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Identification of marker proteins of muscular
dystrophy in the urine proteome from the
mdx-4cv model of dystrophinopathy†

Stephen Gargan, ab Paul Dowling, ab Margit Zweyer, c Dieter Swandulla d

and Kay Ohlendieck *ab

Since the protein constituents of urine present a dynamic proteome that can reflect a variety of disease-

related alterations in the body, the mass spectrometric survey of proteome-wide changes in urine

promises new insights into pathogenic mechanisms. Urine can be investigated in a completely non-

invasive way and provides valuable biomedical information on body-wide changes. In this report, we

have focused on the urine proteome in X-linked muscular dystrophy using the established mdx-4cv

mouse model of dystrophinopathy. In order to avoid potential artefacts due to the manipulation of

the biofluid proteome prior to mass spectrometry, crude urine specimens were analyzed without the

prior usage of centrifugation steps or concentration procedures. Comparative proteomics revealed 21

increased and 8 decreased proteins out of 870 identified urinary proteoforms using 50 ml of biofluid per

investigated sample, i.e. 14 wild type versus 14 mdx-4cv specimens. Promising marker proteins that were

almost exclusively found in mdx-4cv urine included nidogen, parvalbumin and titin. Interestingly, the

mass spectrometric identification of urine-associated titin revealed a wide spread of peptides over the

sequence of this giant muscle protein. The newly established urinomic signature of dystrophinopathy might

be helpful for the design of non-invasive assays to improve diagnosis, prognosis, therapy-monitoring and

evaluation of potential harmful side effects of novel treatments in the field of muscular dystrophy research.

Introduction

Measuring temporal changes in the protein composition of
body fluids can be helpful for the systematic assessment and
monitoring of body-wide effects due to physiological adapta-
tions or pathological alterations. Biofluids present therefore an
excellent starting point for the pathoproteomic analysis of
disease processes, as long as the passive shedding or active
secretion of tissue-associated proteins into the circulatory
system can be measured by distinct variations in select protein
species. In this respect, the increased usage of quantitative
body fluid proteomics has greatly improved the scope of the
bioanalytical analysis of protein release due to cellular damage.1

Besides serum and plasma samples, urine is one of the
most frequently employed body fluids for the purpose of
clinical diagnosis.2 The advantage of using urine as a source
of clinical marker molecules is the fact that this abundant
biofluid can be obtained non-invasively and be sampled in a
continuous way. The majority of urinary proteins originate
from plasma components that pass through the glomerular
filtration barrier, as well as liberated proteins from the kidney
and urinary tract.3–5

Thus, in the absence of primary urological disease, the
marked increase in distinct types of cellular proteins (that
usually only exist in extremely low concentration in urine)
presents an excellent way to identify novel proteomic biomarker
candidates of body-wide tissue degeneration.6 This is the
reason why the protein composition of urine is an appropriate
mirror of general health status and advanced urine protein
analysis has an excellent potential to develop into an even more
important diagnostic tool in modern medicine.7 In the future,
the optimum integration of highly sensitive and urine-based
liquid biopsy techniques will ideally eliminate the need for
invasive and potentially harmful tissue biopsy procedures or
expensive imaging approaches in routine diagnostic, prognostic
and therapy-monitoring methodologies.8
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Mass spectrometry-based proteomics has been instrumental
for the establishment of the normal urinary proteome using a
variety of protein separation and detection methods.9–12 Several
thousand urine-associated proteoforms have been cataloged.10

The most abundant urinary proteins encompass 20 protein
species, including the MUP class of major urinary proteins,
albumin, serum enzymes and uromodulin. Approximately 200
proteins represent 95% of the urine proteome.13 It therefore
requires sophisticated mass spectrometric techniques to cover the
considerable number of urine proteins with lower abundance.14,15

In human urinomics, physiological parameters, gender and age
are important parameters that have to be taken into account for
the establishment of urinary protein signatures of diseases.13,16,17

In the field of muscular dystrophy research,18 there is an
urgent drive to identify novel biofluid markers for establishing
improved diagnostic and therapy-monitoring approaches.19–21

Duchenne muscular dystrophy, the most frequently inherited
muscle wasting disease of early childhood,22 is characterized by
fibre necrosis, reactive myofibrosis and sterile inflammation in
the skeletal musculature.23–25 In addition to primary muscle
weakness, dystrophinopathy is complicated by late-onset car-
diomyopathy, respiratory impairments, neurological deficien-
cies, scoliosis and metabolic disturbances.26–28 The genetic
disorder is due to primary abnormalities in the extremely large
Dmd gene, which encodes several isoforms of the protein
dystrophin.29 The full-length isoform of dystrophin, Dp427-M,
functions in contractile fibres as a membrane cytoskeletal
component and forms a supramolecular assembly with a variety
of sarcolemma-associated proteins.30 The dystrophin core
complex, consisting of Dp427-M, dystroglycans, sarcoglycans,
dystrobrevins, syntrophins and sarcospan, links the extra-
cellular matrix component laminin to the intracellular actin
cytoskeleton.31 This trans-plasmalemmal structure plays a key
role in lateral force transmission and the stabilization of the
fibre surface during excitation-contraction-relaxation cycles.32 In
dystrophinopathy, the almost complete loss of Dp427-M causes a
drastic reduction in the members of the dystrophin-associated

glycoprotein complex,33,34 which in turn triggers sarcolemmal
micro-rupturing and calcium-induced proteolytic degrada-
tion.35

The proteomic screening of urine samples from dystrophic
patients revealed the presence of N- and C-terminal fragments
of the giant muscle protein titin.36 Since X-linked muscular
dystrophy is due to primary abnormalities in the membrane
cytoskeletal protein dystrophin, changes in the sarcomeric
protein titin might be linked to down-stream effects of the
collapse of the dystrophin–glycoprotein complex.30 The drastic
elevation of urinary titin fragments was confirmed by
immunoassays37–39 and suggests that these protein species
have a high potential as novel diagnostic markers and non-
invasive screening tools.21,40,41 Building on these findings,
it was of interest to carry out a comprehensive proteomic
comparison of urine and evaluate the body-wide effects of
the dystrophic phenotype. In this report, we have used the
established genetic mdx-4cv model of Duchenne muscular
dystrophy,42–44 which allows detailed comparisons of changes
in the urine proteome due to primary or secondary pathological
alterations in the dystrophic phenotype.45–47

Results and discussion

In order to improve our understanding of the molecular
pathogenesis of dystrophinopathy and to identify novel protein
candidates for the establishment of a proteomic biofluid
signature of X-linked muscular dystrophy,19–21 this study has
focused on the mass spectrometric survey of the urine proteome
from the dystrophic mdx-4cv mouse.

Dystrophin deficiency in the mdx-4cv model of
dystrophinopathy

Prior to the proteomic profiling of urine samples, the mutant status
of mdx-4cv skeletal muscle fibres was confirmed by immunofluo-
rescence microscopy. As shown in Fig. 1, immuno-labelling

Fig. 1 Immunofluorescence microscopical characterization of the dystrophic diaphragm from the mdx-4cv mouse model of dystrophinopathy. Shown
are transverse cryo-sections of wild type (wt) versus dystrophic mdx-4cv diaphragm muscle labelled with an antibody to the Dp427-M isoform of
the membrane cytoskeletal dystrophin. Nuclei were counter-stained with the blue-fluorescent DNA dye 40,6-diamidino-2-phenylindole (DAPI). The
mdx-4cv muscle fibres are almost completely deficient of dystrophin at the sarcolemma. Bar equals 50 mm.
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with an antibody to full-length dystrophin isoform Dp427-M
demonstrated sarcolemmal localization in normal diaphragm
and an almost complete absence of this membrane cytoskeletal
protein in the dystrophic mdx-4cv diaphragm.

Proteomic profiling of urine

Urine contains a complex mixture of proteoforms over a
wide dynamic concentration range.5,9–11 In order to avoid
the potential introduction of bioanalytical artefacts due to
differential centrifugation procedures or extensive protein
concentration steps, which are often used in urinomic
investigations,36 in this study neat urine specimens were ana-
lysed without any manipulation prior to mass spectrometry.
The proteomic survey of wild type and mdx-4cv mouse urine
samples identified 1010 and 870 protein species, respectively.
Detailed information on proteomic multi-consensus data
(4 files) and the raw data (28 files) of all identified urine
proteins is available through the public repository Open
Science Framework under the project title ‘Proteomic profiling
of mouse urine’ (data identification number: 7dyqc; direct URL
to data: https://osf.io/7dyqc/). The most abundant proteins in
mouse urine that were mass spectrometrically identified in
this study are listed in Table S1 (ESI†), including isoforms of
major urinary protein, alpha-1-antitrypsin and alpha-amylase,
as well as albumin, kallikrein, haptoglobin, serotransferrin,
uromodulin and complement C3. The proteomic fingerprint
of abundant urine-associated proteins is provided in Fig. S1
(ESI†), including the major urinary protein isoforms MUP1 to
MUP20, isoforms of alpha-1-antitrypsin, alpha-amylase, haptoglobin

and kallikrein.10–13 The bioinformatic PANTHER analysis of
protein families that were identified in mouse urine using mass
spectrometry are presented in form of a pie chart in Fig. 2. This
included a considerable number of cellular proteins, transporters,
receptors, structural components, signalling proteins and
various classes of enzymes, such as hydrolases, isomerases
and oxidoreductases. The STRING-based interaction map of
identified urine proteins is provided in Fig. S2 (ESI†).

Comparative proteomic profiling of urine from the mdx-4cv
mouse model of dystrophinopathy

The comparative mass spectrometric profiling of mdx-4cv urine
revealed 21 increased proteins (Table 1) and 8 decreased protein
species (Table 2), whereby the extent of protein elevation was
drastically higher as compared to the degree of a lowered
abundance in specific proteins. The heat map of the urinomic
analysis is provided in Fig. 3 and illustrates the differential
expression pattern of changed proteins in wild type versus the
dystrophic phenotype. Increased levels of the giant muscle protein
titin in mdx-4cv urine, as previously reported in dystrophic
patients and the conventional mdx-23 mouse,36–41 were clearly
confirmed (Table 1). The proteomic screening study by Rouillon
et al.,36 which was carried out with urine samples from 5
Duchenne patients and 5 healthy subjects, lists 8 increased
proteins (titin, uromodulin, nuclear transport factor NTF2, TNF
receptor, myosin-1, fibulin-2, complement Clr, aminopepti-
dase) and 2 decreased proteins (cubulin, beta-galactosidase).
Proteins in the study presented here were identified by a
considerably higher number of unique peptides, especially in

Fig. 2 Distribution of protein classes within the mouse urine proteome as determined by mass spectrometry-based proteomics and bioinformatic
PANTHER analysis.

Molecular Omics Research Article

Pu
bl

is
he

d 
on

 1
8 

M
ar

ch
 2

02
0.

 D
ow

nl
oa

de
d 

by
 M

ay
no

ot
h 

U
ni

ve
rs

ity
 o

n 
6/

20
/2

02
2 

10
:1

4:
28

 A
M

. 
View Article Online

https://osf.io/7dyqc/
https://doi.org/10.1039/c9mo00182d


This journal is©The Royal Society of Chemistry 2020 Mol. Omics, 2020, 16, 268--278 | 271

the case of titin. As shown in the diagrammatic presentation of
the proteomic fingerprints of a select number of elevated
proteins in mdx-4cv urine (Fig. S3 (ESI†) and Fig. 4a), the mass
spectrometric analysis of urine-associated titin revealed a wide-
spread presence of 65 unique peptides over the entire sequence
of this giant muscle protein (Fig. S4, ESI†). Immunoblotting
confirmed the drastic increase of titin fragments in mdx-4cv
urine as shown in Fig. 4c–e. Titin is one of the most abundant
sarcomeric muscle proteins and despite its extremely large size
is routinely identified by a sequence coverage of above 50% in
crude muscle extracts (Fig. 4b) using proteomics.48 Increased
titin levels in mdx-4cv urine correlate well with the previous
proteomic identification of a higher concentration of titin in
mdx-4cv and mdx-23 serum.19,49

Therefore, the loss of dystrophin and its associated glyco-
protein complex appears to destabilize contractile fibres
by impairing the trans-sarcolemmal linkage between the intra-
cellular actin cytoskeleton and the extracellular matrix component
laminin.30 Ca2+-Induced protein degradation and progressive
weakening of the cytoskeletal network appear to have a direct
effect on the structural and functional integrity of the sarcomeric

apparatus and cause the release of titin fragments. In normal
muscle, the half-sarcomere spanning titin isoforms with a
molecular mass of over 3 MDa were shown to interact with
their carboxy-terminus at the M-band and the amino-terminal
region extends this tight molecular coupling to the Z-disk. Titin
is intrinsically involved in sarcomeric protein scaffolding and
cellular signalling mechanisms. This includes the critical
cellular processes of myofibrillar assembly during myogenesis
and the functioning as a molecular spring that determines
passive stretch within myocytes, as well as critical aspects of
signal integration and mechano-sensing as a regulatory node of
contractile fibres.48 These processes appear to be interrupted in
X-linked muscular dystrophy due to the deficiency in dystrophin
and the accompanying degradation of sarcomeric titin. The
subsequent release of titin fragments into circulation is reflected
by elevated levels of titin peptides in mdx-4cv urine.

In addition to titin, promising marker proteins that are
possibly linked to muscle degeneration and were shown here to
be drastically increased in mdx-4cv urine, include parvalbumin,
nidogen isoforms NID1 and NID2, the myc box-dependent inter-
acting protein BIN1, angiopoietin-related protein 2, cadherin-13

Table 1 Proteomic identification of increased proteins in urine from the mdx-4cv mouse model of Duchenne muscular dystrophy. The comparative
proteomic survey was carried out with 28 urine samples from mdx-4cv (n = 7 biological repeats; n = 2 technical repeats) versus wild type (n = 7 biological
repeats; n = 2 technical repeats) mice

Accession Protein name Gene Coverage (%) Unique peptides ANOVA ( p) Fold change

A2ASS6 Titin TTN 2.6 65 — Detected only in mdx
O08539 Myc box-dependent-interacting protein 1 BIN1 17.7 6 — Detected only in mdx
O88322 Nidogen-2 NID2 8.4 7 — Detected only in mdx
P01942 Haemoglobin subunit alpha HBA 36.6 5 — Detected only in mdx
P04945 Ig kappa chain V–VI region KV6AB 14.8 1 — Detected only in mdx
P10493 Nidogen-1 NID1 10.3 10 — Detected only in mdx
P32848 Parvalbumin alpha PVALB 73.6 14 — Detected only in mdx
Q9R045 Angiopoietin-related protein 2 ANGPTL2 18.3 10 — Detected only in mdx
Q9DAK9 14 kDa phosphohistidine phosphatase PHP14 45.9 6 0.000417 16.1
Q9D3H2 Odorant-binding protein 1a OBP1A 49.7 8 0.002973 5.8
P62984 Ubiquitin-60S ribosomal protein L40 UBA52 43.0 9 3.21 � 10�5 4.4
P01843 Ig lambda-1 chain C region LAC1 61.9 4 4.59 � 10�7 4.3
P01864 Ig gamma-2A chain C region GCAB 17.3 5 0.040519 4.1
P29533 Vascular cell adhesion protein 1 VCAM1 33.3 2 4.81 � 10�7 2.6
O88188 Lymphocyte antigen 86 LY86 33.3 4 1.26 � 10�6 2.4
Q9WTR5 Cadherin-13 CDH13 26.2 12 0.005748 2.2
P01837 Immunoglobulin kappa constant IGKC 38.7 6 0.001230 2.1
P01898 H-2 class I histocompatibility antigen, Q10 alpha chain H2-Q10 43.4 10 0.000233 2.1
P11276 Fibronectin FN1 17.8 27 0.000837 1.7
Q07456 Protein AMBP AMBP 41.3 15 0.000129 1.7
P04939 Major urinary protein 3 MUP3 72.3 14 0.039672 1.6

Table 2 Proteomic identification of decreased proteins in urine from the mdx-4cv mouse model of Duchenne muscular dystrophy. The comparative
proteomic survey was carried out with 28 urine samples from mdx-4cv (n = 7 biological repeats; n = 2 technical repeats) versus wild type (n = 7 biological
repeats; n = 2 technical repeats) mice

Accession Protein name Gene Coverage (%) Unique peptides ANOVA (p) Fold change

Q02819 Nucleobindin-1 NUCB1 46.84 17 0.018151 2.9
P23953 Carboxylesterase 1C CES1C 31.59 12 0.011188 2.2
P09470 Angiotensin-converting enzyme ACE 19.66 19 1.61 � 10�5 2.1
O09159 Lysosomal alpha-mannosidase MAN2B1 16.29 14 0.037992 2.1
Q5SSE9 ATP-binding cassette sub-family A member 13 ABCA13 11.25 33 0.042472 1.7
Q61147 Ceruloplasmin CP 21.77 15 0.002404 1.7
Q06890 Clusterin CLU 33.48 18 1.36 � 10�5 1.7
P00688 Pancreatic alpha-amylase AMY2 53.15 15 0.007610 1.6
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Fig. 3 Heat map of the urinomic analysis of changed proteins in wild type versus the mdx-4cv mouse model of dystrophinopathy. The comparative
proteomic survey was carried out with 28 urine samples from mdx-4cv (n = 7 biological repeats; n = 2 technical repeats) versus wild type (n = 7 biological
repeats; n = 2 technical repeats) mice.

Fig. 4 Proteomic fingerprint and immunoblot analysis of titin in urine from wild type versus dystrophic mice. Shown are the proteomic fingerprints of
the giant protein species titin (TTN) in urine (a) versus skeletal muscle (b). The green bars represent peptide sequences that were identified by mass
spectrometry-based proteomics. In the lower panels are shown protein blots of wild type versus mdx-4cv urine samples stained with Ponceau Red
(c) and an immunoblot labelled with an antibody to titin (d). Lanes 1–3 contain molecular mass standards, wild type urine and mdx-4cv urine, respectively.
In panel (e) is shown the statistical analysis of titin immunoblotting (Mann–Whitney U test; p = 0.01208; n = 5). The value of molecular mass
standards (�10�3 kDa) is marked on the left side of the blots.
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and fibronectin (Table 1 and Fig. S3, ESI†). Parvalbumin was
also shown to be elevated in mdx-23 serum49 and greatly
reduced in various muscle types, including flexor digitorum
brevis, interosseous and the highly fibrotic diaphragm in the
mdx-23 and mdx-4cv mouse.50–53 Hence, the changes in this
cytosolic Ca2+-binding protein that exists predominantly in
mature fast-twitching fibers, might be due to a dystrophin-
deficient and leaky sarcolemma membrane. Micro-rupturing of
the plasma membrane appears to trigger a substantial release
of parvalbumin into the circulation.49,54 and this might explain
the greatly increased presence of this muscle-derived protein in
mdx-4cv urine. Interestingly, the nidogen isoform NID1, which
is a laminin-associated glycoprotein of the basement membrane,
was previously shown to be increased in mdx-23 serum55 and
decreased in mdx-23 heart.56 Thus, the elevated concentration of
nidogen in mdx-4cv urine might be related to shedding of this
extracellular protein from fibrotic heart cells in association with
dystrophinopathy-related cardiomyopathy. Of note, increased
levels of fibronectin were also established in dystrophic and
fibrotic mdx-4cv diaphragm muscle57 and serum specimens from
Duchenne patients.58 Reactive myofibrosis might therefore be
linked to increased release of fibronectin into the circulatory
system and explain its elevated concentration in mdx-4cv urine.

Interesting urine-associated proteins with a decreased abun-
dance were identified as the Ca2+-binding protein nucleobindin of
the Golgi apparatus and carboxylesterase, angiotensin-converting
enzyme and lysosomal alpha-mannosidase. Potential protein–
protein interaction patterns of identified proteins are illustrated
in the bioinformatic STRING analysis of Fig. 5. Protein clusters of
interest are represented by increases in the titin–parvalbumin hub
and the extracellular fibronectin–nidogen axis, as well as
decreases in the alpha-1-antitrypsin–epidermal growth factor–
ceruloplasmin hub. The mass spectrometric survey of proteome-
wide changes in mdx-4cv urine has therefore provided (i) new
insights into pathogenic mechanisms of muscular dystrophy,
(ii) confirmed the drastically elevated levels of titin and fibronec-
tin in urine from the dystrophic phenotype, and (iii) identified

novel potential disease markers in an easily accessible biofluid,
including the cytosolic protein parvalbumin and the extracellular
matrix component nidogen.

The potential of urine as a biofluid for non-invasive and
systemic sampling approaches in muscular dystrophy research

Urine is characterized by a complex set of protein constituents
with a wide concentration range.5,10 Dynamic changes in the
urine proteome may reflect a variety of physiological adaptations
or disease-associated alterations in the body,6–8 making this
abundant biofluid an excellent starting point for detailed
omics-type investigations. Proteome-wide changes in urine are
an ideal source for a better understanding of the complex
molecular and cellular pathogenesis of inherited diseases, such
as Duchenne muscular dystrophy.21 One of the great advantages
of urine over invasive tissue biopsy procedures or minimally
invasive serum sampling is the fact that this biofluid can
be harvested in a completely non-invasive way to provide
meaningful biomedical information on body-wide changes in a
continuous manner.11–13 For example, in cases of acute muscle
damage that results in rhabdomyolysis,59 the release of the
contents of injured myofibers into the circulatory system is
reflected by a marked elevation of urine myoglobin.60 In analogy
to urine myoglobin as a muscle damage marker for the risk
assessment of acute renal failure following rhabdomyolysis,
dystrophinopathy-related changes in the urine protein profile
established in this report might serve as a useful addition to the
biofluid marker signature of X-linked muscular dystrophy.

Conclusion

The systematic mass spectrometric survey of the urine proteome
from wild type versus dystrophic mdx-4cv mice has identified
a considerable number of changed protein species. Especially
the elevated levels of titin, parvalbumin, nidogen, cadherin
and fibronectin present interesting biomarker candidates in

Fig. 5 Bioinformatic STRING analysis of potential protein–protein interactions of increased versus decreased proteins in urine from the mdx-4cv mouse
model of dystrophinopathy, as summarized in the heat map of Fig. 3.
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association with chronic muscle wasting and reactive myofibrosis.
Thus, in the absence of urological pathology, urine sampling
presents an ideal source for carrying out non-invasive liquid
biopsies as an alternative to highly invasive muscle biopsy proce-
dures. In the long-term, the newly established proteomic signa-
ture of urine-associated changes in association with X-linked
muscular dystrophy might be helpful for the improved design
of simplified assays for diagnostic and prognostic purposes, as
well as therapy-monitoring and the continuous evaluation of
potential side effects of novel treatments of dystrophinopathy,
such as exon skipping, stop codon read-through, viral gene
transfer, stem cell/myoblast transfer, utrophin replacement
or CRISPR/Cas9 genome editing.61–64 Since novel treatment
protocols, such as gene therapy, are routinely tested in genetic
mouse models prior to clinical trials,44 the findings from our
new study on the mdx-4cv model should be a helpful addition to
the class of non-invasive marker proteins to evaluate new
approaches to treat dystrophinopathy. Ideally, combinations
of proteomic and metabolomic urine-based biomarkers65

would be used for the systems biological assessment of the
molecular pathogenesis of dystrophinopathy.

Materials and methods
Materials

Materials and general analytical-grade reagents were obtained
from GE Healthcare (Little Chalfont, Buckinghamshire, UK),
BioRad Laboratories (Hemel-Hempstead, Hertfordshire, UK) and
Sigma Chemical Company (Dorset, UK). For the filter-aided
sample preparation method FASP, Vivacon 500 (30 000 MWCO,
product number: VN0H22) spin filters were acquired from
Sartorius (Göttingen, Germany). Sequencing grade-modified
trypsin, Lys-C and Protease Max Surfactant Trypsin Enhancer
were obtained from Promega (Madison, WI, USA). Protease
inhibitors were purchased from Roche Diagnostics (Mannheim,
Germany). The Pierce 660 nm Protein Assay Reagent was from
ThermoFisher Scientific (Dublin, Ireland). For immunofluores-
cence microscopy and immunoblotting, primary antibodies were
obtained from NovoCastra, Leica Biosystems, Newcastle Upon
Tyne, UK (NCL-Dys2 to the carboxy terminus of dystrophin
isoform Dp427-M) and Sigma Chemical Company, Dorset, UK
(mAb T11, T9030 to titin). Chemicon International (Temecula,
CA, USA) provided peroxidase-conjugated secondary antibodies.
Normal goat serum and goat anti-mouse IgG RRX (Rhodamine
Red-X) were purchased from Molecular Probes, Life Technolo-
gies (Darmstadt, Germany) and Jackson ImmunoResearch (West
Grove, PA, USA), respectively.

Urine and muscle specimens from the mdx-4cv mouse model of
dystrophinopathy

The sampling of urine and harvesting of post-mortem muscle
tissue samples was carried out according to institutional
regulations. All mice were handled in strict adherence to local
governmental and institutional animal care regulations
and were approved by the Institutional Animal Care and Use

Committee (Amt für Umwelt, Verbraucherschutz und Lokale
Agenda der Stadt Bonn, North Rhine-Westphalia, Germany).
Comparative biofluid proteomics was carried out by standar-
dized procedures, as previously described in detail.49,66 Fresh
urine specimens were collected from 12 month old dystrophic
mdx-4cv mice and age-matched wild type C57BL/6 mice through
the Bioresource Unit of the University of Bonn,46 where animals
were kept under standard conditions according to German
legislation on the use of animals in experimental research.
Commonly used procedures to sample urine from small rodents,
such as abdominal pressure or urinary catheterization,36 was not
applied in this study. Parallel to urine sampling, skeletal muscle
specimens were dissected and prepared for immunofluorescence
microscopical comparison between wild type and dystrophic mice.
The collected urine samples were immediately quick-frozen in
liquid nitrogen and then transported on dry ice to Maynooth
University in accordance with the Department of Agriculture
(animal by-product register number 2016/16 to the Department
of Biology, National University of Ireland, Maynooth). Samples
were stored at �80 1C prior to proteomic analysis.

Proteolytic digestion of urine proteins

The protein concentration of 50 mL urine samples was equalized
with label-free solubilisation buffer (6 M urea, 2 M thiourea,
10 mM Tris, pH 8.0 in LC-MS grade water). The Pierce 660 nm
protein assay system was used to determine protein
concentration.67 This assay has previously been used to deter-
mine the concentration of urine protein.68 Suspensions were
then buffer exchanged using the filter-aided sample preparation
(FASP) method in a buffer containing 8 M urea/50 mM
NH4HCO3/0.1% ProteaseMax, as described in detail by Wiś-
niewski.69 After reduction with dithiothreitol and iodoacetic
acid-mediated alkylation, a double digestion was performed
using Lys-C (for 4 hours at 37 1C) and trypsin (overnight at
37 1C) on 5 mg of urinary protein. Digested samples were desalted
prior to analysis using C18 spin columns (Thermo Scientific,
UK), dried through vacuum centrifugation and re-suspended in
mass spectrometry loading buffer (2% acetonitrile (ACNA)(ACN),
0.05% trifluoroacetic acid (TFA) in LC-MS grade water).46

Peptides were vortexed, sonicated and briefly centrifuged at
14 000�g and the supernatant transferred to mass spectrometry
vials for label-free liquid chromatography mass spectrometry
(LC-MS/MS),53 a robust and reliable method for the comparative
analysis of protein expression patterns.70–72 Both, label-free
and label-based strategies exhibit comparable levels of reprodu-
cibility in relation to protein quantification. Label-free mass
spectrometry was shown to provide excellent peptide sequence
coverage and the detection of a large number of differentially
expressed protein species.73,74

Label-free liquid chromatography mass spectrometry

For the comparative proteomic survey of urine samples from
mdx-4cv (n = 7 biological repeats; n = 2 technical repeats) versus
wild type (n = 7 biological repeats; n = 2 technical repeats) mice,
500 ng of each digested sample was loaded onto a Q-Exactive
high-resolution accurate mass spectrometer connected to a
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Dionex Ultimate 3000 (RSLCnano) chromatography system
(ThermoFisher Scientific, Hemel Hempstead, UK). Sample
loading was carried out by an auto-sampler onto a C18 trap
column (C18 PepMap, 300 mm id � 5 mm, 5 mm particle size,
100 Å pore size; Thermo Fisher Scientific). The trap column was
switched on-line with an analytical Biobasic C18 Picofrit column
(C18 PepMap, 75 mm id � 50 cm, 2 mm particle size, 100 Å pore
size; Dionex). Peptides were eluted over a 65 minute binary
gradient [solvent A: 2% (v/v) ACN and 0.1% (v/v) formic acid in
LC-MS grade water and solvent B: 80% (v/v) ACN and 0.1% (v/v)
formic acid in LC-MS grade water]: 3% solvent B for 5 minutes,
3–10% solvent B for 5 minutes, 10–40% solvent B for 30 minutes,
40–90% solvent B for 5 minutes, 90% solvent B for 5 minutes
and 3% solvent B for 10 minutes.47 The column flow rate was set
to 0.3 mL min�1. Data were acquired with Xcalibur software
(Thermo Fisher Scientific). The mass spectrometer was externally
calibrated and operated in positive, data-dependent mode. A full
survey MS scan was performed in the 300–1700 m/z range with a
resolution of 140 000 (m/z 200) and a lock mass of 445.12003.
Collision-induced dissociation (CID) fragmentation was carried
out with the fifteen most intense ions per scan and at 17 500
resolution. Within 30 seconds a dynamic exclusion window was
applied. An isolation window of 2 m/z and one microscan were
used to collect suitable tandem mass spectra.

Protein identification and quantification

Data analysis, processing and visualisation for urine protein
identification and label-free quantification (LFQ) normalisa-
tion of MS/MS data was performed using MaxQuant v1.5.2.8
(http://www.maxquant.org) and Perseus v.1.5.6.0 (www.max
quant.org/) software. Differential protein expression patterns
in the mdx-4cv versus wild type urinary proteomes were initially
identified using Proteome Discoverer 1.4 against Sequest HT
(SEQUEST HT algorithm, licence Thermo Scientific, registered
trademark University of Washington, USA) using the UniProtKB/
Swiss-Prot database for Mus musculus. The following search
parameters were used for protein identification: (i) peptide mass
tolerance set to 10 ppm, (ii) MS/MS mass tolerance set to 0.02 Da,
(iii) an allowance of up to two missed cleavages, (iv) carbamido-
methylation set as a fixed modification and (v) methionine
oxidation set as a variable modification. Peptides were filtered
using a minimum XCorr score of 1.5 for 1, 2.0 for 2, 2.25 for 3
and 2.5 for 4 charge states, with peptide probability set to high
confidence. XCorr is a search-dependent score employed by the
SEQUEST HT search engine in Proteome Discoverer, and reflects
the number of fragment ions that are common to two different
peptides with the same precursor mass. Since the XCorr value is
dependent upon the number of identified fragment ions, its
value is usually higher for larger peptides. XCorr scores are
filtered based on charge state, whereby larger XCorr thresholds
are used for higher charge states. For quantitative analysis,
samples were evaluated with MaxQuant software and the
Andromeda search engine used to explore the detected features
against the UniProtKB/SwissProt database for Mus musculus. The
following search parameters were used: (i) first search peptide
tolerance of 20 ppm, (ii) main search peptide tolerance of

4.5 ppm, (iii) cysteine carbamidomethylation set as a fixed
modification, (iv) methionine oxidation set as a variable mod-
ification, (v) a maximum of two missed cleavage sites and (vi) a
minimum peptide length of seven amino acids. The false
discovery rate (FDR) was set to 1% for both peptides and proteins
using a target-decoy approach. Relative quantification was per-
formed using the MaxLFQ algorithm. The ‘‘proteinGroups.txt’’
file produced by MaxQuant was further analysed in Perseus.
Proteins that matched to the reverse database or a contaminants
database or that were only identified by site were removed. The
LFQ intensities were log2 transformed, and only proteins found
in all seven replicates in at least one group were used for further
analysis. Data imputation was performed to replace missing
values with values that simulate signals from peptides with
low abundance chosen from a normal distribution specified by
a downshift of 1.8 times the mean standard deviation of all
measured values and a width of 0.3 times this standard devia-
tion. A two-sample t-test was performed using p o 0.05 on the
post imputated data to identify statistically significant differen-
tially abundant proteins. The freely available software packages
PANTHER75 (http://pantherdb.org/) and STRING76 (https://
string-db.org/) were used to identify protein classes and char-
acterise potential protein interactions, respectively.

Immunofluorescence microscopy and immunoblot analysis

Microscopical procedures were carried out as previously described
in detail.45 Transverse diaphragm muscle sections of 10 mm thick-
ness from wild type and dystrophic mdx-4cv mice were incubated
overnight at 4 1C with an appropriately diluted primary antibody to
dystrophin isoform Dp427-M. Following washing with phosphate-
buffered saline and incubation with fluorescently-labelled second-
ary antibodies, as well as counter-staining of nuclei, muscle tissue
sections were examined under a Zeiss Axioskop 2 epifluorescence
microscope equipped with a digital Zeiss AxioCam HRc camera
(Carl Zeiss Jena GmbH, Jena, Germany). Comparative immuno-
blotting was used as an orthogonal method for the independent
verification of changes in urine-associated titin in the mdx-4cv
mouse and carried out by an optimized method.46
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