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It is expected that serum protein biomarkers in Duchenne muscular dystrophy (DMD) will reflect disease patho-
genesis, progression and aid future therapy developments. Here, we describe use of quantitative in vivo stable
isotope labeling in mammals to accurately compare serum proteomes of wild-type and dystrophin-deficient mdx
mice. Biomarkers identified in serum from two independent dystrophin-deficient mouse models (mdx-A52 and
mdx-23) were concordant with those identified in sera samples of DMD patients. Of the 355 mouse sera proteins,
23 were significantly elevated and 4 significantly lower in mdx relative to wild-type mice (P-value < 0.001).
Elevated proteins were mostly of muscle origin: including myofibrillar proteins (titin, myosin light chain 1/3,
myomesin 3 and filamin-C), glycolytic enzymes (aldolase, phosphoglycerate mutase 2, beta enolase and glyco-
gen phosphorylase), transport proteins (fatty acid-binding protein, myoglobin and somatic cytochrome-C) and
others (creatine kinase M, malate dehydrogenase cytosolic, fibrinogen and parvalbumin). Decreased proteins,
mostly of extracellular origin, included adiponectin, lumican, plasminogen and leukemia inhibitory factor recep-
tor. Analysis of serafrom 1 week to 7 months old mdx mice revealed age-dependent changes in the level of these
biomarkers with most biomarkers acutely elevated at 3 weeks of age. Serum analysis of DMD patients, with ages
ranging from 4 to 15 years old, confirmed elevation of 20 of the murine biomarkers in DMD, with similar age-
related changes. This study provides a panel of biomarkers that reflect muscle activity and pathogenesis and
should prove valuable tool to complement natural history studies and to monitor treatment efficacy in future
clinical trials.

INTRODUCTION
NTRO These beneficial effects are offset, in part, by side effects, such

Duchenne muscular dystrophy (DMD) is the most common and
severe form of childhood muscular dystrophy affecting 1 in 3500
boys worldwide (1). Currently, there is no cure for the disease,
except corticosteroid treatment that has been shown in several
clinical trials to improve muscle strength and respiratory func-
tion (2—3), and prolong ambulation for 2 or more years (6—9).

as weight gain, growth stunting and bone health issues (5).
Fortunately, promising therapeutic strategies for DMD are
increasingly under development, with many now in clinical trials
(10—13). Perhaps one of the most interesting ones is those aiming
to restore the missing dystrophin protein (10,14-16). These
include exon skipping strategies with antisense oligonucleotide
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(17-19), a stop codon read through strategy using the drug Ata-
luren, also known as PTC124 (11), and viral gene therapy using
the adeno-associated virus as a micro dystrophin gene carrier
(15,20). VPBI15, a novel steroid dissociative drug, has been re-
cently shown to be also a promising anti-inflammatory agent
since it improves muscle physiology without side effects (21).
As these new-generation therapies move into human clinical
trials in DMD, it becomes important to develop minimally inva-
sive outcome measures that can give an early readout of potential
drug efficacy.

Currently, most clinical trials for DMD rely on physical
assessments such as the 6 min walk test, which is the walking dis-
tance a patient can cover in 6 min (22), the North Star Ambula-
tory assessment (23,24), as well as quantitative muscle strength
tests (25). Even though useful, these physical tests are limited to
ambulatory patients, often challenging to implement, and could
be confounded with patient’s willingness, especially in young
children. Defining biochemical markers that correlate with the
clinical phenotype and the above outcome measures will aid as-
sessment of treatment efficacy in DMD clinical trials.

Serological levels of creatine kinase (CK)) have long been used
toaid diagnosis of DMD and other muscular dystrophies (26) and
remain an important laboratory test for diagnosis. Unfortunately,
because CK serum levels can be easily influenced by muscle
exertion or trauma, and because of its high abundance in serum
of DMD patients, it might not prove sensitive to early treatment
response.

Recently, with advances in ‘omics’ technologies (e.g. genom-
ics, proteomics and metabolomics), valuable sets of biomarkers
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are being discovered in muscle tissue and serum of both DMD
patients and animal models. While major biomarkers and mo-
lecular mechanism have been discovered by proteomics and gen-
omics studies of dystrophic muscle tissue in the past few years
(27), effort toward large-scale biomarkers discovery in body
fluids only started emerging in the last 3 years. Indeed, recent
studies have shown a clear correlation between specific serum
miRNAs and DMD severity in both human patients and animal
models (28-30). Other molecular markers that correlated with
disease progression include matrix metalloproteinase-9 (MMP9),
which was found highly elevated in DMD patients relative to con-
trols and increased with disease severity (31). And more recently,
the same group identified fibronectin as potential biomarker for
muscular dystrophy (32). Although these preliminary studies
were conducted with targeted markers, they clearly support the
hypothesis that serum circulating biomarkers can act as indicators
of DMD disease progression and potentially as biomarkers to
monitor treatment efficacy.

In this study, we carried out comprehensive serum prote-
ome profiling using a combination of stable isotope labeling in
mammals (SILAM) strategy (33,34) and high precision mass
spectrometry to identify serum circulating protein biomarkers in
dystrophin-deficient mdx mice. These were tested across the age
range of mdx mice to correlate their association with muscle
disease progression. Several of the biomarkers identified in the
dystrophin-deficient mouse model also exhibited higher levels
in human serum samples collected from DMD patients compared
with age-matched healthy controls. Development of a DMD bio-
marker panel, as opposed to a single biomarker, may prove robust
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Figure 1. Distribution of protein ratios identified in proteome profiling of sera samples of mdx-52 mice and wild-type BL6 mice spiked at 1:1 ratio with serum aliquots
from SILAC-labeled BL6 mouse. Each serum aliquot containing 50 g of total proteins from 3 weeks old mdx-52 mice (n = 3) or 3 weeks old BL6 mice (n = 3) was
spiked with 50 g serum aliquots from 13C6-Lys labeled BL 10 serum and processed for proteome proﬁhng and quantification as described in Materials and Methods
Top panel shows the overall log ratio distribution of all identified unlabeled and labeled peptide pairs in 1:1 serum mixtures of unlabeled BL10 mlce relative to *Cg-Lys
labeled BL6 internal standard and the bottom panel show similar ratios distribution in 1:1 serum mixture of unlabeled mdx-52 mice relative to *Cg-Lys labeled BL6
internal standard. All distributions showed a normal Gaussian shape with values centered around 1 in BL6 versus SILAC BL6 pairs and wilder distribution in mdx-52
versus SILAC BL6 pairs analyzed. An average of 180—200 proteins were identified and quantified in each analysis.
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and non-invasive readout tool for muscle tissue, its current disease
state and potentially its response to therapy.

RESULTS

Serum protein biomarker discovery using two independent
dystrophin-deficient mouse models (mdx-52 and mdx-23)

Biomarker discovery was first performed on serum samples from
3-week-old mdx-52 mice (r = 3) and age-matched wild-type
controls BL6 (n = 3). Each mdx sample was spiked with an
equal amount of '*C¢-Lys BL6 labeled serum. Three-week-old
mdx mice were chosen because the initial onset of muscle patho-
genesis in these mice usually occurs at 3 weeks of age (35).
Supplementary Material, Figure S1 shows mass spectra of an ele-
vated protein (e.g. CK M), unchanged protein (e.g. albumin) and
decreased protein (e.g. leukemia inhibitory factor receptor) in
serum of mdx-52 mouse relative to its wild-type BL6 mouse.
This initial experiment led to the identification and quantifica-
tion of 214 proteins in all samples combined. Keratins and mul-
tiple isoform immunoglobulins were removed from the analysis,
leaving 192 proteins. These are listed in Supplementary Mater-
ial, Table S1 with average ratios to internal SILAC standard,
spectral count and standard deviation in the mdx-52 mouse
versus BL6 groups. Ratio distributions of all quantified proteins
in serum of the two mouse groups relative to the internal
SILAC-labeled serum proteins are plotted in Figure | as log2
of the ratio. While the distribution of protein log2 ratios was
around zero (ratio of 1:1) in the serum of all three BL6 to
SILAC BL6 pairs, it was wider in the mdx-52 versus SILAC
BL6 pairs. This clearly indicates strong alterations in the
levels of some proteins in the serum of mdx-52 mice relative
to its wild-type counterpart BL6 mice.

Similarly, biomarker discovery was performed on serum of
the spontaneous allele mdx-23 mice (n = 3) and age-matched
wild-type controls BL10 (rn = 3). In this second discovery set,
>N labeled wild-type mouse sera were used as a spike-in stand-
ard instead of '*C4-Lys labeled serum. The '°N labeling strategy
allowed identification and quantitation of 355 proteins from six
serum samples combined. Omitting again keratins and the mul-
tiple interchangeable immunoglobulin isoforms, 305 proteins
are retained for analysis, and these are listed in Supplementary
Material, Table S2 with ratios to internal SILAC standard, spectral
count and standard deviation in the mdx-23 mice and BL10 mice
groups. In general, >N based proteome profiling led to the identi-
fication and quantification of more proteins, 181 more proteins
than '*Cg-Lys based proteome profiling strategy. This is mainly
due to the fact that only Lys containing peptides are quantifiable
in *C¢-Lys proteome profiling experiment, while every peptide
is quantifiable in '>N based proteome profiling experiments.

Examples of protein biomarkers whose levels were increased,
unchanged or decreased in mdx-23 mice versus wild-type
BL10 are shown in Figure 2. Fructose-bisphosphate aldolase A
(ALDOA), somatic cytochrome C (CYC) and myoglobin
(MYG) were significantly increased in mdx-23 sera relative to
wild-type BL10 mice. Adiponectin (ADIPO) and LUM were
significantly decreased in serum of mdx-23 mice, while trans-
thyretin remained unchanged between the two groups. Similar
analyses of all 305 identified proteins were performed at the
peptide level. Proteins that were concordant between the
mdx-23 and mdx-52 studies are listed in Table 1 with average
fold change relative to wild-type mice, an average peptide spec-
tral count used to quantify each protein and P-values. Elevated
proteins in the serum of the dystrophin-deficient mice included
myofibril proteins such as titin (TITIN), myosin light chain 1/3
(MYL1), myomesin-3 (MYOM3), myosin-4 (MYH4), myosin-1,
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Figure 2. Box plots showing levels of six representative proteins in sera samples of mdx-23 mice compared with its healthy counterpart wild-type BL10 mice. Serum
samples from 3 weeks old mdx-23 mice (n = 3) and age-matched wild-type BL 10 mice (n = 3) were each spiked with fixed amount of '*N-labeled serum samples from
wild-type mice as internal standard. Sample mixtures were processed for protein identification and quantification as described in Materials and Methods. Tope panel
shows an example of three proteins, aldoalse, cystochrom-c somatic and myoglobin whose level was significantly (P-value < 0.001) higher in serum of mdx-23 mice
group compared with the wild-type BL10 mice group. Bottom panels show an example of two proteins, adiponectin and lumican whose level was significantly
decreased in serum of the mdx-23 mice group compared with wild-type Bl110 mice (P-valued < 0.001) and transtherytin protein that remained unchanged

between the two groups.
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Table1. Listofcandidate protein biomarkers whose levels were found significantly altered in the serum of dystrophin-deficient mdx-23 mice (n = 3) versus wild-type

BL10 mice (# = 3) and in mdx-52 (n = 3) versus wild-type BL6 (n = 3)

Accession Locus Protein name mdx-23 relative to BLL10 mdx-52 relative to BL6 PSC P-value
N (fold change) (fold change) average
Myofibrillar proteins
A2ASS6  TITIN Titin Unique in mdx-23 Unique in mdx-52 25 0.0000
P05977 MYL1 Myosin light chain 1/3 Unique in mdx-23 Unique in mdx-52 4 0.0000
Q558X39 MYH4 Myosin-4 Unique in mdx-23 Unique in mdx-52 3 0.0000
A2ABU4 MYOM3 Myomesin-3 Unique in mdx-23 Unique in mdx-32 3 0.0000
Q8VHX6  FLNC Filamin-C Unique in mdx-23 Unique in mdx-52 7 0.0000
P68134 ACTS Actin, alpha skeletal muscle +1.5-fold ++2.93-fold 16 0.0002
Glycolytic enzymes
P050064 ALDOA Fructose-bisphosphate aldolase A +23-fold +21-fold 5 0.0479
P16858 GAPDH or GP3  Glyceraldehyde-3-phosphate Unique in mdx-23 +4.43-fold 5 0.0000
dehydrogenase
P52480 KPYM Pyruvate kinase isozymes M1/M2 Unique in mdx-23 Unique in mdx-52 12 0.0000
P0O6151 LDHA L-lactate dehydrogenase A +3.27-fold +3.2-fold 3 0.0000
P17751 TPIS Triosephosphate isomerase Unique in mdx-23 +3.1-fold 3 0.0000
Q9WUB3 PYGM Glycogen phosphorylase Unique in mdx-23 Unique in mdx-52 16 0.0000
P21550 ENOB Beta-cnolase Unique in mdx-23 nd 7 0.0000
070250 PGAM2 Phosphoglycerate mutase 2 Unique in mdx-23 Unique in mdx-52 5 0.0000
Transport proteins
P04247 MYG Myoglobin +11-fold +2.9-fold 7 0.0000
P11404 FABPH Fatty acid-binding protein, heart type  Unique in mdx-23 nd 3 0.0000
P62897 CYycCc Cytochrome ¢, somatic -+55-fold ~+20-fold 5 0.0109
Other muscle-specific proteins
P07310 CK Creatine kinase M-type Unique in mdx-23 Unique in mdx-52 8 0.0000
P14152 MDHC Malate dehydrogenase, cytoplasmic +57-fold +1.46-fold 7 0.0001
Q9Z1T2  TSr4 Thrombospondin-4 -+7-fold -+1.53-fold 3 0.0000
P32848 PRVA Parvalbumin alpha +13.5-fold +15-fold 6 0.0000
P05367 SAA2 Serum amyloid A-2 protein +4.2-fold nd 12 0.0000
Q8VCM7  FIBG Fibrinogen gamma chain +4.16-fold +3.15-fold 1 0.0000
P20918 PLMN Plasminogen —1.5-fold —0.2-fold 28 0.0000
Q60994 ADIPO Adiponectin —1.5-fold Unchanged 9 0.0000
P51885 LUM Lumican —1.5-fold —0.2-fold 4 0.0006
P42703 LIFR Leukemia inhibitory factor receptor —3.3-fold —3-fold 25 0.0000

PSC, peptide spectral count.

fitamin-C (FLNC) and actin alpha skeletal (ACTS); glycolytic
enzymes such as ALDOA, glyceraldehyde-3-phosphate dehydro-
genase (GAPDH or GP3), pyruvate kinase isozymes M1/M2
(KPYM), glycogen phosphorylase (PYGM), 1-lactate dehydro-
genase A (LDHA), triosephosphate isomerase (TPIS), beta
enolase (ENOB), phosphoglycerate mutase 2 (PGAM2); transport
proteins such as MYG, CYC and fatty acid-binding protein heart
type (FABPH). Other highly elevated proteins in the serum of
mdx mice included malate dehydrogenase (MDHC), CK M,
thrombospondin-4 (TSP4), serum amyloid A-2 protein, fibrinogen
gamma chain (FIBG), parvalbumin (PRVA) and superoxide dis-
mutase. Several IgG kappa and gamma chains were also found sig-
nificantly increased in the serum of mdx-23 relative to BL10. These
were not included in Table 1 but reported in Supplementary Mater-
ial, Tables S1 and S2.

On the other hand, only a few proteins were found moderately
decreased in serum of mdx-23 mice relative to wild-type BL10
mice. These included mostly proteins involved in extracellular
matrix remodeling and cell proliferation, such as plasminogen
(PLMN), ADIPO, lumican (LUM) and leukemia inhibitory
factor receptor (LIFR). Perhaps, the most significant decrease
was observed for LIFR which was concordant in both mdx-23
and mdx-52 model and decreased by 3-folds in both mouse
models relative to their wild-type control.

34

Age-dependent changes in the level of serum biomarkers in
the mdx-23 mouse model

The mdx-23 mouse model shows age-related pathology, with no
overt pathology before the age of 3 weeks followed by an acute
onset of muscle necrosis at 3 weeks of age, with subsequent suc-
cessful regeneration and relatively mild dystrophic pathology in
mostmuscle groups in older mice (35). To determine whether the
identified candidate biomarkers above are associated with
age-dependent muscle pathology in the dystrophin-deficient
mdx-23 mouse, we performed quantitative proteome profiling
using the >N SILAM strategy on serum samples of mdx-23
mice at 7 days, 3 weeks, 2 months, 4 months and 7 months of
age, focusing on the levels of the biomarkers identified in the
discovery set above listed in Table 1. Data were visualized by
unsupervised hierarchical clustering of serum biomarkers in
mdx-23 and wild-type BL10 mice as a function of age (Fig. 3).
A dendrogram of age showed co-clustering of newborn wild-
type and mdx mice, co-clustering of 3 weeks and 2 months old
mdx mice and co-clustering of 4 months and 7 months old
mdx apart from the wild-type mice groups. This clustering by
age corresponded well to the established age-related histological
patterns. Most of the biomarkers identified above were undetect-
able in the sera of new born mdx-23 mice then acutely rose in
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Figure 3. Hierarchical clustering of selected candidate protein biomarkers in serum samples of mdx-23 mice across different age group. Serum samples from mdx-23
mice at 7 days, 3 weeks, 2 months, 4 months and 7 months of age (n = 3 per group) were spiked with fixed amount of 15N-labeled serum from the wild-type mouse as
internal standard. Similarly serum samples from wild-type Bl10 mice at 7 days, S weeks and 2 months of age were spiked with ! °N- labeled serum and used as controls.
Sample mixtures were processed for proteomes profiling as described in Materials and Methods. Ratios of candidate biomarkers were measured in serum samples
across different age groups and then uploaded into Partek software for clustering analysis. SILAC ratio values were natural log transformed, and the color scale is
based on how many standard deviations each value deviates from the mean (white for values below the mean, and black for values above the mean). Clustering
by columns shows that a select group of biomarkers is able to discriminate wild-type BL10 from mdx-23 mice, and age within each group. Clustering by rows

shows consolidation of biomarker ‘classes’ described in the text.

mdx-23 at 3 weeks of age correlating with the active necrotic
phase (35). In addition to age-dependent clustering of mdx
mice, the heat map revealed three major clusters of biomarkers.
A first cluster consisted of biomarkers that acutely rose in sera of
the 3 weeks old mdx-23 mouse (necrotic stage) and remained
increased throughout the age studied, up to 7 months of age.
These included seven glycolytic enzymes (e.g. PYGM, PGAM2,
TPIS, KPYM, LDHB, ALDOA and ENOB), three myofibrillar
proteins (e.g. TITIN, MYL1 and FLNC) and four other muscle-
derived proteins (e.g. CK, MDHC, PRVA and CYC). The second
cluster consisted of biomarkers that also acutely rose in blood of
3 weeks old mdx-23 then gradually decreased with age. These
included three glycolytic enzymes (e.g. LDHA, PGK1 and
GPADH), three myofibriallar proteins (MYOM3, ACTS and
MYH4) and three muscle-derived proteins (CAH3, FABPH,
MYG and TSP4). Finally, the third cluster consisted of biomar-
kers that decreased with age in mdx-23 and these were mostly of
extracellular origin (e.g. LIFR, LUM, ADIPO, FIBG and
PLMN). Even though the majority of these biomarkers rose in
blood of mdx mice at 3 weeks of age few of them were,
however, found moderately elevated in serum of 7 days old
mdx mice, prior to the onset of muscle necrosis (e.g. ACTS,
MYH4, ALDOA, GAPDH, MDHC, TSP4 and MYG) and
could be classified as pre-necrotic biomarkers.

Biomarkers discovery in human serum samples from DMD
and healthy controls subjects

The protein biomarker panel discovered in serum of dystrophin-
deficient mouse models was examined in serum samples of
DMD (n = 15) and healthy volunteers (» = 6), using a combin-
ation of label-free proteome profiling and western blot analysis.
Immunoblot analysis was complicated by the serum biomarker
typically being a truncated fragment of the full-length protein.
Thus, availability of commercial antibodies for the specific
fragment was challenging. Of the five antibodies tested against
five target candidate biomarkers (FLNC, TITIN, MYOMS3,
PGAM?2 and PGYM), only the antibody against PGAM?2 provided
clear results. PGAM?2 was detected as full-length protein around
30 kDa in all serum samples of the DMD group but at low or un-
detectable levels in the control group (Fig. 4A). However, unlike
in the mdx mouse model, the serum level of PGAM2 rapidly
decreased with age in the DMD patient sera. It was significantly
higher in younger DMD patients, between the age of 4 and 8
years old, compared with older DMD patients between the age
of 11 and 15 years old. PGAM2 was almost undetectable in
serum samples of DMD patients 1115 years of age (Fig. 4B).
To identify additional biomarkers in DMD patients, label-free
proteome profiling was performed on serum samples collected
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Figure 4. Western blot analysis showing levels of PGAM2 in sera samples of
DMD patients and healthy controls. Serum aliquots containing 30 g total pro-
teins from DMD patients with different age groups (4 to 5, 69 and 11-15
years of age, n =15 per group) and from healthy controls (n = 6) with age
ranging from 6 to 15 years old were processed for western blot analysis against
PGAM?2 as described in Materials and Methods. Top panel shows the actual
western blot results of PGAM2 which was detected around its expected molecu-
larmass of 30 kDa and it was present only in serum samples of DMD patients (D1
to D15) and undetectable in serum of healthy controls (CT1 to CT6) . The bottom
panel shows the density histogram plot of the PGAM2 band across different age
groups. The data clearly show the rapid age-dependent decrease in the serum
levels of PGAM?2 in DMD patients.

from DMD patients (n = 15) (4-15 years old), and healthy
volunteers (n = 3) (6—15 years old). Importantly, of the 23 ele-
vated biomarkers identified in the mdx-23 mouse model, 20 were
also found significantly increased, based on spectral count, insera
of DMD patients compared with healthy volunteers (Fig. 5). As
in the dystrophin-deficient mouse model, the serum biomarkers
identified in DMD patient sera included glycolytic enzymes such
as ALDOA, LDHA, LDHB, ENOB and PYGM (Fig. 5A); myo-
fibril proteins such as MYOM3, TITIN, ACTS, FLNC and
MYL1 (Fig. 5B) and other muscle-derived protein suchas MYG,
CAH3, ADIPO, MDHC, CYC, FIBG, TSP4, FABPH and
MMP9 (Fig. 5C). All biomarkers, except for ADIPO and
MMP9, were highest in younger DMD patients (4—8 years
old), then decreased as a function of age in a manner similar to
CK while ADIPO and MMP9 increased with age in serum of
DMD patients (Fig. 5C).

DISCUSSION

Differential proteome profiling of sera samples of dystrophin-
deficient mouse models and DMD patients were conducted
using both the SILAM mouse strategy and label-free proteome
profiling strategy, respectively. This enabled identification of
20 serum biomarkers that were concordant in sera samples of
two independent dystrophin-deficient mouse models (e.g.
mdx-23 and mdx-52) and DMD patients. Furthermore, analysis
of serum samples across different age groups revealed correl-
ation between the serum levels of these biomarkers and
disease stage in both dystrophin-deficient mouse models and in
DMD patients.
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Figure 5. Serum levels of candidate biomarkers discovered by label-free prote-
ome profiling in serum samples of DMD patients and healthy control across dif-
ferent age groups. Serum aliquots containing 100 pg total proteins from 12 DMD
patients at 4, 8, 12 and 15 years of age (n = 3 per age group) and from 3 healthy
controls at 6, 8 and 12 years of age were processed for label-free proteome pro-
filing as described in Materials and Methods. (A) Levels of five glycolytic
enzymes in DMD groups and control group. PYGM, glycogen phosphorylase;
ALDOA, fructose-bisphosphate aldolase A; LDHB, lactate dehydrogenase B;
LDHA, lactate dehydrogenase A; ENOB, beta enolase. (B) Levels of five myofi-
brillar proteins, in DMD groups and control group. MYOM3, myomesin-3;
TITIN, titin; ACTS, alpha skeletal muscle actin; FLNC, filamin-C; MYLI,
myosin light chain 1/3 in DMD groups and control group. (C) Levels of nine
other muscle-specific proteins in DMD groups and control group. MY G, myoglo-
nin; CAH3, carbonic anhydrase III; ADIPO, adiponectin; TSP4,
thrombospondin-4; MDHC, cytosolic malate dehydrogenase; CYC, somatic
cytochrome C; MMP9, matrix metalloproteinase-9; FIBG, fibrinogen gamma
chain; FABPH, fatty acid-binding protein heart type. A CK level was
added along with glycolytic enzyme in (A) and myofibrillar proteins in (B) for
trends comparison. It was omitted in the other muscle-specific protein group in
(C) dueto the large dynamic range between the levels of CK and this class of pro-
teins. Error bars represent standard error obtained from triplicate biological
sample.

Most, if not all, the biomarkers identified in the serum of the
mdx mouse models were muscle derived. These biomarkers
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were undetectable in serum of pre-symptomatic young mdx mice
(e.g. 7 days of age) and then acutely increased in 3-week-old mdx
mouse serum, correlating with the onset of muscle necrosis (35),
thereby confirming their validity as a muscle disease state bio-
marker panel. Interestingly, some proteins including ACTS,
ALDOA, GAPDH, MDHC, TSP4, MYG and FABPH were
found to be elevated in the serum of mdx mice at 7 days of
age, even before the onset muscle necrosis. Presence of these
proteins in newborn mdx sera is intriguing. At this time, we
could only speculate that this is due to disturbance of an integral
mechanism, perhaps via compromised control of permeability of
the sarcolemma or exosomal shedding, rather than leakage from
catastrophically damaged necrotic muscle fibers. Nevertheless,
according to our experience, careful handling is required when
collecting blood from newborn mice especially for biomarkers
studies. We compared decapitation and heart puncture collection
methods using healthy wild-type newborn mice and found that
decapitation resulted in contamination with several muscle-
derived proteins such as CK and several other glycolytic
enzymes. In our hands, the heart puncture method was preferred,
giving minimal or no contamination, and was therefore used to
collect all mouse sera samples in this study.

These pre-necrotic biomarkers further increased in the blood
of mdx mice at 3 weeks of age (necrotic phase). In general, the
majority of biomarkers, especially glycolytic enzymes, myofi-
brillar proteins and other muscle-derived enzymes, acutely
increased in serum of mdx mice during the necrotic phase. In
DMD patients, where there isno marked separation between pre-
necrotic and necrotic phases, this panel of biomarkers was
detected in both young and old DMD patients (415 years old
in this study) with the highest levels seen in 4-year-old DMD
patients. In a future study, it would be interesting to examine
the level of these biomarkers in newborn DMD patients to deter-
mine their value in neonatal screening.

Overall in this study, we identified concordant biomarkers
associated with dystrophinopathy between two independent
mdx mouse models and DMD patients, further confirming the
validity and specificity of this biomarker panel. These mouse/
human shared biomarkers can be classified into three categories
as described below.

The first category of biomarkers consisted of six muscle-
derived proteins (CK, CAH3, MYG, MDHC, FABPH and
CYC) and three proteins of extracellular origin (ADIPO, FIBG
and TPS4). CK, MYG and CAH3 are well-known DMD
markers and were identified long ago to be elevated in sera of
DMD patients (26,36,37), while MDHC, TSP4, FABH, CYC,
FIBG and ADIPO are relatively novel. As a proof of principle,
CK was undetectable in the pre-necrotic phase mdx mice and
then acutely increased at 3 weeks of age in agreement with pre-
vious studies (38). Its level, however, decreased moderately with
age and was still elevated in 7-month-old mdx mice while in
DMD patients it decreased sharply with age. Similarly, the
level of CAH3 was also historically suggested as a serum bio-
marker for muscular dystrophy (37) but was not revisited. The
CAH3 serum level correlated well with that of CK and also
decreased with age in DMD patients.

FABPH, heart type fatty acid-binding protein, has been previ-
ously used as a biomarker to monitor the cardiac status in DMD
and BMD patients (39) and its level correlated well with that of
CK. Eventhough this protein is named heart type FABPH, it may

actually be of skeletal muscle orgin since it was found highly ele-
vated in younger mdx mice and DMD patients whose cardiac
muscle should be still healthy. Similarly, CYC was found ele-
vated in 3 weeks old mdx mice and DMD boys and it release
into blood circulation could be the result of increased apoptosis
due to inflammation and necrosis.

FIBG was also reported to be elevated in serum of DMD
patients relative to healthy controls (40) and in mdx mice relative
to wild-type mice (41). Here, we further confirm its increased
level in serum of both mdx-23 mice and DMD patients relative
to their healthy control counterparts. Even though its level
decreased with age in DMD patients, it remained relatively ele-
vated in serum of older DMD patients compared with age-
matched healthy controls where it was undetectable by mass
spectrometry. Fibrinogen is a hexamer composed of two sets
of'three different subunits (e.g. o, B and vy). It is normally synthe-
sized by liver and is involved in coagulation cascade during
blood clot. But it has been also shown to play a major role in in-
flammation (42). Furthermore, alteration of the inflammatory
function of FIBG subunit via missense mutation rescued muscle
pathology in the mdx mouse model (43) making it an attractive
biomarker and therapeutic target for future investigations.

As for the MDHC, there is only one single publication in 1975
reporting its elevated activity in serum of DMD patients that also
decreased with age. At that time, it was not possible to dis-
tinguish between mitochondrial isoform (MDHM) and cytosolic
isoform (MDHC), on the basis of enzymatic activity. However,
the sequence homology between these two isoforms is only 18%,
permitting accurate identification by mass spectrometry herein,
to reveal MDHC and not MDHM, as the isoform elevated in the
serum of dystrophin-deficient mice. Indeed, MDHC was identi-
fied with 6 unique tryptic peptides with no overlapping sequence
homology with MDHM tryptic peptides. MDHC is highly
expressed in skeletal and cardiac muscle (44,45). MDHC is
involved in aerobic energy production during muscle contrac-
tion by converting malate to oxaloacetate and transporting the
resulting NADH equivalent across the mitochondrial membrane
(44) and could be a good marker for dystrophinopathies.

TSP4 is an extracellular glycoprotein that is involved in extra-
cellular matrix remodeling. To the best of our knowledge, this is
the first time that TSP4 levels have been shown to be elevated in
the serum of dystrophin-deficient mouse models, and its increase
may be associated with muscle degeneration and regeneration.
Indeed, an earlier study by our group showed that expression
levels of TSP4 mRNA are significantly increased in the skeletal
muscle of DMD and limb-girdle muscular dystrophy patients,
compared with normal controls (46). The increased expression
of TPS4 in dystrophic muscle is most likely associated with its
role in fibrosis and extracellular remodeling, as has been
shown in cardiac muscle of the TSP4 knockout mouse model
(47). However, the levels of TSP4 were only moderately
elevated in serum of younger DMD patients compared with
age-matched healthy controls and decreased rapidly with age.
Further analyses are needed to confirm its utility as a potential
biomarker in DMD patients.

All biomarkers in this first category decreased with age in
serum of DMD patients except for ADIPO and MMP9, which ac-
tually increased with age. This increase was not related to aging
since their levels did not increase in healthy controls with 6, 8 and
15 years of age. ADIPO is a hormone that is exclusively secreted
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by adipose tissue (48). Thus, its increase in the sera of older DMD
patients may reflect the progressive replacement of muscle by fat
thatis often seen in older DMD patients (49). MMP9, on the other
hand, is an extracellular protease and has been shown to be
involved in extracellular matrix remodeling, inflammation and
fibrosis in a number of diseases, including DMD (50,51). In
this study, increased levels of MMP9 in blood circulation of
DMD patients became more apparent in older patients. This
finding is an agreement with previous study where it has been
shown that serum levels of MMP9 increased with age in DMD
patients and correlated very well with disease severity, making
it an attractive candidate biomarker to monitor disease progres-
sion and perhaps response to therapies (31). The fact that MMP9
was not detected or quantified in serum of the mdx mouse model
could relate to the less inflammatory status of muscle tissue seen
in the mdx mouse relative to DMD patients. Nevertheless,
MMP9 was found increased in mdx mouse muscle and it is
believed to be involved in muscle pathogenesis (50).

Other biomarkers previously identified in sera samples of mdx
mouse and that could belong to this first class of biomarkers
included an N-terminal peptide fragment of coagulation factor
X1IIa which was reported to be elevated in serum of the mdx
mouse relative to the wild-type mouse (52) and the LIFR
which was reported to be decreased in serum of mdx mouse rela-
tive to the wild-type mouse (41). While the decreased level of
LIFR was confirmed in both mdx-23 and mdx 52 mouse
models in this study, we were not able to confirm coagulation
factor XIlla perhaps due to the fact that SDS—~PAGE was used
and low molecular mass fragments were overlooked.

The second category of biomarkers found elevated in serum of
mdx and DMD patients consisted of glycolytic enzymes and
included PYGM, ALDOA, LDHA, LDHB, ENOB and PGAM2.
These enzymes are known to be highly abundant in skeletal
muscle and their release into blood seems to correlate with that
of CK. The enzyme activities of LDHs, ALDOA, ENOB and
PGAM?2 were previously reported to be significantly elevated
in sera samples of DMD patients but never revisited for further
evaluation (26,53,54). Furthermore, the level of PGAM2 was
found to be elevated in the serum of DMD patients as early as
the fetal stage, thus making it a candidate biomarker for neonatal
screening (53). In this study, we identified an additional glyco-
Iytic enzyme biomarker, PYGM, whose level was as high as
CK in younger DMD boys and then decreased with age.
PYGM is one of the major glycolytic enzymes in skeletal
muscle that breaks down glycogen to monomeric glucose mole-
cules and controls glycogen metabolism (55) adding it to the
panel of glycolytic enzyme biomarkers for DMD.

While the level of these glycolytic enzymes decreased with
age in DMD patients, the levels remained elevated in aging
mdx mouse, up to 7 months of age. The difference seen
between mdx mouse models and DMD patients is perhaps attrib-
utable to the maintenance of muscle mass in mdx mice over the
age range relative to human patients. In humans, the decrease
correlates with a drastic loss of muscle mass, and to some
extent reduced exercise because of severely impaired motor
function. In the murine model, the maintained high level of
these biomarkers is perhaps due to the successful and subsiding
degeneration/regeneration cycles (56,57).

The third category of biomarkers consisted of relatively novel
myofibrillar proteins and included MYL1, TITIN, MYOM3,
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FLNC and ACTS. These proteins were undetectable in serum
of newborn mdx-23 mice, but rose acutely in the serum of
3-weck-old mdx-23 mice. Except for MYOM3, these myofibril-
lar biomarkers remained elevated in serum of older mdx mice
studied herein. Detection of these myofibrillar proteins in
serum of 7 months old mdx mice was intriguing and suggests
continuous disease activity in old mdx mouse model.
However, further serum analysis of older mdx mice as well as
age-matched wild-type healthy mice is needed to confirm this
hypothesis and to rule out aging effect.

These biomarkers were also confirmed by mass spectrometry
analysis as being elevated in serum of DMD patients compared
with age-matched healthy subjects. However, their serum levels
decreased rapidly with age in DMD patients. The high molecular
mass myofibril proteins such as TITIN (3816 kDa molecular
mass), FLNC (291 kDa molecular mass) and MYOM3
(161 kDa molecular mass) were all detected as fragments in
the serum of dystrophin-deficient mice and DMD patients,
with molecular masses ranging between 198 and 260 kDa for
TITIN, 110 and 160 kDa for FLNC and around 96 kDa for
MYOM3. Their detection in blood circulation seems likely to in-
dicate severe skeletal muscle damage. Both TITIN and MYOM3
are components of the sarcomeres and interact with myosins and
MYL1 in striated muscle (58), while FLNC is an actin cross
linker protein and is located in the sarcolemma as well as in
the sarcomeres (59). The release of these myofibrillar protein
fragments into blood circulation is likely a result of proteolytic
activity during muscle inflammation and necrosis. This hypoth-
esis is further supported by the fact that their release into the
bloodstream was not detected in the mdx mice until 3 weeks of
age. In DMD patients however, TITIN and MYOM3 were
already present in the serum of DMD patients at 4 years old,
probably also being a reflection of the florid inflammation and
necrosis at this age (60,61). This is further supported by an
earlier study performed on skeletal muscle tissue that revealed
dramatic degradation of the titin protein in DMD patients after
5 years of age (62) and is in agreement with a more recent
study where it has been shown that specific N-terminal and
C-terminal fragments of TITIN were detected in urine samples
of both the mdx mouse model and DMD patients (63). In this
recent study, it was suggested that TITIN could have been
cleaved at its N-terminal and C-terminal extremities by cal-
pains and matrix metalloproteinases during muscle necrosis.
However, these low molecular mass TITIN fragments were
not detected in DMD sera in this study, probably due to their
rapid renal clearance leaving the large middle TITIN fragment
in blood circulation. ACTS and MYLI1, on the other hand,
were detected by mass spectrometry in gel bands corresponding
to expected molecular masses of 40 and 20 kDa, respectively,
thus indicating their release as intact proteins. This is in agree-
ment with our previous in vifro study showing that cultured
dystrophin-deficient myotubes release intact MYL1 via vesicu-
lar process into the cultured secretome (64). However, further
investigations are needed to verify if MYLI is also released
via vesicles in vivo, by performing proteome profiling on exoso-
somal fractions prepared from serum of dystrophin-deficient
mouse models and DMD patients.

To detect these biomarkers in serum of mdx mouse model and
DMD patients required further fractionation of serum samples
by SDS—PAGE to separate highly abundant proteins such as
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albumin, transferrin and IgGs from low abundant proteins.
Nevertheless, it is possible that other low abundant and valuable
biomarkers were still overlooked due the large dynamic range
and complex nature of the serum proteome. Thus, new method-
ologies are needed to perform in-depth serum proteome profiling
and discover additional novel biomarkers in the future.

Conclusion

This study identified a valuable panel of serological biomarkers
associated with dystrophin deficiency and age-related muscle
pathology in two independent dystrophin-deficient mouse
models: the naturally occurring mdx-23 and genetically engi-
neered mdx-52. Many of these biomarkers were confirmed in
sera of DMD patients, strongly supporting their validity as
markers for dystrophinopathies. In our cross-sectional DMD
study, all identified biomarkers declined with age along with
CK; however, we argue that the behavior of a panel of proteins
of different cellular functions better reflects the range of under-
lying pathological processes. According to this interpretation,
we would expect individual biomarkers from this panel will
respond differently to different therapies. So, instead of monitor-
ing asingle biomarker at a time, we propose, as the ideal, a proto-
col to monitor a panel of biomarkers simultaneously. In the
future, we will pursue this hypothesis, making use of this
DMD biomarker panel to monitor and predict clinical outcomes.
To this end, we will evaluate and test these biomarkers for their
value in monitoring disease progression and response to therap-
ies in DMD in longitudinal prospective studies.

MATERIALS AND METHODS

Animal experiments

Mouse strains used in this study included the spontaneous
dystrophin-deficient allele (mdx-23; splice site mutation in exon
23) on C57BL/10 background (C57BL/10ScSn-Dmdmdx/J) and
wild-type C57BL/10 mice, and the induced deletion of exon 52
allele (mdx-52) on the C57BL/6 background (65) and correspond-
ing wild-type background control (C57BL/6). Mdx-23 and wild-
type background strains were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA). Mdx-52 mice were provided
by Dr Shin’ichi Takeda, NCNP, Kokaira, Japan, and bred and
maintained at Children’s National Medical Center. All mice
were handled under an approved protocol according to the Institu-
tional Animal Care and Committee guidelines at the Children’s
National Medical Center.

Generating *C¢-Lys and '*N-labeled mouse colonies

A fully labeled C4-Lys BL6 mouse colony with more than 96%
labeling efficiency was previously generated in our laboratory
(34) using mouse-Express food containing ‘heavy’ L-lysine
(13C6, 99%) from Cambridge Isotope Laboratories (Andover,
MA, USA). Serum from these mice was collected, frozen at
—80°C and used for subsequent experiments.

>N metabolic labeled mice were generated by feeding newly
weaned 3-week-old wild-type C57/BL6 mice N (98% -+)
enriched Spirulina food (Cambridge Isotope Laboratories,
Andover, MA, USA). The mice-tolerated Spurilina food well,

showing no difference in body weight and overall health from
mice that were kept on standard laboratory chow (Supplemen-
tary Material, Fig. S2A). Labeling efficiency was monitored
via analysis of the urinary proteome every week from the start
of the diet. Sufficient urinary proteome labeling with °N
(more than 95% labeling efficiency) was reached by 12 weeks
of feeding (Supplementary Material, Fig. S2B). By 12 weeks,
all organs and body fluids showed stable isotope labeling effi-
ciencies of proteins greater than 90%. An example of labeling ef-
ficiency of the serum proteome is shown in Supplementary
Material, Figure S2C. All identified serum proteins (n = 153)
were enriched by 92—100% with >N isotope. Sera collected
from each °N-labled mouse were pooled to make one '°N
serum labeled stock which was aliquoted in small volumes and
stored at —80°C for subsequent use.

Mouse serum collection

Each mouse used in this study was anesthetized by intraperito-
neal injection of ketamine and xylazine (80 mg/kg ketamine
and 10 mg/kg xylazine). Fully anesthetized animals (no re-
sponse to toe or ear pinch, reduced heart rate and rate of breath-
ing) were opened along the centerline of the chest, from the
caudal end of the rib cage to the clavicle with small dissecting
scissors. Ribs were then reflected laterally and stabilized with
aretractor. Blood was immediately collected via heart puncture
into an Eppendorf tube and allowed to clot at room temperature
prior to centrifugation and serum collection. Typically 200 1
of blood could be collected per mouse aged from 3 weeks to
7 months, while only 10—20 pl of blood could be collected per
mouse from 2 to 7 days old. This yielded about 80 1 of serum
from each older mouse and about 10 pl of serum per young
mouse. Serum samples including '°N and *Cg¢-Lys labeled sera
were assayed for protein concentration using BCA assay (Thermo
Scientific, Rockford, I, USA). Each sample was then aliquoted in
10 pl volumes and stored at —80°C for proteome profiling as
described below. After blood collection, all other organs were har-
vested and flash-frozen in liquid nitrogen-chilled isopentane for
other studies.

Serum sample preparation and mass spectrometry analysis

The overall experimental workflow is shown in Supplementary
Material, Figure S3. Initial biomarker discovery was performed
on serum of 3-week-old mdx-52 mice (n = 3) and age-matched
BL6mice (n = 3). Serum aliquots containing 50 p.gtotal protein
from each of mouse were spiked with an equal amount of serum
protein from SILAM *Cg-Lys labeled BL6 mouse serum stock.
Independent biomarker discovery was performed, using '°N
labeled mouse strategy, on the naturally occurring mdx-23
mouse (n=3) and its wild-type control BL10 mice (n = 3).
Serum samples, containing 50 pg of total protein, from 3
months unlabeled mdx-23 mice (» = 3) and its age-matched wild-
type BL10 mice (n = 3) were spiked with '°N labeled mouse
serum stock. Unlike *Cy-Lys labeled mouse strategy which
permits quantification of Lys containing peptides only, the 1°N la-
beling strategy enables quantification of every tryptic peptide.
To test whether the serum levels of the identified biomarkers
are associated with age-dependent muscle pathogenesis in mdx-23
mice, a longitudinal study was performed on serum samples
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