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Abstract. Dystroglycanopathies are a group of muscle degenerative diseases characterized with significant reduction in
matriglycan expression critical in disease pathogenesis. Missense point mutations in the Fukutin-related protein (FKRP)
gene cause variable reduction in the synthesis of matriglycan on alpha-dystroglycan (�-DG) and a wide range of disease
severity. Data analyses of muscle biopsies from patients fail to show consistent correlation between the levels of matriglycan
and clinical phenotypes. By reviewing clinical reports in conjunction with analysis of clinically relevant mouse models,
we identify likely causes for the confusion. Nearly all missense FKRP mutations retain variable, but sufficient function
for the synthesis of matriglycan during the later stage of muscle development and periods of muscle regeneration. These
factors lead to a highly heterogenous pattern of matriglycan expression in diseased muscles, depending on age and stages
of muscle regeneration. The limited size in clinical biopsy samples from different parts of even a single muscle tissue at
different time points of disease progression may well mis-represent the residual function (base-levels) of the mutated FKRPs
and phenotypes. We propose to use a simple Multi Point tool from ImageJ to more accurately measure the signal intensity
of matriglycan expression on fiber membrane for assessing mutant FKRP function and therapeutic efficacy. A robust and
sensitive immunohistochemical protocol would further improve reliability and comparability for the detection of matriglycan.
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INTRODUCTION

The dystrophin glycoprotein complex (DGC) is a
critical structure of muscle fibers connecting the actin
cytoskeleton through the cell membrane to the extra-
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cellular matrix (ECM). This linkage is essential to
structure stability and prevention from contraction-
related fiber damage [1, 2]. The binding of the DGC
to ECM components depends crucially on specific
O-mannose glycan on alpha-dystroglycan (�-DG)
with a repeating disaccharide (-3Xyl�1,3-GlcA�1-)n
termed matriglycan. The structure of this matrigly-
can and the main pathway for its synthesis have now
been elucidated [3, 4] (Fig. 1). Matriglycan is a recep-
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tor for laminin-G domain-containing proteins such as
laminin, agrin, perlecan and neurexin and old-world
arenaviruses for infection [5]. Significant reduction
of matriglycan (hypoglycosylation) is the common
feature of one group of muscular dystrophies, col-
lectively known as dystroglycanopathy, caused by
mutations in any genes involved in matriglycan syn-
thesis as well as the dystroglycan gene itself [6–15].
Mutations in the Fukutin-Related Protein (FKRP)
gene are among the most common causes of dystro-
glycanopathy [16, 17]. FKRP functions as a ribitol-5
phosphate (ribitol-5P) transferase, adding ribitol-5P
to the glycan core on �-DG and permitting the syn-
thesis of the laminin-binding matriglycan [18–20].
The overwhelming majority of FKRP mutations are
missense point mutations within the coding sequence
and produce mutant proteins with greatly diminished
and variable function depending on the nature of the
mutation. Therefore the nature of the mutations in
both alleles determines the overall remaining func-
tionality of the gene in individual patients [16, 17,
21]. Different from structural proteins such as dys-
trophin and dystroglycans, the nature of FKRP as
a glycosyltransferase with low levels of expression
makes detection of the endogenous FKRP currently
impossible by both immunohistochemistry (IHC) and
western blot [22]. Fortunately, highly specific anti-
bodies to the matriglycan have long been raised and
well established by both detection methods [23].
Since the function of FKRP as a ribitol-5P transferase
for matriglycan synthesis has been firmly established
[18], expression of matriglycan can be considered
the most reliable marker for functionality of FKRP
and the levels of matriglycan would be the indicator
of remaining function. Furthermore, pathophysiol-
ogy and significance of matriglycan expression to
pathogenesis of all dystroglycanopathies have also
been well established. Thus, the levels of matriglycan
expression are expected to be correlated to disease
severity and could be considered a reliable biomarker
for prognostic and therapeutic purposes for FKRP-
mutation related diseases [24, 25].

INCONSISTENCY BETWEEN LEVELS OF
MATRIGLYCAN EXPRESSION IN
PATIENT MUSCLE BIOPSY AND DISEASE
SEVERITY

FKRP mutations are associated with huge varia-
tion in disease phenotype from mild Limb Girdle
Muscular Dystrophy (LGMD) 2I (R9) to more severe

Fig. 1. Effect of Normal and mutant FKRP function on gly-
cosylation of �-DG. The structure of the laminin-binding
O-mannosylated glycan of �-DG is delineated with the following
chain: (3GlcA-�1-3Xyl-�1) n-3GlcA- �1-4Xyl-Rbo5P-1Rbo5P-
3GalNAc- �1-3GlcNAc- �1-4(P-6) Man-1-Thr/ser. POMT1 and
POMT2 catalyze the initial O-mannosylation. This is followed by
the addition of GlcNAc, GalNAc and the first ribitol-5-phosphate
(ribitol-5P) carried out by POMGnT2 (GTDC2), B3GALNT2
and FKTN respectively. FKRP adds a second ribitol-5P. The first
Xyl and GlcA are added by TMEM5 and B4GAT1 successively.
Finally, LARGE acts as a bifunctional glycosyltransferase having
both xylosyltransferase and glucuronyltransferase activities, pro-
ducing a repeated matriglycan units of 3Xyl�1,3-GlcA�1. ISPD is
essential for synthesizing CDP-ribitol, the donor substrate for both
FKRP and FKTN. FKRP with missense mutations retains partial
function. Abbreviations: CTP, cytidine triphosphate; CDP, cytidine
diphosphate; GalNAc, N-acetylgalactosamine; GlcA, glucuronic
acid; GlcNAc, N-acetylglucosamine; Man, mannose; P, phosphate;
Xyl, xylose; ISPD, isoprenoid synthase domain containing; FKTN,
Fukutin; FKRP, Fukutin related protein.

Duchenne-like muscular dystrophy and most severe
congenital muscular dystrophy (CMD) with brain
and eye involvement. There are clear phenotype and
genotype correlations [24]. In general, the common
mutation c.826C > A (L276I) homozygote is associ-
ated with mild LGMD2I, whereas mutations such as
c.1343C > T (P448L) and other relatively rare muta-
tions, including nonsense mutations, are associated
with severe CMD types [17, 26, 27]. Compound
heterozygotes of L276I mutation and CMD-related
mutations often present as a Duchenne-like pheno-
type. Studies of FKRP mutant animal models with
the mutations found in humans show a similar cor-
relation between genotype and disease severity in
humans [28, 29]. L276I homozygotes present with
mild LGMD2I phenotype, whereas P448L homozy-
gotes present a more severe muscular dystrophy.
The c.928G > T (E310X) homozygotes are embry-
onic lethal and all compound heterozygotes showed
intermediate phenotypes between the homozygotes
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of each mutation. Consistently, muscles of L276I
homozygotes express widespread, but reduced lev-
els of matriglycan in the majority of muscle fibers
[29]. By contrast, muscles from P448L homozygotes
often lack clearly detectable matriglycan in almost
all fibers except some revertant fibers (RF) express-
ing matriglycan with signal intensity up to that of
normal muscle fibers [28, 29].

However, clear discrepancies exist between the
levels of matriglycan expression and disease severity
in FKRP-related muscular dystrophy from clinical
studies. Brown et al. examined the expression pat-
terns of matriglycan in dystrophic muscles from
FKRP mutation-related patients by both immunos-
taining and western blots [31]. The authors report
a clear correlation between the residual expression
of matriglycan and the phenotypes. Patients at the
severe end of the clinical spectrum (MDC1C) caused
by compound heterozygotes with nonsense and/or
missense mutations displayed a profound deple-
tion of matriglycan. Patients with a Duchenne-like
severity caused by compound heterozygotes with
a common L276I and either a missense or a non-
sense mutation typically had a moderate reduction
in matriglycan. Individuals with the milder form
of LGMD2I mostly caused by homozygous L276I
mutations showed variable but detectable matrigly-
can by immunostaining. They conclude that the
correlation between a reduction in matriglycan and
the clinical phenotype supports the notion that dys-
troglycan plays a central role in the pathogenesis
of the FKRP-related dystroglycanopathy. The only
outlier is the observation that relatively abundant
remaining matriglycan is detected in muscle biopsy
from a MDC1C patient. Jimenez-Mallebrera C et al.
conducted a comparative study of �-DG glycosyla-
tion in dystroglycanopathies including 10 cases of
FKRP-related diseases and concluded that the hypo-
glycosylation of �-DG, specifically in FKRP-related
diseases, does not consistently correlate with clinical
severity [32]. This was supported by the observation
that one patient (P15 in the original report) diagnosed
as LGMD with homozygous p.Pro89Leu mutation
without brain involvement has profound depletion
of matriglycan. This patient presented as severe
Duchenne-like course evidenced by the fact that the
biopsy was performed at the age of 2 years. A few
longitudinal muscle fibers showed barely detectable
membrane staining with IIH6 antibody although high
background cytoplasmic staining was also noticed.
These muscle fibers show no clear degeneration and
are not centrally nucleated, as judged from the image

from the original report. Another more recent report
by Maisoon Alhamidi et al. studied 25 LGMD2I
patients homozygous for the common L276I muta-
tion. They reported that, while matriglycan is reduced
in all the patients, no close correlation was detected
between clinical severity and matriglycan levels in the
group of patients [33]. Specifically, when the patients
were grouped into most severe DMD-like (loss of
ambulation at the age of 11), typical Becker-like and
mild-end LGMD2I, expression of matriglycan fol-
lows a trend with disease severity with the DMD-like
muscles having severe depletion of matriglycan while
the mild-end cases show well preserved matriglycan.
However, matriglycan detection varied from 20% to
100% in the same subgroups. For an example, 2
brothers (Case #2 and #19) have disease onset at
the age of 12 and 27, but with 100% of the fibers
matriglycan positive in case #2, whereas only 30%
of the fibers were matriglycan positive in case #19.
The study also shows great variation in matriglycan
expression between individual patients and within a
single biopsy presenting as a mosaic pattern with
matriglycan positive and negative fibers. Interest-
ingly, areas of biopsy from cases with moderate to
mild disease phenotypes, such as the one (case #17)
reported by Maisoon Alhamidi, can show moderate
to high signal for matriglycan in fibers of almost
normal size without clear fibrosis and degeneration.
However, most of these fibers do contain centrally
localized nuclei. Inconsistency was also reported by
Boito et al. in patients of L276I homozygotes show-
ing variable reduction in matriglycan expression by
immunostaining and only trace amount of matrigly-
can by western blot, even in one asymptomatic patient
[34]. All these reports raise fundamental questions
about the role matriglycan plays in the pathogen-
esis of the disease and more importantly, whether
the levels of matriglycan can be considered a useful
biomarker for prognosis and particularly for evalua-
tion of therapeutic efficacy with the aim to restore the
expression of this glycan receptor.

ANIMAL MODEL STUDY PROVIDES
EXPLANATION

The inconsistency between matriglycan levels and
disease severity is indicated by the association of
clearly detectable matriglycan with severe CMD phe-
notype and barely detectable matriglycan in mild
LGMD2I as well as the mosaic pattern in matriglycan
expression in muscles with a wide-range of disease
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severity. To explain these observed variabilities, we
clearly need to have a comprehensive understanding
of how matriglycan expression is modulated dur-
ing the disease progression. However, highly random
sampling of muscle tissue biopsy with limited size at
a single time point from a patient pool with individual
mutations affecting the gene’s function differentially
provide us with only a fragmented picture of the
matriglycan expression in diseased muscles. This
leads to the current confusion and often conflicted
conclusion, affecting patient care and therapy devel-
opment. Fortunately, several mouse models have been
reported and analysis of whole muscle samples from
animal models with clinically relevant FKRP muta-
tions at different time points provide opportunity
to establish a comprehensive pattern of matriglycan
expression in muscles in relation to disease progres-
sion and pathology [35, 36].

Our group developed several mouse models bear-
ing FKRP mutations as identified in patients with
CMD and LGMD2I phenotypes. As expected, the
homozygotes of the common L276I mutations with
very mild phenotype and only a few central nucleated
fibers were observed sporadically within diseased
muscles after 3 months of age [30]. Consistently,
almost all muscle fibers from the mice express low
level, but detectable matriglycan. Few fibers can
be identified with higher signal intensity above the
generally weak background staining with the IIH6
antibody against matriglycan (Fig. 2). This is con-
sistent with limited degeneration and regeneration in
the muscle [29]. However, the homozygote of P448L
mutation, clinically associated with a CMD pheno-
type, shows barely detectable matriglycan by western
blot and in nearly all muscle fibers by IHC with the
IIH6 antibody from weaning to old age. Interestingly,
RFs expressing strong matriglycan start to emerge
in the diseased muscles at weaning age and become
especially prominent during the first 6 months of
life. Most of the RFs present as a small cluster with
variable sizes and central nucleation (Fig. 2). Large
clusters of muscle fibers of relatively normal size
can also be detected with relatively strong, but still
weaker than normal matriglycan expression. These
large clusters are mostly located in the area near the
epimysium and these areas often lack clear degenera-
tion and fibrosis (Fig. 2). However, most of the fibers
within the clusters are centrally nucleated, indicat-
ing that they are newly regenerated. Restoration of
matriglycan expression in diseased muscle is associ-
ated with muscle regeneration which is supported by
our examination of muscle regeneration after notexin
treatment. Beginning from the emergence of small

regenerating myofibers within 3-4 days after notexin
treatment, strong matriglycan expression is detected
with the same signal intensity as that of regenerating
normal muscle fibers. Signal intensity remains strong
by 2 weeks post treatment and then starts to decline to
barely detectable levels by about 4 weeks post treat-
ment (Fig. 3). By this time, most newly regenerated
fibers show normal size in diameter, but a propor-
tion of them have lost the central nucleation [36]. We
also observed that the number of RF and the size of
clusters decrease as the mouse ages (Fig. 2). This is
consistent with decreased muscle degeneration and
regeneration seen in many muscular dystrophy mod-
els [38]. Overall, the presence of RF at different
stages of maturation (variation in muscle fiber diam-
eter) and in clusters with different sizes mixed with
a large proportion of fibers lacking clearly detectable
matriglycan create the mosaic pattern similar to what
have been described in clinical biopsy samples from
muscles with FKRP mutations. The highly variable
distribution of fibers with matriglycan expression in
muscles of mouse models provides a solid base for
result interpretation of clinical observation. Impor-
tantly, human muscles are significantly larger than
the mouse equivalent, and the limited size of biopsy
can only sample a tiny area of a muscle. This sam-
pled area therefore would most likely contain the
part of muscle either with a large cluster of RF, or
fibers only with barely detectable matriglycan, or a
mixed population of matriglycan positive and nega-
tive fibers. From this perspective, the inconsistency
between detected matriglycan from individual biopsy
and genotype or disease severity is a result of poor
representation of a small biopsy to the status of over-
all matriglycan expression in the musculature and
function of the mutant FKRP.

The appearance of RFs expressing detectable to
near normal levels of matriglycan in most muscle
biopsy from clinical samples and in our P448L mutant
mouse with CMD phenotype suggests that almost all
mutant FKRPs retain sufficient function for matrigly-
can synthesis in muscle during the early stage of
fiber regeneration and maturation [36]. Our studies
with the P448L mutant model also demonstrate that
matriglycan expression is retained during the late
stage of muscle development until soon after birth.
At post-natal day 1, matriglycan level in the P448L
mutant muscle is similar to the muscle from normal
mice of the same age. However, the level gradually
decreases and becomes hardly detectable by post-
natal day 7 with both IHC and western blot [39]. This
observation may partially explain the detection of a
significant amount of matriglycan in muscles from
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Fig. 2. Matriglycan detection by immunohistochemical staining with IIH6 antibody in Tibialis Anterior (TA) and quadriceps (Quad) muscles
from C57 control, FKRP L276I homozygote and P448L homozygote. 6M, 6 months of age. Variation in signal intensity can be viewed
between muscles and within the same muscle from a L276I mouse. However, most of the fibers are clearly stained. a, b and c are from the same
TA muscle of a P448L mouse. Three different distributions in matriglycan expression are clearly demonstrated in the muscle of 3-month-old
P448L mouse: a, only one isolated revertant fiber is viewed in the entire field; b, a cluster of revertant fibers with significant variation in
staining intensity in matriglycan and in fiber sizes; c, a large cluster of fibers with most of them clearly stained with the antibody IIH6 and
most of the fibers normal sized, but with central nucleation. The differential distribution of matriglycan expression is also perpetuated in
muscle of 18-month-old P448L mouse, though with a reduced number of positive fibers. IIH6 antibody is visualized by AlexaFluor 594 goat
anti-mouse IgM. Original magnification × 20. Nuclei are stained with DAPI.

infants with FKRP mutations although the age for the
loss of matriglycan expression in developing human
muscle remains to be determined. Retained function
of mutant FKRP was directly demonstrated with the
delivery of P448L mutant FKRP as a transgene by
AAV gene therapy [40].

PROPOSAL FOR MATRIGLYCAN
ANALYSIS IN DISEASED MUSCLES FOR
GENOTYPE-PHENOTYPE ANALYSIS AND
THERAPEUTIC EFFICACY EVALUATION

The data from both animal model and human study
clearly suggest that simple measurement of either
the total amount of matriglycan or the percentage

of matriglycan positive fibers from a small biopsy
does not reliably reflect the base level of matriglycan
expression and functionality of mutant FKRP. How
then should matriglycan expression in biopsy from
muscles of FKRP mutations be analyzed and results
interpreted? Here we propose to take the following
factors into consideration. First, RFs are the conse-
quence of degeneration and regeneration and have
been observed in a majority of muscle biopsy sam-
ples from CMD to LGMD2I phenotypes. The number
of these fibers does not represent the base level of
matriglycan expression and functionality of mutant
FKRP, and therefore should be excluded from analy-
sis of genotype-phenotype association and for disease
progression prediction. The clear association of RFs
with muscle regeneration and later stage of muscle
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Fig. 3. Matriglycan detection by immunohistochemical staining with IIH6 antibody in notexin-treated Tibialis Anterior (TA) muscles from
P448L homozygote mouse. (A) IIH6 staining of TA from P448L homozygote 2 weeks post notexin treatment. The majority of the muscle
fibers express strong matriglycan and remain centrally nucleated. (B) Staining of embryonic myosin heavy chain (F1-652, Developmental
Studies Hybridoma Bank, Iowa City, IA) (left) and matriglycan (right) in serial sections from TA muscle 2 weeks after notexin treatment.
IIH6 (Millipore, Temecula, CA) and F1-652 are visualized by AlexaFluor 488 goat anti-mouse IgM and AlexaFluor 594 goat anti-mouse
IgG respectively. Original magnification × 20. Nuclei are stained with DAPI.

development provides useful morphological and bio-
chemical characteristics for determination. RFs are
generally smaller in sizes with central nucleation
and/or expressing neonatal or embryonic myosin.
These 3 features should be used to define RFs.
Expression of neonatal myosin and the presence of
central nucleation can be conveniently achieved by
co-staining or staining in serial sections with anti-
body to matriglycan (Fig. 3). Considering RFs may
express matriglycan longer than 1 month from the
start of regeneration and the clustering nature of
regeneration, matriglycan positive fibers without cen-
tral nucleation and neonatal myosin, but within and
surrounding a RF cluster, should also be considered
as RF and excluded from analysis. Nevertheless, the
number and signal intensity of those RFs may be ana-
lyzed separately for disease progression alongside the
measurement in base level of matriglycan.

The second important factor impeding detec-
tion of weak matriglycan in diseased muscles with
FKRP mutation is the background staining from
muscle degeneration, fibrosis, fat deposition and
inflammatory response in the biopsy area. Increas-
ing background staining is always correlated with a
decrease in sensitivity of specific signal detection.
With the currently available antibodies to matrigly-
can, IIH6 and VIA4, these elements within a biopsy
sample produce weak but visible overall background
staining such as presented in case #16 and #17
reported by Jimenez-Mallebrera C et al. [32]. Such
staining does not cause difficulty for strong signal
identification but is sufficient to mask any weak
specific staining on the cell membrane with the avail-
able antibodies to matriglycan. Difficulty in staining

assessment and comparison is also closely related to
the available antibodies, IIH6 and VIA4, which are
known to be quite variable in affinity from batch to
batch and from different sources. Furthermore, dif-
ferent procedures employed by different groups also
affect sensitivity and background levels, leading to
incomparable results between different studies. We
also found that tissue preservation and storage can
reduce the sensitivity for the detection of matrigly-
can, especially when its levels are low as in the FKRP
mutant muscles. Therefore, a simple and robust pro-
cedure needs to be established and widely adopted
for meaningful analysis and comparison.

An appropriate means for measuring the base lev-
els of matriglycan expression in diseased muscles
should represent the functionality of mutant FKRP
and can be used to reliably predict disease pro-
gression as well. Based on the analysis above, we
propose the following protocol as a principle for
base levels of matriglycan determination. First, prop-
erly stored samples are cut into same thickness with
normal control muscle samples and the freshly cut
sections (within 2 weeks and stored in -80 freezer) are
stained with the available antibody against matrigly-
can together with an antibody against neonatal or
embryonic myosin. After the staining, the sections
should be counter-stained with nuclear dye such as
DAPI for analysis. After confirming the positive
staining in normal control sections and acceptable
background staining in diseased muscles with fibro-
sis, infiltration, or degenerating fibers software such
as NIH ImageJ can be used to measure the signal
intensity of each muscle fiber excluding those RFs
as described earlier. We recommend using the Multi
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Fig. 4. Illustration of matriglycan measurement by ImageJ Multi Point tool for comparison. (A) Matriglycan is detected with IIH6 antibody
and visualized with Goat anti-mouse IgM Alexa 488 (green) and nuclei are counterstained with DAPI (blue). Tibialis Anterior (TA) muscles
from control P448L mutant mouse (top left), P448L mutant mouse treated with 5% ribitol for 6 months (top right), P448L mutant mouse
treated with AAV9hFKRP at 1e13vg/KG for 6 months (bottom left), C57 (bottom right). Yellow dots and numbers indicate the measured area
of the membrane. Arrows indicate the staining of neuromuscular junction, and * indicates the RFs expressing strong matriglycan signal with
central nucleation. Amplified area in the square illustrates the measured sites in circles on fiber membrane. (B) Distribution of matriglycan
signal intensity measured from the above images. Bin width = 1. A Gaussian nonlinear regression curve is shown for each treatment and
untreated mice. Dotted lines represent thresholds for IIH6 intensity < 4, 5 to 10, 11 to 20, and > 21 and graphed as a percentage of fibers in “C”.
(C) Staked-bar graph representing the percentage of fibers with IIH6 fluorescence intensity showed in “B”. The detail of the measurement
is listed in the Excel file in the Supplementary data. For illustration only with no statistical analysis performed.
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Point tool in NIH ImageJ for measurement of sig-
nal intensity. At least 100 muscle fibers should be
measured for a segment of each fiber membrane rep-
resenting the general intensity of the fiber membrane
(illustrated in Fig. 4). The size and shape of the Multi
Point tool can be adjusted to fit the width of the
stained membrane. Measuring signal intensity in a
segment has its advantages as it can avoid segments
of high background in individual fibers due to dam-
age and other artifacts close to the membrane. This is
important for diseased muscles as their higher back-
ground often makes the overall staining look stronger
in severely damaged muscles than better preserved
muscles. Signal intensity on fiber membrane less than
that of cytoplasm often indicates a poor quality of the
tissue, or degenerating fibers. Such fibers should not
be included for analysis. Since each measurement by
the Multi Point tool is recorded precisely, it consti-
tutes a verifiable document. The excel data can then
be analyzed with appropriate means as illustrated in
Fig. 4. Again, RFs should be counted separately for
analysis.

The importance of correctly evaluating the base
levels of matriglycan expression in diseased mus-
cles also extends to assessing efficacy of experimental
therapies such as gene therapy. Currently, two clinical
trials for FKRP mutation related LGMD2I have dosed
patients with AAV9 virus expressing normal human
FKRP protein (ClinicalTrials.gov. GNT0006 Gene
Therapy Trial in Patients With LGMDR9; A Study
to Evaluate the Safety of LION-101 in Subjects With
Genetic Confirmation of LGMD2I/R9). The aim of
the trials is to provide sufficient FKRP to restore the
expression of matriglycan, therefore preventing dis-
ease progression. While the treatment is expected to
show a significant restoration in matriglycan expres-
sion, results from animal model studies with the same
virus serotype and expression vector also suggest a
high likelihood that the expression of matriglycan
will be heterogenous, especially when dose is lim-
ited by potential toxicity [41]. The patients enrolled
in these trials are ambulant LGMD2I with relatively
slow progression. The muscle biopsies from such
patients are expected to also have a mosaic pat-
tern of matriglycan expression with fibers of very
weak matriglycan and clusters of RFs with strong
matriglycan expression. When matriglycan expres-
sion is equal to or higher than normal levels by
western blot after AAV gene therapy such data can
be considered strong evidence of therapeutic effect.
However, it will be difficult to draw conclusions

when the levels of matriglycan after treatment are
lower than normal muscle. In this instance, immunos-
taining with specific antibody in combination with
muscle histology could be of significant help. The
majority of fibers with strong positive signal, but lack-
ing regeneration markers such as central nucleation
and neonatal myosin would indicate an enhanced
basal level of matriglycan and constitute strong
evidence supporting the efficacy of gene therapy.
Furthermore, matriglycan levels may be lower by
western blot in muscle biopsy after treatment than
that in pretreatment biopsy due to sampling variation.
Therefore comparison in basal levels of matrigly-
can before and after treatment by immunostaining
could still be valuable for assessing therapeutic
effect [42].

CONCLUSION AND FUTURE
DIRECTIONS

Mutations in the FKRP gene cause variable and
significant reduction in function for matriglycan syn-
thesis, ranging from hardly to clearly detectable
matriglycan in muscles. The highly heterogenous
matriglycan expression in diseased muscles reflects
the variable degrees of function retained by individ-
ual mutation and is more prominently imposed by the
appearance of RFs in association with regeneration,
later stages of muscle development and the limited
sensitivity of detection methods. The small size in
clinic muscle biopsy poorly represents the overall sta-
tus of musculature and is the source of inconsistency
between the biomarker and disease severity, although
other disease modifying factors and possible FKRP
functions other than ribitol-5P-transferase could also
affect disease progression [43]. While western blot
remains essential for quantification of matriglycan,
a robust and sensitive IHC protocol is required for
meaningful measurement of base level matriglycan
for comparison and for efficacy evaluation of exper-
imental therapies. We recommend use of the Multi
Point tool from ImageJ to measure membrane sig-
nal intensity for base level matriglycan expression
and for comparison before and after experimental
treatments, although validation and further refine-
ment may be required for clinical sample evaluation.
The same protocol can be adapted for measurement
of other membrane proteins detected by immunos-
taining.
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