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Muscular dystrophies are a group of inherited disorders that pri-
marily affect the muscle tissues. Across the muscular dystro-
phies, symptoms commonly compromise the quality of life in
all areas of functioning. It is well noted that muscular dystro-
phies need reliable andmeasurable biomarkers that will monitor
the progress of the disease and evaluate the potential therapeutic
approaches. In this review, we analyze the current findings
regarding the development of blood-based circulating bio-
markers for different types of muscular dystrophies. We empha-
size those muscular dystrophies that gained particular interest
for the development of biomarkers, including Duchenne
muscular dystrophy, Becker muscular dystrophy, myotonic dys-
trophy types 1 and 2, Ullrich congenital muscular dystrophy,
congenital muscular dystrophy type 1A, Facioscapulohumeral
muscular dystrophy, and limb-girdle muscular dystrophy types
2A, 2B, 2C, and 2D, recently renamed as limb-girdle muscular
dystrophy R1 calpain3-related, R2 dysferlin-related, R5 g-sarco-
glycan-related, and R3 a-sarcoglycan-related. This review high-
lights the up-to-date progress in the development of biomarkers
at the level of proteins, lipids, and metabolites, as well as micro-
RNAs (miRNAs) that currently are the main potential
biomarker candidates in muscular dystrophies.
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Muscular dystrophies are a heterogeneous group of inherited genetic muscle
disorders affecting both children and adults. Currently,more than 50 distinct
types of muscular dystrophies have been identified that are inherited in an
autosomal dominant, autosomal recessive, or X-linked fashion. Very rarely,
muscular dystrophy can occur sporadically. They all share similar clinical
and pathological characteristics, including skeletal muscle weakness, wasting,
and degeneration.1 Different mutations in a variety of genes are associated
with the phenotype of eachmuscular dystrophy.1 The pathology of each dis-
order differs, reflecting various clinical characteristics, including the groups of
primarily affectedmuscles, the degree of weakness, the time of onset, and the
rate of progression. Formost of themuscular dystrophies, diagnosis iswell es-
tablished; however, additional disease parameters, such as the progression of
thediseaseandtheresponsetotherapeutic interventions, remainuncharacter-
ized. This has resulted in a pressing need for the development of reliable and
measurable biomarkers for both the monitoring of the disorder and the
response to therapeutic approaches that concern this family of disorders.

Biomarkers are measurable indicators of normal or pathogenic con-
ditions or pharmacological responses to a therapeutic intervention.
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Different types of biomarkers were reported and classified based on
their use (Figure 1).2 For muscular dystrophies emphasis has been
given on the development of circulating biomarkers for monitoring
the progress of the disorder (monitoring biomarkers) and the
response to therapeutic approaches (pharmacodynamic biomarkers).
The evaluation of the progress of the disorder by measuring non-
invasive biomarkers will provide to the clinicians and patients an
invaluable tool for patient care. Herein, we review the current knowl-
edge on the presence of potential biomarkers in the blood of patients
with various types of muscular dystrophies. Despite that the family of
muscular dystrophies consists of many disorders, the main research
emphasis regarding the development of biomarkers has been placed
on Duchenne muscular dystrophy (DMD), probably due to the
higher frequency and the severity of the disease of the young affected
boys. Work has also been performed on some of the other muscular
dystrophies, including Becker muscular dystrophy (BMD), myotonic
dystrophy types 1 and 2 (DM1 and DM2), Ullrich congenital
muscular dystrophy (UCMD), congenital muscular dystrophy type
1A (MDC1A), facioscapulohumeral muscular dystrophy (FSHD),
and limb-girdle muscular dystrophy types 2A, 2B, 2C, and 2D
(LGMD2A, LGMD2B, LGMD2C, and LGMD2C), recently named
as limb-girdle muscular dystrophy R1 calpain3-related, R2 dysfer-
lin-related, R5 g-sarcoglycan-related, and R3 a-sarcoglycan-related.3

Strong Interest for Developing Biomarkers for DMD

DMD is anX-linkeddisorder causedbymutation inDMD gene abolish-
ing the expression of dystrophin protein. DMD is a severe progressive
muscular dystrophy primarily among children. It is clinically character-
ized byprogressivemusclenecrosis andwasting, leading to lossof ambu-
lation by 8–12 years of age and premature death by early adulthood due
to cardiorespiratory failure.4 BMD is a milder form of DMD caused by
mutation on the same gene that encodes a shortened and partially func-
tional protein. BMD manifests later in life with an average onset of 12
years, delayed loss of ambulation until the third decade of life, and in
some cases without any loss of ambulation and variable onset of cardiac
involvement.4 In recent years, several studies were performed aiming to
identify molecular biomarkers for monitoring the disease since the
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Figure 1. Different Types of Biomarkers Present in Blood

Biomarkers are measurable indicators that reflect normal biological processes,

pathogenic conditions, or responses to therapeutic interventions. In blood, three

main types of circulating biomarker exist: DNA, RNA, and proteins/metabolites.

Depending on the nature of the biomarker, different detection techniques are em-

ployed. Different categories of biomarkers have been defined and recorded,

including diagnostic, monitoring, prognostic, and pharmacodynamic/response

biomarkers. Diagnostic biomarkers are used to identify individuals with a disease or

condition of interest or to define a subset of the disease. Prognostic biomarkers are

used to detect the possibility of a clinical symptom, disease recurrence, or disease

progression. This type of biomarkers will provide added value to the diagnosed

patients for the early detection of clinical symptoms. Monitoring biomarkers are

used to regularly screen the patients for a change in the degree or extent of disease.

Regarding muscular dystrophies, monitoring biomarkers are currently of urgent

need in order to evaluate the progress of the disease. Pharmacodynamic/response

biomarkers are used to evaluate the response of the patient to a therapeutic

intervention. Considering that currently there is an intense interest to develop

therapeutic approaches for muscular dystrophies, the need to develop pharma-

codynamic/response biomarkers for muscular dystrophies is rapidly increasing.
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methods currently being used have been determined to have many
drawbacks.5,6 Emphasis has been also given to develop pharmacody-
namic biomarkers to evaluate the efficiency of therapeutic approaches.
Researchwasmainly focused on the presence of circulatingmicroRNAs
(miRNAs) andproteins in the blood ofDMDpatients.7–9 A series of po-
tential biomarkers were reported in both DMD patients and DMD an-
imal models, including mdx mice, dystrophin/utrophin double-
knockout (dKO) mice, golden retriever muscular dystrophy (GRMD),
and canine X-linked muscular dystrophy in Japan (CXMDJ) dogs.

10

Detecting miRNAs in Blood of DMD and BMD Patients

miRNAs are small endogenous regulatory non-coding RNA mole-
cules that play an important role in the regulation of numerous bio-
Molecular The
logical processes. Recently, significant amounts of miRNAs were
detected in extracellular body fluids, such as blood serum and plasma,
and proposed as potential non-invasive biomarkers for various
diseases.11

Many miRNAs are expressed in a tissue-specific or developmental
stage-specific manner. Four miRNAs specifically expressed in muscle
tissue, that is, miR-1, miR-133a, miR-133b, and miR-206, known as
myomiRs, were extensively studied for their expression and function
in muscle.12–14 The four myomiRs were found elevated in blood of
DMD patients and DMD animal models, including mdx mice,
CXMDJ dogs, and GRMD dogs, compared to controls.15–21 Notably,
the levels of the myomiRs were correlated with the disease severity
and clinical assessments of DMD patients, implying that they can
serve as monitoring biomarkers for the disorder.15,18,22 Enrichment
of the myomiRs was also reported in BMD individuals compared to
controls at a lower level compared to DMD patients.18 The increase
in the severity of DMD disorder in relation to BMD could possibly
explain the difference observed in myomiR levels.

In recent years, there has been an intense interest to develop thera-
peutic interventions for DMD. The absence of measurable pharmaco-
dynamic biomarkers revealed a problem that urgently needs to be
solved. One of the most promising methods to tackle DMD and
BMD involves the use of antisense oligonucleotides in mdx mice.23

The mdx mouse model has been widely used for the development
of therapeutic approaches for DMD.mdxmice are developed through
a point mutation in exon 23, resulting in premature termination of
dystrophin expression. The concept behind exon skipping ap-
proaches in mdx mice is to splice out exon 23 from precursor
(pre-)mRNA and generate a translatable transcript from the mutant
DMD gene. Comparison of different exon skipping tools revealed
a dose-dependent correlation between dystrophin rescued levels
and the restoration of myomiR levels.17,19 These results show a prom-
ising potential use of these miRNAs as pharmacodynamic biomarkers
in DMD.

The serum levels of myomiRs were also investigated in DMD patients
who participated in two clinical trials testing the exon skipping ther-
apy intervention by using the phosphorodiamidate morpholino olig-
omer (PMO) known as eteplirsen.22,24 Eteplirsen is a PMO that tar-
gets exon 51 of the DMD gene pre-mRNA transcript so that exon
51 is excluded, or skipped, from the mature posttranslational spliced
mRNA. As a result, the disrupted reading frame of DMD is restored,
and a functional, but truncated, dystrophin protein is produced that
converts the severe DMD phenotype to a milder BMD phenotype.24

None of the four myomiRs showed a significant difference in pre-
treated and eteplirsen post-treated samples.22 The small number of
patient samples in combination with the high variability of the myo-
miR levels in individual patients may explain the lack of a statistically
significant difference between the pre-treated and post-treated sam-
ples.22 Additionally, the short duration of the study (12 weeks) may
was not sufficient to evaluate the therapeutic response at the circu-
lating miRNA levels.22 Experiments performed in mdx mice showed
rapy: Methods & Clinical Development Vol. 18 September 2020 231
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that a longer period of time (50 weeks) is required to increase dystro-
phin restoration, thus probably explaining the absence of a significant
difference in myomiR levels in 12 weeks of treatment.22,25 A longitu-
dinal study is required to evaluate the use of the myomiRs as pharma-
codynamic biomarkers in DMD patients.

Additional miRNAs were sporadically identified to be differentially
expressed in DMD. miR-22, miR-30a, miR-193b, miR-378, miR-
128, miR-149, miR-378b, and miR-483 were found to be increased
in mdx mice, although at a lower extent, compared to myomiRs.19,26

The elevated levels of miR-483, which was the most differentially ex-
pressed miRNA in mdx serum, were verified in DMD patients’
serum.26 Treatment of mdx mice with an antisense oligonucleotide
restored the levels of these miRNAs toward wild-type levels.19,26

Additionally, miR-30c and miR-181a, which are highly expressed in
muscle tissue, were reported as reliable serum-based diagnostic bio-
markers for DMD, and miR-30c was found to correlate with the
severity of the disease.27,28 These two miRNAs were also found to
be elevated in BMD patients at a very similar magnitude as in
DMD patients.27,28 A novel miR-188 was recently found to be
elevated in the serum of the muscular dystrophy dog model, CXMDJ,
compared to normal dogs.29 A deeper investigation of miR-188 func-
tion showed that miR-188 is involved in muscle differentiation, and
the serum levels reflect skeletal muscle regeneration.29

Although of high importance, very little information exists regarding
the reasons underlying the stability of circulating miRNAs in DMD
patients. Several studies reported different populations of circulating
miRNAs. It is currently known that circulating miRNAs are released
encapsulated into membrane vesicles, including microvesicles, exo-
somes, and apoptotic bodies, or bound to protein complexes.30,31 Pri-
marily, it was reported that only a minority of serum myomiRs are
found in extracellular vesicles, such as exosomes, whereas most are
associated with protein/lipoprotein complexes.19 In an independent
study, significant amounts of the myomiRs were found encapsulated
within exosomes in serum of DMD patients.32 The use of different
exosome isolation techniques by these studies may lead to the contro-
versial reported results due to the variable efficiencies of the methods,
the possible adherence of the exosomes to the filters, or the contam-
ination of isolated exosomes with non-exosomal particles such as
proteins.33

Circulating Proteins as DMD Biomarkers

The serum and plasma proteome is considered a promising source of
non-invasive biomarkers; however, identification of protein bio-
markers has been limited due to its massive complexity.34 Interesting
reports were published showing encouraging results regarding the po-
tential use of proteins as blood-based biomarkers for DMD. These
include muscle injury proteins, extracellular matrix remodeling pro-
teins, muscle degeneration/regeneration-associated proteins, and
inflammation/immune-related proteins. Plasma and serum of DMD
patients were analyzed, facilitating either targeted approaches or
high-throughput proteomics techniques.8,35–37 Two proteins
involved in DMD pathogenesis, matrix metallopeptidase 9 (MMP-
232 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
9) and tissue inhibitors of metalloproteinase-1 (TIMP-1), were found
increased in the blood of mdx mice and DMD patients, compared to
controls.38–40 Notably, MMP-9 levels were significantly higher in
older, non-ambulant patients compared to the younger, ambulant pa-
tients, suggesting an inversely proportional relationship between
MMP-9 circulating levels and disease progression.38–40 Treatment
with the exon skipping 20-O-methyl-phosphorothioate antisense
oligonucleotide drug drisapersen did not affect MMP-9 serum levels,
suggesting its potential use as only a monitoring biomarker.40 In addi-
tion to MMP-9, a large number of proteins that are significantly
affected by disease progression were identified through longitudinal
analysis of DMD patients.36 Fibronectin glycoprotein is one of these
proteins suggested to be a promising biomarker for the progression of
the disease with high disease specificity since its levels in BMD were
comparable to control levels.41 Myostatin (GDF-8) and its antagonist
follistatin (FSTN) were found altered in DMD patients and differen-
tiated between BMD and LGMD patients.39 Four proteins that are
abundant in skeletal muscle tissue, that is, myofibrillar proteins skel-
etal troponin I (sTnI), myosin light chain 3 (MYL3), fatty acid bind-
ing protein 3 (FABP3), and creatine kinase muscle-type (CKM), were
determined to be significantly elevated in serum of both DMD and
BMD patients and correlated with certain clinical endpoints in
DMD patients, such as forced vital capacity.42,43 The serum levels
of these proteins were also elevated in mdx mice and GRMD.42

CKM is an enzyme that leaks out of damaged muscle and can be
used as an indicator of muscular dystrophy or inflammation without
providing information regarding the exact form of the disorder. In
addition to muscle function proteins, proteins that are involved in en-
ergy metabolism were determined to be altered in DMD and/or BMD
patients.43 MYL3, carbonic anhydrase III (CA3), mitochondrial ma-
late dehydrogenase 2 (MDH2), and electron transfer flavoprotein A
(ETFA) were significantly different between DMD patients and
both controls and female carriers.43 Further analysis of the circulating
profiles of the identified proteins revealed that MDH2 and MYL3
could separate BMD patients and controls, whereas CA3 allowed
for separation of DMD and BMD patients from each other in both
plasma and serum.43 Two fragments of myofibrillar structural protein
myomesin-3 (MYOM3) were found significantly elevated in mdx
mice, GRMD dogs, and DMD patients compared to controls.37 More-
over, MYOM3 levels were decreased with age in DMD patients.37

Fibrinogen, S100 proteins, several coagulation and complement fac-
tors, and muscle-derived markers such as titin, myosin, and carbonic
anhydrase I (CA1) were also identified to discriminate DMD patients
and healthy controls.44

Proteome profiling of serum of mdx mice exposed a number of pro-
teins that are altered, compared to control mice. Elevated proteins
were mostly of muscle origin, whereas decreased proteins were mostly
of extracellular origin.45 Proteomic analysis of serum of DMD pa-
tients validated the increased levels of most of the protein biomarkers
identified in mdx mice. Importantly, some of the serum proteins in
DMD patients show age-related changes similar to mdx mice.45,46

The establishment of clinical biomarkers for the DMD patients is
equally important with the identification and establishment of
mber 2020

http://www.moleculartherapy.org


www.moleculartherapy.org

Review
biomarkers for the DMD animal models on which all of the therapeu-
tic interventions are performed. Although DMD animal models share
some characteristics of the disease, different biomarkers with the pa-
tients may be possibly identified.

Circulating serum metabolites associated with DMD revealed signif-
icant alterations in DMD patients.47 Interestingly, the ratio of two
metabolites, creatine and creatinine, was significantly related to the
progression of the disease in DMD patients.47,48 Two additional me-
tabolites, creatinine and guanidinoacetic acid, showed intermediate
levels in BMD patients compared to DMD patients and controls, sug-
gesting that they can discriminate the two types of muscular
dystrophies.48

Most research performed for the development of DMD protein bio-
markers has been related to the identification of disease-specific bio-
markers. Additional disease parameters, including the prognosis of dis-
ease progression and the response of the patients to therapeutic
interventions, are currently gaining interest. It has been recently sug-
gested that the serum levels of malate dehydrogenase 2 (MDH2) corre-
late with the stage of the disease and a patient’s response to treatment
with corticosteroids.49 Interestingly, the serum levels of MDH2 are also
associated with the risk of wheelchair dependency and pulmonary
function, implying that MDH2 can potentially be used as a prognostic
biomarker in DMD.49 Protein biomarkers were evaluated for their
response to therapeutic interventions and their use as pharmacody-
namic biomarkers. mdx mice treated with antisense oligonucleotides
resulted in the restoration of MYOM3, ADAMTS5, and PGAM1 levels
toward wild-type levels, implying that they could be potentially used as
pharmacodynamic biomarkers.37,46 A proteome profile was also per-
formed using serum samples from DMD patients with and without
corticosteroid treatment.50 Corticosteroids are frequently administered
to DMD patients to improve muscle strength and function. Significant
alterations were determined in 22 proteins, including steroid hormones
and inflammatory proteins. Of these, 17 proteins were confirmed in
longitudinal studies involving pre-treated and post-treated DMD pa-
tients. The identified potential biomarkers were suggested to both the
US Food and Drug Administration (FDA) and the European Medi-
cines Agency (EMA) as exploratory biomarkers of efficacy and safety
in the development of vamorolone, a potential replacement for cortico-
steroids.50 In amore recent study, proteomic analysis was performed in
a group of young DMD patients before and after their treatment with
glucocorticoids.51 This study showed that 17 serum proteins associated
with DMD were normalized following glucocorticoid treatment,
implying that they can be potentially used as pharmacodynamic bio-
markers.51 In another study, the authors evaluated the response of
mdxmice to deflazacort and omega-3, which are used in DMDpatients
to improve muscle strength and slow the progression of their disability.
Treatment with these two anti-inflammatories altered the plasma levels
of interleukins, providing evidence for their usefulness as pharmacody-
namic biomarkers.52

The use of metabolomics for monitoring the disease was also exam-
ined, which showed promising results.53 In a 7-month longitudinal
Molecular The
study performed in plasma of mdx and wild-type mice, a signature
of 31 metabolites was identified to detect the disease progression
beyond the known degeneration/regeneration phase.53 A number of
the identified metabolites including dipeptides highly presented in
muscle tissues were elevated in mdx plasma compared to controls,
whereas other amino acids such as ornithine and glutamine were
reduced.53

Biomarkers for DM1 and DM2 Have Gained Attention

DM1 is the most common form of adult-onset muscular dystrophy. It
is an autosomal dominant multisystemic disorder in which symptoms
vary from mild to severe forms. DM1 is primarily characterized by
progressive muscle weakness and wasting and may result in death
due to pneumonia and respiratory insufficiency.54 DM1 is caused
by a CTG repeat expansion on the 30 untranslated region (30 UTR)
of the dystrophia myotonica protein kinase (DMPK) gene. A second
type of myotonic dystrophy has been characterized, DM2, which
shares similar symptoms with DM1, such as diabetes, muscular weak-
ness, and cardiac failure.54 DM2 is caused by a CCTG repeat expan-
sion on the CCHC-type zinc finger nucleic acid binding (CNBP) gene.
The clinical onset of DM2 is usually in the third or fourth decade of
the patient.

Myotonic Dystrophy Biomarkers: The Emphasis on miRNAs

Recently, the development of biomarkers in DM1 has gained interest.
A signature of nine deregulated miRNAs in plasma of DM1 patients
was initially identified, suggesting their use as diagnostic biomarkers
for DM1.55 Later, the levels of four myomiRs, that is, miR-1, miR-
133a, miR-133b, and miR-206, were found elevated in the serum of
DM1 patients, compared to controls, who showed minimal levels of
these miRNAs in their serum.56 Importantly, the levels of the four
myomiRs were significantly elevated in DM1 patients with progres-
sive muscle wasting compared to patients with non-progressive mus-
cle wasting (stable patients).56 In a larger cohort of DM1 patients,
eight miRNAs (miR-140-3p, miR-454, miR-574, miR-1, miR-133a,
miR-133b, miR-206, and miR-27b) were validated as plasma-based
biomarkers for DM1.57 The validated miRNAs were also analyzed
in the serum of DM1 patients, showing some variabilities, possibly
due to different practical approaches such as the extraction kits or
the variations in the molecular constituents of the starting material
(plasma and serum).58 A deeper analysis of the disease stage and
the clinical symptoms of all of the patients could also provide answers
for the discrepancies of these miRNAs in blood. Seven of the miRNAs
identified in DM1 patients (miR-1, miR-133a, miR-133b, miR-206,
miR-140, miR-454, and miR-574) were also found deregulated in
the plasma of a small group of DM2 patients.57 The identification
of common biomarkers for different types of muscular dystrophies
implies that the presence of some molecules in blood of the patients
is possibly a consequence of muscle degradation and not a result of
the disease and its cause.

In-depth investigation of the ontology of the four myomiRs in DM1
patients’ blood showed that these miRNAs are exclusively encapsu-
lated within exosomes, and their exosomal levels correlate with
rapy: Methods & Clinical Development Vol. 18 September 2020 233
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muscle wasting observed in patients.58 The findings reported in DM1
differ from the findings reported in DMD, implying different patho-
genic mechanisms that are involved in the two muscular dystro-
phies.19,32,58 Both DMD and DM1 primarily affect skeletal muscle
tissue; however, different pathogenic mechanisms underlie these dis-
orders. The absence of dystrophin protein in DMD patients damages
muscle fibers and as a result they lose their function. Alternatively,
DM1 is caused by a trinucleotide repeat expansion leading to nuclear
RNA retention and abnormal alternative splicing. The differences in
two muscular dystrophies possibly justify the different mechanisms
by which skeletal muscle cells release muscle constituents within
blood in these disorders.

Circulating Biomarkers for Other Rare Muscular Dystrophies

Additional types of rare muscular dystrophies were investigated for
the existence of circulating biomarkers. UCMDpatients show a severe
phenotype with generalized muscle weakness predominantly in the
trunk and proximal limbs.59 The clinical symptoms appear soon after
birth. MDC1A is a life-threatening disease characterized by neonatal
onset of muscle weakness, severe hypotonia, progressive muscle
weakness and wasting, and joint contractures.60 MDC1A is caused
by mutations in the LAMA2 gene encoding the a2 chain of
laminin-211, a major constituent of the skeletal muscle basement
membrane. FSHD is an adult-onset dominant inherited muscular
dystrophy, characterized by a progressive weakness and atrophy of
the skeletal muscles of the face, shoulder, arm, and abdominal mus-
cles.61 Two forms of FSHD, FSHD1 and FSHD2, have been character-
ized, displaying an identical clinical phenotype but different genetic
and epigenetic bases. LGMDs are a diverse group of rare diseases
with many subtypes. The age of onset varies from childhood to adults
of both sexes, and the clinical severity is very variable, ranging from
mild to severe phenotypes. LGMDs usually cause weakness and
wasting of the proximal muscles, including the muscles of the arms
and legs.62 Regarding the development of biomarkers, work was per-
formed on specific types of LGMDs, including LGMD2A, LGMD2B,
LGMD2C, and LGMD2D. Due to the high heterogeneity and the in-
crease in the characterization of new diseases in the family of LGMDs,
a consortium was recently assigned to suggest an improved classifica-
tion system for this large heterogeneous group of diseases.3 LGMDs
were therefore proposed to be renamed based on the mode of inher-
itance (D, dominant; R, recessive), the order of discovery of the
affected protein, and the affected protein.3 Based on the new nomen-
clature, LGMD2A, LGMD2B, LGMD2C, and LGMD2D were re-
named as LGMD R1 calpain3-related, LGMD R2 dysferlin-related,
LGMD R5 g-sarcoglycan-related, and LGMD R3 a-sarcoglycan-
related, respectively.3

Rare Diseases with Limited Investigations

Despite the severity of UCMD, MDC1A, FSHD, and LGMDs and the
necessity of development of clinical biomarkers to assess the progress
of these diseases, very few studies have been performed. The levels of
the four myomiRs, extensively studied in other muscular dystrophies,
were investigated in UCMD, showing no difference in their levels
compared to controls.22 On the contrary, miR-30c and miR-181a
234 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
were elevated in UCMD compared to controls as observed in DMD
and BMD, implying that they cannot be considered as disease-specific
biomarkers.28 miR-30c and miR-181, however, can be considered as
monitoring biomarkers of the muscle pathology, as these miRNAs
are highly expressed in muscle and follow the same pattern in
different muscular dystrophies. The levels of the myomiRs were
also investigated in plasma of two animal models of MDC1A,
dy2J/dy2J and dy3K/dy3K mice.63 myomiR levels were found signifi-
cantly increased in both animal models compared to wild-type con-
trols; however, no significant difference was observed between the
two types of MDC1A mouse models.63 MDC1A is characterized by
increased proteasomal activity, and proteasome inhibition using bor-
tezomib was shown to partially improvemuscle integrity in dy3K/dy3K

mice accompanied by a partial normalization of plasma levels of miR-
1 and miR-133a.63 Administration of bortezomib, however, showed
no effect on miR-206 plasma levels.63

The serum proteome was investigated in FSHD and LGMDs. High-
throughput proteomics analysis identified a series of proteins that
are altered in serum of FSHD patients when compared with
controls.64,65 The identified proteins include skeletal muscle-specific
proteins found in the serum of subjects with other muscular dystro-
phies such as DMD, proteins involved in protein folding and mainte-
nance of aberrant cellular translation, inflammatory proteins, and
proteins involved in cell adhesion, fusion, and migration that are
related to pathogenic mechanisms involved in FSHD.65 Some of the
identified biomarkers were suggested to be correlate with disease
severity.65 MYOM3 fragments were identified to be elevated in serum
of LGMDR3 a-sarcoglycan-related (LGMD2D) patients compared to
controls; however, the levels of these fragments were lower in LGMD
R3 a-sarcoglycan-related (LGMD2D) patients compared to DMDpa-
tients.37 The existence of circulating MYOM3 fragments was also
investigated in four LGMD mouse models, that is, KO-calpain3
(model for LGMD R1 calpain3-related [LGMD2A]), KO-dysferlin
(model for LGMDR2 dysferlin-related [LGMD2B]), KO-Sgcg (model
for LGMD R5 g-sarcoglycan-related [LGMD2C]), and KO-Sgca
(model for LGMD R3 a-sarcoglycan-related [LGMD2D]), which
showed interesting results.37 Following restoration of a-sarcoglycan
expression in KO-Sgca mice the levels of MYOM3 fragments were
restored, implying their use as pharmacodynamic biomarkers.37 In
a parallel study, four proteins were reported to be significantly
elevated in LGMD2B patients compared to controls and to correlate
with the time needed to walk 10 m in patients.42 The identified pro-
teins include sTnI, MYL3, FABP3, and the CKM protein that were
also identified to be elevated in DMD and BMD patients.42 The cre-
atine/creatinine ratio identified in DMD was also reported to be
elevated in serum of LGMD R1 calpain3-related (LGMD2A) and
LGMD R2 dysferlin-related (LGMD2B) patients.48

Conclusions and Future Perspectives

During recent years, extensive research efforts have beenmade to iden-
tify clinical blood-based biomarkers formuscular dystrophies. A strong
emphasis has been placed on DMD, although recently research
focusing on the development of biomarkers for DM1 has come to
mber 2020
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Table 1. Circulating miRNAs and Proteins Identified as Potential Biomarkers for Muscular Dystrophies

Muscular Dystrophy miRNAs Proteins Human Animal Models References

Duchenne muscular dystrophy (DMD)

miR-1 [ O mdx mice/CXMDJ dogs/GRMD dogs 15–22

miR-133a [ O mdx mice/CXMDJ dogs/GRMD dogs 15–22

miR-133b [ O mdx mice/CXMDJ dogs/GRMD dogs 15–22

miR-206 [ O mdx mice/CXMDJ dogs/GRMD dogs 15–22

miR-378 [ mdx mice 19

miR-22 [ mdx mice 19,26

miR-30a [ mdx mice 19

miR-193b [ mdx mice 19

miR-378 [ mdx mice 19

miR-128 [ mdx mice 26

miR-149 [ mdx mice 26

miR-378b [ mdx mice 26

miR-483 [ O mdx mice 26

miR-30c [ O 27,28

miR-181a [ O 27,28

MMP-9 [ O mdx mice 38–40

TIMP-1 [ O mdx mice 38

GDF-8 Y O 39

FSTN [ O 39

sTnI [ O mdx mice/GRMD dogs 42

MYL3 [ O mdx mice/GRMD dogs 42,43

FABP3 [ O mdx mice/GRMD dogs 42

CKM [ O mdx mice/GRMD dogs 42

fibronectin [ O 41

CA3 [ O 43

MDH2 [ O 43

ETFA [ O 43

MYOM3 [ O mdx mice/GRMD dogs 37

ADAMTS5 [ O mdx mice 46

PGAM1 [ mdx mice 46

fibrinogen [ O 44

S100 proteins [ O 44

coagulation & complement factors
[

O 44

titin [ O 44

myosin [ O 44

CA1 [ O 44

creatine [ O 48

guanidinoacetic acid Y O 48

creatine/creatinine ratio [ O 47,48

(Continued on next page)
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Table 1. Continued

Muscular Dystrophy miRNAs Proteins Human Animal Models References

Becker muscular dystrophy (BMD)

miR-1 [ O 18,22

miR-133a [ O 18,22

miR-133b [ O 18,22

miR-206 [ O 18,22

miR-30c [ O 27,28

miR-181a [ O 27,28

sTnI [ O 42

MYL3 [ O 42,43

FABP3 [ O 42

CKM [ O 42

MDH2 [ O 43

MMP-9 [ O 39

FSTN [ O 39

Myotonic dystrophy type 1 (DM1)

miR-1 [ O 55–58

miR-133a [ O 55–58

miR-133b [ O 55–58

miR-206 [ O 55–58

miR-140-3p
[

O 55,57,58

miR-454 [ O 55,57,58

miR-574 [ O 55,57,58

miR-27b [/Y O 55,57,58

Myotonic dystrophy type 2 (DM2)

miR-1 [ O 57

miR-133a [ O 57

miR-133b [ O 57

miR-206 [ O 57

Ullrich congenital muscular dystrophy
(UCMD)

miR-30c [ O 28

miR-181a [ O 28

Congenital muscular dystrophy type 1A
(MDC1A)

miR-1 [ dy2J/dy2J mice/dy3K/dy3K mice 63

miR-133a [ dy2J/dy2J mice/dy3K/dy3K mice 63

miR-133b [ dy2J/dy2J mice/dy3K/dy3K mice 63

miR-206 [ dy2J/dy2J mice/dy3K/dy3K mice 63

Limb-girdle muscular dystrophy (LGMD)

sTnI [ LGMD2B 42

MYL3 [ LGMD2B 42

FABP3 [ LGMD2B 42

CKM [ LGMD2B 42

MYOM3 [ LGMD2
KO-Sgca mice/KO-calpain3 mice/KO-dysferlin
mice/KO-Sgcg mice

37

creatine/creatinine ratio [
LGMD2A
LGMD2B

48

CXMDJ, canine X-linked muscular dystrophy in Japan; GRMD, golden retriever muscular dystrophy; MMP-9, matrix metallopeptidase 9; TIMP-1, inhibitors of metalloproteinase-1;
GDF-8, myostatin; FSTN, follistatin; sTnI, skeletal troponin I; MYL3, myosin light chain 3; FABP3, fatty acid binding protein 3; CKM, creatine kinase muscle type; CA3, carbonic
anhydrase III; MDH2, mitochondrial malate dehydrogenase 2; ETFA, electron transfer flavoprotein A; MYOM3, myofibrillar structural protein myomesin-3; CA1, carbonic anhydrase
I; 30 UTR, 30 untranslated region; DMPK, dystrophia myotonica protein kinase; CNBP, CCHC-type zinc finger nucleic acid binding; CAPN3, calpain-3; DYSF, dysferlin; SGCA, a-sar-
coglycan; SGCG, g-sarcoglycan.
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Figure 2. Circulating Biomarkers in Blood of Muscular Dystrophy Patients

Muscular dystrophies are a heterogeneous group of inherited disorders sharing

similar clinical and pathological characteristics. Their main common characteristic is

the weakness, wasting, and degeneration of skeletal muscle. Currently, there is an

increasing interest to develop reliable and measurable biomarkers for both the

monitoring of the progress of muscular dystrophies (monitoring biomarkers) and the

response to therapeutic approaches (pharmacodynamic biomarkers). Potential

biomarkers have been identified for Duchenne muscular dystrophy (DMD), Becker

muscular dystrophy (BMD), myotonic dystrophy types 1 and 2 (DM1 and DM2),

Ullrich congenital muscular dystrophy (UCMD), congenital muscular dystrophy type

1A (MDC1A), facioscapulohumeral muscular dystrophy (FSHD), and limb-girdle

muscular dystrophies (LGMDs). Several circulating proteins and miRNAs have been

reported as potential biomarkers for the variousmuscular dystrophies. Furthermore,

exosomal molecular cargo has been investigated and suggested as a source for

biomarkers.
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the fore.7,9,55–58 Sporadically, some possible biomarkers for UCMD,
MDC1A, FSHD, and LGMDs have been reported (Table 1).22,28,37

Although very promising results have been reported, a lot of research
is necessary to evaluate their use in clinical practice and define their
use as monitoring and/or pharmacodynamics biomarkers.

It is essential to evaluate all of the potential biomarkers and the
relative assay kits prior to their introduction to clinical practice. Eval-
uation studies and a fully analytical performance of the biomarker as-
says are necessary in order to provide the identified biomarkers to
medical laboratories.66 Evaluation studies are required that will test
various aspects of the biomarkers including their clinical purpose
(e.g., example diagnosis, monitoring, or prognosis), the target condi-
tion and population, the specimen type, and the clinical interpretation
Molecular The
of the results.66 A full analytical performance of the biomarkers is
necessary that includes some crucial steps such as the required tech-
nology, result type, and reporting.66 Through the analytical perfor-
mance the accuracy and trueness measurement, precision, limit of
detection, analytical specificity, and other very important parameters
will be evaluated in order to provide the identified biomarkers to
medical laboratories.66

The identified biomarkers can serve two important roles in clinical
practice. First, the disease-specific biomarkers that relate to the dis-
ease cause and pathogenic mechanism and can be useful for moni-
toring the response to disease-modifying therapies are important.
Alternatively, disease non-specific biomarkers that are related to a
specific symptom, such as muscle pathology, can serve as biomarkers
that track the disease and/or as pharmacodynamic biomarkers for the
improvement of the particular symptom. The identification of com-
mon biomarkers in different muscular dystrophies could lead to the
establishment of biomarkers for the pathology of muscle tissue.
This is of high importance for all muscular dystrophy patients. The
development of biomarker panels, instead of a single biomarker,
may prove a more robust readout tool for a better monitoring of
the diseases. Furthermore, in multisystemic muscular disorders,
such as DM1, a biomarker panel could be useful for evaluating all
of the possible secondary complications that maybe develop in the pa-
tients. The identification of biomarker ontology is another important
parameter that could possibly discriminate the different types of
muscular dystrophies and clarify the precise clinical interpretation
of the circulating biomarkers. For instance, exosomes can serve as a
better source for circulating biomarkers, compared to the total
population of proteins and/or miRNAs present in blood. In clinical
practice, various laboratory procedures could be performed after col-
lecting blood samples from patients. This could help to narrow down
the screening material and the easier identification of the most appro-
priate biomarker (Figure 2).

CONFLICTS OF INTEREST
The authors declare no competing interests.

ACKNOWLEDGMENTS
This work was supported by the A.G. Leventis Foundation.

REFERENCES
1. Kang, P.B., and Griggs, R.C. (2015). Advances in muscular dystrophies. JAMA

Neurol. 72, 741–742.

2. Cagney, D.N., Sul, J., Huang, R.Y., Ligon, K.L., Wen, P.Y., and Alexander, B.M.
(2017). (2018). The FDA NIH biomarkers, endpoints, and other tools (BEST)
resource in neuro-oncology. Neuro-oncol. 20, 1162–1172.

3. Straub, V., Murphy, A., and Udd, B.; LGMD workshop study group (2018). 229th
ENMC international workshop: limb girdle muscular dystrophies—momenclature
and reformed classification Naarden, the Netherlands, 17–19 March 2017.
Neuromuscul. Disord. 28, 702–710.

4. Flanigan, K.M. (2014). Duchenne and Becker muscular dystrophies. Neurol. Clin. 32,
671–688.

5. Goemans, N., van den Hauwe, M., Wilson, R., van Impe, A., Klingels, K., and Buyse,
G. (2013). Ambulatory capacity and disease progression as measured by the 6-
rapy: Methods & Clinical Development Vol. 18 September 2020 237

http://refhub.elsevier.com/S2329-0501(20)30104-2/sref1
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref1
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref2
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref2
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref2
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref3
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref3
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref3
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref3
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref4
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref4
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref5
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref5
http://www.moleculartherapy.org


www.moleculartherapy.org

Review
minute-walk-distance in Duchenne muscular dystrophy subjects on daily corticoste-
roids. Neuromuscul. Disord. 23, 618–623.

6. Gasper, M.C., and Gilchrist, J.M. (2005). Creatine kinase: a review of its use in the
diagnosis of muscle disease. Med. Health R. I. 88, 398, 400–404.

7. Carr, S.J., Zahedi, R.P., Lochmüller, H., and Roos, A. (2018). Mass spectrometry-
based protein analysis to unravel the tissue pathophysiology in Duchenne muscular
dystrophy. Proteomics Clin. Appl. 12, 1700071.

8. Szigyarto, C.A., and Spitali, P. (2018). Biomarkers of Duchenne muscular dystrophy:
current findings. Degener. Neurol. Neuromuscul. Dis. 8, 1–13.

9. Coenen-Stass, A.M.L., Wood, M.J.A., and Roberts, T.C. (2017). Biomarker potential
of extracellular miRNAs in Duchenne muscular dystrophy. Trends Mol. Med. 23,
989–1001.

10. Wilson, K., Faelan, C., Patterson-Kane, J.C., Rudmann, D.G., Moore, S.A., Frank, D.,
Charleston, J., Tinsley, J., Young, G.D., and Milici, A.J. (2017). Duchenne and Becker
muscular dystrophies: a review of animal models, clinical end points, and biomarker
quantification. Toxicol. Pathol. 45, 961–976.

11. Huang, W. (2017). MicroRNAs: Biomarkers, Diagnostics, and Therapeutics.
Methods Mol. Biol. 1617, 57–67.

12. Koutsoulidou, A., Mastroyiannopoulos, N.P., Furling, D., Uney, J.B., and Phylactou,
L.A. (2011). Expression of miR-1, miR-133a, miR-133b and miR-206 increases dur-
ing development of human skeletal muscle. BMC Dev. Biol. 11, 34.

13. Koutalianos, D., Koutsoulidou, A., Mastroyiannopoulos, N.P., Furling, D., and
Phylactou, L.A. (2015). MyoD transcription factor induces myogenesis by inhibiting
Twist-1 through miR-206. J. Cell Sci. 128, 3631–3645.

14. Horak,M., Novak, J., and Bienertova-Vasku, J. (2016). Muscle-specific microRNAs in
skeletal muscle development. Dev. Biol. 410, 1–13.

15. Vignier, N., Amor, F., Fogel, P., Duvallet, A., Poupiot, J., Charrier, S., Arock, M.,
Montus, M., Nelson, I., Richard, I., et al. (2013). Distinctive serum miRNA profile
in mouse models of striated muscular pathologies. PLoS ONE 8, e55281.

16. Mizuno, H., Nakamura, A., Aoki, Y., Ito, N., Kishi, S., Yamamoto, K., Sekiguchi, M.,
Takeda, S., and Hashido, K. (2011). Identification of muscle-specific microRNAs in
serum of muscular dystrophy animal models: promising novel blood-based markers
for muscular dystrophy. PLoS ONE 6, e18388.

17. Roberts, T.C., Blomberg, K.E., McClorey, G., El Andaloussi, S., Godfrey, C., Betts, C.,
Coursindel, T., Gait, M.J., Smith, C.I., and Wood, M.J. (2012). Expression analysis in
multiple muscle groups and serum reveals complexity in the microRNA transcrip-
tome of the mdx mouse with implications for therapy. Mol. Ther. Nucleic Acids 1,
e39.

18. Cacchiarelli, D., Legnini, I., Martone, J., Cazzella, V., D’Amico, A., Bertini, E., and
Bozzoni, I. (2011). miRNAs as serum biomarkers for Duchenne muscular dystrophy.
EMBO Mol. Med. 3, 258–265.

19. Roberts, T.C., Godfrey, C., McClorey, G., Vader, P., Briggs, D., Gardiner, C., Aoki, Y.,
Sargent, I., Morgan, J.E., and Wood, M.J. (2013). Extracellular microRNAs are dy-
namic non-vesicular biomarkers of muscle turnover. Nucleic Acids Res. 41, 9500–
9513.

20. Coenen-Stass, A.M., Betts, C.A., Lee, Y.F., Mäger, I., Turunen, M.P., El Andaloussi, S.,
Morgan, J.E., Wood, M.J., and Roberts, T.C. (2016). Selective release of muscle-spe-
cific, extracellular microRNAs during myogenic differentiation. Hum. Mol. Genet.
25, 3960–3974.

21. Jeanson-Leh, L., Lameth, J., Krimi, S., Buisset, J., Amor, F., Le Guiner, C., Barthélémy,
I., Servais, L., Blot, S., Voit, T., and Israeli, D. (2014). Serum profiling identifies novel
muscle miRNA and cardiomyopathy-related miRNA biomarkers in golden retriever
muscular dystrophy dogs and Duchenne muscular dystrophy patients. Am. J. Pathol.
184, 2885–2898.

22. Zaharieva, I.T., Calissano, M., Scoto, M., Preston, M., Cirak, S., Feng, L., Collins, J.,
Kole, R., Guglieri, M., Straub, V., et al. (2013). Dystromirs as serum biomarkers for
monitoring the disease severity in Duchenne muscular dystrophy. PLoS ONE 8,
e80263.

23. Aartsma-Rus, A., Straub, V., Hemmings, R., Haas, M., Schlosser-Weber, G.,
Stoyanova-Beninska, V., Mercuri, E., Muntoni, F., Sepodes, B., Vroom, E., and
Balabanov, P. (2017). Development of exon skipping therapies for Duchenne
238 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
muscular dystrophy: a critical review and a perspective on the outstanding issues.
Nucleic Acid Ther. 27, 251–259.

24. Charleston, J.S., Schnell, F.J., Dworzak, J., Donoghue, C., Lewis, S., Chen, L., Young,
G.D., Milici, A.J., Voss, J., DeAlwis, U., et al. (2018). Eteplirsen treatment for
Duchenne muscular dystrophy: exon skipping and dystrophin production.
Neurology 90, e2146–e2154.

25. Malerba, A., Sharp, P.S., Graham, I.R., Arechavala-Gomeza, V., Foster, K., Muntoni,
F., Wells, D.J., and Dickson, G. (2011). Chronic systemic therapy with low-dose mor-
pholino oligomers ameliorates the pathology and normalizes locomotor behavior in
mdx mice. Mol. Ther 19, 345–354.

26. Coenen-Stass, A.M.L., Sork, H., Gatto, S., Godfrey, C., Bhomra, A., Krjut�skov, K.,
Hart, J.R., Westholm, J.O., O’Donovan, L., Roos, A., et al. (2018). Comprehensive
RNA-sequencing analysis in serum and muscle reveals novel small RNA signatures
with biomarker potential for DMD. Mol. Ther. Nucleic Acids 13, 1–15.

27. Llano-Diez, M., Ortez, C.I., Gay, J.A., Álvarez-Cabado, L., Jou, C., Medina, J.,
Nascimento, A., and Jimenez-Mallebrera, C. (2017). Digital PCR quantification of
miR-30c and miR-181a as serum biomarkers for Duchenne muscular dystrophy.
Neuromuscul. Disord. 27, 15–23.

28. Paco, S., Casserras, T., Rodríguez, M.A., Jou, C., Puigdelloses, M., Ortez, C.I., Diaz-
Manera, J., Gallardo, E., Colomer, J., Nascimento, A., et al. (2015). Transcriptome
analysis of Ullrich congenital muscular dystrophy fibroblasts reveals a disease extra-
cellular matrix signature and key molecular regulators. PLoS ONE 10, e0145107.

29. Shibasaki, H., Imamura, M., Arima, S., Tanihata, J., Kuraoka, M., Matsuzaka, Y.,
Uchiumi, F., Tanuma, S.I., and Takeda, S. (2019). Characterization of a novel
microRNA, miR-188, elevated in serum of muscular dystrophy dog model. PLoS
ONE 14, e0211597.

30. Zernecke, A., Bidzhekov, K., Noels, H., Shagdarsuren, E., Gan, L., Denecke, B.,
Hristov, M., Köppel, T., Jahantigh, M.N., Lutgens, E., et al. (2009). Delivery of
microRNA-126 by apoptotic bodies induces CXCL12-dependent vascular protection.
Sci. Signal. 2, ra81.

31. Chen, X., Liang, H., Zhang, J., Zen, K., and Zhang, C.Y. (2012). Secreted microRNAs:
a new form of intercellular communication. Trends Cell Biol. 22, 125–132.

32. Matsuzaka, Y., Kishi, S., Aoki, Y., Komaki, H., Oya, Y., Takeda, S., and Hashido, K.
(2014). Three novel serum biomarkers, miR-1, miR-133a, and miR-206 for limb-gir-
dle muscular dystrophy, facioscapulohumeral muscular dystrophy, and Becker
muscular dystrophy. Environ. Health Prev. Med. 19, 452–458.

33. Li, P., Kaslan, M., Lee, S.H., Yao, J., and Gao, Z. (2017). Progress in exosome isolation
techniques. Theranostics 7, 789–804.

34. Geyer, P.E., Holdt, L.M., Teupser, D., andMann,M. (2017). Revisiting biomarker dis-
covery by plasma proteomics. Mol. Syst. Biol. 13, 942.

35. Hathout, Y., Brody, E., Clemens, P.R., Cripe, L., DeLisle, R.K., Furlong, P., Gordish-
Dressman, H., Hache, L., Henricson, E., Hoffman, E.P., et al. (2015). Large-scale
serum protein biomarker discovery in Duchenne muscular dystrophy. Proc. Natl.
Acad. Sci. USA 112, 7153–7158.

36. Spitali, P., Hettne, K., Tsonaka, R., Charrout, M., van den Bergen, J., Koeks, Z., Kan,
H.E., Hooijmans, M.T., Roos, A., Straub, V., et al. (2018). Tracking disease progres-
sion non-invasively in Duchenne and Becker muscular dystrophies. J. Cachexia
Sarcopenia Muscle 9, 715–726.

37. Rouillon, J., Poupiot, J., Zocevic, A., Amor, F., Léger, T., Garcia, C., Camadro, J.M.,
Wong, B., Pinilla, R., Cosette, J., et al. (2015). Serum proteomic profiling reveals frag-
ments ofMYOM3 as potential biomarkers for monitoring the outcome of therapeutic
interventions in muscular dystrophies. Hum. Mol. Genet. 24, 4916–4932.

38. Nadarajah, V.D., van Putten, M., Chaouch, A., Garrood, P., Straub, V., Lochmüller,
H., Ginjaar, H.B., Aartsma-Rus, A.M., van Ommen, G.J., den Dunnen, J.T., and ’t
Hoen, P.A. (2011). Serum matrix metalloproteinase-9 (MMP-9) as a biomarker for
monitoring disease progression in Duchenne muscular dystrophy (DMD).
Neuromuscul. Disord. 21, 569–578.

39. Anaya-Segura, M.A., García-Martínez, F.A., Montes-Almanza, L.A., Díaz, B.G.,
Avila-Ramírez, G., Alvarez-Maya, I., Coral-Vazquez, R.M., Mondragón-Terán, P.,
Escobar-Cedillo, R.E., García-Calderón, N., et al. (2015). Non-invasive biomarkers
for Duchenne muscular dystrophy and carrier detection. Molecules 20, 11154–11172.

40. Lourbakos, A., Yau, N., de Bruijn, P., Hiller, M., Kozaczynska, K., Jean-Baptiste, R.,
Reza, M., Wolterbeek, R., Koeks, Z., Ayoglu, B., et al. (2017). Evaluation of serum
mber 2020

http://refhub.elsevier.com/S2329-0501(20)30104-2/sref5
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref5
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref6
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref6
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref7
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref7
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref7
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref8
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref8
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref9
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref9
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref9
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref10
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref10
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref10
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref10
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref11
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref11
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref12
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref12
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref12
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref13
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref13
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref13
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref14
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref14
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref15
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref15
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref15
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref16
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref16
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref16
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref16
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref17
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref17
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref17
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref17
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref17
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref18
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref18
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref18
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref19
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref19
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref19
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref19
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref20
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref20
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref20
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref20
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref21
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref21
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref21
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref21
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref21
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref22
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref22
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref22
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref22
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref23
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref23
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref23
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref23
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref23
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref24
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref24
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref24
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref24
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref25
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref25
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref25
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref25
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref26
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref26
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref26
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref26
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref26
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref27
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref27
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref27
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref27
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref28
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref28
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref28
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref28
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref29
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref29
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref29
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref29
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref30
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref30
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref30
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref30
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref31
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref31
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref32
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref32
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref32
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref32
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref33
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref33
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref34
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref34
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref35
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref35
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref35
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref35
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref36
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref36
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref36
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref36
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref37
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref37
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref37
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref37
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref38
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref38
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref38
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref38
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref38
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref39
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref39
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref39
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref39
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref40
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref40
http://www.moleculartherapy.org


www.moleculartherapy.org

Review
MMP-9 as predictive biomarker for antisense therapy in Duchenne. Sci. Rep. 7,
17888.

41. Cynthia Martin, F., Hiller, M., Spitali, P., Oonk, S., Dalebout, H., Palmblad, M.,
Chaouch, A., Guglieri, M., Straub, V., Lochmüller, H., et al. (2014). Fibronectin is a
serum biomarker for Duchenne muscular dystrophy. Proteomics Clin. Appl. 8,
269–278.

42. Burch, P.M., Pogoryelova, O., Goldstein, R., Bennett, D., Guglieri, M., Straub, V.,
Bushby, K., Lochmüller, H., and Morris, C. (2015). Muscle-derived proteins as serum
biomarkers for monitoring disease progression in three forms of muscular dystrophy.
J. Neuromuscul. Dis. 2, 241–255.

43. Ayoglu, B., Chaouch, A., Lochmüller, H., Politano, L., Bertini, E., Spitali, P., Hiller, M.,
Niks, E.H., Gualandi, F., Pontén, F., et al. (2014). Affinity proteomics within rare dis-
eases: a BIO-NMD study for blood biomarkers of muscular dystrophies. EMBOMol.
Med. 6, 918–936.

44. Oonk, S., Spitali, P., Hiller, M., Switzar, L., Dalebout, H., Calissano, M., Lochmüller,
H., Aartsma-Rus, A., ’t Hoen, P.A., and van der Burgt, Y.E. (2016). Comparative mass
spectrometric and immunoassay-based proteome analysis in serum of Duchenne
muscular dystrophy patients. Proteomics Clin. Appl. 10, 290–299.

45. Hathout, Y., Marathi, R.L., Rayavarapu, S., Zhang, A., Brown, K.J., Seol, H., Gordish-
Dressman, H., Cirak, S., Bello, L., Nagaraju, K., et al. (2014). Discovery of serum pro-
tein biomarkers in themdxmouse model and cross-species comparison to Duchenne
muscular dystrophy patients. Hum. Mol. Genet. 23, 6458–6469.

46. Coenen-Stass, A.M., McClorey, G., Manzano, R., Betts, C.A., Blain, A., Saleh, A.F.,
Gait, M.J., Lochmüller, H., Wood, M.J., and Roberts, T.C. (2015). Identification of
novel, therapy-responsive protein biomarkers in a mouse model of Duchenne
muscular dystrophy by aptamer-based serum proteomics. Sci. Rep. 5, 17014.

47. Boca, S.M., Nishida, M., Harris, M., Rao, S., Cheema, A.K., Gill, K., Seol, H.,
Morgenroth, L.P., Henricson, E., McDonald, C., et al. (2016). Discovery of metabolic
biomarkers for Duchenne muscular dystrophy within a natural history study. PLoS
ONE 11, e0153461.

48. Spitali, P., Hettne, K., Tsonaka, R., Sabir, E., Seyer, A., Hemerik, J.B.A., Goeman, J.J.,
Picillo, E., Ergoli, M., Politano, L., and Aartsma-Rus, A. (2018). Cross-sectional serum
metabolomic study of multiple forms of muscular dystrophy. J. Cell. Mol. Med. 22,
2442–2448.

49. Signorelli, M., Ayoglu, B., Johansson, C., Lochmüller, H., Straub, V., Muntoni, F.,
Niks, E., Tsonaka, R., Persson, A., Aartsma-Rus, A., et al. (2020). Longitudinal serum
biomarker screening identifies malate dehydrogenase 2 as candidate prognostic
biomarker for Duchenne muscular dystrophy. J. Cachexia Sarcopenia Muscle 11,
505–517.

50. Hathout, Y., Conklin, L.S., Seol, H., Gordish-Dressman, H., Brown, K.J., Morgenroth,
L.P., Nagaraju, K., Heier, C.R., Damsker, J.M., van den Anker, J.N., et al. (2016).
Serum pharmacodynamic biomarkers for chronic corticosteroid treatment of chil-
dren. Sci. Rep. 6, 31727.

51. Hathout, Y., Liang, C., Ogundele, M., Xu, G., Tawalbeh, S.M., Dang, U.J., Hoffman,
E.P., Gordish-Dressman, H., Conklin, L.S., van den Anker, J.N., et al. (2019). Disease-
specific and glucocorticoid-responsive serum biomarkers for Duchenne muscular
dystrophy. Sci. Rep. 9, 12167.
Molecular The
52. de Carvalho, S.C., Matsumura, C.Y., Santo Neto, H., and Marques, M.J. (2018).
Identification of plasma interleukins as biomarkers for deflazacort and omega-3
based Duchenne muscular dystrophy therapy. Cytokine 102, 55–61.

53. Tsonaka, R., Signorelli, M., Sabir, E., Seyer, A., Hettne, K., Aartsma-Rus, A., and
Spitali, P. (2020). Longitudinal metabolomic analysis of plasma enables modeling dis-
ease progression in Duchenne muscular dystrophy mouse models. Hum. Mol. Genet.
29, 745–755.

54. Turner, C., and Hilton-Jones, D. (2010). The myotonic dystrophies: diagnosis and
management. J. Neurol. Neurosurg. Psychiatry 81, 358–367.

55. Perfetti, A., Greco, S., Bugiardini, E., Cardani, R., Gaia, P., Gaetano, C., Meola, G., and
Martelli, F. (2014). Plasma microRNAs as biomarkers for myotonic dystrophy type 1.
Neuromuscul. Disord. 24, 509–515.

56. Koutsoulidou, A., Kyriakides, T.C., Papadimas, G.K., Christou, Y., Kararizou, E.,
Papanicolaou, E.Z., and Phylactou, L.A. (2015). Elevated muscle-specific miRNAs
in serum of myotonic dystrophy patients relate to muscle disease progress. PLoS
ONE 10, e0125341.

57. Perfetti, A., Greco, S., Cardani, R., Fossati, B., Cuomo, G., Valaperta, R., Ambrogi, F.,
Cortese, A., Botta, A., Mignarri, A., et al. (2016). Validation of plasma microRNAs as
biomarkers for myotonic dystrophy type 1. Sci. Rep. 6, 38174.

58. Koutsoulidou, A., Photiades, M., Kyriakides, T.C., Georgiou, K., Prokopi, M.,
Kapnisis, K., Lusakowska, A., Nearchou, M., Christou, Y., Papadimas, G.K., et al.
(2017). Identification of exosomal muscle-specific miRNAs in serum of myotonic
dystrophy patients relating to muscle disease progress. Hum. Mol. Genet. 26,
3285–3302.

59. Yonekawa, T., and Nishino, I. (2015). Ullrich congenital muscular dystrophy: clini-
copathological features, natural history and pathomechanism(s). J. Neurol.
Neurosurg. Psychiatry 86, 280–287.

60. Durbeej, M. (2015). Laminin-a2 chain-deficient congenital muscular dystrophy:
pathophysiology and development of treatment. Curr. Top. Membr. 76, 31–60.

61. Wang, L.H., and Tawil, R. (2016). Facioscapulohumeral dystrophy. Curr. Neurol.
Neurosci. Rep. 16, 66.

62. Khadilkar, S.V., Patel, B.A., and Lalkaka, J.A. (2018). Making sense of the clinical
spectrum of limb girdle muscular dystrophies. Pract. Neurol. 18, 201–210.

63. Holmberg, J., Alajbegovic, A., Gawlik, K.I., Elowsson, L., and Durbeej, M. (2014).
Laminin a2 chain-deficiency is associated with microRNA deregulation in skeletal
muscle and plasma. Front. Aging Neurosci. 6, 155.

64. Statland, J., Donlin-Smith, C.M., Tapscott, S.J., van der Maarel, S., and Tawil, R.
(2014). Multiplex screen of serum biomarkers in facioscapulohumeral muscular dys-
trophy. J. Neuromuscul. Dis. 1, 181–190.

65. Petek, L.M., Rickard, A.M., Budech, C., Poliachik, S.L., Shaw, D., Ferguson, M.R.,
Tawil, R., Friedman, S.D., and Miller, D.G. (2016). A cross sectional study of two in-
dependent cohorts identifies serum biomarkers for facioscapulohumeral muscular
dystrophy (FSHD). Neuromuscul. Disord. 26, 405–413.

66. Pennello, G.A. (2013). Analytical and clinical evaluation of biomarkers assays: when
are biomarkers ready for prime time? Clin. Trials 10, 666–676.
rapy: Methods & Clinical Development Vol. 18 September 2020 239

http://refhub.elsevier.com/S2329-0501(20)30104-2/sref40
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref40
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref41
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref41
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref41
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref41
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref42
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref42
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref42
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref42
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref43
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref43
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref43
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref43
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref44
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref44
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref44
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref44
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref45
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref45
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref45
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref45
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref46
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref46
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref46
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref46
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref47
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref47
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref47
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref47
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref48
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref48
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref48
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref48
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref49
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref49
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref49
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref49
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref49
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref50
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref50
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref50
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref50
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref51
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref51
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref51
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref51
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref52
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref52
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref52
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref53
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref53
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref53
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref53
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref54
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref54
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref55
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref55
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref55
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref56
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref56
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref56
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref56
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref57
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref57
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref57
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref58
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref58
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref58
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref58
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref58
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref59
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref59
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref59
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref60
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref60
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref61
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref61
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref62
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref62
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref63
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref63
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref63
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref64
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref64
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref64
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref65
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref65
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref65
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref65
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref66
http://refhub.elsevier.com/S2329-0501(20)30104-2/sref66
http://www.moleculartherapy.org

	Circulating Biomarkers in Muscular Dystrophies: Disease and Therapy Monitoring
	Outline placeholder
	Strong Interest for Developing Biomarkers for DMD
	Detecting miRNAs in Blood of DMD and BMD Patients
	Circulating Proteins as DMD Biomarkers
	Biomarkers for DM1 and DM2 Have Gained Attention
	Myotonic Dystrophy Biomarkers: The Emphasis on miRNAs
	Circulating Biomarkers for Other Rare Muscular Dystrophies
	Rare Diseases with Limited Investigations
	Conclusions and Future Perspectives

	Conflicts of Interest
	Acknowledgments
	References


