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Adeno-associated virus vector gene transfer and
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effectively restores the dystrophin-associated protein
complex and inhibits myofibre degeneration in
nude/mdx mice
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Duchenne muscular dystrophy is a severe life-threatening X-linked recessive disorder, caused by mutations
in the dystrophin gene, for which currently there is no effective treatment. Because of the large size of the
dystrophin cDNA (14 kb) this precluded it from being used in early adenovirus- or retrovirus-based gene therapy
vectors. However, some therapeutic success has been achieved in mdx mice using adenovirus- and retrovirus-
mediated transfer of a 6.3 kb recombinant mini-dystrophin cDNA. Despite this, problems with immunogenicity
and inefficient transduction of mature myofibres make these vectors less than ideal for gene transfer to skeletal
muscle. Adeno-associated viral (AAV) vectors overcome many of the problems associated with other vector
systems. However, AAV vectors can only accommodate <5 kb of foreign DNA. For this reason we have produced
a micro-dystrophin cDNA gene construct that is <3.8 kb. This construct, driven by a CMV promoter, was intro-
duced into the skeletal muscle of 12-day-old nude/mdx mice using an AAV vector, resulting in specific
sarcolemmal expression of micro-dystrophin in >50% of myofibres up to 20 weeks of age, and effective
restoration of the dystrophin-associated protein (DAP) complex components. Additionally, evaluation of
central nucleation indicated a significant inhibition of degenerative dystrophic muscle pathology. We have
therefore shown that the current micro-dystrophin gene delivered in vivo using an AAV vector is not only capable
of restoring sarcolemmal DAP complexes, but can also ameliorate dystrophic pathology at the cellular level.

INTRODUCTION

Duchenne muscular dystrophy (DMD) is a severe life-threatening
X-linked disorder which affects 1/3500 males [one-third of
which are sporadic cases with no family history (1)] and is
characterized by a progressive loss of muscle mass and
replacement of myofibres with connective and adipose tissue
(2). This process leads to clinical symptoms of weakness,
paralysis and breathing difficulties. The symptoms of the
disease usually occur before 3 years of age, the patients are
wheelchair bound by their early teens and death is normally at
~20 years of age.

has no influence over whether the phenotype is DMD or the
much less severe form, Becker muscular dystrophy (BMD).
Very mild forms of the disease, where ~50% or more of the
gene has been deleted, have been described (5-8). Conversely,
other individuals with only small deletions display a DMD
phenotype. This apparent anomaly depends on whether the
dystrophin open reading frame is maintained (BMD) or
disrupted (DMD). At the molecular level, the DMD phenotype
thus appears to be due either to the metabolic instability of the
truncated mRNAs or proteins, or to a functional inactivity of
the latter (9).

The dystrophin protein has four main structural domains; an

The disease is caused by an absence of dystrophin, a 427 kDa
cytoskeleton protein of the spectrin family (3,4). The DMD
gene has one of the highest mutation rates reported so far, with
two-thirds of disease-causing mutations being large deletions in
the 5" and central portions of the gene. Interestingly, deletion size

N-terminal region, which binds to the F-actin of cytoskeletal
structures, 24 triple-helical central rod repeats, interspersed
with four hinge regions: and two C-terminal regions (CR and
CT) which bind a complex ol dystrophin-associated proteins
(DAPs). These DAPs provide a molecular link between the
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Figure 1. Diagrammatic representation of the coding regions of full-length human dystrophin, Becker mini-dystrophin and micro-dystrophin A3788 (not drawn to
scale). llustrated is the actin-binding domain of the N-terminus (N); hinge regions (black boxes): the rod-repeats (grey boxes); the dystrophin-associated protein
(DAP) binding domains, C-terminal cysteine-rich region (CR) and distal C-terminus region (CT). Also shown are the binding sites of the three antibodies
used (P6, MANHINGE4A and NCL-DYS2). Black lines under the 6.3 kb Becker mini-dystrophin indicate the regions that were PCR-amplified to produce micro-

dystrophin A3788,

extracellular matrix and the internal cytoskeletal scaffolding of
myofibres (10,11) and are thought to function by stabilizing
the membrane against contraction-induced damage (12) and by
mediating related cell signalling events (13,14).

Because of the size of the dystrophin ¢DNA (14 kb) this
essentially precluded it from being used in early first and
second generation adenovirus (Ad)- or retrovirus-based gene
therapy vectors. Thus, as an initial step towards a gene therapy
of DMD, researchers have employed smaller recombinant
dystrophin minigencs based on BMD phenotypes, with the
most commonly used cDNA being 6.3 kb (5,15). A number of
in vivo studies using mdx mice (a DMD model) to assess the
effectiveness of this minigene for DMD gene therapy have
been quite successful (16-22). All observed the presence aof
dystrophin-positive fibres around the injection site, and two
studies (16,20) noted corrected assembly of the DAP complex.
The 6.3 kb minigene (both murine and human) has also been
used to produce transgenic mdx mice, which developed almost
completely free of dystrophic symploms (23-25).

Two groups have evaluated further engineered reductions in
the size of dystrophin molecules by creating a series of novel
micro-dystrophin ¢cDNA gene constructs that range in size
from 3.1 to 4.2 kb (26,27). In the former study, four of the six
constructs, carried in Ad vectors, were successfully expressed
at the sarcolemma along with the DAPs, o-sarcoglycan (o-SG),
B-dystroglycan (B-DG) and ©-1 syntrophin. Similarly, in the
study by Wang et al. (27), three minigenes transferred by
adeno-associated viral (AAV) vectors were able to restore
dystrophin expression as well as the DAPs o, - and v-SG at
the plasma membrane; however, it was the two smallest
constructs that produced the highest percentage of dystrophin
positive fibres. In addition, the products of these two smallest
minigenes were able to ameliorate dystrophic pathology in
mdx muscle, resulting in the restoration of normal myofibre
morphelogy, histology and cell membrane integrity.

Apart from structural variations in the minigene constructs,
the main difference between the studies by Yuasa er al. (26)
and Wang et al. (27) was in the vector chosen (o deliver the
transgene; Ad versus AAV, respectively. A number of properties

of AAV have made this virus a very promising vehicle for
therapeutic gene delivery. First, AAV vectors are able to infect
a wide variety of human and animal cell types, both dividing
and non-dividing, and are very efficient at transducing mature
myoflibres (27-31). Secondly, they can only productively
replicate upon co-infection with a helper virus such as Ad (32).
Thirdly, like third generation helper-dependent (gutted) Ad
vectors, recombinant AAV (rAAV) vectors contain no viral
genes, which may contribute significantly to their persistence
in immune-competent hosts. Finally, AAV has never been
associated with any human disease.

Based on the above observations we have designed,
constructed and evaluated a new micro-dystrophin cDNA of
<3.8 kb, encoding a product of ~144 kDa, for use in studies on
AAYV vector-mediated gene transfer and complementation of
dystrophin deficiency.

RESULTS

Design rationale of micro-dystrophin gene construct A3788

The observation that large in-frame intragenic deletions of the
rod domain of dystrophin (5-8) as well as deletions in the
N-terminal actin-binding (33,34) and CT regiens (35.36)
resulted in only mild phenotypes allowed us to produce a
micro-dystrophin ¢cDNA that was only 3788 bp in length,
encoding a protein product of 1247 amino acids, or ~34% of
wild-type dystrophin.

The ¢cDNA we constructed thus contains exons 1-2, 10-12
and 49-70 in their entirety (Fig. 1). At the 5" end, exons 3-9
(which constitute a large portion of the actin-binding domain)
have been deleted. This section of the construct is based on two
patients who had deletions spanning exons 3-7 (33). Although
this deletion would noermally constitute a frameshift mRNA, an
alternatively spliced transcript linking exons 2 and 10 (which
produces an in-frame product) was detected at low levels along
with an appropriate protein product. This deletion of exons 3-7,
which is the most frequent 5" deletion giving rise to BMD, is an
exception to the ‘reading frame’ hypothesis, and the observed
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Figure 2. Western blot of mouse tissue and cell extracts probed first with dystrophin antibody MANHINGE4A (A) and then with NCL-DYS2 (B), (Note: blot was
not stripped between stainings.) Lanes: 1, mdy muscle; 2, normal C57/B10 muscle; 3, C2C12 myoblasts; 4, C2C12 myoblasts transduced with a Becker mini-
dystrophin Ad construct; 5, 293T cells transduced with helper Ad, Ad5d1312, only; 6, 293T cells transduced with rAAVA3788 and helper Ad, AdSdI312.
Dystrophin bands are marked with an asterisk. (Because of the numerous cross-reactive products in lane 2 only the Jargest two bands are labelled.) Molecular

weight markers are in kDa.

Becker phenotype suggests that this segment of the N-terminal
region is not absolutely essential for the function of the
dystrophin molecule. Constructs containing deletions in this
domain when introduced into transgenic mdx mice also
preduce a mild phenotype (34). The removal of exons 13-48
from the micro-dystrophin construct was based on two patient
reporis (6,7), where gene deletions corresponded to 50% of the
coding region and up to 66% of the dystrophin rod domain
(including hinge 2) resulted in a mild BMD phenotype. A
similar mild phenotype was also observed when exons 17-48
(5) and 17-51 (8) were deleted. Finally, the rationale for the
removal of exons 71-79, which span the penultimate CT domain
of dystrophin, was based on two observations: (i) at the cDNA
level, a naturally occurring alternatively spliced isoform of
dystrophin without exons 71-74 is found in embryonic
muscles and brain tissues (36), and (ii) a patient with a deletion
removing exons 73-79 displayed only a mild form of BMD
with absence of muscular pseudohypertrophy at 15 years of
age (35). Thus, the nucleotide sequences retained in the micro-
dystrophin ¢DNA are —12% of the N-terminal actin-binding
domain, six complete and twe incomplete rod repeat units (of
24), two of the four hinge regions, and the entire CR region. So
that the molecule retained some of its flexibility, the two hinge
regions were separated by five rod repeats. This minigene was
ligated into an AAV vector under the control of a CMV
promoter and termed pAAVA3788. Prior to expression analysis,
the integrity of the cDNA open reading frame was confirmed
by sequencing (data not shown).

Expression of micro-dystrophin from pAAVA3788 and
rAAVA3788 vectors in 293T cells

To confirm that the micro-dystrophin ¢cDNA construct A3788
would functionally encode a polypeptide product of the
predicted molecular weight, 293T cells were transfected with
the plasmid pAAVA3788 and the cell lysate analysed by
western blot, Using the polyclonal antibody P6 [specific for the
C-terminal region of the dystrophin rod domain (Fig. 1) (37)],
or the monoclonal antibody MANHINGE4A [specific for the

hinge 4 region (Fig. 1) (38)], two bands were observed (data
not shown). The largest band was of the predicted size
(~144 kDa); the other was between 105 and 110 kDa and
presumably represents a dystrophin breakdown product since it
was not detected in mock-transfected cells. rAAVA3788 particles,
produced by transfection of pAAVA3788 and the helper
plasmid pDG (39) into 293T cells, were transduced into 293T
cells and the lysate analysed by western blot. To specifically
identify the micro-dystrophin product, this blot was probed
sequentially with two monoclonal antibodics; MANHINGE4A
followed by NCL-DYS2 (Fig. 2) [specific for the C-terminus
of the CT region (Fig. 1)]. Probing the blot with
MANHINGE4A (Fig. 2A) revealed a single band in lane 6
(cells transduced with rAAVA3788 and the E1A~ mutant
helper Ad, Ad5d1312) of ~144 kDa. As expected, this band was
absent when the blot was probed with NCL-DYS2 (Fig. 2B,
lane 6) as the cross-reacting region CT is deleted in this clone.
Both MANHINGE4A and NCL-DYS2 detect full-length
dystrophin  (plus a number of breakdown/cross-reacting
proteins) in normal C57/B10 muscle as well as the recombinant
Becker mini-dystrophin [229 kDa (20)] expressed from
Ad-infected C2C12 cells. No dystrophin expression was seen
in mdx muscle with either antibody, neither were there any
bands detected in cells infected with Ad5dI312 alone. A small
amount of expression was observed in cells infected with
rAAVA3788 alone when probed with MANHINGE4A (<10%
of that observed with rAAVA3788 plus Ad5d1312) but not
with NCL-DYS2 (data not shown). The micro-dystrophin
AAV vector geneme therefore seems to be packaged intact and
expressing a product of the predicted size, which is approximately
one-third the size of full-length dystrophin, or ~60% smaller
than the Becker mini-dystrophin.

Expression of micro-dystrophin A3788 in the skeletal
muscle of nude/mdx mice transduced with rAAV

To evaluate the expression of micro-dystrophin A3788 in vivo,
we injected TAAVA3788 particles into the tibialis anterior
(TA) muscle of 12-day-old nude/mdx mice and performed
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Figure 3. Immunohistochemical localization of dystrophin, the DAPs ¢-sarcoglycan (a-SG) and B-dystroglycan (B-DG), and haematoxylin and cosin (H&E)
stained TA muscle sections of control and injected mice. Consccutive cryosections from a normal adult C57/B10 mouse, a 20-week-old nude/inedy mouse injected
with rAAVA3788, and the contralateral uninjected muscle were stained with dystrophin antibodies P6 (rod domain) and NCL-DY S2 (C-terminus: CT), and DAP
antibodies NCL-a-SARC and NCL-b-DG which detect o-8G and B-DG, respectively. Tissue sections from the nude/mdy mouse injected with rAAVA3788 and
stained with antibodies P6, o-SG and B-DG all show positive staining at the sarcolemma (although at a somewhat lower level than is seen in C57/B10 seclions),
The NCL-DYS2 pancl is negative in this muscle section as the CT region is absent in our construct. The C57/B10 muscle stains positive for the four antibodies,
whereas the uninjected nude/mdx muscle is essentially negative (although there is a low level of staining with the antibodies to o-8G and B-DG). H&E staining of
the dystrophin positive rAAVA3788 injected muscle shows mostly peripherally nucleated fibres as is found in C57/B10 muscle with a more consistent myofibre
size and little evidence of fibrosis, In contrast, the untreated dystrophin negative nude/mdx tissue displayed mostly centrally nucleated fibres which showed

evidence of fibrosis and a less consistent myofibre size. Scale bar, 100 um.

immunohistochemical analysis on the muscle sections
20 weeks after vector injection. [Nude/mdx mice are immuno-
deficient and hence allow transduction efficiency to be evaluated
in the absence of confounding cross-species immune responses
to the recombinant human micro-dystrophin. They also yield a
highly significant reduction in non-specific immunohisto-
chemical staining with mouse monoclonal antibodics. It should
be noted that the pattern of myofibre pathology in nude/mex is
similar to mdx mice apart from minor changes in deposition of
interstitial fibrotic tissue (40).] Using the dystrophin antibody P8,
mice which received a successful intramuscular injection
showed marked positive staining of myofibres (51.5 £ 6.6%: n=15)
although the staining was not as intense as in the C57/B10
control muscle (Fig. 3). In contrast, the proportion of
dystrophin-positive fibres found in the control nude/mdx skeletal
muscle, which correspond to revertant fibres, was 1.1 £ 0.18%
(n=11). To confirm that the majority of the positive staining
for dystrophin observed in rAAVA3788 transduced muscles
was due to the micro-dystrophin construct rather than to revertant
myofibres, we probed the sections additionally with the anti-

body NCL-DYS2., which recognizes both the mouse and
human dystrophin CT region. Because this region is absent in
our construct, any positive fibres must, by definition, be
revertants, As expecled, the number of positive fibres was
virtually identical to that found in P6 stained control nude/mdx
skeletal muscle, suggesting that the staining observed with
A3788 rAAYV transduced muscle was due almost exclusively to
the micro-dystrophin (Fig. 3).

Recovery of DAPs at the sarcolemma

To evaluate the ability of A3788 micro-dystrophin to restore
components of the DAP complex at the sarcolemma we examined
the expression of @-SG and 3-DG in the TA muscles of nude/mex
mice after rAAVA3788 injection by immunostaining of muscle
sections. DAP expression exhibited a similar immunostaining
patiern to that found on the adjacent sections stained for
dystrophin (Fig. 3). As was the case for micro-dystrophin
expression, the intensity of staining with 0-SG and B-DG anti-
bodies was less than in control C57/B10 muscle, indicating a
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correlation between the two. The level of immunostaining for
0-SG and B-DG in untreated control nude/mdx muscle was
much less than that of C57/B10 or rAAV transduced myofibres.
These results suggest that micro-dystrophin A3788 is able to
restore at least two components of the DAP complex at the
sarcolemma despite being deficient in the CT domain.

Changes in central nucleation

The percentage of muscle fibres with centrally located nuclei is
indicative of previous cycles of degeneration and regeneration
and is inversely correlated with the ability of dystrophin to
protect muscle from these cycles (23-25). In mdx mice the
onset of this pathology starts at ~3 weeks of age. For this
reason we chose to inject 12-day-old mice to evaluate the func-
tional propertics of the micro-dystrophin construct. Histological
analysis of TA myofibres 20 weeks after rAAV treatment of
nude/ndx mice showed that of the ~50% P6 antibody-positive
fibres present, 92.9 £ 3.6% (n = 5) were peripherally nucleated
and, like normal C57/B10 mice [which showed 99.4 + 0.19%
(n = 8) peripheral nucleation in dystrophin-positive fibres],
exhibited more consistent myofibre size without evidence of
fibrosis (Fig. 3). In contrast, in the untreated nude/mdx muscle,
only 1.1 £ 0.18% (n = 11) of fibres stained positively with P&
and the majority were again peripherally nucleated, suggesting
that the revertant dystrophin in these fibres is able to protect
against cycles of degeneration and regeneration. Conversely,
the remaining 98.9% of dystrophin-negative TA myofibres in
these unireated nude/mdx mice exhibited 75.6 £ 6.2% (n=11)
central nucleation and showed additional signs of dystrophic
pathology such as a wide variation of myofibre size and
fibrosis (Fig. 3). These results suggest that the presence of the
micro-dystrophin is preventing the onset of dystrophic
pathology in AAV transduced fibres.

DISCUSSION

In order to utilize an AAV vector system to provide gene
transfer based on complementation of dystrophin deficiency in
muscle tissues in vivo, we have reduced the cDNA sequence of
this gene down from 14 to ~3.8 kb to produce a micro-
dystrophin cDNA. The rationale behind the rod-domain coding
sequence deletions employed is based upon several studies
reporting large intragenic in-frame deletions in this region of
the DMD gene with patients exhibiting only a mild BMD
phenotype (5-8). These observations suggest that the cognate
region is at least in part dispensable for dystrophin function.
Similar reports correlating deletion genotype to pathological
phenotypes (33-36) allowed us to rationally reduce the molecule
further by deleting coding sequences for part of the N-terminus
actin-binding domain as well as the entire CT region of
dystrophin. AAV vector-mediated delivery of the final A3788
construct in vitro showed, by western blotling studies, that
transduced 293T cells expressed a single protein of the
predicted size. In vivo, the A3788 micro-dystrophin was shown
1o be expressed at the sarcolemma of rAAV transduced myofibres
and was correlated with the reappearance of DAP components
at the sarcolemma in nude/mdx mouse muscle. Furthermore,
sarcolemmal expression of A3788 micro-dystrophin was able
to largely prevent the centro-nucleation of myofibres, which is
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associated with degenerative pathology in dystrophin deficient
mdx mice.

There are several differences between our construct, which
is based entirely on patient data, and those produced by other
groups (26,27). In those studies the minigene constructs that
were able to express dystrophin at the sarcolemma as well as
restore the DAP complex all had intact N-terminus and CR
coding regions. Six of the seven constructs had two hinge
regions separated by one, two, three, five or six rod repeats,
and one had three hinge regions separated by two and three
repeats (27). The CT region was retained by Yuasa et al. (26)
but deleted by Wang et al. (27). In contrast, our construct
retains only 12% of the N-terminus, has two hinge regions, six
complete and two partial rod domains, plus the entire CR
region. Because expression at the sarcolemma and recovery of
the DAPs was observed with all these constructs this suggests
that a variety of different combinations of molecule can be
tolerated whilst retaining significant functional activity.
Variations in the levels of expression between engineered
micro-dystrophin genes may be due o a variety of factors,
such as differences in relative stability of transgene products
(mRNA and protein), muscle type injected (TA versus gastroc-
nemius), age of mice at time of injection, promoter element
used (CMV, CAG or muscle-specific MCK), amount of vector
delivered, as well as the mode of delivery (Ad versus AAV).
However, it is important (o note that recovery of DAPs at the
sarcolemma is not in itsell sufficient to restore dystrophin
function. Experiments on transgenic mdx mice expressing
DP71 (a non-muscle product of the DMD gene which conlains
the CR and CT domains of dystrophin, but lacks the
N-terminal actin-binding and central rod repeats) showed
complete recovery of the DAPs, but failed to alleviate the
dystrophic phenotype (41.42). In contrast to these findings, the
results presented here show that not only were the DAPs
restored at the sarcolemma of rAAVA3788-treated nude/mdx
mice, but also in these positive fibres the cycles of degeneration
and regeneration seem (o have been largely averted, as
evidenced by the numbers of peripherally nucleated fibres
present (~73% more than in untreated nude/mdx muscle, or
~93% of the level observed in control C57/B10 muscle).

Although the design of micro-dystrophin construct A3788,
described here, was based on BMD patient data, the observed
functional activity is supported by transgenic studies exam-
ining interstitial dystrophin deletions in mdx mice (34,43,44).
Several actin binding sites (ABS) have been identified in the
N-terminal dystrophin domain [ABS1, amino acids 18-27;
ABS2, amino acids 131-148; ABS3, amino acids 97-117 (45-49)].
The design of micro-dystrophin A3788 was based on BMD
patients with deletions of ABS2 and ABS3 (33,50-52) and
thus retains only ABSI1. In transgenic mdx mice bearing
dystrophin transgenes deleted for essentially the same region
(ABS2 and ABS3), but retaining ABS1, a significant reduction
in dystrophic pathology was observed with residual phenotype
proposed to reflect low expression levels rather than intrinsic
dysfunction of the recombinant dystrophin (34). In the central
rod domain of dystrophin, 24 triple-helical repeat and four
hinge elements have been proposed to confer an extended but
flexible rod structure to the molecule (53,54), which along
with the N-terminal ABSs may also contribute to a large actin-
binding interface (55). Micro-dystrophin A3788 is based upon
mild BMD phenotypes in patients with large central-rod
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domain dystrophin deletions spanning exons 13-48 (5-8). This
rod domain deletion has not been directly tested in mdx mice,
but transgenic studies with exon 17-48 deletion constructs
restored sarcolemmal DAPs, normalized serum creatine kinase
levels and virtual elimination of dystrophic pathology was
observed (24.25). In the case of the CR and CT domains of
dystrophin, molecular and transgenic mdx mouse studies have
found that deletions within the CR region interfere with p-DG
binding, leading to disruption of the DAP complex and loss of
function (43,44). In contrast, expression of CT region deleted
dystrophins in transgenic mdx mice effectively prevents
dystrophic pathology with sarcolemmal restoration of the DAP
complex including neuronal nitric oxide synthase, syntrophin
and dystrobrevin (43). This observation is in line with the
limited number of BMD patient phenotype—genotype relation-
ships on which again the current micro-dystrophin A3788
construct was based (35,36). Thus, our results with micro-
dystrophin A3788 AAV are broadly in line with BMD patient
phenotype and transgenic /mdx studies. In conjunction with the
previous gene transfer studies (20,26,27), our data thus indi-
cates that to maintain significant functionality in highly
engineered recombinant micro-dystrophins, retention of a
minimal set of central rod domain repeats and hinges is
required to confer vital flexibility to the molecule (26,27),
along with critical portions of N-terminal and CR regions,
presumably allowing interaction with the actin cytoskeleton
and sarcolemmal recruitment of crucial DAP complex
members, respectively (34,43,44).

Prolonged transgene expression is particularly important for
DMD gene therapy where the target tissue is widespread and
regular administration of the therapeutic agent would be
unfeasible. A number of studies have shown that AAV-mediated
gene delivery is not only able to efficiently transduce mature
myofibres but also results in persistent expression of the trans-
gene (27-31). Our observations suggest that micro-dystrophin
A3788 delivered in vivo using an AAV vector is stable over
time although the level of expression of both dystrophin and
DAPs appears to be lower than in the control C57/B10 mice.
This may be due to the dose of rAAV particles injected, or to a
reduced half-life of the micro-dystrophin protein itself. In the
latter respect it may be of relevance that naturally occurring
dystrophin proteins deleted for the ABS1 and ABS3 regions of
the N-terminal domain are often expressed at levels below
those in normal control muscle (6,50-52). It is thus important
to consider how much of the recombinant protein is required
for a therapeutic effect. Studics with transgenic animals have
shown that a wide range of dystrophin gene expression levels
can be tolerated and that the 427 kDa protein is protective
when expressed at 20% of endogenous levels in the diaphragim,
whereas higher levels are probably needed in quadriceps
muscle (24). More important for this study is the finding that
the 229 kDa mini-dystrophin appears to be protective when
expressed at 20-30% of endogenous dystrophin levels (24,25).
The observation of BMD patients who express dystrophin at
30% of endogenous levels but manifest only a mild phenotype
{56,57) also supports the notion that a therapeutic benefit can
be achieved with considerably less than 100% of endogenous
dystrophin expression.

A number of in vivo approaches to the gene therapy of DMD
arc now being examined. In addition to those already
mentioned, naked DNA (58,59), RNA-DNA oligonucleotide

(60,61), stem cell (62) and other viral vector [such as herpes
simplex virus type 1 (63)] approaches are also being investigated.
However, AAV vectors remain one of the most attractive
systems for muscle gene transfer, and the studies described
here further confirm the feasibility of using highly engineered
micro-dystrophin AAV vectors as an approach towards gene
therapy of DMD (26,27), Furthermore, recent observations
have shown that AAV vectors based upon alternative capsid
serotypes, particularly type 1 but also types 3 and 5, can
increase levels of protein production by 100-1000-fold (64).
Such an approach could greatly enhance the therapeutic potential
of micro-dystrophin AAV vectors to complement dystrophin
deficiency in a clinical setting. However, long-term studies in
immunocompetent mdx mice as well as in larger animal
models are now required to further evaluate the potential of
this gene therapy approach in the context of the human disease.

MATERIALS AND METHODS

Construction of A3788 micro-dystrophin ¢cDNA and
corresponding AAV plasmid vector

Construction of the A3788 micro-dystrophin ¢cDNA was
accomplished by PCR cloning in three steps using the original
pRSVDy-B, 6.3 kb mini-dystrophin ¢DNA plasmid (15) which
incorporates deletions of exons 17-48 of the dystrophin coding
sequence.

Deletion of exons 13-16 coding region

PCR products for exons 1-12 and 49-51 were produced using
3" or 5" primers (respectively) which incorporated exon 12/49
internally located junction sequences and 5" and 3” primers
(respectively) incorporating endogenous Kpnl sites. Following
primer removal, mixing of the two amplification products and
re-amplification with exon 1 and exon 51 primers generated a
new PCR product incorporating exons 1-12 fused with 49-51
and flanked by Kpnl sites. This fragment was cloned into
Kpnl-digested pRSVDy-f3 and correctly orientated clones were
identified to generate pRSVLDy1 containing micro-dystrophin
A5732 lacking exons 13-48.

Deletion of exons 3-9 coding region

Plasmid pRSVuDy1 was used as a PCR template to generate
this second N-terminal deletion construction. PCR products for
exons 1-2 and exons 10-51 in pRSVuUDyl were produced
using primers that incorporate exon 2/10 internal junction
sequences, and external Kpnl sites. Following primer removal,
mixing of reaction products and re-amplification with the exon 1
and exon 51 primers generated a new PCR product incorporating
exons 1, 2, 10-12 and 49-51, flanked by Kpnl sites. This frag-
ment was cloned into Kpnl-digested pRSVuUDy1 and correctly
orientated clones identified to generate pRSVuDy2 containing
micro-dystrophin A4865 cDNA lacking exons 3-9 and 13-48.

Deletion of exons 71-79 coding region

Plasmid pRSVUDyY2 was used as a PCR template to generate
this third deletion construct. A PCR product from exon 67
(BspEI site) to the end of exon 70 was produced with the
reverse primer incorporating additional codons for the penulti-
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male three amino acids of full-length muscle dystrophin plus
sequence for two termination codons and flanking Eagl and
Sall sites. This fragment incorporating available 5" BspEIl and
3 Sall sites was cloned into BspEl- and Sall-digested
pRSVuDy2 1o generale pRSVUDy3 containing micro-
dystrophin A3788 lacking exons 3-9, 1348 and 71-79. To
ensure the A3788 product was error free the entire cDNA was
sequenced in both directions,

Generation of pAAVA3788 plasmid vector

The micro-dystrophin A3788 c¢DNA fragment was digested
intact from pRSVuDy3 using flanking 5 Notl and 3" Eagl sites
and cloned into a Notl digested AAV vector fragment from
plasmid pNTC3-CMVB (65). The resulting AAV vector
plasmid, pAAVA3788, contains the A3788 micro-dystrophin
cDNA, 549 bp CMV promoter, SV40 polyadenylation signal
and flanking inverted terminal repeats (ITRs) of AAV serotype 2.

Cells and production of rA AVA3788 particles

Low passage number (passage 5-10) 293T cells were propagated
in DMEM, supplemented with 10% (v/v) FBS and incubated at
37°C under 8% CO,. To produce rAAV particles, the plasmid
PAAVA3T788 was co-transfected with the helper plasmid pDG
(39) into 293T cells, as described by Zolotukhin et al. (66).
After 48 h incubation the cells were lysed and particles purified
using iodixanol density centrifugation followed by heparin
affinity chromatography columns (Sigma) (66). The tiue,
determined by dot-blot hybridization, was estimated at ~2.4 x 1012
viral particles per ml.

Cell transfection, SDS-PAGE and western blot analysis

Approximately 7.5 x 10% 293T cells were plated 24 h prior Lo
infection into a six-well dish. The micro-dystrophin plasmid
construct, pAAVA3788, was transfected into these cells using
standard CaPO, co-precipitation and rAAVA3788 particles
were co-infected with the helper Ad, Ad5dI312, both at a
multiplicity of infection of 100. Incubation was for 24 h using
the conditions described above. After this time, cell cultures
were washed twice with PBS and then collected in 200 pl
sample buffer (75 mM Tris pH 6.8, 10% SDS, 0.1%
bromophenol blue, 20% glycerol, 100 mM DTT, 20 mg/ml
PMSF, 60 pg/ml antipain, 10 pg/ml aprotinin, 0.5 Wg/ml
leupeptin hemisulphate, 200 pg/ml EDTA), passed three times
through a 25G needle to shear the DNA and heated to 100°C
for 3 min. TA muscle lissue samples were prepared from C57/B10
and mex mice. The muscle was extracted and greund in frozen
lysis buffer (1% NP-40, 137 mM NaCl, 20 mM Tris pH 7.4,
10% glycerol) and the lysate clarified by centrifugation at
12 000 g for 5 min in a micro-centrifuge. This clarified lysate
was mixed with loading buffer and heat denatured as above.
Denatured samples were electrophoresed through a 3-8%
polyacrylamide Tris—Acetate gel (NuPAGE®; Invitrogen), and
proteins blotted onto Hybond™ ECL™ nitrocellulose
membranes (Amersham Pharmacia Biotech) using the
NOVEX® Xcell II blotting apparatus (Invitrogen). Membranes
were blocked in TBST [10 mM Tris pH 8.0, 150 mM NaCl,
0.05% (v/v) Tween-20] containing 5% (w/v) non-fat milk
powder, and primary and secondary antibodies were diluted in
the same solution but with 2.5% (w/v) milk powder. Blots were
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probed with either the polyclonal antibody P6 (1:3000) or
monoclonal antibodies MANHINGE4A (1:100) and NCL-DYS2
(1:50) {Novocastra Laboratories Ltd). Goat anti-rabbit and
goat anti-mouse HRP-conjugated 1gG secondary antibodies
(Jackson Laboratories) were used according to the manufacturer’s
recommendations. Detection was by the ECL™ system
(Amersham Pharmacia Biotech).

Animals and immunohistochemistry

Twelve-day-old nude/mdx mice were anaesthetized by intra-
peritoneal injection of a mixture of anaesthetics Hypnorm
(fentanyl-fluonasone; Jansen Pharmaceutical) and Hypnovel
(midazolam; Roche Laboratories) in sterile distilled water in
the ratio of 1:1:2, according to Flecknell (67). The freshly
prepared mixture was injected intraperitoneally at a level of
5 ml per kg of body weight. TA muscles were injected with
5 ul of rAAVA3788 in physiological saline (~1.2 x 101 AAV
particles). The mice were culled after 20 weeks and both
injected and contralateral uninjected TA muscles were excised
and rapidly frozen in liquid-nitrogen-cooled isopentane. Cryo-
sections, 10 um thick, were prepared and immunostained,
without prior fixation, with four antibodies. P6 (1:400) and
NCL-DYS2 (1:20) were used to detect different regions of the
dystrophin molecule, and monoclonal antibodies NCL-a-SARC
(1:100) and NCL-b-DG (1:50) (Novocastra Laboratories Ltd)
were used to test for the presence of the DAPs ¢-SG and B-DG,
respectively. Polyclonal antibody staining was carried out
using the VECTASTAIN® ABC rabbit IgG kit, and monoclonal
antibodies were HRP stained with the M.Q.M,™ kit (both from
Vector Laboratories Ltd) according to the supplied protocols. For
central nuclei counts, histological sections were stained with
haematoxylin and cosin (H&E) in standard fashion. The
percentage of centrally nucleated myofibres was determined
by dividing the number of myofibres containing one or more
centrally located nuclei by the total number of cither
dystrophin positive or dystrophin negative nucleated fibres.
Myofibres with no nuclei in the plane of section were not
counted. Approximately 1300 myofibres were counted for
each different stain. Sections were photographed using a Leica
DM IRB microscope.

ACKNOWLEDGEMENTS

The authors would like to thank Dr Wayne Evans (University
College London) for critical reading of the manuscript. We
would also like to thank Dr Marita Pohlschmidt for the C57/B10
muscle extract and blocked tissue, as well as the C2C12 cell
extract containing the Becker mini-dystrophin, and Dr Glenn
Merris. MRIC, North East Wales Institute, UK, for the
MANHINGE4A antibody. This work was supported by grants
from the Muscular Dystrophy Campaign and National Lottery
Charities Board.

REFERENCES

1. Emery,A.E.H. (1993) Duchenne Muscular Dystrophy. 2nd edn.
Oxford Monographs on Medical Geneties, Vol. 24, Oxford Medical
Publications, Oxford, UK.

2. Matsumara.K. and Campbell,K.P. (1994) Dystrophin-glycoprotein
complex: its role in the molecular pathogenesis of museular dystrophies.
Muscle Nerve, 17, 2-15.

Sarepeta Exhibit 1010, page 7



740 Human Molecular Geneties, 2002, Vol. 11, No. 7

5

wn

o

-~

=

©

. Hoffman E.P., Brown,R.H.,Jr and Kunkel,L.M. (1987) Dystrophin: the

protein product of the Duchenne muscular dysurophy locus, Celf, 51,
919-928.

. Koenig,M., Hoffiman,E.P., Bertelson,C.J., Monaco,A.P., Feener,C, and

Kunkel, ..M. (1987) Complete cloning of the Duchenne muscular
dystrophy (DMD) ¢DNA and preliminary genomic organization of the
DML gene in normal and affected individuals. Cell, 50, 509-517.

. England.§ B.. Nicholson,L.V., Johnson,M.A., Forrest,S.M., Love,D.R.,

Zubrzycka-Gaarn,E.E., Bulman,D.E., Harris,].B. and Davies,K.E. (1990)
Very mild muscular dystrophy associated with the deletion of 46% of
dystrophin. Narure, 343, 180-182.

Winnard, A.V., Klein,C.J., Coovert,D.D., Prior, T., Papp.A., Snyder,P.,
Bulman,D.E,, Ray,P.N., McAndrew,P., King.W. et al. (1993)
Characterization of translational frame exception patients in Duchenne/
Becker muscular dystrophy. Hum. Mol. Gener. 2. 737-744,

. Passos-Bueno,M.R., Vainzof,M,, Marie,S.K. and Zatz,M. (1994) Half the

dystrophin gene is apparently enough for a mild clinical course:
canfirmation of its patential use for gene therapy. Hum. Mol. Gener., 3.
019922,

. Mirabella,M., Galluzzi.G., Manfredi,G., Bertini,E., Ricci,E.. De Leo,R.,

Tonali,P. and Servidei,S. (1998) Giant dystrophin deletion associated with
congenital cataract and mild muscular dystrophy. Neurology, 51,
592-595.

Hoffman,E.P. and Kunkel,L.M. (1989) Dystrophin abnormalities in
Duchenne/Becker muscular dystrophy. Newron, 2, 1019-1029.

. Tbraghimov-Beskrovnaya,O., Ervasti,]. M., Leveille,C.J., Slaughter,C.A.,

Sernett.S.W. and Campbell,K.P. (1992) Primary structure of
dystrophin-associated glycoproteins linking dystrophin to the
extracellular matrix, Nature, 355, 696-702.

. Ervasti.J.M. and Campbell, K.P. (1993) A role for the dystrophin—

glycoprotein complex as a transmembrane linker between laminin and
actin. J. Cell Biol., 122, 809-823.

. Petrof,B.J. (1998) The molecular basis of activity-induced muscle injury

in Duchenne muscular dystrophy. Mal. Cell. Biochem., 179, 111-123.

- Grady,R.M.. Grange,R.W, Lau,K.S., Maimone.M.M., Nichol M.C.,

Stull,].T. and Sanes.J.R. (1999) Role for o-dystrobrevin in the
pathogenesis of dystrophin-dependent muscular dystrophics. Nar. Cell
Biol., 1, 215-220.

. Wehling,M., Spencer.M.J. and Tidball,J.G, (2001) A nitric oxide synthase

rransgene ameliorates muscular dystrophy in mdx mice. J. Cell Biol., 155,
123-132.

. Acsadi,G., Dickson,G., Love,D.R., Jani,A., Walsh,F.5., Gurusinghe A,

Wolff,J.A. and Davies,K.E. (1991} Human dystrophin expression in
mdy mice after intramuscular injection of DNA constructs. Nature, 352,
815-818,

. Dunckley.M.G., Wells,D.J., Walsh,F.S. and Dickson,G. (1993) Direct

retroviral-mediated transfer of a dystrophin minigene into-mdx mouse
muscle in vive. Hum, Mol. Gener., 2, 717-723.

. Vincent,N., Ragot,T., Gilgenkrantz H., Couton,D., Chafey,P.,

Gregoire,A., Briand.P.. Kaplan,J.C., Kahn,A. and Perricaudet,M. (1993)
Long-term correction of mouse dystrophic degeneration by
adenovirus-mediated transfer of a minidystrophin gene. Nat. Genet., 5,
130-134,

. Rago, T., Stratford-Perricaudet,L.D., Vincent,N., Chafey.P., Vigne,E.,

Gilgenkrantz,H., Couton,D., Briand,P., Kaplan,J.C., Kahn,A. and
Perricaudet, M. (1994) Adenovirus-mediated transfer of a human
dystrophin gene to skeletal muscle of medx mouse. Gene Ther., 1 (Suppl. 1),
§53-554.

. Acsadi,G., Lochmuller,H., Jani,A.. Huard,J., Massie,B., Prescott.S.,

Simoneau.M., Petrof,B.J. and Karpati,G. (1996) Dystrophin expression in
muscles of mey mice after adenovirus-mediated in vivo gene transfer.
Huni. Gene Ther., 7, 129-140.

. Fassati,A., Wells,D.J., Sgro Serpente,P.A., Walsh,F.S., Brown,5.C.,

Strong,P.N. and Dickson,G. (1997) Genetic correction of dystrophin
deficiency and skeletal muscle remodeling in adult MDX mouse via

transplantation of retroviral producer cells, J. Clin. Invesr., 100, 620-628.
. dani, A, Lochmuller H., Acsadi,G., Simoneau,M., Huard,J., Garnier.A.,

Karpati,G. and Massie.B. (1997) Generation, validation, and large scale
production of adenoviral recombinants with large size inserts such as a
6.3 kb human dystrophin cDNA. J. Virol. Methods, 64, 111124,

. Yang,L., Lochmuller,H., Luo,).. Massie,B., Nalbantoglu.J., Karpati,G.

and Petrof.B.J. (1998) Adenovirus-mediated dystrophin minigene transfer
improves muscle strength in adult dystrophic (MDX) mice. Gene Ther., 5,
369-379.

25.

30.

J

[
]

34,

. Wells,D.J., Wells,K.E., Walsh,F.S., Davies,K.E., Goldspink,G.,

Love,D.R., Chan-Thomas,P., Dunckley,M.G., Piper,T. and Dickson,G.
(1992) Human dystrophin expression corrects the myopathic phenotype in
transgenic mdy mice. Hum. Mol. Gener., 1, 35-40.

. Phelps,S.F., Hauser,M.A., Cole,N.M_, Rafacl J.A., Hinkle.R.T.,

Faulkner.J.A. and Chamberlain,I.S. (1995) Expression of full-length and
runcated dystrophin mini-genes in transgenic mdy mice. Hum. Mol
Genet., 4, 1251-1258.

Wells,D.J., Wells,K.E., Asante,E.A., Turner,G., Sunanda, Y.,

Campbell K.P., Walsh.F.5. and Dickson,G. (1993) Expression of human
full-length and minidystrophin in transgenic mdx mice; implications for
gene therapy of Duchenne muscular dystrophy. Him. Mol. Genet., 4,
1245-1250.

. Yuasa, K., Miyagoe,Y.. Yamamate, K., Nabeshima,Y ., Dickson,G. and

Takeda.S. (1998) Effective restoration of dystrophin-associated proteins
in vive by adenovirus-mediated transfer of truncated dystrophin cDNAs.
FEBS Let., 425, 329-336.

. Wang,B., Li,J. and Xiao,X. (2000) Adeno-associated virus vector carrying

human minidystrophin genes effectively ameliorates muscular dystrophy
in mdx mouse model. Proc. Narl Acad. Sci. USA. 97, 13714-13719.

. Kessler,P.D., Podsakoff,G.M., Chen,X., McQuiston,S.A., Colosi,P.C.,

Matelis,L.A., Kurtzmann,G.J. and Byrne,B.J. (1996) Gene delivery to
skeletal muscle results in sustained expression and systemic delivery of a
therapeutic protein, Proe. Natl Acad. Sci. USA. 93, 14082-14087.

. Xiao,X,, LiJ. and Samulski,R.J. (1996) Efficient long-term gene transfer

into muscle tissue of immunocompetent mice by adene-associated virus
vector. J. Virol., 70, 8098-8108.

Fisher,K.J., Jooss K., Alston,J., Yang,Y ., Haeker,S.E., High,K.,
Pathak,R., Raper,S.E. and Wilson,J.M. (1997) Recombinant
adeno-associated virus for muscle directed gene therapy. Nat. Med., 3,
306-312.

. Snyder,R.0., Spratt,8.K., Lagarde,C., Bohl,D., Kaspar,B., Sloan,B._.

Cohen.L.K. and Danos.0. (1997) Efficient and stable adeno-associated
virus mediated transduction in skeletal muscle of adult immunocompetent
mice. Hum, Gene Ther.. 8, 1891-1900,

. Berns,K.1. (1996) Parvoviridae: the viruses and their replication. I[n

Ficlds,B.N., Knipe.D.M, and Howley P.M. (eds), Fields Virology.
Lippincott-Raven, Philadelphia, PA, Vol. 3, pp. 2173-2197,

. Chelly,]., Gilgenkraniz,H., Lambert,M., Hamard,G., Chafey,P., Recan,D.,

Katz,P., de la Chapelle.A.. Koenig, M., Ginjaar,L.B. et al. (1990) Effect of
dystrophin gene deletions on mRNA levels and processing in Duchenne
and Becker muscular dystrophies. Cell, 63, 1239-1248.

Corrado, K., Rafacl,].A., Mills.P.L., Cole,N.M., Faulkner,J.A., Wang.K.
and Chamberlain J.S. (1996) Transgenic mdx mice expressing dystrophin
with a deletion in the actin-binding domain display a ‘mild Becker’
phenotype. J. Cell Biol., 134, 873-884.

35. McCabe,E.R., Towbin,J., Chamberlain.J., Baumbach,L., Witkowski.l.,

36.

3%

4

43,

van Ommen,G.J., Koenig, M., Kunkel,L.M. and Selizer, W K. (1989)
Complementary DNA probes for the Duchenne muscular dystrophy locus
demonsirate a previously undetectable deletion in a patient with
dystrophic myapathy, glycerol kinase deficiency, and congenital adrenal
hypoplasia. J. Clin. Invesr., 83, 95-09,

Walsh,F.S., Pizzey LA, and Dickson,G. (1989) Tissue-specific isoforms
of dystrophin. Trends Newrosci., 12, 235-238.

Sherratt, T.G., Vulliamy,T. and Strong,P.N. (1992) Evolutionary
conservation of the dystrophin central rod domain. Biochem. J., 287,
755-759.

. Ahmed.N., Nguyen, T.M. and Morris,G.L. (1998) Flexible hinges in

dystrophin. Bicchent. Soc. Trans, 26, S310.

. Grimm,D., Kern A, Rittner, K. and Kleinschmidt, A. (1998) Novel tools

for production and purification of recombinant adenoassociated virus
vectors. Hum. Gene Ther., 9, 2745-2760.

Morrison,J., Lu,Q.L., Pastoret,C., Partridge,T. and Bou-Gharios,G. (2000)
T-cell-dependent fibrosis in the mdx dystrophic mouse. Lab. Invest., 80,
§81-891.

. Cox,G.A., Sunanda, Y., Campbell, K.P. and Chamberlain,).S. {1994} Dp71

can restore the dystrophin-associated glycoprotein complex in muscle but
fails to prevent dystrophy. Nat. Genet., 8, 333-339.

. Greenberg,D.5., Sunanda,Y, Campbell,K.P., Yaffe,D. and Nudel.U.

(1994) Exogenous Dp71 restores the levels of dystrophin associated
proteins but does not alleviate muscle damage in mdx mice. Nar. Gener.. 8,
340-344.

Rafael J.A.; Cox,G.A., Corrado,K., Jung,D., Campbell K.P. and
Chamberlain,].S. (1996) Forced expression of dystrophin deletion

Sarepeta Exhibit 1010, page 8



44,

45.

46.

<

47

48,

49.

5

52

constructs reveals structure—function correlations. J. Cell Biol., 134,
93-102.

Chamberlain.J.S.. Corrado,K., Rafael,J.A., Cox,G.A., Hauser M. and
Lumeng,C. (1997) Interactions between dystrophin and the sarcolemma
membrane. Soc. Gen. Physiol. Ser., 52, 19-29.

Levine,B.A., Moir,AJ., Patchell,V.B. and Perry.S.V. (1990) The
interaction of actin with dystrophin. FEBS Leir., 263, 159-162.
Levine,B.A., Moir,A.].G., Patchell,V B. and Perry,S.V. (1992) Binding
sites involved in the interaction of actin with the N-terminal region of
dystrophin. FEBS Leit., 298, 44-48.

Fabbrizio.E., Bonet-Kerrache,A., Leger,J.J. and Mornet,D. (1993)
Actin-dystrophin interface. Biochemisiry, 32, 10457-10463.
Carrado, K., Mills,P.L. and Chamberlain,I.S. (1994) Deletion analysis of
the dystrophin-actin binding domain, FEBS Lert., 344, 255-260.
Jarret,H.W. and Foster,J.L. (1995) Allernate binding of actin and
calmodulin to multiple sites on dystrophin. J. Biel. Chem., 270,
5578-5586.

. Beggs, A.H., Hoffman,E.P., Snyder,J.R., Arahata,K., Specht,L.,

Shapiro.F., Angelini,C., Sugita,H. and Kunkel,L.M. (1991} Exploring the
molecular basis for variability among patients with Becker muscular
dystrophy: dystrophin gene and protein studies. Am. J. Hum. Gener., 49,
34-67.

. Comi,G.P., Prelle,A., Bresolin,N., Moggio,M., Bardoni,A., Gallanti,A.,

Vita.G., Toscano.A., Ferro,M.T., Bordani,A. er al. (1994) Clinical
variability in Becker muscular dystrophy. Genetic, biochemical and
immunohistochemical correlates. Brain, 117, 1-14.

Muntoni.F., Gobbi,P., Sewry,C., Sherratt,T., Taylor,J., Sandhu.5.K.
Abbs.S.. Roberts,R., Hodgson 8.V, Bobrow M. et al. (1994) Deletions in
the 5" region of dystrophin and resulting phenotypes. J. Med. Gener., 31,
843-847.

. Koenig,M., Monaco,A.P. and Kunkel,L.M. (1988) The complete

sequence of dystrophin predicts a red-shaped cytoskeletal protein.
Cell, 53, 219-226.

. Cross.R.A.. Stewart,M. and Kendrick-Jones,J. (1990) Structural

predictions for the central domain of dystrophin. FEBS Leti,, 262, 87-92.

. Amann, K.J., Renley,B.A. and Ervasti,J.M. (1998) A cluster of basic

repeats in the dystrophin rod domain binds F-actin through an electrostatic
interaction. J. Biol. Chem., 273, 28419-38423,

. Angelini,C., Fanin, M., Pegoraro,E., Freda,M.P., Cadaldini,M. and

Martinello,F. (1994) Clinical-molecular correlation in 104 mild X-linked
muscular dystrophy patients: characterization of sub-clinical phenotypes.
Neuromusc. Disord., 4, 340-358.

57.

38,

59,

6

63,

66.

o)

67.

Human Molecular Genetics, 2002, Vol. 11, No. 7 741

Uchino,M., Miike,T., Iwashita,H., Uyama.E., Yoshioka, K., Sugino,S. and
Ando.M. (1994) PCR and immunoblot analysis of dystrophin in Becker
muscular dystrophy., J. Newrol. Sci., 124, 225-229,

Wolff,J.A., Malone,R.W., Williams,P., Chong, W., Acsadi.G., Jani,A. and
Felgner,P.L. (1990) Direct gene transfer into mouse muscle in vivo,
Science, 247, 1465-1468.

Tsukamoto,H., Wells,D.J., Brown.S.C., Serpente,P., Strong,P.N.,
Drew.,J., Inui,K., Okada,S. and Dickson,G. (1999) Enhanced expression
of recombinant dystrophin following intramuscular injection of
Epstein—Barr virus (EBV)-based mini-chromosome vectors in mdx mice,
Gene Ther., 6, 1331-1335.

. Bartlett.R.J., Stockinger.S., Denis.M.M., Bartlett, W.T., Inverardi.L.,

Le,T.T., thi Man.N., Morris.G.E., Bogan,D.l., Metcall-Bogan,J. and
Kornegay, J.N. (2000) fr vive targeted repair of a point mutation in the
canine dystrophin gene by a chimeric RNA/DNA cligonucleotide.
Nai. Biotechnol., 18. 615-622.

. Rando,T.A., Disainik,M.H. and Zhou,L.Z. (2000) Rescue of dystrophin

expression in mdx mouse muscle by RNA/DNA oligonucleotides.
Proc. Natl Acad. Sci. USA, 97, 5363-5368.

. Gussoni,E., Soneoka,Y ., Strickland,C.D., Buzney,E.A., Khan,M.K.,

Flint, A.F., Kunkel.L.M. and Mulligan.R.C. (1999) Dystrophin expression
in the mdx mouse restored by stem cell transplantation. Nature, 401,
390-394.

Akkaraju,G.R., Huard J., Hoffman.E.P., Goins,W_.F.. Pruchnic,R.,
Watkins,S.C., Cohen,).B. and Glorioso,J.C. (1999) Herpes simplex virus
vector-mediated dystrophin gene transfer and expression in MDX mouse
skeletal muscle. J. Gene Med., 1, 280-289.

Chao,H., Liw,Y., Rabinowilz,J., Li,C., Samulski,R.J. and Walsh,C.E.
(2000) Several log increase in therapeutic transgene delivery by distinct
adeno-associaled viral serotype vectors. Mol. Ther., 2, 619-623.

. Fan,L., Drew.]., Dunckley,M.G., Owen,J.S. and Dickson,G. (1998)

Efficient coexpression and secretion of anti-atherogenic human
apolipoprotein Al and lecithin-cholesterol acyltransferase by cultured
muscle cells using adenc-associated virus plasmid vectors. Gene Ther., 5,
1434-1440.

Zolotukhin,S., Byrne,B.J., Mason,E., Zolotukhin,l., Potter,M.,
Chesnut,K., Summerford.C., Samulski,R.J. and Muzyczka,N. (1999)
Recombinant adeno-associated virus purification using novel methods
improves infectious titer and yield, Gene Ther., 6, 973-985.
Flecknell.P.A. (1987) Labosratory Animal Anesthesia. Academic Press,
London, UK,

Sarepeta Exhibit 1010, page 9





