C.M.; Fraser, F.W.; Smith, A.D.; Stupka, N.; Ward, A.C.; McCulloch, D.R. Biosynthesis
and expression of a disintegrin-like and metalloproteinase domain with thrombospondin-1 repeats-15:
a novel versican-cleaving proteoglycanase. J. Biol. Chem. 2013, 288, 37267–37276. [CrossRef]

25. Pallafacchina, G.; Francois, S.; Regnault, B.; Czarny, B.; Dive, V.; Cumano, A.; Montarras, D.; Buckingham, M.
An adult tissue-specific stem cell in its niche: a gene profiling analysis of in vivo quiescent and activated
muscle satellite cells. Stem. Cell Res. 2010, 4, 77–91. [CrossRef]

26. Velleman, S.G.; Sporer, K.R.B.; Ernst, C.W.; Reed, K.M.; Strasburg, G.M. Versican, matrix Gla protein,
and death-associated protein expression affect muscle satellite cell proliferation and differentiation1.
Poultry Sci. 2012, 91, 1964–1973. [CrossRef]

27. Dancevic, M.C.; Gibert, Y.; Berger, J.; Smith, D.A.; Liongue, C.; Stupka, N.; Ward, C.A.; McCulloch, R.D.
The ADAMTS5 Metzincin Regulates Zebrafish Somite Differentiation. Int J. Mol. Sci 2018, 19, E766. [CrossRef]

28. McMahon, M.; Ye, S.; Izzard, L.; Dlugolenski, D.; Tripp, R.A.; Bean, A.G.; McCulloch, D.R.; Stambas, J.
ADAMTS5 Is a Critical Regulator of Virus-Specific T Cell Immunity. PLoS Biology 2016, 14, e1002580.
[CrossRef]

29. Wight, T.N.; Frevert, C.W.; Debley, J.S.; Reeves, S.R.; Parks, W.C.; Ziegler, S.F. Interplay of extracellular matrix
and leukocytes in lung inflammation. Cell Immunol. 2017, 312, 1–14. [CrossRef]

30. Ashlin, T.G.; Kwan, A.P.; Ramji, D.P. Regulation of ADAMTS-1, -4 and -5 expression in human macrophages:
differential regulation by key cytokines implicated in atherosclerosis and novel synergism between TL1A
and IL-17. Cytokine 2013, 64, 234–242. [CrossRef]

31. Du, H.; Shih, C.-H.; Wosczyna, M.N.; Mueller, A.A.; Cho, J.; Aggarwal, A.; Rando, T.A.; Feldman, B.J.
Macrophage-released ADAMTS1 promotes muscle stem cell activation. Nature Comm. 2017, 8, 669. [CrossRef]
[PubMed]

32. Sharma, N.; Drobinski, P.; Kayed, A.; Chen, Z.; Kjelgaard-Petersen, C.F.; Gantzel, T.; Karsdal, M.A.;
Michaelis, M.; Ladel, C.; Bay-Jensen, A.-C.; et al. Inflammation and joint destruction may be linked to
the generation of cartilage metabolites of ADAMTS-5 through activation of toll-like receptors. Osteoarthritis
Cartilage 2019. [CrossRef]

33. Larkin, J.; Lohr, T.A.; Elefante, L.; Shearin, J.; Matico, R.; Su, J.L.; Xue, Y.; Liu, F.; Genell, C.; Miller, R.E.; et al.
Translational development of an ADAMTS-5 antibody for osteoarthritis disease modification. Osteoarthritis
Cartilage 2015, 23, 1254–1266. [CrossRef]

34. Kosasih, H.J.; Last, K.; Rogerson, F.M.; Golub, S.B.; Gauci, S.J.; Russo, V.C.; Stanton, H.; Wilson, R.;
Lamande, S.R.; Holden, P.; et al. A Disintegrin and Metalloproteinase with Thrombospondin Motifs-5
(ADAMTS-5) Forms Catalytically Active Oligomers. J. Biol. Chem. 2016, 291, 3197–3208. [CrossRef] [PubMed]

35. Grounds, M.D.; Radley, H.G.; Lynch, G.S.; Nagaraju, K.; De Luca, A. Towards developing standard operating
procedures for pre-clinical testing in the mdx mouse model of Duchenne muscular dystrophy. Neurobiol. Dis.
2008, 31, 1–19. [CrossRef] [PubMed]

36. Miller, R.E.; Tran, P.B.; Ishihara, S.; Larkin, J.; Malfait, A.M. Therapeutic effects of an anti-ADAMTS-5 antibody
on joint damage and mechanical allodynia in a murine model of osteoarthritis. Osteoarthritis Cartilage 2016,
24, 299–306. [CrossRef] [PubMed]

37. Stupka, N.; Schertzer, J.D.; Bassel-Duby, R.; Olson, E.N.; Lynch, G.S. Calcineurin-A alpha activation enhances
the structure and function of regenerating muscles after myotoxic injury. Am. J. Physiol. - Reg. Int. Comp.
2007, 293, R686–R694. [CrossRef]

38. Addinsall, A.B.; Wright, C.R.; Shaw, C.S.; McRae, N.L.; Forgan, L.G.; Weng, C.-H.; Conlan, X.A.; Francis, P.S.;
Smith, Z.M.; Andrikopoulos, S.; et al. Deficiency of selenoprotein S, an endoplasmic reticulum resident oxidoreductase,
impairs the contractile function of fast-twitch hindlimb muscles. Am. J. Physiol. - Reg. Int. Comp. 2018, 315, R380–R396.
[CrossRef]

39. Lynch, G.S.; Hinkle, R.T.; Chamberlain, J.S.; Brooks, S.V.; Faulkner, J.A. Force and power output of fast
and slow skeletal muscles from mdx mice 6-28 months old. J. Physiol. 2001, 535, 591–600. [CrossRef]

http://dx.doi.org/10.1016/j.gep.2009.02.006
http://www.ncbi.nlm.nih.gov/pubmed/19250981
http://dx.doi.org/10.1371/journal.pone.0002184
http://www.ncbi.nlm.nih.gov/pubmed/18478108
http://dx.doi.org/10.1074/jbc.M112.418624
http://dx.doi.org/10.1016/j.scr.2009.10.003
http://dx.doi.org/10.3382/ps.2012-02147
http://dx.doi.org/10.3390/ijms19030766
http://dx.doi.org/10.1371/journal.pbio.1002580
http://dx.doi.org/10.1016/j.cellimm.2016.12.003
http://dx.doi.org/10.1016/j.cyto.2013.06.315
http://dx.doi.org/10.1038/s41467-017-00522-7
http://www.ncbi.nlm.nih.gov/pubmed/28939843
http://dx.doi.org/10.1016/j.joca.2019.11.002
http://dx.doi.org/10.1016/j.joca.2015.02.778
http://dx.doi.org/10.1074/jbc.M115.704817
http://www.ncbi.nlm.nih.gov/pubmed/26668318
http://dx.doi.org/10.1016/j.nbd.2008.03.008
http://www.ncbi.nlm.nih.gov/pubmed/18499465
http://dx.doi.org/10.1016/j.joca.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26410555
http://dx.doi.org/10.1152/ajpregu.00612.2006
http://dx.doi.org/10.1152/ajpregu.00244.2017
http://dx.doi.org/10.1111/j.1469-7793.2001.00591.x


Biomolecules 2020, 10, 416 17 of 18

40. Emde, B.; Heinen, A.; Godecke, A.; Bottermann, K. Wheat germ agglutinin staining as a suitable method for
detection and quantification of fibrosis in cardiac tissue after myocardial infarction. Eur. J. Histochem. 2014,
58, 2448. [CrossRef]

41. Helliwell, T.R. Lectin binding and desmin staining during bupivicaine-induced necrosis and regeneration in
rat skeletal muscle. J. Pathol. 1988, 155, 317–326. [CrossRef] [PubMed]

42. Wright, C.R.; Allsopp, G.L.; Addinsall, A.B.; McRae, N.L.; Andrikopoulos, S.; Stupka, N. A Reduction in
Selenoprotein S Amplifies the Inflammatory Profile of Fast-Twitch Skeletal Muscle in the mdx Dystrophic
Mouse. Mediators Inflam. 2017, 2017, 12. [CrossRef] [PubMed]

43. Mann, C.J.; Perdiguero, E.; Kharraz, Y.; Aguilar, S.; Pessina, P.; Serrano, A.L.; Munoz-Canoves, P. Aberrant
repair and fibrosis development in skeletal muscle. Skelet Muscle 2011, 1, 21. [CrossRef] [PubMed]

44. Nandadasa, S.; Foulcer, S.; Apte, S.S. The multiple, complex roles of versican and its proteolytic turnover by
ADAMTS proteases during embryogenesis. Matrix Biol. 2014, 35, 34–41. [CrossRef]

45. Hattori, N.; Carrino, D.A.; Lauer, M.E.; Vasanji, A.; Wylie, J.D.; Nelson, C.M.; Apte, S.S. Pericellular versican
regulates the fibroblast-myofibroblast transition: a role for ADAMTS5 protease-mediated proteolysis. J. Biol.
Chem. 2011, 286, 34298–34310. [CrossRef]

46. Didangelos, A.; Mayr, U.; Monaco, C.; Mayr, M. Novel Role of ADAMTS-5 Protein in Proteoglycan Turnover
and Lipoprotein Retention in Atherosclerosis. J. Biol. Chem. 2012, 287, 19341–19345. [CrossRef]

47. Schiaffino, S.; Reggiani, C. Fiber Types in Mammalian Skeletal Muscles. Physiol. Rev. 2011, 91, 1447–1531.
[CrossRef]

48. Gorski, D.J.; Xiao, W.; Li, J.; Luo, W.; Lauer, M.; Kisiday, J.; Plaas, A.; Sandy, J. Deletion of ADAMTS5 does not
affect aggrecan or versican degradation but promotes glucose uptake and proteoglycan synthesis in murine
adipose derived stromal cells. Matrix Biol. 2015, 47, 66–84. [CrossRef]

49. McGeachie, J.K.; Grounds, M.D.; Partridge, T.A.; Morgan, J.E. Age-related changes in replication of myogenic
cells in mdx mice: Quantitative autoradiographic studies. J. Neurol. Sci. 1993, 119, 169–179. [CrossRef]

50. Hardy, D.; Besnard, A.; Latil, M.; Jouvion, G.; Briand, D.; Thépenier, C.; Pascal, Q.; Guguin, A.;
Gayraud-Morel, B.; Cavaillon, J.-M.; et al. Comparative Study of Injury Models for Studying Muscle
Regeneration in Mice. PLoS ONE 2016, 11, e0147198. [CrossRef]

51. Lee, A.S.J.; Anderson, J.E.; Joya, J.E.; Head, S.I.; Pather, N.; Kee, A.J.; Gunning, P.W.; Hardeman, E.C. Aged
skeletal muscle retains the ability to fully regenerate functional architecture. Bioarchitecture 2013, 3, 25–37.
[CrossRef] [PubMed]

52. Gao, W.; Zhu, J.; Westfield, L.A.; Tuley, E.A.; Anderson, P.J.; Sadler, J.E. Rearranging exosites in noncatalytic
domains can redirect the substrate specificity of ADAMTS proteases. J. Biol. Chem. 2012, 287, 26944–26952.
[CrossRef] [PubMed]

53. Apte, S.S. A disintegrin-like and metalloprotease (reprolysin-type) with thrombospondin type 1 motif
(ADAMTS) superfamily: functions and mechanisms. J. Biol. Chem. 2009, 284, 31493–31497. [CrossRef]
[PubMed]

54. Straface, G.; Aprahamian, T.; Flex, A.; Gaetani, E.; Biscetti, F.; Smith, R.C.; Pecorini, G.; Pola, E.; Angelini, F.;
Stigliano, E.; et al. Sonic hedgehog regulates angiogenesis and myogenesis during post-natal skeletal muscle
regeneration. J. Cell Mol. Med. 2009, 13, 2424–2435. [CrossRef] [PubMed]

55. Piccioni, A.; Gaetani, E.; Palladino, M.; Gatto, I.; Smith, R.C.; Neri, V.; Marcantoni, M.; Giarretta, I.; Silver, M.;
Straino, S.; et al. Sonic hedgehog gene therapy increases the ability of the dystrophic skeletal muscle to
regenerate after injury. Gene Therapy 2014, 21, 413–421. [CrossRef]

56. Stedman, H.H.; Sweeney, H.L.; Shrager, J.B.; Maguire, H.C.; Panettieri, R.A.; Petrof, B.; Narusawa, M.;
Leferovich, J.M.; Sladky, J.T.; Kelly, A.M. The mdx mouse diaphragm reproduces the degenerative changes
of Duchenne muscular dystrophy. Nature 1991, 352, 536–539. [CrossRef]

http://dx.doi.org/10.4081/ejh.2014.2448
http://dx.doi.org/10.1002/path.1711550407
http://www.ncbi.nlm.nih.gov/pubmed/3171773
http://dx.doi.org/10.1155/2017/7043429
http://www.ncbi.nlm.nih.gov/pubmed/28592916
http://dx.doi.org/10.1186/2044-5040-1-21
http://www.ncbi.nlm.nih.gov/pubmed/21798099
http://dx.doi.org/10.1016/j.matbio.2014.01.005
http://dx.doi.org/10.1074/jbc.M111.254938
http://dx.doi.org/10.1074/jbc.C112.350785
http://dx.doi.org/10.1152/physrev.00031.2010
http://dx.doi.org/10.1016/j.matbio.2015.03.008
http://dx.doi.org/10.1016/0022-510X(93)90130-Q
http://dx.doi.org/10.1371/journal.pone.0147198
http://dx.doi.org/10.4161/bioa.24966
http://www.ncbi.nlm.nih.gov/pubmed/23807088
http://dx.doi.org/10.1074/jbc.M112.380535
http://www.ncbi.nlm.nih.gov/pubmed/22707719
http://dx.doi.org/10.1074/jbc.R109.052340
http://www.ncbi.nlm.nih.gov/pubmed/19734141
http://dx.doi.org/10.1111/j.1582-4934.2008.00440.x
http://www.ncbi.nlm.nih.gov/pubmed/18662193
http://dx.doi.org/10.1038/gt.2014.13
http://dx.doi.org/10.1038/352536a0


Biomolecules 2020, 10, 416 18 of 18

57. Capogrosso, R.F.; Mantuano, P.; Cozzoli, A.; Sanarica, F.; Massari, A.M.; Conte, E.; Fonzino, A.; Giustino, A.;
Rolland, J.-F.; Quaranta, A.; et al. Contractile efficiency of dystrophic mdx mouse muscle: in vivo and ex vivo
assessment of adaptation to exercise of functional end points. J. Appl. Physiol. 2017, 122, 828–843. [CrossRef]
[PubMed]

58. Webster, C.; Silberstein, L.; Hays, A.P.; Blau, H.M. Fast muscle fibers are preferentially affected in Duchenne
muscular dystrophy. Cell 1988, 52, 503–513. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1152/japplphysiol.00776.2015
http://www.ncbi.nlm.nih.gov/pubmed/28057817
http://dx.doi.org/10.1016/0092-8674(88)90463-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Ethics Approval, Mouse Husbandry and Antibody Treatment 
	Ex Vivo EDL and Soleus Contractile Function Testing 
	Immunohistochemistry for ADAMTS-1, -5 and -15 and Versikine 
	Immunoblotting for Versikine—A Read out of Total ADAMTS Versicanase Activity 
	Histological Assessment of mdx EDL Muscle Morphology Following Adamts-5 mAb Treatment 
	Real Time Quantitative PCR (qPCR) 
	Statistical Analyses 

	Results 
	Increased ADAMTS-5 Immunoreactivity in Dystrophic mdx Compared to Wild Type Hindlimb Muscles 
	Effects of ADAMTS-5 Blockade on Post-natal Growth and Muscle Mass 
	ADAMTS-5 Blockade Does Not Reduce Versican Processing in Dystrophic EDL and Soleus Muscles 
	Contractile Properties of Isolated, Dystrophic EDL and Soleus Muscles Following ADAMTS-5 Blockade 
	Effects of ADAMTS-5 Blockade on EDL Muscle Structure 
	Effect of ADAMTS-5 Blockade on Markers Regenerative Myogenesis in EDL Muscles 

	Discussion 
	Conclusions 
	References

