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Abstract. This review recollects my initial research focus on revertant fibers (expressing dystrophin in the background of
frame-shifting mutation) in Duchenne muscular dystrophy (DMD) muscles in Professor Terrence Partridge’s Muscle Cell
Biology Laboratory in MRC Clinical Research Science Center, Harmmersmith Hospital, London, UK. Our data indicated
that revertant fibers are most likely resulted from epigenetic random events which skip exon(s) flanking the mutated exon,
leading to the restoration of the reading frame. Some of these events establish themselves as relatively permanent skipping
patterns, a mechanism similar to multiple transcript species established in various cell types. With this hypothesis, antisense
oligonucleotide-mediated exon skipping is likely to have a great chance to achieve restoration of therapeutic levels of
dystrophin in DMD muscles. This leads to our first reports of local and systemic efficacy of antisense oligonucleotide-
mediated exon skipping for DMD treatment. The experience under Terry’s mentorship shaped my thinking and led me to
explore another revertant feature in the dystroglycanopathy caused by mutations in the Fukutin Related Protein (FKRP)
gene which functions as a glycosyltransferase. Mutant FKRPs retain partial function and produce a fraction of normal
to no detectable levels of laminin-binding �-dystroglycan (matriglycan) in most of the muscle fibers. Reversion to near
normal levels of matriglycan expression in muscles with FKRP mutations depends on muscle regeneration and in muscles
of neonate mice, suggesting that changes in metabolism and gene expression could be sufficient to compensate for the
reduced function of mutant FKRP genes even those associated with severe congenital muscular dystrophy (CMD). This is
now supported by our successful demonstration that supply of FKRP mutant mice with ribitol, a precursor for substrate of
FKRP, is sufficient to restore the levels of matriglycan with therapeutic significance. Our data overall suggest that rare events
of reversion in muscular dystrophy, and likely other diseases could provide unique insight for mechanisms and therapeutic
exploitation.

INTRODUCTION

Mutations in the genes of the dystrophin gly-
coprotein complex (DGC) are the most common
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causes of muscular dystrophy [1, 2]. The nature
of these mutations creates a wide variation in the
levels of gene expression and function of gene prod-
ucts, the two principal factors determining disease
severity. The best example is mutations in the dys-
trophin gene causing Duchenne muscular dystrophy
(DMD) with out-of-frame and nonsense mutations
and Becker muscular dystrophy (BMD) with largely
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in-frame deletions. Biochemically, DMD muscles
lack dystrophin expression whereas BMD muscles
presents truncated dystrophin with reduced function
of varying degree, yet insufficient to maintain mus-
cle integrity and prevent muscle from degeneration.
Mutations in genes modifying DGC proteins cause
secondary muscular dystrophy, which is exemplified
by dystroglycanopathies resulting from reduction to
loss of glycosylation of alpha dystroglycan (�-DG)
[3, 4]. This laminin binding glycan (matriglycan) is
the key component linking DGC proteins to extra-
cellular matrix, and the muscles lacking matriglycan
suffer similar consequence of muscle degeneration as
those muscles lacking DGC proteins [5]. The struc-
ture of matriglycan chains on �-DG has recently
been elucidated and individual genes identified for
their role in the synthesis of the glycan. One of
them is Fukutin-Related Protein (FKRP) gene which
functions as ribitol-5-phosphate (ribitol-5P) trans-
ferase, adding the pentose phosphate to the glycan
structure [6–8]. Almost all FKRP mutations are mis-
sense point mutations, but mutations at different
sites cause huge variation in disease phenotype from
mild Limb Girdle Muscular Dystrophy (LGMD)
2I to severe congenital muscular dystrophy (CMD)
with brain and eye involvement. As secondary
myopathies, biochemical feature of all dystrogly-
canopathies including FKRP muscular dystrophy is
represented by reduced or lack of matriglycan rather
than the mutated proteins [9–11]. Nevertheless, both
dystrophin and matriglycan serve as their respective
biomarker of the diseases, and restoration of their
expression is the fundamental goal of experimental
therapies.

One shared and interesting feature of DMD and
FKRP muscular dystrophy is that muscles from
both diseases can spontaneously correct their own
biochemical defects with the restoration of either dys-
trophin in DMD, or matriglycan in FKRP muscular
dystrophy. Muscle fibers with restored expression of
the missing protein in diseased muscles are there-
fore named as revertant fibers (RF) and the protein
as revertant protein [12, 13]. My interest in rever-
tant fibers started when I joined Terry’s Muscle Cell
Biology (MCB) Laboratory more than 20 years ago,
at that time I knew little about muscular dystrophy.
The MCB laboratory routinely used mdx mice to
study satellite cells and disease mechanisms of mus-
cular dystrophy. Trained as a pathologist and loving
immunohistochemistry for disease characterization,
I was immediately fascinated by the presence of RFs
in the muscles of the mice.

Revertant fibers in DMD muscles, mechanism(s)
and oligonucleotide-mediated exon skipping

The presence of RFs was recognized soon after
the identification of dystrophin gene mutations as the
cause of DMD. Early studies reported RFs in the
majority of DMD muscle biopsies. The incidence of
RF in DMD muscles is generally low, less than 7%
[13–15]. However, relatively large numbers of RFs,
up to 70%, were also reported from individual biopsy
samples. RFs were also present in DMD mouse mod-
els, but generally comprised less than 1% of fibers in
the mdx mouse [16, 17]. Immunostaining with anti-
bodies against dystrophin showed signal intensity of
RFs was equal or weaker than that in control nor-
mal muscles. Interestingly, RFs frequently appeared
as small clusters although singular RFs were also
common (Fig. 1) Revertant dystrophins are likely
functional as the same fibers also restore membrane-
localized proteins of the DGC. A few previous reports
have investigated mechanisms and clinical signifi-
cance of RFs. Hoffman et al showed that revertant
fibers in mdx muscles increases after irradiation [16].
Further, Morris’s group mapped individual revertant
fibers from patient muscles by exon specific mono-
clonal antibodies and RTPCR and reported deletion
of exons flanking the frame-shift mutation sites [18].
Wilton et al used nested RTPCR to examine dys-
trophin gene transcripts around the mutated exon 23
in mdx mice and revealed several alternatively pro-
cessed transcript species with skipping of additional
exons neighbouring the mutated exon 23 [19]. Inter-
estingly, these shortened transcripts were also present
in normal adult and embryonic mouse muscle tissues.
These studies overall, based mainly on cluster and
clonal assumption, concluded that somatic mutations,
specifically genomic deletion, are the most likely
mechanism for the restoration of reading frames in
DMD. Variation in signal intensity also led Nichol-
son et al. [17] to propose a modified hypothesis that
strong positive revertant dystrophin signals might be a
result of somatic mutations whereas weak dystrophin
signals could be a result of exon splicing.

With this background data in mind, Terry and I
discussed the problems with these hypotheses and
difficulties we faced to further explore mechanisms
involved in the production of revertant dystrophins.
The high frequency, even 1% of RFs disfavours a
somatic deletion hypothesis. As mutations are most
likely to be random events, only a fraction of random
deletional mutations could possibly correct exist-
ing reading frames shift in DMD. Thus, many folds
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Fig. 1. Revertant fibers in skeletal and cardiac muscles (Control, left panel) of mdx mice and mdx mice treated for 1 year (1y) with 60 mg/kg
morpholino (PMO, upper right) and 30 mg/kg peptide-conjugated morpholino (PPMO, lower right) antisense oligonucleotide targeting exon
23 of dystrophin gene. Dystrophin is recognized with primary rabbit anti-dystrophin antibody P7 and detected by donkey anti-rabbit Alexa
Fluor 594. Nuclei (blue) are stained with DAPI.

more of the observed mutational events would be
required to create one genome sequence with the
dystrophin gene back in-frame. Further, mRNA tran-
scripts detected by RTPCR from whole muscle tissue
are largely irrelevant to the production of dystrophin
in such small number of RFs [16, 17], nor be consid-
ered as an evidence of secondary somatic mutations
in the absence of direct evidence of corresponding
genomic rearrangement. Truncated new transcripts
could simply be the result of low-level random splic-
ing events. We reasoned that the high frequency of
RF and existence of truncated transcripts in normal
muscles favours splicing events.

However, further probing the mechanism(s) in-
volved in the generation of revertant dystrophins
faced several technical hurdles. First, revertant fibers
are mainly present as small clusters with only one
or a few fibers spanning different lengths and can
only be visualized by immunohistochemistry with
specific antibodies. The total amount of revertant
dystrophin is very limited and cannot be reliably

measured by western blots. This plus the syncytial
nature of muscle fibers makes it almost impossible
to isolate the correct fibers or nucleus and keep the
material at a condition suitable for further analysis
once the fibers are already immunohistochemically
stained. Second, there were technical limits for a sin-
gle cell to be analysed by genomics, transcriptomics
and proteomics in combination, essential for study
of revertant fibers in DMD. Additionally, the number
of such revertant fibers varies greatly from muscle
to muscle across patients’ biopsy samples. There-
fore, the functional significance of RFs has been
uncertain despite the fact that revertant dystrophin
undoubtedly possesses functional characteristics as
evidenced with co-restoration of membrane DGC
proteins. This leads us to believe that production
of revertant dystrophin might not be of significant
value, especially for development of experimental
therapies. This view is now considered too simplis-
tic as the presence and pattern of truncated revertant
dystrophin could provide guidance for gene therapy
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vector design, such as mini-dystrophin for AAV-
mediated delivery, for maximal efficacy with minimal
size of the dystrophin coding sequence. Perhaps more
importantly as reported by Nagaraju’s group in a
study of morpholino antisense oligonucleotide ther-
apy in DMD mouse model, de novo dystrophin could
elicit humoral responses with serum-circulating anti-
bodies and more antigen-specific T-cell cytokine
responses (e.g., IFN-g, IL-2), leading to signifi-
cant and persistent muscle inflammation in treated
mouse muscles [20]. Also important, mouse anti-
dystrophin antibodies recognize dystrophin protein
from canine and human muscles as well as mouse
muscle, suggesting that immunodominant epitopes
are likely conserved in all three species. However, no
dystrophin-specific antibodies were observed against
expanded RFs expressing revertant dystrophin. It is
therefore desirable to select truncated forms of dys-
trophin with least prospect to elicit immune response
as coding sequence for gene therapy by examining
revertant dystrophins.

With the aim to validate either somatic mutation
or exon skipping mechanism, we initially attempted
to culture individual revertant myoblasts from mus-
cle of mdx mouse, but failed to establish any clones
producing revertant dystrophin. We therefore applied
2 unique methods in combination to examine the
nature of revertant fibers in situ, mapping the entire
dystrophin protein with exon specific monoclonal
antibodies, and DNA in situ hybridization for the
detection of genomic sequence corresponding to the
missing exons on revertant dystrophin proteins on
serial sections [21]. The results showed that many RF
clusters expressed revertant dystrophin proteins miss-
ing multiple exons around the mutated exon 23, but
genomic sequence coding for the protein sequences
was readily detected. This data would rule out a
genomic deletion mechanism and imply a splicing-
based exon skipping for the production of revertant
dystrophin. This conclusion was further supported
by the detection of RFs with missing exons in two
non-contiguous regions of the revertant proteins. Fur-
thermore, almost all revertant dystrophins in muscles
of mdx mice lack exon 23, yet retain intact NH2-
domain and C-terminal domain, ruling out somatic
suppression and alternative use of downstream pro-
moters as causes of the revertant phenotype [21].

Understanding the complexity of revertant dys-
trophin and with the hypothesis that spontaneous
exon skipping could rescue the frame-shift and
nonsense mutations prompted us to explore the pos-
sibility of inducing specific exon skipping in the

dystrophin gene by antisense oligonucleotides. Con-
sequently, we were able to demonstrate targeted
skipping of the mutated exon 23 by antisense oligonu-
cleotide and achieve restoration of therapeutic levels
of truncated dystrophin by either local or systemic
delivery. Importantly, almost normal levels of dys-
trophin with the target exon 23 skipped can be
realized in cardiac and skeletal muscles with signif-
icant improvement in muscle function by modified
antisense oligonucleotides [22–24].

Several questions to RFs remain to be answered.
First, direct evidence confirming revertant dystrophin
expression from individual nucleus without further
dystrophin gene mutation remains to be collected.
It may now be possible to further explore the phe-
nomenon with single cell genomics, proteomics
and metabolomics. Further, mechanism(s) permitting
individual RF to expand into a cluster is not clearly
understood although a positive selection environment
appears to be required. This is supported by the
fact that the number of RFs accumulates in muscles
of old mice expressing non-functional or no dys-
trophin. However, such accumulation is not observed
in muscles of old mice expressing normal dystrophin
[25]. Understanding the process could lead to new
experimental therapy. Interestingly, RFs can also be
detected in cardiac muscle (Fig. 1) No study has been
conducted to explore its mechanisms.

Revertant fibers in FKRP muscular dystrophy,
mechanism(s) and ribitol-mediated restoration of
matriglycan expression

Revertant fibers expressing matriglycan in FKRP
muscular dystrophies is associated with missense
mutations in the FKRP gene, rather than out-frame
and nonsense mutations in DMD. The wide spec-
trum of disease phenotypes of the FKRP muscular
dystrophy is closely related to mutation sites, which
affect FKRP function differentially, and consequently
levels of matriglycan in muscles. In general, the
common L276I mutation is associated with mild
LGMD2I, whereas mutations such as P448L is asso-
ciated with severe CMD type disease [10–11, 26].
Consistently, muscles with mild disease phenotype
express wide-spread, but reduced levels of matrigly-
can in the majority of muscle fibers. In contrast,
muscles from severe disease phenotypes often lack
clearly detectable matriglycan in almost all muscle
fibers. Under a background of weak to no matrigly-
can expression in the majority of muscle fibers,
RFs can be easily identified as they stand out with
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Fig. 2. Revertant fibers in muscles of P448L FKRP mutant mice (Upper left) and restoration of matriglycan expression in the regenerating
muscle fibers after Notexin induced damage from day 2 to day 14 (d2-d14). Matriglycan (green) is detected with primary monoclonal
antibody IIH6 (EMD Millipore) (1:500) and detected with secondary Alexa Fluor 488 goat anti-mouse (Invitrogen) and nuclei (blue) are
stained with DAPI.

signal intensity similar to that of normal muscle as
we reported in the P448L mutant muscles. RFs are
present in diseased muscles with FKRP missense
mutations, but not present in muscles with a nonsense
mutation, suggesting some minimum levels of FKRP
function is required [27, 28]. Early investigation from
Campbell’s group suggests that some FRs in dystro-
glycanopathy are associated with the expression of
embryonic myosin heavy chains, thus possibly with
muscle regeneration [29].

RFs were easily identified in our FKRP mutant
mice models. Interestingly, RFs were more readily
identified in the adult muscles of P448L homozygotes
clinically associated with severe CMD phenotypes.
RFs were not detected before 3 weeks of age when
muscle degeneration has not started in this mutant
strain, suggesting again that the events are degener-
ation and regeneration related. We then conducted a
Notexin-induced muscle damage test in the P448L
mutant mice with a timed follow-up from day 2, 4, 7,
14 to 28. The results clearly showed that restoration
of matriglycan is associated with muscle regenera-
tion and matriglycan levels in the regenerating fibers
reaching normal levels within 1 week. The expression
then starts to decline and became hardly detectable
after 4 weeks (Fig. 2) Restoration of matriglycan
depends on the expression of both LARGE and

partially functional FKRP. However, up-regulation
of the LARGE and FKRP was not observed dur-
ing the period of matriglycan expression [30]. The
results indicate that FKRP mutations even clinically
associated with severe CMD retain at least partial
functions which can be sufficient for normal levels
of matriglycan expression. This led us to examine
the potential of using a mutated FKRP gene for
AAV-mediated gene therapy. Indeed, even the P448L
mutant FKRP can effectively restore up to normal
levels of matriglycan in body-wide muscles and alle-
viate disease phenotype. Applying a mutant FKRP
as therapeutic transgene could avoid any potential
immune response against novel antigenic epitope on
normal FKRP transprotein which is not present in
endogenous mutant FKRP proteins in patients [31].

Having established that restoration of matriglycan
starts from early stage of regenerating muscle fibers
and diminishes with maturation prompted us to con-
sider that muscles at certain stage of development
might also be conducive to matriglycan restoration
in FKRP mutant subjects. We therefore examine
the leg, diaphragm, and cardiac muscles of neona-
tal P448L mice. Indeed, all three muscles express
clearly detectable although slightly lower levels of
matriglycan when compared to the age-matched cor-
respondent tissue of normal C57 mice. However, the
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Fig. 3. Matriglycan expression in new-born P448L FKRP mutant mice at postnatal day 2 (d2) to day 7 (d7) in comparison with C57 normal
mice. Matriglycan (red) on �-DG is recognized by primary monoclonal antibody IIH6((EMD Millipore) (1:500) and detected with secondary
Alexa Fluor 594 goat anti-mouse (Invitrogen). Except membrane localized signal, there is also diffuse cytoplasmic staining of the early
myofibers as observed in the newly regenerated myofibers. Nuclei (blue) are stained with DAPI.

expression diminishes rather quickly at about 6-7
days after birth (Fig. 3) [32].

Normal muscles from day 7 onwards continue to
express matriglycan at even higher levels than that
of the muscle within the first 7 days after birth. It
is therefore unlikely that changes in expression lev-
els of those matriglycan-related glycosyltransferases
including FKRP are responsible for the restoration
of matriglycan during that short perinatal period of
the P448L mutant mice. We therefore hypothesized
that conditions other than levels of FKRP expres-
sion, including difference in metabolic composition
could enhance the function of FKRP and compen-
sate for the reduced functionality of mutant FKRP,
thus achieving near normal levels of matriglycan
in the neonatal mutant muscles. We then decided
to conduct a cell-based large-scale drug screen-
ing to identify potential candidates for enhancing
matriglycan expression. Unfortunately, this effort
was not successful, probably due to lack of cell mod-
els representing cellular condition in muscles and
lack of drug candidates from metabolites and their
analogues.

Excitingly, recent advance finally revealed that
FKRP functions as a glycosyltransferase and uses

CDP-ribitol as a substrate to add ribitol–5-phosphate
(ribitol-5P) to the matriglycan structure [6, 7]. Fur-
ther, ribitol can be used as precursor for the synthesis
of CDP-ribitol [8]. This prompted us to examine
the hypothesis that, if conversion of ribitol to CDP-
ribitol is not a rate-limiting process in muscles as
suggested in the normal mice, then an increase
in intracellular levels of ribitol could increase the
levels of CDP-ribitol. Since most mutant FKRPs
retain at least partial function, an increase in the
levels of CDP-ribitol substrate might enhance the
efficiency of remaining function of mutant FKRPs,
thus compensating for reduced function of mutant
FKRPs and enhancing matriglycan (Fig. 4). Indeed,
our results from the P448L mutant mice showed
that ribitol treatment systemically in drinking water
increases levels of ribitol-5P and CDP-ribitol in
muscle tissues and effectively restores therapeu-
tic levels of matriglycan. This is associated with
significant improvement in muscle pathology and
functions. The results also support the hypothesis
that metabolic alteration could be a mechanism for
the reversion of matriglycan expression in neona-
tal and regenerating FKRP mutant muscle fibers
[33–35].
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Fig. 4. Mechanism of ribitol-induced matriglycan expression in FKRP mutant cells. “?”, mechanism(s) is not understood. “∗”, Each monosac-
charide is transferred to the glycan of �-DG by specific glycosyltransferase and the first and second ribitol-5P on the glycan chains are
transferred by Fukutin and FKRP respectively. P, phosphate. ISPD, isoprenoid synthase domain containing gene. CTP, cytidine triphosphate.
CDP, cytidine diphosphate.

SUMMARY

Absence or reduced expression of proteins or
their functions are the results of gene mutations
and direct causes of recessive muscular dystrophies.
Spontaneous correction or compensation (reversion)
of mutated genes or their functions is a common
phenomenon, but usually not sufficient to prevent
disease progression. There are several mechanisms
responsible for such reversion. Reversion in DMD
with frame-shift mutations is likely caused by spon-
taneous splicing events as well as rare secondary
genomic mutations. Reversion in FKRP-related dys-
troglycanopathy with reduction in gene functions
represents compensation for the diseased gene. This
can be achieved through alteration in gene expres-
sion, post translational modifications and metabolism
related to cells at different stage of differentiation,
metabolic status and other unknown conditions. Cur-
rent experimental therapies, including gene therapy,
gene editing, exon skipping and ribitol treatment
can all be considered the utilization of advanced

technologies to fulfil the promise of those naturally
occurring phenomenon.

Finally, my experience in Terry’s MCB laboratory
and later collaboration have benefited my research
career immensely. Terry’s working ethics, paying
great attention to details of interesting phenomenon
even it appears trivial and well-known without los-
ing sight of their broad significance, has helped
me to continue the search for possible answers and
applications related to revertant fibers in muscular
dystrophies.
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