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Duchenne’s muscular dystrophy (DMD) is a fatal neuromuscular
disease caused by absence of dystrophin. Utrophin is a chromo-
some 6-encoded dystrophin-related protein (DRP), sharing func-
tional motifs with dystrophin. Utrophin’s ability to compensate for
dystrophin during development and when transgenically overex-
pressed has provided an important impetus for identifying activa-
tors of utrophin expression. The utrophin promoter A is transcrip-
tionally regulated in part by heregulin-mediated, extracellular
signal-related kinase-dependent activation of the GABP. tran-
scription factor complex. Therefore, this pathway offers a potential
mechanism to modulate utrophin expression in muscle. We tested
the ability of heregulin to improve the dystrophic phenotype in the
mdx mouse model of DMD. Intraperitoneal injections of a small
peptide encoding the epidermal growth factor-like region of
heregulin ectodomain for 3 months in vivo resulted in up-regula-
tion of utrophin, a marked improvement in the mechanical prop-
erties of muscle as evidenced by resistance to eccentric contraction
mediated damage, and a reduction of muscle pathology. The
amelioration of dystrophic phenotype by heregulin-mediated utro-
phin up-regulation offers a pharmacological therapeutic modality
and obviates many of the toxicity and delivery issues associated
with viral vector-based gene therapy for DMD.

uchenne’s muscular dystrophy (DMD) is the most common

X-linked neuromuscular disease and affects 1 in 3,500 new-
born males. The disease is caused by mutations in the DMD gene
(1-3) resulting in quantitative and/or qualitative disturbances in
expression of dystrophin, the gene product of the DMD locus (4).
Dystrophin is associated with the membrane-bound dystroglycan/
sarcoglycan complex (DGC) that forms an important link with
laminin, a constituent of the extracellular matrix (5).

Dystrophin is member of the spectrin superfamily of proteins
that includes the spectrins, a-actinins, and dystrophin and its
closely related proteins. The dystrophin-related family consists
of dystrophin, dystrophin-related protein (DRP) or utrophin
(encoded on chromosome 6), DRP2 (chromosome X), and
dystrobrevin (chromosome 18). Utrophin is considered the
autosomal homolog of dystrophin because it shares structural
and functional motifs throughout the length of the molecule
(6-10). Utrophin is capable of associating with the dystroglycan/
sarcoglycan complex at the sarcolemma and binds F-actin with
similar affinity to dystrophin as well (11, 12). Prenatally, utro-
phin is thought to carry out dystrophin’s function because it is
expressed at high levels throughout the sarcolemma (13). In-
deed, necrosis in dystrophin-deficient mdx mice occurs only once
the high perinatal utrophin levels have declined to the lower
levels noted in adults (14). Postnatally, utrophin is replaced by
dystrophin in extrasynaptic compartments of normal muscle
fiber; remaining utrophin expression is restricted to the neuro-
muscular (NMJ) and myotendinous junctions in mature myofi-
bers (8, 9, 14). Direct evidence for the ability of utrophin to
functionally substitute for dystrophin comes from experiments
demonstrating that transgene-driven utrophin overexpression
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can effectively rescue dystrophin-deficient muscle in mdx mice
(15-17).

Thus, a promising therapeutic strategy for DMD consists of
identifying molecules that modulate utrophin expression by
activation of its promoter (18). Previously, we and others had
identified heregulin (HRG) as a molecule capable of trans-
activating utrophin promoter A via extracellular signal-related
kinase-dependent activation of the ets-related transcription fac-
tor complex GABP 3 in cultured muscle (19, 20); these findings
suggest the therapeutic potential of these molecules if they are
delivered to dystrophin-deficient muscle in vivo. In this study, we
have tested the ability of HRG to improve the dystrophic
phenotype in the mdx mouse model of DMD.

Materials and Methods

Mice. We obtained cohorts of 4-week-old male dystrophin-
deficient C57BL/10ScSn-Dmd™*/J (mdx) and C57BL/10ScSn
(controls) from The Jackson Laboratory. The mdx:utrn='= dys-
trophin—utrophin double mutants were bred from mdx and
utrn~'~ (utrophin-null mutant) mice, a kind gift from Josh Sanes
and Mark Grady (Washington University, St. Louis). All animal
experiments were performed according to Danish and U.S. laws
and approved by the Danish Animal Inspectorate and Institu-
tional Animal Care and Use Committee at the University of
Pennsylvania.

Physiological Studies. Physiological evaluation of muscle was
performed as described (21, 22). Briefly, extensor digitorum
longus (EDL) muscle was dissected from 16-week-old mdx mice
that had been injected three times a week for 3 months with
either a peptide encoding the epidermal growth factor-like,
71-aa region of the human HRG B1 molecule (GenBank acces-
sion no. M94166, amino acid residues 176-246: TSHLVKCAE-
KEKTFCVNGGECFMVKDLSNPSRYLCKCPNE FTGDRC-
QONYVMASFYKHLGIEFMEAEELYQK) in PBS (R & D
Systems) or PBS alone (controls). The dose used was 8 pg of
peptide per kg of body weight, and it was delivered via the i.p.
route. The injection material was freshly prepared by diluting in
PBS a stock solution of 1 uM HRG in PBS on the day of the
injection. The recombinant peptide was expressed in Escherichia
coli and had a purity of >97% as determined by silver staining
and endotoxin level of <1.0 endotoxin unit per ug of peptide.
The freshly dissected mdx EDL were weighed and placed in a
custom-built organ bath containing a 1.8° step-motor driven
micrometer (length controller; precision, 2.5 um) and a Grass
FT-03 force transducer (Astro-Med, West Warwick, RI). Muscle
was attached at either end by using 5-0 nylon and maintained in
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oxygenated Ringer’s solution (pH 7.4) at 24°C for the duration
of the experiment. Stimulation was performed by using platinum
field electrodes connected to a Grass S48 stimulator. Eccentric
contraction (ECC) force drop was calculated by using the
difference of isometric force generation during the 1st and 10th
tetanus of the standard ECC protocol [supramaximal stimulus of
700 msec (500-msec isometric phase, 200-msec eccentric phase);
lengthening L,/10; lengthening velocity, 0.5 Ly/sec]. Data were
digitized and acquired by using a PowerLab/8SP A/D converter
and software (AD Instruments, Colorado Springs, CO). At the
end of physiological studies, muscles were immersed in 0.5%
procion orange dye (Sigma) in oxygenated Ringer’s solution for
5 min, flash-frozen in isopentane cooled in liquid nitrogen, and
stored at —80°C before histological analysis.

Morphological Studies. Previously described methods were used
for morphological studies (14). Briefly, 7- to 12-um serial
cryosections of EDL and tibialis anterior (TA) from the previ-
ously described 16-week-old mdx mice and TA from treated/
untreated mdx:utrn—/~ were fixed in a 1:1 mixture of acetone/
methanol for 5 min at 4°C. Sections were processed with
hematoxylin and eosin (H&E), anti-laminin antibody (1 pg/ml,
Sigma), and Hoechst dye 33342 (Sigma) for morphological
studies. Indirect immunofluorescence was performed by using
affinity-purified BH11 antibody against utrophin (7, 14) (1
pg/ml), rhodamine-conjugated bungarotoxin (4 ug/ml, Molec-
ular Probes), and Alexa Fluor 488 goat anti-rabbit antibody
(Molecular Probes). Slides were examined by using an Olympus
BX51 microscope equipped with epifluorescence optics and a
Nikon CoolPix 995 digital camera. Area measurements of ne-
crosis were done by using IMAGE 4.0.2 (Scion, Frederick, MD)
with necrotic focus defined as a necrotic area >3,200 wm?.

Molecular and Biochemical Studies. Molecular and biochemical
evaluation of utrophin used previously described methods and
reagents (7, 19). Briefly, RNA was extracted from frozen
aliquots of muscle. Five micrograms of RNA was reverse tran-
scribed into ¢cDNA by using the Superscript Choice system
(Invitrogen Life Technologies), and 10% (vol/vol) purified
cDNA was used as template for semiquantitative PCR using
primers for murine utrophin (19). As an internal control for
efficiency of reverse transcription, we simultaneously amplified
glyceraldehyde 3-phosphate dehydrogenase. PCR products were
resolved on 2% agarose gels, and quantification was performed
on aliquots that were within the linear amplification range for
each reaction by using a Typhoon 8600 scanner and IMAGE-
QUANT 1.2 software (Amersham Pharmacia). For Western blot-
ting, 50-mg pieces of frozen TA muscle were weighed, homog-
enized in sample buffer, and resolved on 4-12% PAGEr Gold
gradient SDS polyacrylamide gels (BioWhittaker). Proteins
were electrotransferred to nitrocellulose membrane (Bio-Rad).
Efficiency of transfer and even loading of lanes was verified by
using Ponceau S staining. Membranes were probed with the
affinity-purified BH 11 utrophin antibody (7) (1 pg/ml), de-
tected on a Typhoon 8600 scanner by using a goat anti-rabbit
horseradish peroxidase antibody (Pierce) and the SuperSignal
Western Dura ECL kit (Pierce). IMAGEQUANT 1.2 software was
used for quantification. Serum creatine kinase (CK) was mea-
sured by using an indirect CK colorimetric assay kit and stan-
dards (Sigma).

Statistical Analysis. Student’s ¢ test was used throughout this study
to calculate P values for determination of statistical significance.
All results are shown as average = SEM; HRG-treated mdx is
shown in red, and control mdx is shown in blue. Dashed lines
represent data from age-matched (normal) C57BL/10 mice.
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Results

Four-week-old male mdx mice were injected on alternate days
with a small ~8-kDa peptide containing the epidermal growth
factor-like region of HRG ectodomain (dose of 8 pg/kg in
PBS-treated mdx group) or PBS alone (control mdx group) for
3 months and then killed, and various muscle groups were
dissected and processed. We performed Western blots and
immunofluorescence to determine the extent and distribution of
utrophin up-regulation achieved in vivo. Utrophin expression
was increased ~2.7-fold at the protein level in treated compared
to control mdx mice (Fig. la); a similar increase was seen in
HRG-treated cultured muscle cells (19, 20). In mdx muscle, the
ubiquitously transcribed utrophin protein is enriched at nerves
and vessels; within myofibers, it is enriched at NMlJs. In the
myofibers of treated mdx mice, up-regulated utrophin was seen
to spread throughout the sarcolemma rather than remaining
confined to the NMJs in synapse-rich regions (14) (Fig. 1b).
Increased sarcolemmal labeling was also noted in regions of
muscle with a paucity of synapses, as validated by a lack of
bungarotoxin labeling (Fig. 16 Lower). Semiquantitative RT-
PCR revealed that utrophin mRNA was up-regulated ~1.8-fold
(n = 24; P < 0.005, data not shown). These observations are
consistent with levels and distribution of utrophin predicted to
be potentially beneficial (23), based on the time course of
developmental down-regulation (14) and transgenic studies (16).

To determine whether the utrophin up-regulation achieved in
vivo was associated with reduction of muscle pathology, we
analyzed the EDL and TA muscles from treated and control mdx
mice. The TA was used in addition to the EDL because the mdx
mice have only occasional foci of degeneration at 16 weeks of age
in limb muscles (24). Representative H&E-stained cryosections
show that the treated mdx mice had less degeneration and
necrosis compared to control mdx (Fig. 2a), corresponding to a
>2-fold reduction of the number of necrotic foci in treated mdx
mice (Fig. 2b). No significant changes were noted in single fiber
area, cross-sectional area, or total myofiber numbers in treated
mdx compared to control mdx mice (data not shown). Because
mdx muscle constantly regenerates in response to chronic in-
flammation and muscle damage, it has a much larger percentage
of centrally nucleated fibers (CNF) compared to normal mice
(24). Indeed, CNF proportion is commonly used as an index to
monitor the efficiency of gene therapy trials in mdx mice (16).
There was a significant reduction in the CNF proportion in
treated mdx compared to control mdx EDL (Fig. 2c, 65.9 = 3.8%
vs. 80.0 = 0.19%; fmice = 20; Mfibers = 19,787; P < 0.01). Consistent
with the reduction of muscle pathology, a significant reduction
(=50%) was noted in the level of serum CK compared to levels
seen in age-matched mdx controls (Fig. 2d). The reduction in
muscle degeneration, proportion of CNF, and CK levels offer
morphological and biochemical evidence of reduced muscle
pathology in HRG-treated mdx mice. To address whether the
benefit was utrophin-dependent, double mutant mdx:utrn='-
(25-28) were treated with HRG or PBS. The double mutant mice
have a very short lifespan, are underweight, and have severe
muscle pathology (27, 28). No benefit was noted with respect to
lifespan, body weight, and muscle pathology (Fig. 3), suggesting
utrophin dependence of the HRG-mediated improvement noted
in mdx mice.

To quantify the degree of functional improvement in muscle
resulting from utrophin up-regulation, we analyzed the physio-
logical properties of skeletal muscle. Freshly dissected EDL
muscles were tested ex vivo in a muscle organ bath, equipped with
aforce transducer and stepper motor-driven length controller, to
determine their mechanical properties. The mdx EDL has a well
characterized susceptibility to damage by lengthening contrac-
tions resulting in an inability to generate adequate force after a
series of ECCs (22, 29, 30). Post-ECC drop in force production
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Fig. 1. Increased utrophin expression in HRG-treated mdx mice. (a) Utrophin
levels in blots of three control and three HRG-treated mdx mice (Upper).
(Lower) Myosin heavy chain (MyHC) controls for even loading. Quantification
revealed an ~2.7-fold increase in utrophin in HRG-treated muscle (n = 6; P <
0.005). (b) First and second row from top show a synaptic region from control
mdx and HRG-treated TA, respectively, at a x40 magnification. Third and
fourth rows are similar to the first and second rows, but at a X20 magnifica-
tion. The fifth row shows an extrasynaptic region of HRG-treated mdlx. (Left)
Utrophin labeling (BH11 Ab) for NMJs. (Right) Bungarotoxin (BTX) labeling for
NMJs. Muscle shows increased sarcolemmal utrophin in the HRG-treated mdx
compared to the untreated mdx, where utrophin, within the myofiber, re-
mains restricted to the NMJ region. Labeling of peripheral nerve and vascular
utrophin is visible in all panels as well. (Scale bar, 50 um.)
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(force drop) occurs because of increased sarcolemmal stresses as
a consequence of dystrophin deficiency. We saw a significant
reduction in post-ECC force drop (29) in treated mdx mice (Fig.
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Fig.2. Reduction of degeneration and chronicinflammation in HRG-treated
mdx mice. (a) H&E staining of low- and high-power fields (Upper and Lower)
of control madx TA muscle (from two representative mice) showing multiple
foci of muscle degeneration and infiltration with cellular exudate (black
arrows) and phagocytosis (white arrows) compared with HRG mdx TA muscle
(from two representative mice), consistent with reduction of necrotic foci (b),
CNFs (c), and serum CK (d) in treated mdx mice. (Scale bar, 50 um.)

4aandb, 543 £ 3.8% vs. 67.9 = 3.8%, respectively; n = 20; P <
0.02). Additionally, staining of EDL in procion orange dye after
ECC revealed that treated mdx mice were less susceptible to
membrane damage during ECC as evidenced by their ability to
exclude the dye molecules (21) (Fig. 4 a Insets and ¢, 7.8 = 1.4%
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Fig. 3. HRG-treated double mutant mdx:utrn~/~ mice show no overall

improvement. There was no significant difference in body weight (a); average
time in therapy before death for age-matched mice (b); and representative
muscle pathology as visualized by H&E staining (c) between untreated and
HRG-treated double mutant mdx:utrn='~ respectively.

vs. 20.4 = 3.8%, respectively; nmice = 20, Nfipers = 6,095; P <
0.03). Although there was a marked improvement in the post-
ECC isometric force generated in the treated group, specific
force per se was not increased. Interestingly, the nature of
physiological improvement reported here is similar to the im-
provement (increased resilience to damage by lengthening con-
tractions coupled with no increase in specific force) recently
reported by using the internally truncated R4-R23 microdystro-
phin construct in a viral-vector-based gene therapy trial of mdx
mice (31). This decrease in post-ECC force drop, along with
decreased post-ECC dye uptake by damaged muscle, provides
physiological evidence for improvement in sarcolemmal integ-
rity and muscle function in HRG-treated mdx mice.

Discussion

In this study, we have shown that administration of a small HRG
peptide by simple i.p. injections led to utrophin up-regulation
and a significant functional improvement of the dystrophic
phenotype in mdx mice in vivo. Utrophin was likely required for
mediating the benefit, because no improvement was seen in
double mutant mdx:utrn~'~ mice treated with HRG. The strat-
egy of administering HRG need not be used in isolation; it could
also be used in combination with other therapeutic interventions
such as stem cells (32), vectorless oligonucleotide (33, 34),
viral-vector-based gene therapy (31, 35), or myostatin blockade
(36) in DMD management. Indeed, a recent study used muscle
progenitor cells to systemically deliver human microdystrophin
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Fig. 4. Functional improvement of muscle in HRG-treated mdx mice. (a)
Physiological studies demonstrate greater force drop between the 1st (solid)
and 10th (stippled) ECC in control mdx (Left) compared to HRG-treated mdx
(Right) mice. (Insets) Decreased ability of control mdx to exclude procion
orange dye from ECC-damaged fibers. (b) Quantification reveals a functional
improvement in post-ECC force generation in treated mdx vs. control mdx
mice. (c) Similarly, a lesser proportion of fibers in treated mdx was unable to
exclude dye. Dashes show force drop and dye-exclusion in C57BL/10 adult
mice (29).

to dystrophic muscle, demonstrating the benefits of combinato-
rial strategies for the muscular dystrophies (37). Based on the
nature of physiological benefit noted in this study and those
noted previously by using myostatin blockade (36), HRG-
mediated utrophin up-regulation would be predicted to syner-
gistically potentiate the benefits of concomitant myostatin block-
ade in mdx mice; however, experiments need to be performed to
test this hypothesis.

Conceptually, the postnatal activation of the utrophin pro-
moter to increase its expression is similar to “reactivation”
strategies used to augment fetal hemoglobin production after
birth, as an adjunct to other therapies in sickle cell anemia (38).
Akin to drugs used for fetal hemoglobin reactivation, HRG is
likely to have pleiotrophic effects and activate genes that share
similar promoter motifs and/or signaling pathways as utrophin.
The amelioration of phenotype reported here is not as dramatic
as that reported by using transgenic means to drive utrophin
expression in mdx mice (15-17). This difference may be related
to the levels of utrophin up-regulation achieved or the limited
period that HRG was administered in this series of experiments.
However, in contrast to studies where transgenic mice were
created (15-17) or viral vectors used (35) to achieve utrophin
up-regulation, utrophin promoter activation via a small peptide
has a fundamental advantage of obviating the immune and
delivery problems associated with germ-line modification
and/or somatic gene therapy in DMD patients.
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