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Abstract
Duchenne muscular dystrophy is a severe and currently incurable progressive neuromus-

cular condition, caused by mutations in the DMD gene that result in the inability to produce

dystrophin. Lack of dystrophin leads to loss of muscle fibres and a reduction in muscle

mass and function. There is evidence from dystrophin-deficient mouse models that increas-

ing levels of utrophin at the muscle fibre sarcolemma by genetic or pharmacological means

significantly reduces the muscular dystrophy pathology. In order to determine the efficacy of

utrophin modulators in clinical trials, it is necessary to accurately measure utrophin levels

and other biomarkers on a fibre by fibre basis within a biopsy section. Our aim was to

develop robust and reproducible staining and imaging protocols to quantify sarcolemmal

utrophin levels, sarcolemmal dystrophin complex members and numbers of regenerating

fibres within a biopsy section. We quantified sarcolemmal utrophin in mature and regenerat-

ing fibres and the percentage of regenerating muscle fibres, in muscle biopsies from

Duchenne, the milder Becker muscular dystrophy and controls. Fluorescent immunostain-

ing followed by image analysis was performed to quantify utrophin intensity and β-dystrogyl-

can and ɣ –sarcoglycan intensity at the sarcolemma. Antibodies to fetal and developmental

myosins were used to identify regenerating muscle fibres allowing the accurate calculation

of percentage regeneration fibres in the biopsy. Our results indicate that muscle biopsies

from Becker muscular dystrophy patients have fewer numbers of regenerating fibres and

reduced utrophin intensity compared to muscle biopsies from Duchenne muscular dystro-

phy patients. Of particular interest, we show for the first time that the percentage of regener-

ating muscle fibres within the muscle biopsy correlate with the clinical severity of Becker

and Duchenne muscular dystrophy patients from whom the biopsy was taken. The ongoing

development of these tools to quantify sarcolemmal utrophin and muscle regeneration in
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muscle biopsies will be invaluable for assessing utrophin modulator activity in future clinical

trials.

Introduction
Duchenne muscular dystrophy (DMD) is a lethal inherited muscle wasting disease caused by
mutations in the dystrophin gene that disrupt the open reading frame, preventing production
of a functional dystrophin protein [1]. The absence of dystrophin protein from the muscle
fibre membrane results in progressive fibre degeneration. A milder allelic form, Becker muscu-
lar dystrophy (BMD) is usually caused by in-frame mutations in the dystrophin gene, resulting
in the synthesis of reduced levels of a possibly partially functional dystrophin [2,3]. Possible
treatment strategies in late stage clinical development include the use of antisense oligonucleo-
tides (AONs) to skip mutated dystrophin exons, allowing the production of a BMD-like dys-
trophin [4–6]. One drawback of this approach is that the AONs are exon-specific, so one AON
is applicable only to a subset of patients carrying specific mutations. Another genetic strategy
utilises small molecules to prevent premature protein termination. This approach will allow for
a full length dystrophin to be synthesised and will be appropriate for around 10–15% of all
DMD patients. Another promising approach in pre-clinical development that has been tested
in dystrophin-deficient mice and dogs [7,8], uses adeno-associated virus (AVV) to insert a
gene coding for a truncated dystrophin into muscle fibres. However, the major challenges fac-
ing AAV gene delivery is the titer necessary to achieve bodywide transfection in the human,
the immune reaction against the AAV vector precluding re-administration and how functional
the highly truncated dystrophin will be long term. Utrophin, an autosomally-encoded homo-
logue of dystrophin, is first expressed in skeletal muscle during fetal development [9]. Dystro-
phin and utrophin are both expressed at early gestational stages but by birth in humans
utrophin in normal human muscle is confined to the neuromuscular and myotendinous junc-
tions and blood vessels [10]. In dystrophic muscle utrophin is present on regions of fibre repair.
[11]. Consequently in some muscular dystrophies, including DMD and BMD, utrophin is pres-
ent at the muscle fibre sarcolemma due to the significant regeneration taking place, in addition
to the up-regulation in DMD and BMD that is present in the absence of dystrophin [9,11].
Utrophin expression is driven by two different promoters, A and B, which regulate the expres-
sion of two transcripts utrophin A and B, which have unique expression patterns. The A iso-
form is expressed in skeletal muscle and present at the sarcolemma of normal fetal muscle
fibres, and on both regenerating and mature fibres in DMD and BMDmuscle. As with dystro-
phin, utrophin specifically binds to the costamere in order to stabilize the sarcolemma from
contraction-induced damage. Utrophin B is more ubiquitous, being found in most other tissues
and cell types [10,12]. Knockdown of utrophin in dystrophin-deficientmdxmice causes a con-
siderable worsening of the muscle pathology and function [13,14], suggesting that the presence
of utrophin may ameliorate the phenotype of dystrophin-deficient muscles. It also has to be
noted that there are some functional differences between dystrophin and utrophin where dys-
trophin localizes nNOS to the membrane and plays a role in microtubule organization. How-
ever there are a number of BMD patients lacking the nNOS binding site in dystrophin, who
remain mildly affected and ambulant, suggesting that nNOS tethering at the sarcolemma is not
an absolute requirement in order to have a mild phenotype [15,16]. There is therefore consid-
erable interest in utrophin up-regulation as a possible therapeutic option for DMD, as this
strategy may have potential for all DMD patients, regardless of their dystrophin mutation.
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Studies in themdxmouse showed promise with marked reduction in myofibre degeneration
and improved phenotype following transgenic up-regulation of utrophin [17]. Further work
has demonstrated that a small molecule utrophin modulator, SMT C1100, increased utrophin
inmdxmice skeletal muscle and diaphragm, leading to a significant decrease in pathology and
increased functional benefit [18]. SMT C1100 is currently in clinical development having been
shown to be safe and well tolerated in a Phase 1 healthy volunteer study [19]. To determine the
efficacy of any therapeutic intervention to up-regulate utrophin, reliable and reproducible
quantification of utrophin levels is essential. We have developed a method to quantify sarco-
lemmal utrophin in frozen muscle biopsies, using methods used previously in our laboratory to
quantify intensity of sarcolemmal associated proteins [20]. We quantified utrophin in both
mature and regenerating fibres in muscle biopsies from patients with BMD, DMD, carriers of
DMD or BMD and non-pathological controls. The dystrophin-associated protein complex
(DAPC) complex plays a major role with dystrophin or utrophin to link the extracellular
matrix to the actin cytoskeleton. All members of the DAPC are reduced in DMD [21–23] and
induction of dystrophin by antisense oligonucleotides leads to increased sarcolemmal expres-
sion of DAPC proteins [24,25]. We therefore also investigated whether utrophin plays a role in
the stabilisation of members of the DAPC, by correlating the levels of utrophin with β-dystro-
glycan and ɣ-sarcoglycan levels. If utrophin levels can be maintained at the sarcolemma of a
dystrophin-deficient myofibre with a utrophin modulator drug, this should protect the fibre
from undergoing necrosis and as a result, reduce muscle regeneration [26]. Therefore we devel-
oped a second complementary assay to quantify the percentage number of regenerating fibres
in a biopsy, and to help validate the assay we compared the amount of regeneration in BMD
and DMDmuscle biopsies. Regenerating fibres were identified by staining with antibodies to
developmental and fetal myosin as markers of fibre regeneration. Both antibodies were used as
a cocktail in order to unequivocally identify all recently regenerating fibres.

Materials and Methods

Muscle Biopsies
Sections of skeletal muscle biopsies were obtained from the MRC Centre for Neuromuscular
Diseases Biobank London (REC reference number 06/Q0406/33) and partner Eurobiobank.
The studies were performed under approval by the NHS National Research Ethics Committee
(REC reference number: 05/MRE12/32). All patients or their legal guardians gave written
informed consent. Sections from 3 controls, 7 DMD, 3 BMD, 1 BMD/DMD intermediate, one
BMDmanifesting carrier, one DMDmanifesting carrier and 2 DMD non-manifesting carriers
were used for this study (Table 1).

Immunohistochemistry
Frozen transverse muscle sections (7μM) were air dried for 30 minutes and then incubated
with a mouse monoclonal antibody to utrophin, (NCL-DRP2 IgG1 Novocastra 1:3 dilution)
for 1 hour. Following three 3-minute washes with phosphate buffered saline (PBS), Alexa Flour
488 donkey anti mouse IgG antibody (Molecular Probes A21202 1:100) was applied for 30
minutes. Monoclonal fetal myosin (Novocastra MHCn) and developmental myosin (Novocas-
tra MHCd) antibodies were used as a cocktail at 1:15 and 1:20 respectively for 1 hour following
utrophin labelling. A biotinylated anti-mouse antibody (Amersham UK RPN-1001 1:200) was
applied for 30 minutes. Sections were then incubated with streptavidin conjugated to Alexa
Fluor 594 (Invitrogen S-11227 1:1000) for 15 minutes and mounted in Histomount (National
Diagnostics).
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Serial sections were stained with a monoclonal antibody to beta- spectrin (Novocastra
NCL-SPEC1-CE 1:100) for 1 hour followed by biotinylated anti-mouse antibody and streptavi-
din conjugated to Alexa Flour A594 as described above.

Sections used for doubling labelling experiments were stained with utrophin, as described
above, followed by β-dystroglycan (Novocastra NCL-b-DG IgG2A 1:50) or ɣ-sarcoglycan
(Proteintech 18102-1AP Rabbit 1:400) primary antibody for 1 hour. A secondary Alexa Fluor
A594 goat anti mouse IgG2A (Molecular Probes A21135 1:100 for 30 minutes) or Alexa Fluor
A594 goat anti rabbit IgG1 (Molecular Probes A11012 1:500 for 1 hour) was used following
β -dystroglycan and ɣ -sarcoglycan application respectively.

All incubations were carried out at room temperature. Controls, in which the primary anti-
body was omitted, were performed (S2 Fig). A second control, in which the second primary
antibody to β –dystroglycan was omitted, shows that the secondary Alexa Fluor A594 goat anti
mouse IgG2A antibody did not cross-react with the mouse IgG1 antibody used to detect utro-
phin (S3 Fig).

Table 1. Muscle biopsies used in study.

Patient Age at biopsy
(years)

Phenotype and deletion/mutation Functional motor
score

Age at assessment
(years)

Dystrophin levels*

C1 4.6 Muscle biopsy normal no report - + + +++

C2 4.6 Mild changes/abnormalities in biopsy Unlikely
to have NMD

33/40 4.4 +++++

C3 4.7 Muscle biopsy normal 30/40 5.1 +++++

P1 2.3 BMD manifest. carrier exon 45–47 deletion 40/40 6.9 ++++

P2 3.4 DMD manifest. carrier exon 45–50 deletion 36/40 4.3 Positive and negative
fibres

P3 4.4 DMD carrier het c.2662G>T (p.Glu888X) exon
21

40/40 12.0 +++++

P4 6.6 DMD carrier het del exon 3–7 49/49^ 6.5 Positive and negative
fibres

P5 4.2 BMD exon 45–47 deletion 38/40 5.3 ++++

P6 10.6 BMD exon 45–49 deletion 37/40 10.6 +++

P7 5.0 BMD exon 45–53 deletion no report -

P8 4.8 BMD/DMD intermediate 45–53 deletion 30/40 5.1 ++++

P9 4.8 DMD point mutation c.1388G>A (p.Trp463X)
in exon 12

33/40 4.8 -

P10 4.3 DMD exon 10–11 deletion 30/40 4.3 -

P11 4.8 DMD point mutation c.583C>T (p.Arg195X) in
exon 7

32/40 4.6 -

P12 7.8 DMD point mutation c.2302 C>T (p.R768X) in
exon 19

31/40 8.3 -

P13 8.2 DMD exon 8–11 deletion 34/40 8.2 -

P14 7.3 DMD exon 3–7 deletion 38/40 7.1 ++

P15 8.4 DMD point mutation c.9851G>A (p.Trp3284X)
in exon 68

23/40 8.3 -

BMD: Becker muscular dystrophy; DMD: Duchenne muscular dystrophy; Manifest: Manifesting, func. motor. score: functional motor score

Dystrophin levels:—complete absence, + severe reduction, + + moderate reduction, + + + mild reduction, + +++ very mild reduction, + ++++ dystrophin

levels normal

*Obtained from muscle biopsy report.

^ extended motor score (normal)

doi:10.1371/journal.pone.0150818.t001
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Intensity measurements
Immunolabelled sections were evaluated using a Leica DMR microscope interfaced to Meta-
Morph (Molecular Devices, Downingtown, PA, USA). Intensity measurements were obtained
using Metamorph software following capture of 4 randomly selected fields, selected out of
focus at x20 magnification. An area of stained muscle section taken from an 8 year old DMD
patient (P15; Table 1) expressing high levels of utrophin was used to set the exposure times and
images of all sections in one experiment were captured at the same time. A control muscle sec-
tion (C2; Table 1) was used to set ɣ-sarcoglycan and β-dystroglycan exposure times. The inten-
sity was measured by randomly placing 10 regions of interest (ROI) in each image using
Metamorph software capturing 40 fibres. If the ROI was in the centre of the fibre, on an area of
fibrosis, on a neuromuscular junction, or if more than one measurement per fibre was selected,
the region was moved slightly to the nearest fibre membrane. The measured regions included a
portion of the cytoplasm and the sarcolemma. In this way, 40 ROI on a total of 40 fibres was
captured. No two ROIs were placed on the same muscle fibre. Very small fibres, with a mean
diameter of 6μM or less, which were similar in size to capillaries, were excluded from the analy-
sis. Fetal and developmental myosin intensity measurements were taken from the sarcoplasm
of fibres as indicators of fibre regeneration using the same method and all intensity measure-
ments were recorded as described previously [20]. Fibre diameter measurements were taken
from sections that had been stained with utrophin to delineate fibre membranes, by measuring
the diameter of the lesser side of the fibre using Metamorph software [27].

For each region, the minimum intensity value recorded (representative of the cytoplasm or
background intensity) was subtracted from the maximum intensity value (which corresponded
to the sarcolemma) to correct each measurement for background intensity. To correct for varia-
tion of sarcolemmal integrity between samples, we performed the same measurements on serial
sections stained with the monoclonal antibody to beta-spectrin. The spectrin intensity values
obtained for the control samples were set as the standard to calculate normalization factors.

For each of the antibodies, the minimum intensity value was subtracted from the maximum,
then these values (one for each of the 40 fibres analysed) were normalized with the beta-spec-
trin measurements and plotted on a graph.

There was only background sarcolemmal intensity in sections in which the primary anti-
bodies were omitted (S1 Table; S2 Fig).

Data analysis
The mean ± standard error of mean (SEM) is represented for normally-distributed data, whilst
the median and interquartile range (IQR) is shown for data not normally distributed. A t-test
or one-way ANOVA was used to determine differences between groups. Post hoc comparisons
were performed with the Tukey test and if data did not meet the assumptions of ANOVA a
Kruskal-Wallis one-way ANOVA test was used. Correlations were performed using Pearson’s
or Spearman’s test. Statistical analysis was done using Graph Pad Prism and significance level
was set at p� 0.05.

Results

DMD patient biopsies have significantly higher utrophin levels compared
to BMD patients
Intensity quantification methods were used to quantify utrophin on mature muscle fibre sarco-
lemma in sections of quadriceps muscles (Table 1). Utrophin levels were normalised to spectrin
stained on serial sections.

Utrophin Quantification in Duchenne and Becker muscular Dystophies
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Utrophin intensity was increased on mature muscle fibres in the 7 DMD biopsy samples
P9–15 (median: 332; IQR: 238–463) compared to the 3 BMD samples P5–7 (median:119;
IQR:91.7–156) (Fig 1) and the single BMD/DMD intermediate patient P8 (median: 111; IQR: –
94.5–152) analysed (Fig 2a). The difference in utrophin intensity between the 3 BMD and 7
DMD samples was highly significant for all BMD/DMD comparisons (Kruskal-Wallis followed
by Dunn’s test; p<0.0001 for all comparisons except P6 vs P10; p<0.001)).

Utrophin levels were significantly higher in the older BMD patient P6 (median: 141; IQR:
113–186.5) aged 10 years of age, than in the younger BMD patients P5 (median: 101; IQR: 83–
153; p< 0.0001) and P7 (median: 113.7; IQR: 83.7–138; Kruskal-Wallis followed by Dunn’s
test) aged 4 and 5 years respectively. A similar analysis between these 3 BMD patients and 3
controls revealed significantly greater utrophin intensity in only the older BMD patient P6
(median: 141; IQR: 113–186.5) compared to control muscle (100 ± 3.1), P< 0.0001. A signifi-
cant increase in utrophin intensity on mature fibres was also evident in the BMD and DMD
manifesting carriers P1 (median: 109; IQR: 79–177) and P2 (median: 171; IQR: 122–230.6)
compared to the 2 non-manifesting carriers P3 (median: 78; IQR: 52.5–97.7) and P4 (median:
83.6; IQR: 65–137), (Fig 2a). Both non-manifesting carriers, however, showed some fibres with
utrophin (Fig 2a). P1, P2 (manifesting) and P4 (non-manifesting) all showed abnormalities in
dystrophin expression (Table 1). Utrophin levels in relation to the amount of dystrophin were
not examined in the carriers.

To determine reproducibility of the method, utrophin quantification on mature muscle
fibres was repeated on serial sections from the same control, BMD and DMDmuscles (Fig 2b;
Table 2). There was little variability in the measurements from BMD samples between the two
experiments and no significant differences between utrophin intensity in each experiment for 4
of the 7 DMD samples. However a Wilcoxon matched-pairs signed rank test revealed signifi-
cant variability between replicate experiments for the remaining three DMD patients P9
(p = 0.0025), P10 (p = 0.0219) and P14 (p = 0.0417) (Fig 2b; Table 2).

Regenerating fibres have higher utrophin levels than mature fibres in
both BMD and DMD skeletal muscle biopsies
Next, we compared sarcolemmal utrophin levels between mature and regenerating muscle
fibres (determined by the presence of developmental and fetal myosin) in sections from 3
BMD patients from 4 to10 years of age (P5, P6 and P7) and 6 DMD patients from 4 to 8 years
of age (P9, P10, P11, P12, P14 and P15) by co-immunostaining utrophin with a cocktail of fetal
and developmental myosin antibodies. Myosin and utrophin intensity readings and fibre diam-
eter measurements were recorded in fibres that were positive and fibres negative for fetal and
developmental myosin in randomly-encountered areas.

A group analysis revealed, as expected, significantly higher utrophin levels on regenerating
fibres in BMDmuscle, with more than double the utrophin intensity found on the membrane
of these fibres (median: 190; IQR: 134–268) compared to mature fibres (median: 85; IQR:
66.5–105; Kruskal-Wallis one way analysis of variance followed by Dunn’s test; Fig 3a). Simi-
larly, in the DMD samples, there was significantly more utrophin localised to the sarcolemma
of regenerating fibres (median: 229; IQR: 174–331) than mature muscle fibres (median 194;
138.5–279; p<0.0019 Fig 3a).

Analysis of fibre diameter showed that, as expected, the regenerating fibres were signifi-
cantly smaller than mature muscle fibres in both BMD and DMDmuscle (Fig 3b). However
there was no difference in size between regenerating fibres in BMD (median: 23.2; IQR: 19–
29 μM) and DMDmuscle (median: 24.6; IQR: 17.4–31.5 μM) (Kruskal-Wallis test).

Utrophin Quantification in Duchenne and Becker muscular Dystophies
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Fig 1. Co-immunostaining of muscle sections with utrophin and fetal and developmental myosin antibodies. (A-C) No sarcolemmal utrophin staining
in control (C3), weak labelling in BMD (P7) and strong labelling in DMD (P15) muscle sections used for intensity analysis. (D-F) Utrophin merged with fetal
and developmental (develop.) myosin staining to identify regenerating fibres, which were excluded from the analysis in this experiment. White bar—50μM.

doi:10.1371/journal.pone.0150818.g001
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Stabilisation of ɣ-sarcoglycan and β-dystrogylcan by utrophin in DMD
muscle biopsies
The correlation of utrophin levels with the dystrophin associated protein complex (DAPC)
proteins β-dystroglycan (β-DG) and ɣ-sarcoglycan (ɣ-SG) levels was investigated in muscle
sections from 1 young (P11; 4 years of age) and 1 older DMD patient (P12; 8 years of age) by
co-labelling utrophin with either β-DG or ɣ-SG antibody (S1 Fig). Intensity analysis revealed a
significant positive correlation between utrophin levels and ɣ-SG subunit levels in individual
fibres in the muscle of the 4 year old DMD patient P11 (Pearson’s, p = 0.0008) but not in the

Fig 2. Quantification of utrophin in mature fibres by Metamorph software following normalisation to spectrin. (A) Utrophin intensity (arbitrary units; A.
U.) quantified in control (blue dots), carrier (manifesting P1 and P2; non-manifesting P3 and P4; grey dots), BMD (P5-7; green dots), BMD/DMD intermediate
(P8; green dots) and DMD (P9-15; red dots) quadriceps muscle. The dot plot depicts the median utrophin intensity (± IQR) in mature muscle fibres from
replicate experiments performed on the samemuscle but stained and quantified on separate occasions (80 fibres in total analysed). Each point represents a
single sarcolemmal intensity reading on one individual myofibre, normalised to spectrin and expressed as a percentage of the average intensity in the 3 non-
pathological controls. Intensity measurements distinguish BMD from DMDmuscle biopsies. Data are from 2 replicate experiments combined and a Kruskal-
Wallis one way analysis of variance followed by Dunn’s test was performed for all comparisons. (B) The variability between replicate experiments performed
on control, BMD and DMDmuscle biopsies. Wilcoxon matched pair analysis used for comparison between replicate experiments (* p<0.05;** p<0.01;
*** p<0.001; n/s, not significant)

doi:10.1371/journal.pone.0150818.g002
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8 year old P12 (Spearman’s, p = 0.1166; Fig 4a and 4b). There was also a positive correlation
between utrophin and β-DG levels in muscle fibres of DMD P11 (Spearman’s, r2 = 0.75) and
P12 (Pearson’s, r2 = 0.45), both of which were highly significant (p<0.0001; Fig 4c and 4d). We
quantified the levels of β-DG by normalising to spectrin intensity (Fig 4e). There was a 44%
and 66% reduction in β-DG intensity in the sarcolemma of muscle fibres from the young DMD

Table 2. Normalised utrophin intensity (mean ± standard error of mean).

Patient Genotype Utrophin intensity (40 fibres) Exp. 1 utrophin intensity (40 fibres) Exp. 2 Mean comparison (p value)

Control Normal *100 ± 3.3 *100 ± 5.3 -

P5 BMD 145.4 ± 15.9 112.8 ± 6.3 -

P6 BMD 171.9 ± 14.6 158.3 ±12.1 -

P7 BMD 126.5 ± 7.9 110.5 ± 6. -

P8 BMD/DMD 145.5 ± 10.6 113.1 ± 6.8 0.0219

P9 DMD 323 ±22 422.3 ± 22.9 0.0025

P10 DMD 230.8 ± 16. 294.9 ± 22.3 0.0219

P11 DMD 417 ± 36 382 ± 34.4 -

P12 DMD 453.3 ± 30 421.7 ± 40.7 -

P13 DMD 567.8 ± 57 551.9 ± 42.7 -

P14 DMD 322 ± 20.7 268.4 ± 19.4 0.0417

P15 DMD 330.2 ± 26 367.3 ± 26.1 -

* mean utrophin intensity from 3 controls

BMD: Becker muscular dystrophy; DMD: Duchenne muscular dystrophy; Exp.: experiment

Values are mean ± sem.

Mean comparison of 2 replicate experiments with statistical significance shown.

doi:10.1371/journal.pone.0150818.t002

Fig 3. Quantification of utrophin intensity on regenerating fibres in BMD and DMD. (A). Utrophin intensity (arbitrary units; A.U.) and (B) fibre diameter
quantified in both fetal and developmental (fetal/develop) myosin negative (light green/red) and positive (dark green/red) muscle fibres in 3 BMD (P5, 6 and 7)
and 6 DMD (P9, P10, P11, P12, P14 and P15) (pooled analysis). A single sarcolemmal utrophin measurement was taken from randomly selected fetal and
developmental myosin positive and negative fibres from 4 fields of view in areas of muscle regeneration. (n = 39) for P3, (n = 27) for P7, (n = 46) for P8,
(n = 60) for P2, (n = 45) for P3, (n = 55) for P4, (n = 53) for P17, (n = 25) for P19 and (n = 49) for P21 where n = total number of fetal/developmental myosin
positive and negative fibres analysed for each muscle biopsy. A Kruskal-Wallis one way analysis of variance followed by Dunn’s test was performed (median
and IQR depicted; * p<0.05; *** p<0.001, n/s, not significant).

doi:10.1371/journal.pone.0150818.g003
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patient (P11) and the older patient P12 compared to the normal control muscle C2 (one way
ANOVA with Tukey test; p<0.0001).

There are significantly more regenerating muscle fibres in DMD than in
BMDmuscle biopsies
Muscle regeneration was assessed in the same BMD (P5, 6 and 7) and DMD (P9, 10, 11, 12,14
and 15) sections used to show that regenerating fibres have higher utrophin levels, by quantify-
ing the number of fibres containing both fetal and developmental myosin and expressing this
as a percentage of the total number of fibres. The amount of regeneration varied between the 3
BMDmuscle biopsies, with P7 having significantly more regenerating fibres (median: 15.4;
IQR: 5–39) than BMD P5 (median: 3.7; IQR: 0–6.9), which was significant (Mann-Whitney t-
test, p = 0.0194; Fig 5a).

Five of the six DMDmuscle biopsies (P9, 10, 11, 12 and 15, aged 4.8, 4.3, 4.8, 7.8 and 8.2
years) analysed had high numbers of regenerating fibres, ranging from 24 to 33% of total mus-
cle fibres in the 10 areas analysed. There were no significant differences in percentages of
regenerating fibres between these 5 DMD cases (One way ANOVA with Tukey’s test; Fig 5a).
However, DMDmuscle biopsy P14 had a lower number of regenerating fibres (median: 6;
IQR: 3.1–13.7) when compared to P9 (mean 32.8 ± 3%; p = 0.0036), P10 (mean 28 ± 3.8%;

Fig 4. Correlation of utrophin immunostaining with β-dystroglycan and ɣ-sarcoglycan in muscle fibres. (A, B) ɣ-sarcolgycan intensity (arbitrary units;
A.U.) on muscle fibres from 4 (P11) and 8 (P12) year old DMDmuscle and (C, D) β-dystrogylcan intensity (A.U.) in muscle fibres from 4 (P11) and 8 (P12)
year old DMD patients revealed significant correlations with utrophin using Pearson’s and Spearman’s test. Regression line with 95% confidence intervals is
shown. (E) The intensity of β-dystroglycan was significantly reduced in DMD P11 and 12 following normalisation to spectrin and expression relative to control
muscle biopsy, C2. (OneWay ANOVA with Tukey’s: ** p<0.01; *** p<0.001)

doi:10.1371/journal.pone.0150818.g004
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p = 0.0036), P11 (mean 32 ± 3%; p = 0.0058) and P15 (mean 28 ± 3.8%; p = 0.0113) (Fig 5a,
Mann-Whitney t test). Further analysis by pooling all the fibre data from the BMD and DMD
data showed that there was twice the number of regenerating fibres in DMD (median: 27; IQR:
18.5–36) than in BMDmuscles (median: 5.6; IQR: 2.7–14.8), with a statistically significant dif-
ference of p<0.0001 (Mann- Whitney t test, Fig 5b).

To determine whether the fetal and developmental myosins were differentially expressed in
fibres, serial sections of these BMD and DMDmuscles were immuno-labelled with either fetal
or developmental myosin antibodies. Although both myosins were expressed at similar mean
intensity levels in BMD and DMDmuscles, there were a number of fibres with increased inten-
sity of both myosins in DMD (developmental; median: 428; IQR: 353–588, neonatal, median:
441; IQR: 356–564) compared to BMDmuscles (developmental; median 453; IQR: 356–495,
fetal: median: 399; IQR: 342–544). This difference was not statistically significant (Kruskal-
Wallis followed by Dunn’s test, Fig 5c). However, it should be noted that only 2 of the 3 BMD
muscle sections (P6 and 7) used for this experiment stained with developmental myosin con-
tained regenerating/positive fibres.

Fig 5. Quantification of regeneration in BMD and DMD. (A) Regenerating myofibres (i.e. fetal and
developmental myosin positive), quantified in 3 BMD (green) and 6 DMD (red) muscle biopsies show variable
regeneration levels in BMD. Counts obtained from 10 random fields (except P7 and P9 where 9 fields from
each were quantified) and expressed as a percentage of the total number of fibres. (B) Pooled analysis of
total regenerating fibres showed double the number in DMD compared to BMD and (C) increased mean
intensity of both myosins was seen in DMD ((n = 100), developmental; (n = 124), fetal total fibres) compared
to BMD ((n = 18), developmental; (n = 27), fetal total fibres analysed) muscle fibres when sections were
stained with either fetal or developmental myosin only. No regenerating fibres were present in BMDmuscle
section P5. Kruskal-Wallis followed by Dunn’s test performed (median and IQR depicted; * p<0.05; **
p<0.01; *** p<0.001, n/s—not significant).

doi:10.1371/journal.pone.0150818.g005
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Correlation between amount of fibre regeneration and functional motor
assessment in BMD and DMD
The percentage of regenerating fibres in BMD (P5 and P6) and DMD (P9, 10, 11, 12, 14 and
P15) muscle biopsies were correlated with the patient’s functional motor score (Fig 6). BMD
P7 was omitted from the analysis, as no clinical report was available. A Pearson’s test revealed a
negative correlation between the level of regeneration and the functional motor score, with a
lower motor score evident with an increasing percentage of regenerating fibres within the mus-
cle biopsy, which was significant (p = 0.0435; Fig 6).

Discussion
A therapeutic strategy that is being pursued in DMD is the modulation of utrophin in dystro-
phin-deficient muscle fibres, i.e. the re-programming of utrophin transcription such that
utrophin RNA and protein is continually expressed in mature fibres. The replacement of dys-
trophin with utrophin has been shown to be effective following transgenic and pharmacologi-
cal approaches to increase utrophin inmdxmice [18,28].

For therapeutic efficacy, sufficient utrophin linked to the DAPC must be present at the sar-
colemma of muscle fibres to prevent or slow the fibres from undergoing necrosis. To determine
this, accurate quantification of utrophin and components of the DAPC at the muscle fibre sar-
colemma needs to be demonstrated. If utrophin modulation results in more utrophin localised
to the sarcolemma in mature dystrophin deficient fibres for longer, then a reduction in muscle
fibre necrosis would be predicted.

To this end, we have developed protocols to quantify sarcolemmal utrophin and members
of the DAPC using a semi-quantitative immunocytochemical technique originally developed
to quantify dystrophin [20]. A novel protocol has been developed immunostaining fetal and
developmental myosins in the sarcoplasm of muscle fibres to quantify the percentage of regen-
erating fibres in a muscle biopsy (Fig 2). Utrophin quantification was reproducible between
experiments (Fig 2b).

We found, as expected, increased numbers of mature muscle fibres with utrophin in DMD
compared to BMD [29] and control muscle biopsies [30] (Fig 1a). There are lower levels of
utrophin in BMD compared to DMDmature muscle fibres, as the former express some dystro-
phin that would be expected to influence the level of utrophin.

Fig 6. Correlation of the percentage of regenerating fibres with functional motor score in BMD and
DMD.Correlation between functional motor score (assessment from a total score of 40) and the level of
regeneration in quadriceps muscle from BMD (n = 2) and DMD (n = 6) patients. Dashed lines show 95%
confidence intervals.

doi:10.1371/journal.pone.0150818.g006
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There is a significant difference between utrophin levels in regenerating and non-regenerat-
ing DMDmuscle fibres (Fig 3). The difference between the situation in fibre repair and the
utrophin therapeutic approach is where the utrophin is localised. In DMD, the transverse sec-
tion identifies the fibres that are regenerating by virtue of the utrophin staining. However this
is a very local event where the damaged membrane is being degraded and repaired via myoblast
fusion. If one were to travel further along that fibre, one would find regions that have not
started the regenerative process. This intermittent expression of utrophin along the fibre will
have limited effect on protecting the fibre and the muscle. The therapeutic approach is to mod-
ulate normal utrophin transcription such that utrophin is present along the whole length of the
fibre with no regions without utrophin at the membrane. Indeed this was achieved in the origi-
nal utrophin transgenic studies where utrophin was ubiquitously expressed in muscle and asso-
ciated with functional benefit [18]. Compounds developed by Summit to modulate utrophin in
themdxmouse have been shown to produce uniform continual staining along the length of the
fibres and this is associated with clinical benefit. In contrast, in untreatedmdxmuscle there is
punctate staining where it is presumed focussed repair of the fibre is taking place [31].

There was a significant positive correlation of utrophin intensity with β-dystroglycan (β-
DG) intensity at the sarcolemma of muscle fibres in a 4 and an 8 year old DMD patient (P11
and P12), but ɣ-sarcoglycan (ɣ-SG) and utrophin intensities had a significantly positive corre-
lation only in fibres from P11, not P12 (Fig 4c and 4d). We also quantified the levels of β-DG
by normalising to spectrin intensity in sections of the same muscles. β-DG intensity in fibres in
the older P12 was significantly lower than in the younger P11, but whether this is due to the
patient age, or other factors, is not known. In both these 2 DMD patients that lack dystrophin
(but have utrophin), β-DG intensity was less than in control muscles that have normal dystro-
phin (but no utrophin). This is not surprising, as there are functional differences between dys-
trophin and utrophin. Dystrophin binds actin via two separate contact sites whereas utrophin
interacts with actin through a single continuous unit (for a review, see [32]). Furthermore,
utrophin shows a twofold lower affinity for β-dystroglycan [33]. Nevertheless, both proteins
are fully capable of interacting with F-actin and β-dystroglycan, and each alone is sufficient to
preserve the sarcolemmal integrity. But dystrophin can recruit nNOS to the sarcolemma,
whereas utrophin cannot [34]. In addition, dystrophin binds microtubules with high affinity
and pauses microtubule polymerization, whereas utrophin has no activity in either assay [35].
Interestingly, some β-DG remains at the sarcolemma of muscle fibres in the absence of utro-
phin and dystrophin [36].

The amount of ɣ-SG and β-DG correlated with the level of utrophin in muscle fibres of
some DMD patients, indicating that utrophin is able to recruit components of the DAPC at the
sarcolemma of dystrophin-deficient muscle fibres (Fig 4). This provides further support of the
advantageous effects of utrophin modulation in DMD patients in that pharmacologically main-
taining utrophin levels at the costameric binding sites in fibres should also allow for conserva-
tion or localisation of the DAPC. This is the first time that the intensity of utrophin and
members of the DAPC complex have been quantified simultaneously and significant correla-
tions demonstrated.

The identification of regenerating muscle fibres is not straightforward. Although they can
be distinguished frommature muscle fibres on the basis of their size and expression of develop-
mental myosins, there is no single marker that unequivocally identifies a regenerating fibre.
Some developmental myosins may be present in muscle fibres that are not regenerating, for
example in denervated muscle fibres, and the time after the onset of regeneration affects the
expression pattern [37,38]. Embryonic and fetal myosin heavy chains are expressed sequen-
tially in muscle development [39]. They are also expressed in regenerating muscle fibres from
approximately 2–3 days after injury and persist for 2–3 weeks [39]. The antibodies that we
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employed recognise a myosin heavy chain present during fetal development but down regu-
lated by birth (MHCd: developmental myosin antibody) and a myosin present during the first
few months after birth in humans (MHCn: neonatal myosin antibody) (unpublished observa-
tions). Regenerating fibres express variable levels of both proteins, depending on the stage of
regeneration. In dystrophic muscle, the MHCn antibody often detects more fibres than MHCd,
which recognises fibres at an earlier stage of maturation. Hence, we chose to use a combination
of fetal and embryonic myosin antibodies to identify regenerating fibres at all stages of matura-
tion. Using this antibody combination, we found, as expected [27] a significantly higher per-
centage of regenerating muscle fibres in DMD biopsy sections compared to BMD biopsies. We
also confirmed that regenerating or recently regenerated fibres have increased sarcolemmal
utrophin levels [11,40–42].

Interestingly, the percentage of regenerating fibres in BMD and DMDmuscle biopsies cor-
related inversely with the patient’s functional motor score [43], suggesting that muscles under-
going less degeneration and regeneration are more functional. However, the interval between
the age at which the biopsy was done and the age at which muscle functional tests were per-
formed (Table 1) will have an effect. However, our sample numbers are small; in addition, it is
known that the patient age and DMD genotype, neither of which we have taken into account
in our analysis, have an effect on the motor function [44]. Other factors, including the number
of surviving myofibres and extent of fibrosis, will also affect muscle function. Similarly, a signif-
icant relationship between muscle regeneration and ankle dorsiflexion force in limb girdle
muscular dystrophy type 2I (LGMD2I) patients has been demonstrated, but in that study only
neonatal myosin was used to distinguish the regenerating fibres [38]. The controls we used had
morphologically normal muscle, although the patients had been referred to our neuromuscular
service for a clinical reason.

Kleopa et al. [45] quantified utrophin on Western blot and compared the ratio of utrophin:
myosin in DMDmuscle samples to the ratio of utrophin:myosin in a normal human fetal mus-
cle sample, in which utrophin expression is high. Using this measure, the mean utrophin in
DMD was 55% of that in normal fetal muscle, but there was a very large standard deviation.
The significance of utrophin levels and severity of disease has been highlighted recently [46]
utilizing semi-quantitative western blots to demonstrate similar levels of utrophin protein in
severe and less severe DMD samples. The downside to this approach is that any difference in
levels of regeneration across the whole biopsy are missed and it is this subtlety that may corre-
late with disease severity. The development of the quantitative imaging methods described in
our manuscript is to remove this variability of total protein quantification approaches with
absolute quantification of utrophin levels at the membrane of each fibre. This gives novel
insights into the biology of utrophin in regenerating and non-regenerating fibres and the inter-
action of utrophin with components of the dystroglycan complex in human muscle.

This is a proof of principle study to show that it is possible to quantify differences between
DMD and BMD patient biopsies. Future clinical trials would require high throughput methods,
as the method we describe is labour-intensive. Consequently the next steps in the further devel-
opment of these protocols is to develop solutions where the whole biopsy section is scanned
and data generated using automated imaging technologies such as those recently used for the
quantification of dystrophin [47].

Conclusions
The tools that we have developed to quantify sarcolemmal utrophin, DAPC proteins and mus-
cle regeneration in muscle biopsies have led to interesting observations correlating levels of
utrophin and members of the DAPC and percentage of regenerating fibres to muscle function.
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These tools will be invaluable for confirming utrophin modulator activity in future clinical
trials.

Supporting Information
S1 Fig. Representative transverse sections of P11 muscle stained with antibodies to utro-
phin and gamma sarcoglycan (A and C) and utrophin and beta dystroglycan (B and D).
Scale bar = 50μM.
(TIFF)

S2 Fig. Sections stained with secondary antibodies have background sarcolemmal intensi-
ties. A. Serial sections of P9 and P11 were labelled with either the secondary antibody used for
utrophin immunostaining only, or with a combination of both secondary antibodies used for
fetal myosins and utrophin immunostaining. Images were captured for sarcolemmal intensity
measurement in 20 random fibres, using the same exposure times used for utrophin intensity
measurements. There was no difference in mean sarcolemmal intensity between the sections
stained with one or both secondary antibodies for both P9 (unpaired t-test; p = 0.58) and P11
(unpaired t-test; p = 0.32). B. Serial sections of P11 were stained with either (1) Secondary anti-
body for utrophin only (2) secondary antibodies for utrophin and fetal myosins (3) secondary
antibodies for utrophin and gamma sarcoglycan (g-SG) (4) secondary antibodies for utrophin
and beta-dystroglycan (b-DG) and images captured for sarcolemmal intensity measurement. 1
and 2: 20 fibres analysed for each; 3 and 4: 10 fibres analysed for each. There were no differ-
ences in sarcolemmal intensity between the 4 groups (1 way ANOVA with Tukey’s test). C.
Serial sections of P12 were stained with secondary antibodies for (1) utrophin and g-SG, or (2)
utrophin and b-DG and images captured for sarcolemmal intensity analysis. 10 fibres were
quantified for each combination. There was no significant difference between sarcolemmal
intensity between the two groups (unpaired t-test; p = 0.32). The sarcolemmal intensities when
only secondary antibodies had been applied were similar to the mean utrophin intensity levels
in control muscles (38 ± 1.7; Fig 2).
(TIFF)

S3 Fig. The secondary antibody used to detect beta-dystroglycan does not identify utro-
phin. Section of P12 was stained with mouse monoclonal antibody to utrophin, (NCL-DRP2
IgG1), followed by Alexa Fluor 488 donkey anti mouse antibody (Molecular Probes A21202,
anti IgG) and the secondary antibody that was used to detect beta-dystroglycan (Alexa Fluor
A594 goat anti mouse IgG2A (Molecular Probes A21135). A. Fibres expressing utrophin,
detected by Alexa Flour 488 donkey anti mouse IgG antibody. B. Alexa Fluor A594 goat anti
mouse IgG2A antibody does not cross-react with utrophin. C. Merged image of A and B. Scale
bar = 50μM.
(TIFF)

S1 Table. Sarcolemmal intensity measurements after application of secondary and tertiary
antibodies.
(DOCX)
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