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Abstract

The cell membrane protein, dystroglycan, plays a crucial role in connecting the cytoskeleton of a variety of mammalian cells
to the extracellular matrix. The a-subunit of dystroglycan («DG) is characterized by a high level of glycosylation, including
a unique O-mannosyl matriglycan. This specific glycosylation is essential for binding of aDG to extracellular matrix ligands
effectively. A subset of muscular dystrophies, called dystroglycanopathies, are associated with aberrant, dysfunctional gly-
cosylation of aDG. This defect prevents myocytes from attaching to the basal membrane, leading to contraction-induced
injury. Here, we describe a novel Western blot (WB) assay for determining levels of aDG glycosylation in skeletal muscle
tissue. The assay described involves extracting proteins from fine needle tibialis anterior (TA) biopsies and separation using
SDS-PAGE followed by WB. Glycosylated and core aDG are then detected in a multiplexed format using fluorescent anti-
bodies. A practical application of this assay is demonstrated with samples from normal donors and patients diagnosed with
LGMD2I/R9. Quantitative analysis of the WB, which employed the use of a normal TA derived calibration curve, revealed
significantly reduced levels of DG in patient biopsies relative to unaffected TA. Importantly, the assay was able to distinguish
between the L2761 homozygous patients and a more severe form of clinical disease observed with other FKRP variants. Data
demonstrating the accuracy and reliability of the assay are also presented, which further supports the potential utility of this
novel assay to monitor changes in aDG of TA muscle biopsies in the evaluation of potential therapeutics.

Keywords Alpha dystroglycan - Biomarker - Fluorescence - Glycosylation - Limb girdle muscular dystrophy - Western blot

Introduction

Alpha-dystroglycan (aDG) is a highly glycosylated periph-
eral membrane protein which is an integral part of the dys-
trophin-glycoprotein complex (Nickolls and Bonnemann
2018; Barresi and Campbell 2006; Le et al. 2018; Han et al.
2009). It is encoded by the DAGI gene and is ubiquitously
expressed. The DAG1 gene translates into a single polypep-
tide which is then cleaved into two subunits: aDG and fDG.
aDG is secreted into the extracellular space but interacts
non-covalently with DG, which remains anchored in the
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membrane (Kanagawa et al. 2004). aDG is found in cells of
various tissues including skeletal muscle, nervous system,
digestive tract, kidney, skin, and reproductive organs where
it provides a crucial link between the cytoskeleton, through
its indirect binding to dystrophin, and the basal lamina. In
skeletal muscles, aDG interacts with extracellular ligands,
including laminin-a2, a significant functional protein of
the extracellular matrix crucial for muscle function and
structure (Balci-Hayta et al. 2018). This interaction confers
structural stability to the sarcolemma during contraction.
oDG has a mucin domain rich in O-linked glycans, such
that carbohydrates constitute over half of the glycoprotein’s
mass (Kanagawa et al. 2004). In this heavily glycosylated
mucin site, 3 specific threonine sites, T317, T319, and T379,
are modified for matriglycan synthesis (Sheikh et al. 2022;
Inamori et al. 2012). Reduced levels of matriglycan, result
from mutations in at least seventeen genes causing a variety
of complex diseases affecting both muscular and nervous

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10974-024-09670-y&domain=pdf

Journal of Muscle Research and Cell Motility

systems (Yoshida-Moriguchi and Campbell 2015; Hewitt
2009; Barresi and Campbell 2006; Martin 2005).

A novel western blot assay was developed to monitor
changes in aDG in the skeletal muscle. The assay is based
on multiplexed detection using fluorescence. For detection,
the monoclonal antibody ITH6C4 that recognizes a specific
functional epitope of the matriglycan chain of glycosylated
aDG (a tandem repeat of xylose and glucuronic acid was
used; the matriglycan is the specific recognition site for
laminin o2 (Ervasti and Campbell 1993). Therefore, IH6C4
binding uniquely acts as a proxy for molecular functional
assessment of aDG. Specifically, the presence of IIH6C4-
reactive matriglycan on aDG indicates that the glycosylation
pathway is intact, and that the protein can interact with the
extracellular matrix, thereby establishing the clinical rel-
evance of this antibody (Stevens et al. 2013). In addition,
the core protein is detected using the antibody AF6868,
regardless of aDG's glycosylation status. This approach of
simultaneous detection of both core and glycosylated pro-
tein from the same sample interrogates both the amount and
status of glycosylation of aDG. The assay incorporates a
calibration curve using normal donor TA for determination
of relative amounts of aDG. Additionally, quality controls
are used to monitor the assay’s performance. The precision,
linearity, specificity, sensitivity, and consistency in detection
of alterations in aDG levels are reported. In addition to the
quantitative aspect, this assay has the potential to provide
information on molecular changes the protein undergoes
over time or upon therapeutic intervention in patients with
a-dystroglycanopathies.

The applicability of the assay was demonstrated using
skeletal muscle biopsies from patients with LGMD2I/R9, a
disease caused by mutations in fukutin-related protein gene
(FKRP). FKRP is a glycosyltransferase that adds a critical
ribitol 5-phosphate to the growing matriglycan chain in aDG
during its functional maturation. FKRP’s role in aDG glyco-
sylation is significant in brain and striated muscles' function
and mutations can disrupt this process, leading to various
forms of muscular dystrophy. Overall, this bioassay and the
use of glycosylated aDG as a potential biomarker serve as a
powerful tool to monitor the efficiency of therapeutic inter-
vention and longitudinal responses to disease-modifying
therapies of a-dystroglycanopathies.

Materials and methods

Antibodies and proteins

To detect both glycosylated and core aDG, anti-aDG clone
ITH6C4 (Sigma, St. Louis, MO) and anti-human DG AF6868

(R&D System, Minneapolis, MN) primary antibodies were
used, respectively. As secondary antibodies IRDye 680
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linked Goat anti-Mouse IgM (LI-COR) and Alexa Fluor 790
linked Mouse anti-Sheep IgG (Jackson Immuno Research,
PA) were used for detecting IIH6C4 and AF6868 respec-
tively. Chameloeon Duo (LI-COR) was used as the molecu-
lar weight marker.

Tibialis anterior (TA) biopsy collection

Biopsies from patients with an LGMD2I/R9 diagnosis
were collected using fine needle aspiration (FNA) (14-
gauge X 6 cm; SuperCore™ Instrument; Cincinnati, OH,
USA), a minimally invasive biopsy technique, in an Institu-
tional Review Board (IRB) approved Natural History Study
(MLB-01-001; NCT04202627). This study was conducted
in accordance with the principles laid out in the Declara-
tion of Helsinki. All procedures involving human subjects
were performed with respect for their rights and dignity.
Written and oral informed consent was obtained from par-
ticipants, parents, or legal guardians before enrollment into
this study, and their anonymity and confidentiality were
preserved throughout the study. Up to three serial biopsy
cores were obtained per visit and pooled for analysis. For
controls, biopsies from six normal individuals, without mus-
cular dystrophy, cardiac disease, or diabetes, were obtained
from BiolVT (Westbury, NY, USA). Tibialis Anterior from
a transgenic mouse with an FKRP-P448L mutation was a
gift from Dr. Qi Long Lu, Atrium Health.

Sample homogenization and considerations
for high molecular weight protein extraction

For homogenization, multiple cores of frozen TA biop-
sies were combined in a 2-mL tube (TissueLyser-safe). A
lysis buffer containing 125 mM Tris, 10% glycerol, 10%
B-mercaptoethanol, urea, SDS and 1 mM of the protease
inhibitor AEBSF was then added to the tissue, along with a
single stainless-steel bead. The sample tubes were then pro-
cessed using a TissueLyser II (Qiagen, Venlo, Netherlands).
For storage, to maintain protein stability over time, excess
lysate was divided into multiple aliquots and flash frozen at
—80 °C to minimize freeze/thaw cycles. Ongoing studies
have shown that the protein is stable for at least 18 months.

Dot blot assay

The specificity and cross-reactivity of both primary and
secondary antibodies were tested using a dot blot assay.
Briefly, TA lysate was prepared at three different concen-
trations: 30, 15, and 5 pg of total protein in 1xPBS. The
diluted lysate was drop-pipetted onto six separate nitro-
cellulose membranes following the same layout and dried
at room temperature followed by a rinse with 1xPBS for
membrane re-activation. To detect nonspecific binding and
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cross-reactivity, the membranes were blocked for 1 h at room
temperature and then sequentially incubated with primary
antibodies (overnight at 4 °C) and secondary antibodies (for
1 h at room temperature). Combinations used for testing
cross-reactivity and nonspecific binding are listed in Fig. 2b.

Preparation of calibration controls, quality controls
and patient samples

Calibration standards and positive quality controls were
freshly prepared using normal (non-affected) donor TA
lysate (BioIVT). Control TA standards for a seven-point
calibration curve were prepared in incremental amounts of
total protein. The high positive control (HPC) was prepared
using normal TA lysates mixed with lysis buffer and sample
loading buffer to a load of 10 pg per gel. This mixture was
heat denatured, divided into single-use aliquots, and frozen
between —90°C and —65°C for use in validation and sam-
ple analyses. The low positive control (LPC) was prepared
similarly at a load of 5 ug. The negative controls (NC) were
prepared from a commercially available recombinant human
DG (rhDG; R & D systems, Minneapolis, MN) expressed
in NSO cells at a concentration of 10 ng in PBS. LGMD2I/
RO lysate samples were diluted in matrix buffer (the same
lysis buffer) to achieve a total protein concentration of 50 pug
for L2761 homozygous samples and 70 ug for other FKRP
genotype samples. These samples were prepared for loading
by spiking with 0.001% Bromophenol blue in a final volume
of 15 uL.

SDS-PAGE and western blot analysis

All samples were boiled and loaded onto a 4-20% Tris—Gly-
cine polyacrylamide gel (Novex, Invitrogen). Proteins were
separated and then transferred onto a nitrocellulose mem-
brane (Invitrogen) using the gel transfer device, iblot2 (Invit-
rogen, Carlsbad, CA). Nonspecific binding sites on the mem-
brane were blocked with Intercept blocking buffer (LI-COR,
Lincoln, Nebraska) prior to incubation with a mixture of
target-specific primary antibodies. These included the anti-
a-DG antibody clone ITH6C4 at 1:1000 dilution, which is
specific for glycosylated aDG, and human aDG antibody
AF6868 at 0.12 ng/mL, specific to aDG regardless of its
glycosylated status. The primary antibodies were incubated
overnight on a rocking platform at 4 °C. Following a series
of washes with 1X TBST (tris buffered saline with tween) to
remove unbound primary antibodies, the membranes were
incubated with a mixture of secondary antibodies. Each blot
was incubated with the secondary antibodies at a 1:5000
dilution in 25 mL antibody diluent at room temperature.
Membranes were then incubated with a mixture of appropri-
ate near-infrared dye 680RD (700 nm emission) and Alexa
Fluor 790 (800 nm emission) secondary antibodies. The

membranes were washed again to remove unbound second-
ary antibodies and images were captured using an Odyssey
imager (LI-COR, Lincoln, Nebraska).

Region of interest (ROI)

Densitometric measurements are taken within an ROI to
quantify the amount of protein defined by the molecular
weight marker (Butler et al. 2019). For lanes with calibra-
tion curve samples, an ROI corresponding to 125 to 260 kDa
is used to capture signals of fully glycosylated aDG pro-
tein of 157 kDa. For non-calibration curve samples, which
includes patient samples and HPC, a broader ROI is used
from 70 to 260 kDa. This ROI was chosen as patient samples
are expected to have varying degrees of aDG glycosylation,
resulting from the defective FKRP, and thus are expected
to migrate in this molecular weight range. Lower MW, less
glycosylated forms of aDG, are gated using the DG antibody
AF6868.

Table 1 summarizes the ROIs for glycosylated aDG and
core aDG signals which are detected simultaneously on sep-
arate fluorescence channels (700 and 800 nm, respectively)
and analyzed using Image Studio™ software by examining
boxed regions of the membranes with the guidance of the
molecular weight ladder (Chameleon Duo, Licor).

Background correction

For each ROI box drawn, sample signal is corrected for
background using Image Studio software according to the
following equation:

Corrected Signal = Total Signal — (Background x Area of ROI),

where background is the sum of pixel intensities of the bor-
der selected.

Determination of aDG levels
For each blot, two calibration curves are generated for the
700 and 800 nm channels, which correspond to glycosylated

and core aDG, respectively. These curves are created using
a 7-point dilution series ranging from 1.25 to 25 ug of lysate

Table 1 Regions of interest used for data collection

Molecular weight ref-  Lowest
erence Range, kDa anchor
point, kDa
Calibration curve samples 125-260 125
QC control (HPC) 70-260 70
Patient samples 70-260 70
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from the selected normal donor, TA1. Raw fluorescence sig-
nals from the 700 and 800 nm channels for each patient’s
biopsy lysate are interpolated to their corresponding cali-
bration curve. This allows for determination of relative TA
equivalent levels of glycosylated and core aDG, respectively,
in pg. The resulting mean pg value for each sample (N=2) is
then normalized by the total protein loaded, which is used to
calculate the percent of relative glycosylation (Suzuki et al.
2011)

Data normalization and percentage calculation

As described above, levels of glycosylated aDG and core
aDG are determined by interpolation against a calibration
curve of control TA. To compute the percentage of core
and glycosylated aDG, the mean interpolated pug value
for each sample is further normalized by the total protein
concentration.

Interpolated value(pg)

% control aDG = 100

Total Protein loaded(pg)

Results
Establishment of a suitable assay system

Therapeutic effects on dystrophin expression in muscular
dystrophies like Duchenne muscular dystrophy have been
directly examined in skeletal muscle in various clinical tri-
als (Alfano et al. 2019; Charleston et al. 2018; Barthelemy
et al. 2020). For conditions with distal limb symptoms, such
as LGMD2I/RO, the tibialis anterior (TA) is the preferred
muscle biopsy site due to its histological and functional
susceptibility to the disease (Joyce et al. 2012). The TA is
a practical choice for biopsy as it has identifiable physical
landmarks and can be easily accessed with a fine core needle
(Barthelemy et al. 2020), reducing patient discomfort. The
application of the FNA method for TA extraction, which
results in the limitation in tissue quantity, necessitates a cus-
tomized assay methodology for the detection of aDG levels
(Tachettini et al. 2015). A sensitive and reliable approach is
necessary, particularly when working with patient sample
biopsies of LGMD2I/R9, which exhibit severely reduced,
broad range of glycosylated states of aDG.

Classical Western blotting (WB) can yield variable results
due to its non-quantitative ability, only indicating the pres-
ence of the specific protein. . Other potential issues include
off-target antibody binding and the limitation of detecting
only specific proteins. Moreover, complications are usually
seen with ECL detection, such as bands obscured in over-
exposed areas. Keeping this in mind, a novel, multiplexed,
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fluorescence-based WB method was developed that analyzes
the aDG glycosylation state by simultaneously measuring
core and glycosylated aDG in TA biopsy samples from
patients with LGMD2I/R9. The protein extraction method
from muscle biopsies uses an SDS-urea buffer for improved
homogenization, which resulted in increased total protein
yield and sharper protein bands. The higher efficacy of SDS-
urea buffer compared to non-denaturing, nonionic detergent
for extracting muscle biopsy for aDG determination was
demonstrated previously (Peach et al. 2015). The selection
of IH6C4 and AF6868 antibodies was substantiated by mul-
tiple investigators (Briggs et al. 2016; Alhamidi et al. 2017;
Lee et al. 2019; Cataldi et al. 2018; Wu et al. 2022; Willis
et al. 2022). It was determined that AF6868 recognizes both
the o and f subunits of thDG and was therefore selected for
use in the WB assay. The assay uses a more quantitative and
reliable approach by a fluorescence-based detection method
which has the advantage of capturing a broader dynamic
range with improved reproducibility in contrast to ECL.
Additionally, fluorescence-based dyes enable multiplexing
by allowing simultaneous detection of multiple proteins,
based on the different excitation and emission wavelength
of the dyes, thus emitted light of distinct frequencies that can
be individually analyzed. A calibration curve derived from
control TA was used to determine the relative amounts of
aDG in the patient samples and this interpolation method
effectively corrects for inter-assay variability associated with
antibody performance and the transfer process from gel to
blot. To ensure the reliability of the results, quality control
measures were implemented to monitor both inter-assay and
intra-assay performance (Fig. 1).

Evaluating antibody specificity in a multiplexed
system

The detection of each form of aDG requires exposure
to matching pairs of primary and secondary antibod-
ies. Because of the excess of other proteins, in particular
albumin and fragments of immune globulin, in the muscle
extracts, inappropriate recognition by the secondary antibod-
ies in western blot analysis can potentially lead to increased
background signal (Miyara et al. 2016). To evaluate this
background (cross-reactive) reaction, varying amounts of
muscle lysate, 5, 15, and 30 pg, were pipetted dropwise onto
a membrane and exposed to multiple combinations of sec-
ondary and primary antibodies. The linear increase of signal
intensity with the amounts of muscle lysate applied to the
membrane indicates that the ratio of primary and secondary
antibodies is appropriate for the amount of protein applied.
Further, the specificity of the secondary antibodies to pri-
mary antibodies is demonstrated by the absence of signal
when non-matching antibodies are mixed at varying lysate
concentrations. The linear increase of signal intensity with
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Fig. 1 Representative Western Blot with Calibration Curve and Posi-
tive Control. Top panels show the individual channels at 700 and
800 nm in the molecular weight range of 125-260 kDa for a calibra-

the amounts of muscle lysate applied to the membrane indi-
cates that the signals are proportional to the total protein
loaded. For example, the secondary antibody for the 700 nm
channel is specific for mouse IgM, which is the isotype of
the [TH6C4 primary antibody. When this secondary antibody
was mixed with the AF6868 primary antibody, which was
a sheep IgG, no signal at 700 nm was observed because
there was no binding between the incompatible primary and
secondary antibodies. Similarly, the secondary antibody for
the 800 nm channel is specific for sheep IgG, which is the
isotype of the AF6868 primary antibody. If this secondary
antibody was mixed with the primary antibody ITH6C4,
which was a mouse IgM, no signal at 800 nm was reported,
confirming no binding between the secondary and primary
antibodies. When these antibodies are present in the right
combination, they give a positive signal, proportional to the
total protein loaded (Fig. 2).

Validating antibodies using negative controls

The assay specificity was further assessed with lysates pre-
pared from a commercially available DAG/ knockout human
embryonic kidney (HEK) 293 T cell line (lacking dystrogly-
can) and a wild-type HEK293T control cell line analyzed
at 20 pg total protein load for the presence of core aDG

5 o N0 W

tion curve and QC control generated from donor TA. The lower left
panels show the merged signals for the same blot and, the bottom
right plot shows the two signal intensities versus protein load.

and glycosylated aDG. Overall, reduced signal intensity for
both channels (700 nm for glycosylated and 800 nm for core
aDG) was observed in the DAGI knockout cell lysate com-
pared with the wild-type cell line (Table 2).

Separately, a negative validation control for the ITH6C4
antibody using human recombinant aDG expressed in mye-
loma cells (with a reduced molecular weight of 70 kDa as
expected for hypoglycosylated protein), showed significantly
reduced 700 nm:800 nm signal ratios, with the core aDG
relatively higher (~six fold) intensity than glycosylated aDG
intensity further confirming the suitability of both ITH6C4
and AF6868 antibodies (Table 3).

Evaluation of inter-subject variability of aDG in TA
samples for calibration and quality control.

Analysis of TA muscle lysates from six non affected donors
(Fig. 3) was conducted to explore the variability of banding
patterns and the levels of aDG expression. The data demon-
strated that glycosylation did not appear to be age-depend-
ent in the six samples evaluated, which ranged from 29 to
75 years. The banding pattern was consistent among all six
donors, with DG protein bands observed at the ~ 160 kDa
molecular weight range, as anticipated for fully glycosylated
protein. The average signal intensity of TA1 was comparable

@ Springer
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Fig.2 Dot Blot Analysis for Testing Cross-Reactivity. a 700 nm sig-
nal intensity from the ITH6C4 antibody, which binds to the unique
O-mannosyl glycoepitope in the matriglycan chain of aDG; 800 nm
signal intensity from the AF6868 antibody binding to core aDG; b
Table summarizing the conditions explored to assess cross-reactivity;

Table2 Raw signal intensities for DAG1 KO and WT HEK293T
cells

Sample N 700 nm channel 800 nm channel
RFU (IIH6C4) RFU (AF6868)

Hu DAGI KO 1 385 467

HEK?293T (20 pg

total protein)
Hu WT HEK293T 1 1,390 1,960

(20 pg total pro-

tein)

KO knockout; RFU relative fluorescence units; WT wild type; Hu
human

Table 3 Raw signal intensities for recombinant aDG protein

Primary Antibody Secondary Antibody Expected results
Membrane Mouse Alexa
. IRDy
Sheep Anti- |  Anti- §SoRD, | Fluor 790-
«DG Glycan G l-\n;‘ Mouse 700nm 800nm
(AF6868) aDG Monew | Auti-
(ITH6C4) ) Sheep
Membrane
- - - -
1
Membrane
N = + = -
Membrane
3 + - - =
Membrane
+ + = +
4
Membrane
- - + -
5
Membrane P
p - - -
Signal for AF6868 antibody
120000 = e Membrane 1
® Membrane 2
80000
£ " e Membrane 3
£
§ 40000 = Membrane 4
B . Membrane 5
& 0 @ coenennn | ZESTEREES L _TERRRE Membrane 6
-40000
T T T
Sug 15ug 30ug

Protein Load

c—d are plots of the raw signal for IIH6C4 and AF6868 respectively.
No cross-reactivity is indicated by the absence of signal at varying
concentrations, whereas a positive response is indicated by concentra-
tion dependent increase in RFU.

to that of all six donor TA samples across three blots at
four different concentrations. It was important to identify
a balance between tissue availability and performance. The
overlap in signal intensity and the sufficient availability of
TA1 enabled its use as control in multiple assays across
different studies, thereby minimizing inter-assay and inter-
study variability.

Assay validation

This study included validation of a WB blot assay for the
simultaneous detection of glycosylated aDG containing

700 nm channel RFU (ITH6C4)

800 nm channel RFU (AF6868)

Sample N

Mean SD

Median IQR Mean SD Median IQR

Negative validation control (100 ng protein) 9% 10,483

2,426

11,200 3,680 63,300 6,465 64,100 5,900

KO knockout; IQR interquartile range; SD Standard Deviation; RFU relative fluorescence units; W7 wild type

“Experiment was done by 2 analysts over a period of 3 months
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a AT Age Race Ranki:lgigife Z?(ln;nl )signal
TAl 74 Caucasian #2
TA2 66 Caucasian #3
TA3 75 Caucasian #5
TA4 29 AA =24
TAS 74 Other #6
TA6 61 Caucasian #1
C TAI reasonable represents normal donor population tested d
100000 @ 6 donors combmed

: > Highest pointof
assay std curve

B TA selected for study

75000

Raw Fluorescence Units (ITH6C'4)

T L T
0 10 20 30 40 50

ng Protein

Fig. 3 Inter-donor variability in normal human TA samples. a Table
describing the demographics of the normal (non-affected) donors
and the ID used on the WB. b WB image captured by Li-COR sys-
tem shown with both 700 and 800 nm channels merged. ¢ Plot of the
700 nm signal for glycosylated aDG at protein concentrations of 10,

matriglycan, the functional form of aDG, and core aDG
in lysates from muscle biopsies. The small abundance of
dystroglycan in muscle biopsies from patients required opti-
mization of protein solubilization (Peach et al. 2015) for an
improved protein yield and, therefore, SDS-urea buffer was
chosen as it satisfied these requirements. Previous lysis con-
dition which utilized a commercial RIPA buffer was found
to be inefficient in extracting membrane bound proteins. As
described previously, comparison of extraction methods for
the detection of the fluorescent signals from selective anti-
bodies were collected by a two channel LI-COR WB imager.
A calibration curve for the assay was generated using incre-
mental dilutions of TA lysate into lysis buffer. Validation
of the assay was performed using the key parameters pro-
posed in the Bioanalytical Method Validation Guidance for
Industry from the FDA (FDA guidance) which included: (1)
assay precision, which is the degree of agreement among
repeated measurements of the same sample under the same
conditions. (2) accuracy, which is the closeness of agree-
ment between the measured values and the true values of
the analytes; (3) sensitivity, which is the ability of the assay
to detect low levels of the analyte; (4) linearity which is the
ability of the assay to produce results that are directly pro-
portional to the concentration of the analyte within a given

260 gy

sencibe=jan~danegan-000-

70 @

Protein | Numberof | AverageRFU Average RFU of
loaded (ng)| repeats TA1-TA6 SD TAl
10 18 7932 3152 10207
0 18 23321 9605 25833
30 17 43029 15966 46630
40 17 60129 21046 69700

20, 30, and 40 pg. TALl is plotted separately to show the signal inten-
sities are comparable to the average signal of all six donors. d table
summarizing the average signal from 6 Tas at different concentrations
as well as the average signal from TA1.

range; (5) range which is the interval between the upper and
lower levels of the analyte that can be measured by the assay
with acceptable accuracy and precision; and (6) robustness,
which is the ability of the assay to maintain its performance
under minor variations in environmental or operational con-
ditions. Every assay gel incorporated a calibration curve,
negative control (for [IH6C4 antibody) and positive controls
prepared from the selected normal donor TA tissue. The flu-
orescence signal intensities for each tissue lysate and Quality
Controls (QCs) were converted to masses using the calibra-
tion calibration curve. This allowed for the interpolation of
the relative control levels of DG and then normalization to
total protein loaded for estimation of % control levels.

Optimal model for the calibration curves

In the absence of purified core and glycosylated aDG, a cali-
brant was generated from a serial dilution between 0-25 pg
control TA lysate from a normal donor. The signal to con-
centration response was established by regression to a linear
or quadratic model. Since small variations in the procedure
significantly affect the electrophoretic transfer and retention
of proteins on the blotting membrane, a calibration curve
was required on each blot. This is evident from the spread
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700nm

30000

- 20000
15}

10000

Fig.4 Fluorescence signals at 700 and 800 nm from the standards
of seven different Western Blots. The Y axis depicts the relative
fluorescence units (RFU), and the X axis depicts the amount of total
protein in pg. RFU=relative fluorescence units. The fluorescence
signals of calibration curves from seven WB are plotted versus the
amount of total protein loaded. The solid line results from regres-
sion to a quadratic equation and the dashed line from that to a lin-

in values in Fig. 4 and the variation in the parameters for
the regression curves. The quadratic model accommodates
the data better than a linear fit, consistent with the lower
AIC (a measure for information not explained by the model)
value and in most cases with the calculated p <0.05 for the
quadratic term (Table 4). Furthermore, since the p values
for the intercepts obtained from regression are not signifi-
cant in most cases and the confidence intervals cross zero, it
could be set to the physically sensible value zero. However,
“nonproportional” concentration response curves with inter-
cepts different from zero have been reported by other authors
(Butler et al. 2019; Pitre et al. 2007) for WB. Interestingly,
previous reports suggest WB calibration curves fit to polyno-
mial or exponential terms (Pitre et al. 2007). For quantitative
evaluation of the blots, the relative amounts in pg of core and
glycosylated aDG, in terms of total protein in the samples,
are determined by interpolation using the inverted calibra-
tion curve of the signals measured with the protein standard
mixture (Heidebrecht et al. 2009; Suzuki et al. 2011).

Background signal and limit of detection (LOD)

The stability of the blank signal in the assay is illustrated
in a Levey-Jennings plot (Fig. 4) of the measured signals
versus the gel number. The samples consist of protein-free
buffer which are analyzed in an immunoblot along with the
samples used for calibration of the assay. The mean and
standard deviation of all background wells across all empty
lanes were calculated and are shown in Fig. 4. The LOD was
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0
amount

800nm

ear equation. The individual data points are summarized in boxplots
with the middle line representing the median. The equations for the
linear regression are RFU=-859(-451)+ 1190(705) amount and for
the quadratic equation RFU= —398(-248)+1012(627) amount
(ug)+7.2(3.2) xamount (ug) 2. The values in parentheses represent
the regression results for the 800 nm channel.

derived using the noise level above the blank by determin-
ing the signal of 3 times the standard deviation. The results
of the estimation and the inverse predicted values are sum-
marized in Fig. 5.

Evaluating assay sensitivity and lower limit
of quantitation

An initial assessment of LGMD2I/R9 patient samples indi-
cated that a high amount of protein is necessary to obtain
a quantifiable signal of «DG. This necessitated an evalua-
tion of the assay’s sensitivity at a matrix concentration of
100 pg. In the absence of a suitable matrix deficient in gly-
cosylated aDG, TA lysate from a transgenic mouse with an
FKRP-P448L mutation (gift from Dr. Qi Long Lu, Atrium
Health), which results in severely hypoglycosylated aDG,
which runs at a molecular weight lower than that of normal
human control, was used to assess assay sensitivity. In a
matrix containing 100 pg total protein from both mouse and
human TA, varying amounts of normal control TA lysate
was added to evaluate the sensitivity range. As shown in
Fig. 6, a consistent increase in signal was observed across
the high matrix TA calibration curve. The difference in slope
is attributed to possible interference from the inherent glyco-
sylated aDG signal from the mouse matrix tissue. Further,
the consistency of glycosylated aDG /core aDG signal ratio
was also reflected with a coefficient of variation (CV) of
less than 30% and an overall R* of >0.99 from a quadratic
fit. In the previously described HEK293T cells , the signal
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Fig.5 Signal Trend in Blank Wells. Left-hand side is a Levi-Jen-
ning’s plot showing the signal intensities (solid lines) for blanks
across 7 blots. Each blot is N=3 except for Blot 7 (N=1). The red

700nm channel
Number of wells Mean SD 3XSD 5XSD
19 -85.68 148.05 358.46 654.55
800nm channel
Mean SD 3XSD 5XSD
19 -17.47 68.40 187.71 32451

dotted line is 3X Standard Deviation of the 700 nm background sig-
nal. The green dotted line is the 3X Standard Deviation of the 800 nm
channel; The table on the right summarizes data from 7 blots.

Normal TA Calibration Curve (ug)

Normal TA Calibration Curve in 100 pg total matrix (ug)

Calibration Curves
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Fig.6 Assay Sensitivity in 100pg Tissue Matrix.
MWM =molecular weight marker. Blot has been split to show only
relevant data. 700 nm and 800 nm channels are merged for the same
blot. On the right is a plot of the 700 nm signal intensities, which
correspond to matriglycan and the 800 nm signals corresponding to

for glycosylated aDG at 700 nm was found to be lower than
that for the core protein at 800 nm for the wildtype. This
contrasts with the trend in the calibration curves, where the
700 nm signal is higher than the signal at 800 nm at the
same protein load. It is worth noting that HEK293T cells
very inefficiently produce the critical mucin domain, which
is required for matriglycan formation. Therefore, signal from
this cell system can be assumed to differentiate between the
presence and absence of the critical epitope (Sun et al. 2022;
Harrison et al. 2012). Further analysis of the calibration
located the detection limit at roughly 1 pg.

Evaluating inter and intra assay precision

Inter- and intra-assay precision was evaluated by collect-
ing the raw fluorescent signal intensities for test and control
samples. To examine intra-assay operator precision, two ana-
lysts ran each of the validation controls in duplicate and on
six gels on different days. For assay precision determination,
each of two analysts ran TA lysates at 10 and 5 pg per lane in
quadruplicate on a gel for a total of six gels across multiple
days. Assay performance is monitored using quality controls

-~ Control_700nm
-~ Control_$00nm

- Spiked_700mm
-=~ Spiked_800nm

700mm signal

T T T T 1
0 5 10 15 20 25 30

ngTA

R2

Normal Human TA- Normal Human TA-

Channel Neat Spiked
700nm 0.9990 0.9963
$00nm 0.9992 0.9931

core DG, versus the total amount of spiked in protein. The solid
lines correspond to a fit with a quadratic equation. The inset table
describes the coefficient of determination (R?) for both the spiked in
and neat calibration standards.

from the same donor. Intra-assay precision is evaluated using
a negative control of purified protein and positive controls
of TA lysate. Signal variability between sample replicates
is assessed. For inter-assay precision, interpolated (back-
calculated) values of the positive controls were tracked.
Results demonstrate good assay reproducibility for both 700
and 800 nm channels with a coefficient of variation below
15% (Fig. 7).

Patient sample analysis, banding patterns
and gating differences

The validated assay was used to evaluate levels of glyco-
sylated and core aDG in patient biopsy samples. A calibra-
tion curve was generated with normal human TA samples to
allow simultaneous quantification of glycosylated and core
aDG levels, and samples were run in duplicate on each blot,
including the positive control to assess assay performance.
The Region of Interest (ROI) is a standardized area on the
blot, specifically chosen for the detection and analysis of the
protein under study. This region is selected based on the tar-
get protein’s molecular weight and the separation achieved

@ Springer
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Fig. 7 Results from Inter- and Intra-assay precision. Left: intra assay
variability based in absolute signal for Negative Validation Control
(NC), High Positive Control (HPC) and Low Positive Control (LPC);

during gel electrophoresis. The ROI plays an important role
in the precise quantification and analysis of WB. It deter-
mines data accuracy and reproducibility and facilitates the
comparison of protein expression across samples tested
in varying quantities (Taylor et al. 2013; Bass et al. 2017;
Aldridge et al. 2008). The blot shown in Fig. 8 includes
three patients with homozygous L2761/L2761 genotypes
(Patients 1-3) and two patients with other FKRP genotypes,
participating in the natural history study (MLB-01-001;
NCT04202627). The banding patterns observed for the
L2761/L2761 patients 1 and 2 resemble the normal control,
but that of patient 3 exhibits a greater heterogeneity of gly-
cosylation patterns. It is interesting to note that L2761/L.2761
patient 3 exhibits a broader range of hypoglycosylated aDG
bands, with molecular weights between 70—160 kDa, com-
pared to patients 4 and 5 who have other FKRP genotypes,
suggesting the presence of a broad spectrum of glycosyla-
tion pattern in LGMD2I/R9 patients compared to normal
donors (Fig. 9).

Discussion

This report presents the development and application of a
novel multiplexed fluorescence-based WB method for the
quantitative determination of glycosylated and core aDG
in skeletal muscle biopsies. For validation samples from
normal donors and patients with LGMD2I/R9, a disease
characterized by chronic hypoglycosylation of aDG, were
compared. LGMD?2I/R9 patients have mutations in the fuku-
tin-related protein (FKRP). Partial loss of function in the
FKRP enzyme leads to incompletely glycosylated (“hypo-
glycosylated”) aDG, which then fails in its critical role of
stabilizing muscle contraction and maintaining muscle cell
membrane integrity (Georganopoulou et al. 2021; Endo
2015). The developed assay can distinguish between reduced
glycosylation levels of aDG from compound heterozygous
LGMD2I/R9 patients expressing both L2761 and another
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Inter Assay HPC (10pg) LPC (5pg)
Summary from 11
blots 700nm $00nm 700nm $00nm
(N=2 per blot)
- 0,
Average e 96.1 1008 1013 105.0
Nominal
SD =+ 108 104 8.1 9.1
%CV 113 103 79 8.7

Right table is the inter assay variability based on interpolated percent
nominal values of quality controls for HPC which was tested at 10 pg
total protein and LPC which was tested at 5 ug total protein

defective variant of FKRP. Since the readout of the assay is
directly linked to the molecular defect, it may be considered
a marker for the severity of disease and potentially be used
to interrogate effects of therapeutic intervention (Godfrey
et al. 2007). However, it should be remembered that correla-
tion of the degree of glycosylation of aDG as a biomarker
for disease severity and for monitoring disease modifying
treatment is not yet well established in the literature (John-
son et al. 2018).

Several studies have used IHC for the detection of glyco-
sylated and core aDG in samples of muscle tissues biopsies
(Fritschy 2008; Johnson et al. 2018); comparative evaluation
of protein expression is difficult due to variability of protein
staining, lack of reusable calibration controls and limited
detection range (Fritschy 2008). Similarly, the analysis of
muscle lysate by MS techniques is not suitable for quantita-
tion of core and glycosylated protein as they require complex
pre-purification steps and analysis of glycosylation states of
aDG protein is difficult to perform (Chandel and Campbell
2023; Harrison et al. 2012). Enzyme-linked immunosorbent
assays (ELISA) are another tool for the quantitation of bio-
markers, but available commercial assays do not differentiate
between various glycosylated forms of DG, and tissue lysis
buffer interferes with ELISA detection (Crowe et al. 2016).
Thus, Western blotting appears to be most appropriate, as it
can be adapted for quantitative analysis of complex protein
mixtures and the ability to track specific molecular weight(s)
provide potentially significant information for diagnosis of
hypoglycosylation. In addition, combined with fluorescence
detection WBs permit multiplex detection (Anderson and
Davidson 1999; Schutz-Geschwender et al. 2004).

The primary antibodies, IIH6C4 and AF6868, and their
utility in muscle biopsy assessment have been widely dis-
cussed for the detection of glycosylated and total aDG,
respectively (Michele et al. 2002; Muntoni et al. 2011). The
monoclonal antibody ITH6C4 has been used to monitor the
increase of matriglycan content in DG in FKRP deficient
mice upon treatment with ribitol over time (Cataldi et al.
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Fig.8 Blot from a Natural History Study in Patients with the Com-
mon Homozygous L2761 Mutation and Other FKRP Genotypes.
“Hom” indicates patients homozygous for L2761 mutation; “Other”
indicates patients with compound heterozygous mutations with either
L2761/Other or Other/Other FKRP mutation. Panel a Is the same blot
when imaged under separate 700 and 800 nm channels. Panel b is the
Blot with merged channels. As described previously, a perfect over-

2018) and its reduction due to glycosidase treatment in vitro
(Chandel and Campbell 2023). An alternate antibody, VIA4-
1, has been used for the detection of glycosylated aDG in
WB of tissue extracts from LGMD patients. In contrast to
VIA4-1, IIH6C4 can prevent the binding of glycosylated
aDG to laminin and may be considered a functional sur-
rogate of the native ligand binding. Accordingly, as the
impaired ability of aDG to interact with laminin is thought

lap of channels results in yellow bands. Fully glycosylated protein is
expected to migrate at 160 kDa molecular weight. Decreases in gly-
cosylated aDG (faint yellow band) at the 160 kDa molecular weight
region and reduced molecular weight of aDG core for patient 2 with
other FKRP mutation, which appears as multiple bands spanning the
ROI of 70 to 160 kDa, suggests hypoglycosylation of aDG.

to be the cause of LGMD, the signal resulting from ITH6C4
binding may have a correlation to disease severity. Thus, the
pairing of ITH6C4 and AF6868 appears to be the appropriate
choice to monitor the levels of glycosylated (and therefore
functional) versus total aDG in patients.

As the assay is developed for the analysis of fine nee-
dle biopsies, the small sample size required effective and
optimal tissue lysis prior to separation on gels. Efficient
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El Glycosylated oDG
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% level relative to control

Fig 9 Relative levels of aDG in TA biopsies of patients with
LGMD2I/R9. The figure presents relative levels of aDG from patient
biopsies in Fig. 8a, b. The relative percent levels of aDG were deter-
mined from the 700 nm signal (for glycosylated aDG) and 800 nm
signal (for core aDG) were interpolated to the calibration curve.
The resulting relative pg amount was normalized to the total protein
loaded.

recovery of the proteins is particularly important for patient
samples due to the low abundance of total and specifically
glycosylated aDG. In the present study, samples from tibi-
alis anterior were processed for evaluation. TA is one of the
most active lower leg muscles and is considered optimal for
biomarker studies in other muscular diseases (Carberry et al.
2012; Joyce et al. 2012; Iachettini et al. 2015). From a prac-
tical perspective of obtaining tissue biopsy samples from
patients, TA has consistent physical landmarks and is rela-
tively easy to biopsy using a small core needle, thereby lim-
iting patient burden. During WB development, comparison
of different buffer systems for extraction of proteins from
TA confirmed the higher efficiency of denaturing mixtures
composed of SDS/urea and a reducing agent (Zardini et al.
1993) relative to commercial buffers containing nonionic
detergents. In the context of the present study with dystro-
glycan, the ability of the buffer system to dissociate and
solubilize large protein complexes with laminin and myosin
is particularly advantageous (Anderson and Davison 1999;
Miskiewicz and MacPhee 2019). Low abundance of dys-
troglycan protein requires large volumes of sample to be
separated by the gel. Under these assay conditions, in con-
trast to buffers with SDS, a concomitant excess of nonionic
detergents disrupts the protein migration.

Most commonly proteins are detected on WB either by
ECL or by fluorescence intensity. In contrast to fluorescence
signals, ECL detection is sensitive to small variations in the
execution of the assay, has a narrow dynamic range and
often does not produce a linear response proportional to the
target antigen. ECL chemistry at the basis of the reaction
depends on timing and substrate availability (Pillai-Kastoori
et al. 2020). Early reports on the abundance of aDG between
unaffected population and patient samples varied widely, the
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extended dynamic range of fluorescence detection compared
to that of ECL makes it particularly attractive for compara-
tive studies related to LGMD. Moreover, because of the
reduced variability relative to ECL, fluorescence detection
appears to be more suitable for serial experiments on patient
samples. The reported WB assay is based on the detection
of glycosylated relative to total aDG on the same blot. This
allows for the possibility of simultaneous detection rather
than a need for error-prone stripping of blotting membranes
required for ECL. The use of fluorescence detection to
quantitate a muscle protein of clinical interest has also been
reported for dystrophin, a protein implicated in a disease
similar to LGMD (Schnell et al. 2019).

With only 0.0013% (89 nmol/1 g mouse skeletal mus-
cle extract) aDG expected in tissue extracts (Johnson et al.
2013), matrix effects and cross reactivity may pose a poten-
tial problem. The selectivity of both secondary antibodies
was demonstrated by the absence of signals, when mis-
matched pairs of primary and secondary antibodies were
tested in a multiplexed dot-blot assay. The selectivity of the
primary antibodies for their specific epitopes was inferred
by a fivefold difference in signal between HEK cell extracts
from dystroglycan knock-out and wild type mice.

A protein standard for glycosylated aDG is not avail-
able as the expressed protein with complete mucin modi-
fication reactive with IIH6C4 could not be obtained from
a commercial source. Thus, extracts of healthy control
muscle was used to generate a calibration curve and the
amount of glycosylated protein was expressed in terms of
microgram of the total healthy extract. Similar quantita-
tion of a mixture of components as relative amounts using
“mixed calibration curves” have been used in HPLC analy-
sis of plasma samples and metabolomics (Chen et al. 2017;
Liang et al. 2010). As all experiments presented in the
report use the same healthy lysate, the reported amounts
albeit relative, are consistent among each other. Since the
calibration curve is generated on each gel, fluctuations in
signal intensity of aDG are normalized between individual
WB and quantitative comparison is possible between gels.
Comparison with the calibration curve also assures that
both forms of aDG are applied to the gel in a range with
signals increasing monotonically with dose, as generally
recommended for quantitative WB. Although calibration
curves for WB are usually presumed to be linear, statisti-
cal analysis of the presented data yielded a better fit for
a parabolic curve. This is consistent with some reports
in literature (Butler et al. 2019). The LLOQ extrapolated
from this curve equals 1 ug total protein, which translates
into an estimated detection limit of 13 pg of dystroglycan
in the muscle extract. Although very small, this estimate
appears consistent with detection limits for fluorescent
WB reported in the literature. The low detection limit
compares favorably with an ECL based WB assay reported
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for dystrophin, which was assessed around 3 ng. Similar to
ECL based assay for dystrophin, the aDG assay presented
here has a precision expressed as a coefficient of variation
of 30%. With its high sensitivity this WB dystroglycan
assay is particularly valuable for analysis of patient sam-
ples, as they are characterized by low expression/low lev-
els of glycosylated and total dystroglycan and a generally
lower content of intact muscle fibers.

Our results of testing patient samples from compound
heterozygous LGMD?2I patients expressing both L2761 and
another defective FKRP variant indicated reduced levels of
glycosylated aDG relative to their homozygous counter-
parts. Several reports suggest a correlation between sever-
ity of disease and level of aDG glycosylation (Mercuri
et al. 2003; Brown et al. 2004) but this has been disputed
by others (Jimenez-Mallebrera et al. 2009; Alhamidi et al.
2017). The discrepancies may have resulted from limita-
tions in the quantitative interpretation due to the ubiq-
uitous use of ECL detection and the lack of calibration,
normalization procedures and differences in the muscle
biopsy location. It’s unclear if the necessary correction
of differences in the ECL reaction between blots could be
carried out under conditions of the reported methods. In
contrast, the presented approach uses a more stable detec-
tion system and enables reliable comparison, as all results
are normalized to a calibration curve on each blot. Thus,
consistent adaptation of the methodology of this report for
evaluating glycosylated aDG and data normalization may
pave the way to further understanding of hypoglycosyla-
tion and its relation to disease severity.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10974-024-09670-y.

Acknowledgements ML Bio Solutions, Inc. would like to acknowl-
edge the GRASP consortium, in particular Dr. Tasheen Mozaffar and
Dr. Nicholas Johnson for contributing samples used in the study. The
authors would like to thank Edmond Huang for their scientific contribu-
tion and Mallory E. Harden for their assistance with the manuscript.
We would like to thank Dr. Qi Long Lu from the McColl-Lockwood
laboratory for muscular dystrophy research at Atrium Health for pro-
viding the P448L Mouse TA tissue used in the study.

Author contributions Thulashitha Rajasingham- Primary contributor
to the manuscript who designed experiments, contributed to analy-
sis and figures and authored the manuscript. Hector M. Rodriguez-
Contributed to assay development and the manuscript. Andreas Betz
- Contributed to data analysis, generating figures and authored the
manuscript. Douglas Sproule- Chief Medical Officer and Clinical
Lead;provided patient samples. Uma Sinha- Chief Scientific Officer
and Principal Investigator of the program; designed experiments and
provided scientific guidance to the program.

Data availability The data supporting the findings of this study are
available within the article and/or its supplementary material.

Declarations

Competing interests All authors are employees of ML Bio Solutions,
Inc. and/or BridgeBio Pharma, Inc. and may own stock/options in the
company.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aldridge GM, Podrebarac DM, Greenough WT, Weiler 1J (2008) The
use of total protein stains as loading controls: an alternative to
high-abundance single-protein controls in semi-quantitative
immunoblotting. J Neurosci Methods 172:250-254. https://doi.
org/10.1016/j.jneumeth.2008.05.003

Alfano LN, Charleston JS, Connolly AM, Cripe L, Donoghue C,
Dracker R, Dworzak J, Eliopoulos H, Frank DE, Lewis S, Lucas
K, Lynch J, Milici AJ, Flynt A, Naughton E, Rodino-Klapac
LR, Sahenk Z, Schnell FJ, Young GD, Mendell JR, Lowes LP
(2019) Long-term treatment with eteplirsen in nonambulatory
patients with duchenne muscular dystrophy. Medicine (baltimore)
98:¢15858. https://doi.org/10.1097/MD.0000000000015858

Alhamidi M, Brox V, Stensland E, Liset M, Lindal S, Nilssen O (2017)
Limb girdle muscular dystrophy type 2I: no correlation between
clinical severity, histopathology and glycosylated alpha-dystrogly-
can levels in patients homozygous for common FKRP mutation.
Neuromuscul Disord 27:619-626. https://doi.org/10.1016/j.nmd.
2017.02.015

Anderson LV, Davison K (1999) Multiplex western blotting system
for the analysis of muscular dystrophy proteins. Am J Pathol
154:1017-1022. https://doi.org/10.1016/S0002-9440(10)65354-0

Balci-Hayta B, Talim B, Kale G, Dincer P (2018) LARGE expres-
sion in different types of muscular dystrophies other than dys-
troglycanopathy. BMC Neurol 18:207. https://doi.org/10.1186/
$12883-018-1207-0

Barresi R, Campbell KP (2006) Dystroglycan: from biosynthesis to
pathogenesis of human disease. J Cell Sci 119:199-207. https://
doi.org/10.1242/jcs.02814

Barthelemy F, Woods JD, Nieves-Rodriguez S, Douine ED, Wang R,
Wanagat J, Miceli MC, Nelson SF (2020) A well-tolerated core
needle muscle biopsy process suitable for children and adults.
Muscle Nerve 62:688-698. https://doi.org/10.1002/mus.27041

Bass JJ, Wilkinson DJ, Rankin D, Phillips BE, Szewczyk NJ, Smith K,
Atherton PJ (2017) An overview of technical considerations for
western blotting applications to physiological research. Scand J
Med Sci Sports 27:4-25. https://doi.org/10.1111/sms.12702

Briggs DC, Yoshida-Moriguchi T, Zheng T, Venzke D, Anderson
ME, Strazzulli A, Moracci M, Yu L, Hohenester E, Campbell KP
(2016) Structural basis of laminin binding to the LARGE glycans
on dystroglycan. Nat Chem Biol 12:810-814. https://doi.org/10.
1038/nchembio.2146

@ Springer


https://doi.org/10.1007/s10974-024-09670-y
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jneumeth.2008.05.003
https://doi.org/10.1016/j.jneumeth.2008.05.003
https://doi.org/10.1097/MD.0000000000015858
https://doi.org/10.1016/j.nmd.2017.02.015
https://doi.org/10.1016/j.nmd.2017.02.015
https://doi.org/10.1016/S0002-9440(10)65354-0
https://doi.org/10.1186/s12883-018-1207-0
https://doi.org/10.1186/s12883-018-1207-0
https://doi.org/10.1242/jcs.02814
https://doi.org/10.1242/jcs.02814
https://doi.org/10.1002/mus.27041
https://doi.org/10.1111/sms.12702
https://doi.org/10.1038/nchembio.2146
https://doi.org/10.1038/nchembio.2146

Journal of Muscle Research and Cell Motility

Brockington M, Yuva Y, Prandini P, Brown SC, Torelli S, Benson MA,
Herrmann R, Anderson LV, Bashir R, Burgunder JM, Fallet S,
Romero N, Fardeau M, Straub V, Storey G, Pollitt C, Richard I,
Sewry CA, Bushby K, Voit T, Blake DJ, Muntoni F (2001) Muta-
tions in the fukutin-related protein gene (FKRP) identify limb
girdle muscular dystrophy 21 as a milder allelic variant of congeni-
tal muscular dystrophy MDC1C. Hum Mol Genet 10:2851-2859.
https://doi.org/10.1093/hmg/10.25.2851

Brown SC, Torelli S, Brockington M, Yuva Y, Jimenez C, Feng L,
Anderson L, Ugo I, Kroger S, Bushby K, Voit T, Sewry C, Mun-
toni F (2004) Abnormalities in alpha-dystroglycan expression
in MDCI1C and LGMD?2I muscular dystrophies. Am J Pathol
164:727-737. https://doi.org/10.1016/s0002-9440(10)63160-4

Tal B, Paul JW, Chan EC, Smith R, Tolosa JM (2019) Misleading
westerns: common quantification mistakes in western blot den-
sitometry and proposed corrective measures. Biomed Res Int
2019:5214821. https://doi.org/10.1155/2019/5214821

Carberry S, Zweyer M, Swandulla D, Ohlendieck K (2012) Profiling
of age-related changes in the tibialis anterior muscle proteome of
the mdx mouse model of dystrophinopathy. ] Biomed Biotechnol
2012:691641. https://doi.org/10.1155/2012/691641

Cataldi MP, Blaeser A, Lu P, Leroy V, Lu QL (2020) ISPD Overexpres-
sion enhances ribitol-induced glycosylation of alpha-dystroglycan
in dystrophic FKRP mutant mice. Mol Ther Methods Clin Dev
17:271-280. https://doi.org/10.1016/j.omtm.2019.12.005

Cataldi MP, Lu P, Blaeser A, Lu QL (2018) Ribitol restores func-
tionally glycosylated alpha-dystroglycan and improves muscle
function in dystrophic FKRP-mutant mice. Nat Commun 9:3448.
https://doi.org/10.1038/s41467-018-05990-z

Chandel I, Campbell KP (2023) Identification of matriglycan by dual
exoglycosidase digestion of alpha-dystroglycan. Bio Protoc
13:e4827. https://doi.org/10.21769/BioProtoc.4827

Charleston JS, Schnell FJ, Dworzak J, Donoghue C, Lewis S, Chen L,
Young GD, Milici AJ, Voss J, Dealwis U, Wentworth B, Rodino-
Klapac LR, Sahenk Z, Frank D, Mendell JR (2018) Eteplirsen
treatment for duchenne muscular dystrophy: exon skipping and
dystrophin production. Neurology 90:e2146—e2154. https://doi.
org/10.1212/WNL.0000000000005680

Chen Y, Zhou Z, Yang W, Bi N, Xu J, He J, Zhang R, Wang L, AblizZ
(2017) Development of a data-independent targeted metabolomics
method for relative quantification using liquid chromatography
coupled with tandem mass spectrometry. Anal Chem 89:6954—
6962. https://doi.org/10.1021/acs.analchem.6b04727

Crowe KE, Shao G, Flanigan KM, Martin PT (2016) N-terminal alpha
dystroglycan (alphaDG-N): a potential serum biomarker for duch-
enne muscular dystrophy. J Neuromuscul Dis 3:247-260. https://
doi.org/10.3233/JND-150127

Endo T (2015) Glycobiology of alpha-dystroglycan and muscular dys-
trophy. J Biochem 157:1-12. https://doi.org/10.1093/jb/mvu066

Ervasti JM, Campbell KP (1993) A role for the dystrophin-glycoprotein
complex as a transmembrane linker between laminin and actin.
J Cell Biol 122:809-823. https://doi.org/10.1083/jcb.122.4.809

FDA guidance: Bioanalytical Method Validation Guidance for Industry.
https://www.fda.gov/regulatory-information/search-fda-guidance-
documents/bioanalytical-method-validation-guidance-industry.

Fritschy JM (2008) Is my antibody-staining specific? how to deal with
pitfalls of immunohistochemistry. Eur J Neurosci 28:2365-2370.
https://doi.org/10.1111/j.1460-9568.2008.06552.x

Georganopoulou DG, Moisiadis VG, Malik FA, Mohajer A, Dashevsky
TM, Wuu ST, Hu CK (2021) A journey with LGMD: from protein
abnormalities to patient impact. Protein J 40:466—488. https://doi.
org/10.1007/s10930-021-10006-9

Gerin I, Ury B, Breloy I, Bouchet-Seraphin C, Bolsee J, Halbout M,
Graff J, Vertommen D, Muccioli GG, Seta N, Cuisset JM, Dabaj I,
Quijano-Roy S, Grahn A, Van Schaftingen E, Bommer GT (2016)
ISPD produces CDP-ribitol used by FKTN and FKRP to transfer

@ Springer

ribitol phosphate onto alpha-dystroglycan. Nat Commun 7:11534.
https://doi.org/10.1038/ncomms 11534

Godfrey C, Clement E, Mein R, Brockington M, Smith J, Talim B,
Straub V, Robb S, Quinlivan R, Feng L, Jimenez-Mallebrera C,
Mercuri E, Manzur AY, Kinali M, Torelli S, Brown SC, Sewry
CA, Bushby K, Topaloglu H, North K, Abbs S, Muntoni F (2007)
Refining genotype phenotype correlations in muscular dystrophies
with defective glycosylation of dystroglycan. Brain 130:2725—
2735. https://doi.org/10.1093/brain/awm212

Han R, Kanagawa M, Yoshida-Moriguchi T, Rader EP, Ng RA, Michele
DE, Muirhead DE, Kunz S, Moore SA, Iannaccone ST, Miyake
K, Mcneil PL, Mayer U, Oldstone MB, Faulkner JA, Campbell
KP (2009) Basal lamina strengthens cell membrane integrity via
the laminin G domain-binding motif of alpha-dystroglycan. Proc
Natl Acad Sci U S A 106:12573-12579. https://doi.org/10.1073/
pnas.0906545106

Harrison R, Hitchen PG, Panico M, Morris HR, Mekhaiel D, Pleass RJ,
Dell A, Hewitt JE, Haslam SM (2012) Glycoproteomic characteri-
zation of recombinant mouse alpha-dystroglycan. Glycobiology
22:662-675. https://doi.org/10.1093/glycob/cws002

Heidebrecht F, Heidebrecht A, Schulz I, Behrens SE, Bader A (2009)
Improved semiquantitative western blot technique with increased
quantification range. J Immunol Methods 345:40—48. https://doi.
org/10.1016/j.jim.2009.03.018

Hewitt JE (2009) Abnormal glycosylation of dystroglycan in human
genetic disease. Biochim Biophys Acta 1792:853-861. https://doi.
org/10.1016/j.bbadis.2009.06.003

Tachettini S, Valaperta R, Marchesi A, Perfetti A, Cuomo G, Fossati B,
Vaienti L, Costa E, Meola G, Cardani R (2015) Tibialis anterior
muscle needle biopsy and sensitive biomolecular methods: a use-
ful tool in myotonic dystrophy type 1. Eur J Histochem 59:2562.
https://doi.org/10.4081/ejh.2015.2562

Inamori K, Yoshida-Moriguchi T, Hara Y, Anderson ME, Yu L, Camp-
bell KP (2012) Dystroglycan function requires xylosyl- and glucu-
ronyltransferase activities of LARGE. Science 335:93-96. https://
doi.org/10.1126/science.1214115

Jimenez-Mallebrera C, Torelli S, Feng L, Kim J, Godfrey C, Clement
E, Mein R, Abbs S, Brown SC, Campbell KP, Kroger S, Talim B,
Topaloglu H, Quinlivan R, Roper H, Childs AM, Kinali M, Sewry
CA, Muntoni F (2009) A comparative study of alpha-dystroglycan
glycosylation in dystroglycanopathies suggests that the hypogly-
cosylation of alpha-dystroglycan does not consistently correlate
with clinical severity. Brain Pathol 19:596-611. https://doi.org/
10.1111/5.1750-3639.2008.00198.x

Johnson EK, Li B, Yoon JH, Flanigan KM, Martin PT, Ervasti J, Mon-
tanaro F (2013) Identification of new dystroglycan complexes in
skeletal muscle. PLoS ONE 8:e73224. https://doi.org/10.1371/
journal.pone.0073224

Johnson K, Bertoli M, Phillips L, Topf A, Van Den Bergh P, Vissing
J, Witting N, Nafissi S, Jamal-Omidi S, Lusakowska A, Kostera-
Pruszczyk A, Potulska-Chromik A, Deconinck N, Wallgren-Pet-
tersson C, Strang-Karlsson S, Colomer J, Claeys KG, De Rid-
der W, Baets J, Von Der Hagen M, Fernandez-Torron R, Zulaica
Ijurco M, Espinal Valencia JB, Hahn A, Durmus H, Willis T,
Xu L, Valkanas E, Mullen TE, Lek M, Macarthur DG, Straub
V (2018) Detection of variants in dystroglycanopathy-associated
genes through the application of targeted whole-exome sequenc-
ing analysis to a large cohort of patients with unexplained limb-
girdle muscle weakness. Skelet Muscle 8:23. https://doi.org/10.
1186/s13395-018-0170-1

Joyce NC, Oskarsson B, Jin LW (2012) Muscle biopsy evaluation in
neuromuscular disorders. Phys Med Rehabil Clin N Am 23:609—
631. https://doi.org/10.1016/j.pmr.2012.06.006

Kanagawa M, Kobayashi K, Tajiri M, Manya H, Kuga A, Yamaguchi
Y, Akasaka-Manya K, Furukawa JI, Mizuno M, Kawakami H,
Shinohara Y, Wada Y, Endo T, Toda T (2016) Identification of


https://doi.org/10.1093/hmg/10.25.2851
https://doi.org/10.1016/s0002-9440(10)63160-4
https://doi.org/10.1155/2019/5214821
https://doi.org/10.1155/2012/691641
https://doi.org/10.1016/j.omtm.2019.12.005
https://doi.org/10.1038/s41467-018-05990-z
https://doi.org/10.21769/BioProtoc.4827
https://doi.org/10.1212/WNL.0000000000005680
https://doi.org/10.1212/WNL.0000000000005680
https://doi.org/10.1021/acs.analchem.6b04727
https://doi.org/10.3233/JND-150127
https://doi.org/10.3233/JND-150127
https://doi.org/10.1093/jb/mvu066
https://doi.org/10.1083/jcb.122.4.809
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/bioanalytical-method-validation-guidance-industry
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/bioanalytical-method-validation-guidance-industry
https://doi.org/10.1111/j.1460-9568.2008.06552.x
https://doi.org/10.1007/s10930-021-10006-9
https://doi.org/10.1007/s10930-021-10006-9
https://doi.org/10.1038/ncomms11534
https://doi.org/10.1093/brain/awm212
https://doi.org/10.1073/pnas.0906545106
https://doi.org/10.1073/pnas.0906545106
https://doi.org/10.1093/glycob/cws002
https://doi.org/10.1016/j.jim.2009.03.018
https://doi.org/10.1016/j.jim.2009.03.018
https://doi.org/10.1016/j.bbadis.2009.06.003
https://doi.org/10.1016/j.bbadis.2009.06.003
https://doi.org/10.4081/ejh.2015.2562
https://doi.org/10.1126/science.1214115
https://doi.org/10.1126/science.1214115
https://doi.org/10.1111/j.1750-3639.2008.00198.x
https://doi.org/10.1111/j.1750-3639.2008.00198.x
https://doi.org/10.1371/journal.pone.0073224
https://doi.org/10.1371/journal.pone.0073224
https://doi.org/10.1186/s13395-018-0170-1
https://doi.org/10.1186/s13395-018-0170-1
https://doi.org/10.1016/j.pmr.2012.06.006

Journal of Muscle Research and Cell Motility

a post-translational modification with ribitol-phosphate and its
defect in muscular dystrophy. Cell Rep 14:2209-2223. https://doi.
org/10.1016/j.celrep.2016.02.017

Kanagawa M, Saito F, Kunz S, Yoshida-Moriguchi T, Barresi R, Kob-
ayashi YM, Muschler J, Dumanski JP, Michele DE, Oldstone MB,
Campbell KP (2004) Molecular recognition by LARGE is essen-
tial for expression of functional dystroglycan. Cell 117:953-964.
https://doi.org/10.1016/j.cell.2004.06.003

Le S, Yu M, Hovan L, Zhao Z, Ervasti J, Yan J (2018) Dystrophin as
a molecular shock absorber. ACS Nano 12:12140-12148. https://
doi.org/10.1021/acsnano.8b05721

Lee AJ, Jones KA, Butterfield RJ, Cox MO, Konersman CG, Gros-
mann C, Abdenur JE, Boyer M, Beson B, Wang C, Dowling JJ,
Gibbons MA, Ballard A, Janas JS, Leshner RT, Donkervoort S,
Bonnemann CG, Malicki DM, Weiss RB, Moore SA, Mathews
KD (2019) Clinical, genetic, and pathologic characterization of
FKRP mexican founder mutation c.1387A>G. Neurol Genet
5:¢315. https://doi.org/10.1212/NXG.0000000000000315

Liang Y, Hao H, Kang A, Xie L, Xie T, Zheng X, Dai C, Wan L, Sheng
L, Wang G (2010) Qualitative and quantitative determination of
complicated herbal components by liquid chromatography hybrid
ion trap time-of-flight mass spectrometry and a relative exposure
approach to herbal pharmacokinetics independent of standards. J
Chromatogr A 1217:4971-4979. https://doi.org/10.1016/j.chroma.
2010.05.056

Martin PT (2005) The dystroglycanopathies: the new disorders of
O-linked glycosylation. Semin Pediatr Neurol 12:152-158. https://
doi.org/10.1016/j.spen.2005.10.003

Mercuri E, Brockington M, Straub V, Quijano-Roy S, Yuva Y, Her-
rmann R, Brown SC, Torelli S, Dubowitz V, Blake DJ, Romero
NB, Estournet B, Sewry CA, Guicheney P, Voit T, Muntoni F
(2003) Phenotypic spectrum associated with mutations in the
fukutin-related protein gene. Ann Neurol 53:537-542. https://
doi.org/10.1002/ana.10559

Michele DE, Barresi R, Kanagawa M, Saito F, Cohn RD, Satz JS,
Dollar J, Nishino I, Kelley RI, Somer H, Straub V, Mathews KD,
Moore SA, Campbell KP (2002) Post-translational disruption of
dystroglycan-ligand interactions in congenital muscular dystro-
phies. Nature 418:417-422. https://doi.org/10.1038/nature00837

Miskiewicz EI, Macphee DJ (2019) Lysis buffer choices are key con-
siderations to ensure effective sample solubilization for protein
electrophoresis. Methods Mol Biol 1855:61-72. https://doi.org/
10.1007/978-1-4939-8793-1_5

Miyara M, Umeda K, Ishida K, Sanoh S, Kotake Y, Ohta S (2016)
Protein extracts from cultured cells contain nonspecific serum
albumin. Biosci Biotechnol Biochem 80:1164—1167. https://doi.
org/10.1080/09168451.2016.1151338

Muntoni F, Torelli S, Wells DJ, Brown SC (2011) Muscular dystrophies
due to glycosylation defects: diagnosis and therapeutic strategies.
Curr Opin Neurol 24:437-442. https://doi.org/10.1097/WCO.
0b013e32834a95e3

Murphy AP, Straub V (2015) The classification, natural history and
treatment of the limb girdle muscular dystrophies. ] Neuromuscul
Dis 2:S7-S19. https://doi.org/10.3233/JND-150105

Nickolls AR, Bonnemann CG (2018) The roles of dystroglycan in the
nervous system: insights from animal models of muscular dystro-
phy. Dis Model Mech 11:dmm035931. https://doi.org/10.1242/
dmm.035931

Peach M, Marsh N, Miskiewicz EI, Macphee DJ (2015) Solubilization
of proteins: the importance of lysis buffer choice. Methods Mol
Biol 1312:49-60. https://doi.org/10.1007/978-1-4939-2694-7_8

Pillai-Kastoori L, Schutz-Geschwender AR, Harford JA (2020) A
systematic approach to quantitative western blot analysis. Anal
Biochem 593:113608. https://doi.org/10.1016/j.ab.2020.113608

Pitre A, Pan Y, Pruett S, Skalli O (2007) On the use of ratio standard
curves to accurately quantitate relative changes in protein levels

by western blot. Anal Biochem 361:305-307. https://doi.org/10.
1016/j.ab.2006.11.008

Poppe M, Cree L, Bourke J, Eagle M, Anderson LV, Birchall D, Brock-
ington M, Buddles M, Busby M, Muntoni F, Wills A, Bushby K
(2003) The phenotype of limb-girdle muscular dystrophy type 21.
Neurology 60:1246—1251. https://doi.org/10.1212/01.wnl.00000
58902.88181.3d

Rader EP, Turk R, Willer T, Beltran D, Inamori K, Peterson TA, Engle
J, Prouty S, Matsumura K, Saito F, Anderson ME, Campbell KP
(2016) Role of dystroglycan in limiting contraction-induced injury
to the sarcomeric cytoskeleton of mature skeletal muscle. Proc
Natl Acad Sci U S A 113:10992-10997. https://doi.org/10.1073/
pnas.1605265113

Schnell F, Frank D, Fletcher S, Johnsen RD, Wilton SD (2019) Chal-
lenges of interpreting dystrophin content by western blot. US Neu-
rology 15:40. https://doi.org/10.17925/USN.2019.15.1.40

Schutz Geschwender A, Zhang Y, Holt T, Mcdermitt D, Olive, DM
(2004) Quantitative, Two-Color Western Blot Detection With
Infrared Fluorescence. LI-COR Biosciences

Sheikh MO, Capicciotti CJ, Liu L, Praissman J, Ding D, Mead DG,
Brindley MA, Willer T, Campbell KP, Moremen KW, Wells
L, Boons G (2022) Cell surface glycan engineering reveals
that matriglycan alone can recapitulate dystroglycan binding
and function. Nat Commun 13:3617. https://doi.org/10.1038/
s41467-022-31205-7

Stevens E, Carss KJ, Cirak S, Foley AR, Torelli S, Willer T, Tambunan
DE, Yau S, Brodd L, Sewry CA, Feng L, Haliloglu G, Orhan D,
Dobyns WB, Enns GM, Manning M, Krause A, Salih MA, Walsh
CA, Hurles M, Campbell KP, Manzini MC, Consortium UK,
Stemple D, Lin YY, Muntoni F (2013) Mutations in B3GALNT2
cause congenital muscular dystrophy and hypoglycosylation of
alpha-dystroglycan. Am J Hum Genet 92:354-365. https://doi.
org/10.1016/j.ajhg.2013.01.016

Straub V, Murphy A, Udd B, Group LWS (2018) 229th ENMC interna-
tional workshop: limb girdle muscular dystrophies - nomenclature
and reformed classification naarden, the netherlands, 17-19 march
2017. Neuromuscul Disord 28:702—-710. https://doi.org/10.1016/j.
nmd.2018.05.007

Sun L, Konstantinidi A, Ye Z, Nason R, Zhang Y, Bull C, Kahl-Knut-
son B, Hansen L, Leffler H, Vakhrushev SY, Yang Z, Clausen H,
Narimatsu Y (2022) Installation of O-glycan sulfation capacities
in human HEK?293 cells for display of sulfated mucins. J Biol
Chem 298:101382. https://doi.org/10.1016/j.jbc.2021.101382

Suzuki O, Koura M, Noguchi Y, Uchio-Yamada K, Matsuda J (2011)
Use of sample mixtures for standard curve creation in quantita-
tive western blots. Exp Anim 60:193-196. https://doi.org/10.1538/
expanim.60.193

Taylor SC, Berkelman T, Yadav G, Hammond M (2013) A defined
methodology for reliable quantification of western blot
data. Mol Biotechnol 55:217-226. https://doi.org/10.1007/
$12033-013-9672-6

Willis E, Moore SA, Cox MO, Stefans V, Aravindhan A, Gokden M,
Veerapandiyan A (2022) Limb-girdle muscular dystrophy r9 due
to a novel complex insertion/duplication variant in FKRP gene.
Child Neurol Open 9:2329048X221097518. https://doi.org/10.
1177/2329048X221097518

Wu B, Drains M, Shah SN, Lu PJ, Leroy V, Killilee J, Rawls R, Tucker
JD, Blaeser A, Lu QL (2022) Ribitol dose-dependently enhances
matriglycan expression and improves muscle function with pro-
longed life span in limb girdle muscular dystrophy 2I mouse
model. PLoS ONE 17:e0278482. https://doi.org/10.1371/journ
al.pone.0278482

Yoshida-Moriguchi T, Campbell KP (2015) Matriglycan: a novel poly-
saccharide that links dystroglycan to the basement membrane.
Glycobiology 25:702—713. https://doi.org/10.1093/glycob/cwv021

@ Springer


https://doi.org/10.1016/j.celrep.2016.02.017
https://doi.org/10.1016/j.celrep.2016.02.017
https://doi.org/10.1016/j.cell.2004.06.003
https://doi.org/10.1021/acsnano.8b05721
https://doi.org/10.1021/acsnano.8b05721
https://doi.org/10.1212/NXG.0000000000000315
https://doi.org/10.1016/j.chroma.2010.05.056
https://doi.org/10.1016/j.chroma.2010.05.056
https://doi.org/10.1016/j.spen.2005.10.003
https://doi.org/10.1016/j.spen.2005.10.003
https://doi.org/10.1002/ana.10559
https://doi.org/10.1002/ana.10559
https://doi.org/10.1038/nature00837
https://doi.org/10.1007/978-1-4939-8793-1_5
https://doi.org/10.1007/978-1-4939-8793-1_5
https://doi.org/10.1080/09168451.2016.1151338
https://doi.org/10.1080/09168451.2016.1151338
https://doi.org/10.1097/WCO.0b013e32834a95e3
https://doi.org/10.1097/WCO.0b013e32834a95e3
https://doi.org/10.3233/JND-150105
https://doi.org/10.1242/dmm.035931
https://doi.org/10.1242/dmm.035931
https://doi.org/10.1007/978-1-4939-2694-7_8
https://doi.org/10.1016/j.ab.2020.113608
https://doi.org/10.1016/j.ab.2006.11.008
https://doi.org/10.1016/j.ab.2006.11.008
https://doi.org/10.1212/01.wnl.0000058902.88181.3d
https://doi.org/10.1212/01.wnl.0000058902.88181.3d
https://doi.org/10.1073/pnas.1605265113
https://doi.org/10.1073/pnas.1605265113
https://doi.org/10.17925/USN.2019.15.1.40
https://doi.org/10.1038/s41467-022-31205-7
https://doi.org/10.1038/s41467-022-31205-7
https://doi.org/10.1016/j.ajhg.2013.01.016
https://doi.org/10.1016/j.ajhg.2013.01.016
https://doi.org/10.1016/j.nmd.2018.05.007
https://doi.org/10.1016/j.nmd.2018.05.007
https://doi.org/10.1016/j.jbc.2021.101382
https://doi.org/10.1538/expanim.60.193
https://doi.org/10.1538/expanim.60.193
https://doi.org/10.1007/s12033-013-9672-6
https://doi.org/10.1007/s12033-013-9672-6
https://doi.org/10.1177/2329048X221097518
https://doi.org/10.1177/2329048X221097518
https://doi.org/10.1371/journal.pone.0278482
https://doi.org/10.1371/journal.pone.0278482
https://doi.org/10.1093/glycob/cwv021

Journal of Muscle Research and Cell Motility

Zardini E, Franciotta D, Melzi D’eril GV (1993) Detection of dys-
trophin with a modified western blot technique in muscle tissue
extracts. Clin Chem 39:915

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Validation of a novel western blot assay to monitor patterns and levels of alpha dystroglycan in skeletal muscle of patients with limb girdle muscular dystrophies
	Abstract
	Introduction
	Materials and methods
	Antibodies and proteins
	Tibialis anterior (TA) biopsy collection
	Sample homogenization and considerations for high molecular weight protein extraction
	Dot blot assay
	Preparation of calibration controls, quality controls and patient samples
	SDS-PAGE and western blot analysis
	Region of interest (ROI)
	Background correction
	Determination of αDG levels
	Data normalization and percentage calculation

	Results
	Establishment of a suitable assay system
	Evaluating antibody specificity in a multiplexed system
	Validating antibodies using negative controls
	Evaluation of inter-subject variability of αDG in TA samples for calibration and quality control.
	Assay validation
	Optimal model for the calibration curves
	Background signal and limit of detection (LOD)
	Evaluating assay sensitivity and lower limit of quantitation
	Evaluating inter and intra assay precision
	Patient sample analysis, banding patterns and gating differences

	Discussion
	Acknowledgements 
	References


