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SUMMARY

Fukutin-related protein (FKRP) is a glycosyltransferase involved in glycosylation of alpha-dystroglycan («-DG). Mutations in FKRP are
associated with muscular dystrophies (MD) ranging from limb-girdle LGMDR9 to Walker-Warburg Syndrome (WWS), a severe type of
congenital MD. Although hypoglycosylation of «-DG is the main hallmark of this group of diseases, a full understanding of the under-
lying pathophysiology is still missing. Here, we investigated molecular mechanisms impaired by FKRP mutations in pluripotent stem (PS)
cell-derived myotubes. FKRP-deficient myotubes show transcriptome alterations in genes involved in extracellular matrix receptor inter-
actions, calcium signaling, PI3K-Akt pathway, and lysosomal function. Accordingly, using a panel of patient-specific LGMDR9 and WWS
induced PS cell-derived myotubes, we found a significant reduction in the autophagy-lysosome pathway for both disease phenotypes. In
addition, we show that WWS myotubes display decreased ERK1/2 activity and increased apoptosis, which were restored in gene edited
myotubes. Our results suggest the autophagy-lysosome pathway and apoptosis may contribute to the FKRP-associated MD pathogenesis.

INTRODUCTION

The multimeric transmembrane dystrophin-glycoprotein
complex (DGC) is critical for cell signaling and membrane
stability. Dystroglycan (DG), an important cell adhesion
protein belonging to the DGC complex, is composed of
two subunits: « and B. «-DG is a heavily glycosylated extra-
cellular protein that mediates the binding to extracellular
matrix (ECM) components, as well as to B-DG. B-DG, in
turn, is a transmembrane protein that connects the ECM,
via its binding to a-DG, to the intracellular actin cytoskel-
eton (Barresi and Campbell, 2006). Dystroglycan binding
to the ECM requires functional glycosylation of a-DG,
and encompasses a complex stepwise process involving
more than 20 genes. Among these, the ribitol-5-phosphate
transferases fukutin (FKTN) and fukutin-related protein
(FKRP) are responsible for the sequential ribitol phosphate
modifications of the a-DG M3 core (Gerin et al., 2016; Ka-
nagawa et al., 2016; Praissman et al., 2016). The presence of
ribitol phosphate is essential for the addition of matrigly-
can, a polysaccharide, with laminin-globular (LG) binding
domains (Inamori et al., 2012; Manya et al., 2016; Praiss-
man et al., 2014; Willer et al., 2014). These LG domains
mediate the binding of «-DG to laminin, agrin, and perle-
can in the sarcolemma (Campanelli et al., 1994; Ibraghi-
mov-Beskrovnaya et al., 1992; Peng et al., 1998). Loss of
a-DG glycosylation leads to a subgroup of muscular dystro-
phies (MDs), known as dystroglycanopathies (Martin,
2005). FKRP mutations are associated with a heterogeneous
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spectrum of dystroglycanopathies, ranging from limb-gir-
dle MD recessive 9 (LGMDRY), characterized mostly by a
milder phenotype, to Walker-Warburg Syndrome (WWS),
a severe form of congenital MD with brain and eye involve-
ment (Beltran-Valero de Bernabe, 2004; Brockington et al.,
2001a; Brockington et al., 2001b).

The main hallmark of FKRP-associated MD is the loss of
functional glycosylation of «-DG, which leads to impaired
laminin binding capacity, which is essential for muscle fi-
ber integrity (Ervasti and Campbell, 1993; Ibraghimov-Be-
skrovnaya et al., 1992). However, it has been reported
that muscle biopsies may show no correlation between
the level of a-DG hypoglycosylation and the severity of
the disease (Alhamidi et al., 2017; Jimenez-Mallebrera
et al., 2009). These observations suggest that hypoglycosy-
lation of «-DG may not be the sole mechanism responsible
for the muscle pathology observed in patients with FKRP-
associated MD, and that other molecular processes may
be contributing to the disease, but to date, this remains
underinvestigated. To address this question, we took
advantage of pluripotent stem (PS) cell-derived myotubes
encompassing a spectrum of FKRP deficiency. These
include an FKRP knockout (KO) as well as LGMDR9 and
WWS patient-specific induced PS (iPS) cells. We show
that FKRP KO and disease myotubes have reduced auto-
phagy activity and increased apoptosis. Moreover, RNA
sequencing (RNA-seq) of patient-specific myotubes re-
vealed perturbations in MAPK and calcium signaling path-
ways, as well as in focal and cell adhesion molecules. Taken
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Figure 1. Transcriptome analysis of FKRP KO myotubes
(A) Heatmap shows unsupervised clustering of top 2000 differentially expressed genes in FKRP KO and parental WT. Panels I to IV denote
enriched biological processes for each cluster.

Stem Cell Reports | Vol. 16 | 2752-2767 | November 9, 2021

(legend continued on next page)

2753



;0‘
(&

together, these results suggest that FKRP mutations lead to
alterations in cell homeostasis even when functional glyco-
sylation of a-DG is unaffected.

RESULTS

FKRP-deficient myotubes display deregulated ECM
constituents and signaling receptor activity

To investigate the molecular changes associated with FKRP
deficiency in skeletal muscle, we examined myotubes
derived from FKRP KO (Ortiz-Cordero et al., 2021b) and
parental wild-type (WT) PS cell lines. RNA-seq analysis
identified 2,759 differentially expressed genes, whose
expression levels presented a fold change higher than 1.5
and a p value below 0.05. Based on hierarchical gene clus-
tering, we conducted gene ontology functional annotation
to investigate the identified subgroups. Genes found upre-
gulated in FKRP KO myotubes were associated with
transmembrane transporter activity and channel activity
(Figure 1A, I-II), whereas downregulated genes consisted
of ECM structural constituents, as well as genes involved
in binding of collagen and integrins (Figure 1A, III-IV).
Pathway analysis revealed enrichment for ECM receptor
interaction, focal adhesions, PI3K-Akt, calcium, and Rap1l
signaling pathways (Figure 1B). Consistently, among the
differentially expressed genes in FKRP KO myotubes, 44
were associated with ECM receptor interaction, including
nine integrin, and five laminin genes (Figure S1A). More-
over, 11 collagen genes were downregulated, including
COL1A1, COL1A2, COL4AS, and COL6A1, while COL2A1
was upregulated in FKRP KO myotubes. Lack of FKRP was
also associated with deregulation of 90 genes associated
with the PI3K-Akt pathway (Figure S1B). Interestingly, pre-
vious studies have documented disrupted PI3K-Akt
pathway in the context of lack of DGC-laminin interaction
(Langenbach and Rando, 2002; Xiong et al., 2009). The
lysosome pathway was also deregulated (Figure 1B) with
34 genes found at lower expression levels in FKRP KO my-
otubes compared with WT counterparts, including the
lysosomal acid hydrolases cathepsins CTSD, CTSL, CTSH,
and CTSB and the lysosomal membrane proteins LAMP1,
NPC2, and CLNS (Figure 1C).

Patient-specific FKRP mutant myotubes display
varying levels of «-DG functional glycosylation
To examine whether the deregulated pathways identified
in FKRP KO myotubes are also altered in clinically associ-

ated FKRP mutants, we took advantage of patient-specific
iPS cells. We generated three iPS cell lines from patients
diagnosed with LGMDR9 harboring the most common
variant, ¢.826C > A (p.Leu276lle), referred as D01, GO1,
GM238 (Table S1). Characterization of these three
LGMDR9 iPS cell lines confirmed pluripotency (Figures
S2A-S2C), normal karyotype (data not shown), and the
presence of a single point mutation in c¢.826C > A, as shown
by PCR and Sanger sequencing (Figure S2D). In addition to
these novel lines, we also used the recently published iPS
cell lines LGMDR9 CDI73, LGMDR9 compound heterozy-
gous FP3 (Dhoke et al., 2021) and B12-57 (Nickolls et al.,
2020), and WWS FP4 (Ortiz-Cordero et al., 2021b).

We used the iPAX7 conditional expression system to
generate myogenic progenitors (Darabi et al., 2012; Selvaraj
et al., 2019), which were then subjected to terminal differ-
entiation into myotubes. Immunostaining for myosin
heavy chain (MHC) confirmed comparable differentiation
potential between FKRP mutant and WT myotubes (Fig-
ure S3A). Since the hallmark of dystroglycanopathies is
loss of a-DG glycosylation, we analyzed immunoreactivity
to IIH6, a monoclonal antibody specific to the laminin
binding domain of a-DG (Ervasti and Campbell, 1993).
Myotubes from the severe WWS cell line (FP4) showed
virtually no signal for IIH6, whereas myotubes from all
four LGMDR9 samples and LGMDR9 compound heterozy-
gous (B12-57) showed comparable ITH6 immunoreactivity
to WT control counterparts (Figures S3A-S3C). Similar re-
sults were reported for FP3 iPS cell-derived myotubes, the
second LGMDR9 compound heterozygous sample (Dhoke
et al., 2021). Using WGA pull-downs, which further en-
riches for glycosylated proteins, we confirmed the ITH6 re-
sults and the inability of WWS myotubes to bind laminin
(Figure S3D).

To validate the lack of phenotype observed in LGMDR9
iPS cell-derived myotubes, we turned to available primary
samples. We assessed [IH6 immunoreactivity in fibroblasts
from the D01, GO1, and GM238 patient samples along with
fibroblasts from 3 WT samples (Table S1). Fluorescence-acti-
vated cell sorting (FACS) analysis revealed no significant
differences in IIH6 levels between LGMDRY cells and WT
fibroblasts (Figures S3E and S3F). These observations are
in agreement with previous studies in LGMDR9 muscle bi-
opsies with the FKRP L2761 mutation (Alhamidi et al.,
2017; Lee et al., 2019), which documented that loss of
a-DG functional glycosylation can be minimal in these pa-
tient samples when compared with WT. Similar results
were obtained using human haploid cell lines genetically

(B) Graph shows enriched pathways in differentially expressed genes in FKRP KO myotubes compared with WT counterpart. The dotted line

represents significance threshold. Data are plotted as -log(p value).

(C) Heatmap shows the expression of differentially expressed genes associated with the lysosome pathway between FKRP KO and WT

counterpart myotubes.
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Figure 2. Assessment of autophagy in FKRP KO myotubes
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(A) Representative images show immunostaining for MHC (green) and LC3B (in red) in WT counterpart and FKRP KO PS cell-derived
myotubes at basal conditions or upon treatment with 100 uM chloroquine (CQ) DAPI-stained nuclei (in blue). Scale bar, 50 pum.

(B) Graph shows quantification of LC3B puncta (A) normalized to MHC area. Inset shows X5 magnification. **p < 0.01 by one-way ANOVA
followed by Sidak’s multiple comparison test. Each symbol represents a different field of view for four independent experiments. Error bars

represent mean + SEM.

modified with the FKRP L2761 mutation (Henriques et al.,
2019).

The autophagy-lysosome pathway is downregulated

in patient-specific FKRP mutant myotubes

Since the RNA-seq analysis revealed downregulation of
genes belonging to the lysosome pathway in FKRP-defi-
cient myotubes (Figure 1C), we next evaluated whether
the autophagy-lysosome system is disrupted in FKRP KO
and patient-specific FKRP mutant myotubes (WWS FP4
and LGMDR9 D01, GO01, and CDI73). Given that auto-
phagy is a dynamic process, we used chloroquine (CQ), a
lysosome acidification inhibitor that blocks the autolyso-
some formation. To assess autophagy, we probed LC3B, a
commonly used marker to measure autophagy (Kabeya
et al., 2004; Levine and Kroemer, 2008). In WT myotubes,
CQ treatment results in a marked increase of LC3B puncta,
but this was not observed in the absence of FKRP (Figures

2A and 2B). Of note, this absence of increased levels of
LC3B upon CQ treatment was also detected in patient-spe-
cific LGMDR9 (Figures 3A and 3B) and WWS cells (Figures
3C and 3D). Importantly, FKRP gene corrected WWS myo-
tubes (Dhoke et al., 2021) showed enhanced levels of LC3B
puncta upon CQ exposure, similar to WT controls (Figures
3Cand 3D), indicating that the defect in autophagy is asso-
ciated with FKRP.

To investigate the dynamics of the autophagic flux, we
evaluated the lipidated form of microtubule-associated
protein-1 light chain 3 (LC3B-II) generated during auto-
phagosome formation by western blot. Treatment of WT
myotubes with 100 pm CQ for 3 h led to a marked increase
in LC3B-II compared with FKRP KO myotubes, under basal
conditions and when exposed to serum starvation (Hank’s
balanced salt solution [HBSS]), an activator of autophagy
(Figures 4A and 4B). The accumulation of LC3B-II was
also significantly attenuated in patient-specific LGMDR9
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Figure 3. Assessment of autophagy in LGMDR9 and WWS patient-specific myotubes

(A) Representative images show immunostaining for MHC (green) and LC3B (in red) in WT and LGMDR9 iPS cell-derived myotubes at basal
conditions or upon treatment with 100uM chloroquine. (CQ) DAPI-stained nuclei (in blue). Scale bar, 50 pum.

(B) Graph shows quantification of LC3B puncta (A) normalized to MHC area. Each symbol represents a different field of view for two in-
dependent experiments using three WT and three LGMDR9 cell lines. **p < 0.01 by one-way ANOVA followed by Sidak’s multiple comparison
test. Error bars represent mean + SEM.

(legend continued on next page)
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(Figures S4A and S$4B) and LGMDR9 compound heterozy-
gous myotubes (Figures S4D and S4E) compared with
WT myotubes. Moreover, WWS also presented decreased
LC3-II compared with WT (Figures 4D and 4E). Of note,
the cohort of FKRP gene corrected WWS myotubes accu-
mulated higher levels of LC3B-II (Figures 4G and 4H). In
line with the decrease seen in LAMPI, a marker of lyso-
some/late endosome formation, in the RNA-seq analysis
(Figure 1C), our western blot results show that LAMP1 is
significantly reduced in FKRP KO myotubes relative to
the WT counterpart (Figures 4A and 4C). Similar results
were observed in LGMDR9 compound heterozygous (Fig-
ures S4D and S4F). Whereas no significant differences
were detected in LGMDRY (Figures S4A and S$4C) and
WWS myotubes (Figures 4D and 4F), LAMP1 expression
levels were significantly decreased in WWS when
compared with FKRP gene corrected WWS counterparts
at both basal and starvation conditions (Figures 4G and 4I).

Transcriptome analysis of FKRP KO myotubes showed
misregulation of genes associated with the PI3K-Akt
pathway, a known regulator of autophagy (Figure 1B). To
investigate this further, we measured Akt activity and the
activity of its downstream target mammalian target of rapa-
mycin (mTOR). We observed no significant differences in
Akt or mTOR activity in FKRP KO or patient-specific myo-
tubes (Figures SS5A-SSF). These results suggest that
decreased autophagy may be a contributing factor to the
pathogenesis of FKRP-associated MD, and that this defect
is independent of the Akt-mTOR pathway in FKRP pa-
tient-derived myotubes.

Molecular characterization of patient-specific FKRP
mutant myotubes

To determine whether FKRP patient-specific myotubes
display molecular signature similarities, we performed
transcriptome analysis of myotubes from two LGMDR9
(CDI73 and D0O1), WWS, and gene corrected counterparts,
as well as two WT (WT and WT3) iPS cell lines. Differen-
tially expressed genes in LGMDR9 myotubes were deter-
mined by comparing with WT, while WWS myotubes
were analyzed against the gene corrected counterpart. Us-
ing IPA analysis, we first examined altered biological func-
tions. This revealed enrichment for genes involved in cell
survival, cell viability, apoptosis, and necrosis in both
WWS, and LGMDR9Y differentially expressed genes (Fig-
ure 5A). Importantly, we observed enrichment for the
same biological functions in FKRP KO myotubes (data
not shown). Pathway analysis revealed that ECM receptor

interaction, focal, and cell adhesion molecules were de-
regulated in FKRP patient-specific myotubes (Figure 5B),
similar to what was observed in FKRP KO myotubes (Fig-
ure 1B). Moreover, genes associated with PI3K-Akt, Rapl,
and MAPK and p53 signaling pathways were overrepre-
sented in FKRP mutant myotubes (Figure 5B). To validate
our iPS cell in vitro model, we examined data from pub-
lished muscle biopsies from LGMDR9 patients (Bakay
et al., 2006; Dadgar et al., 2014). In agreement with the
pathways affected in our FKRP mutant PS cell-derived my-
otubes, we observed ECM alterations, including ECM re-
ceptor interaction and focal and cell adhesion. Likewise,
we observed overrepresentation of differentially expressed
genes associated with lysosome, MAPK, Rap1, p53, and cal-
cium signaling pathways (Figure 5C).

WWS patient-specific myotubes show reduced ERK1/2
activity and increased apoptosis
Transcriptome analysis revealed deregulation of genes asso-
ciated with the MAPK signaling pathway in FKRP mutant
myotubes (Figure 5B). ERK is involved in the regulation
of multiple cellular activities, including cell survival and
apoptosis (Lavoie et al.,, 2020; Lu and Xu, 2006). To
examine p44/42 MAPK (ERK1/2) activity, we first probed
for phosphorylation at Thr185 and Tyr187 in FKRP KO my-
otubes. We observed a decrease in ERK1/2 activity in FKRP
KO compared with WT myotubes (Figures S6A and S6B).
Consistently, assessment of patient-specific FKRP mutant
myotubes revealed a similar significant reduction in
ERK1/2 activity in WWS myotubes compared with WT
and WWS corrected myotubes (Figures S6C and S6D),
whereas no significant differences were observed between
LGMDR9 and WT myotubes (Figures S6E and S6F).
Decreased ERK1/2 activity in FKRP KO and WWS myotubes
was also supported by IPA upstream analysis, and among
the genes associated with this decrease were downregula-
tion of GDF15, RUNX2, COL1A1, and EPASI.
Additionally, RNA-seq analysis displayed enrichment for
genes involved in cell survival and apoptosis (Figure 5A).
IPA comparison analysis revealed that FKRP mutant myo-
tubes have a common downregulation of 11 genes associ-
ated with increased apoptosis, among them PSMB9 (Cui
et al., 2014), KDR (Arsic et al., 2004; Ghorab et al., 2017),
and SHC3 (Gong et al., 2018; Liu et al., 2021). To determine
whether mutations in FKRP are associated with increased
apoptosis, we first looked at members of the BCL-2 family
of proteins in the context of lack of FKRP and in the
WWS mutant. While no significant differences were

(C) Representative images show immunostaining for MHC (green) and LC3B (in red) in WT1, WWS, and WWS corrected iPS cell-derived
myotubes at basal conditions or treated with 100 uM chloroquine (CQ). DAPI-stained nuclei (in blue). Scale bar, 50 um.

(D) Graph shows quantification of LC3B puncta (B) normalized to MHC area. *p < 0.05 by one-way ANOVA followed by Sidak’s multiple
comparison test. Each symbol represents a different field of view for four independent experiments. Error bars represent mean + SEM.
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Figure 4. Biochemical characterization of autophagic flux in FKRP mutant myotubes

(A) Western blot for LC3B-II and LAMP1 in FKRP KO myotubes and WT control. Cells were assessed under basal or HBSS, with or without
100 uM chloroquine (€CQ). ACTA1 and a-tubulin were used as differentiation and loading controls, respectively.

(B) Left panel shows quantification for LC3B-II, of western blots shown in (A) normalized to a-tubulin. Right panel shows autophagic flux
calculated as the difference in LC3B-II levels of HBSS-treated myotubes with and without CQ. *p <0.05, ***p < 0.001, ****p < 0.0001 by
RM two-way ANOVA followed by Sidak’s multiple comparison test (left) and paired Student’s t test (right). Error bars are mean + SEM for
four independent experiments.

(C) Respective quantification for LAMP1 of western blots shown in (A) normalized to a-tubulin. *p < 0.05 by RM two-way ANOVA followed
by Sidak’s multiple comparison test. Error bars are mean + SEM for four independent experiments.

(D) Representative western blot for LC3B-II and LAMP1 in WT and WWS myotubes. Cells were assessed under basal or starving conditions
(HBSS), with or without 100 uM CQ. ACTA1 and a-tubulin were used as differentiation and loading controls, respectively.

(legend continued on next page)
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Figure 5. Transcriptome analysis of WWS and LGMDR9 myotubes

(A) Graph shows enriched biological functions in differentially expressed genes in WWS FP4 compared with WWS corrected (triangle
symbol) and LGMDR9 (CDI73 and D01) compared with WT (diamond symbol) myotubes as revealed by IPA analysis. Dotted line represents
the significance threshold. Data are plotted as -log (p value). Transcriptome analysis for each cell line was performed in triplicate.

(B) Graph shows enriched biological pathways in differentially expressed genes in WWS and LGMDR9 myotubes compared with respective
control counterparts. Dotted line represents significance threshold. Data are plotted as -log (p value).

(C) Graph shows biological pathways enriched in 7 LGMDR9 patients muscle biopsies compared with WT controls in common with FKRP KO
or FKRP patient-specific mutant myotubes. Data are plotted as -log (p value).

observed in the levels of anti-apoptotic Bcl-2, we found a
significant increase in pro-apoptotic Bax in FKRP KO and
WWS myotubes when compared with controls (Figures
S6A-S6D). Given these results, we then investigated
LGMDR9 myotubes, which displayed a significant decrease
in Bcl-2 accompanied by an increase in Bax levels (Figures
S6E and S6F), suggesting an increase in apoptosis in FKRP
mutant myotubes.

Next, we quantified apoptosis using the TUNEL assay.
Our results demonstrate that FKRP KO myotubes dis-
played increased apoptosis when compared with WT my-
otubes (Figures 6A and 6B). Similar results were found in
myotubes from LGMDRY9 (Figures 6A and 6C) and
LGMDR9 compound heterozygous (Figures 6A and 6D)
iPS cell lines. Of note, WWS patient-specific myotubes
displayed higher TUNEL signal compared with WT and

WWS corrected counterparts (Figures 6A and 6E). Impor-
tantly, TUNEL staining of LGMDR9 and CMD patient bi-
opsies (Table S2) demonstrated increased cell death
compared with unaffected controls (Figures 7A and 7B).
Taken together, these results suggest that apoptosis is
increased in FKRP mutant muscle providing evidence
that FKRP is important for cell survival.

DISCUSSION

FKRP mutations are associated with MD, leading to progres-
sive muscle weakness and reduced lifespan. Extensive
previous research has focused on characterizing the impli-
cations of FKRP mutations on a-DG glycosylation, and
only a handful of studies have investigated potential

(Eand F) Quantitative analysis of (D) for LC3B-II (E) and LAMP1 (F) normalized to a-tubulin. Right panelin (E) shows flux calculated as the
difference in LC3B-II levels of HBSS-treated myotubes with and without CQ. *p < 0.05 by RM two-way ANOVA followed by Sidak’s multiple
comparison test and paired Student’s t test in (E) right panel. Error bars are mean + SEM for four independent experiments.

(G) Western blot for LC3B-II and LAMP1 in WWS and WWS corrected myotubes. Cells were assessed under basal or starving conditions
(HBSS), with or without 100 uM CQ. ACTA1 and a-tubulin were used as differentiation and loading controls, respectively.

(H and I) Graph shows quantification of LC3B-II (G) and LAMP1 (I) normalized to a-tubulin. Right panelin (E) shows flux calculated as the
difference in LC3B-II levels of HBSS-treated myotubes with and without CQ. *p < 0.05, **p < 0.01 by RM two-way ANOVA followed by
Sidak’s multiple comparison test and paired Student’s t test in (E) right panel. Error bars are mean + SEM for four and six independent
experiments.
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Figure 6. TUNEL assay in FKRP mutant myotubes

(A) Representative images show immunostaining for MHC (green) and TUNEL (red) for WT, FKRP KO, LGMDR9, LGMDR9 compound het-
erozygous (comp. het.) WWS, and WWS corrected myotubes. DAPI stains nuclei (in blue). Scale bar, 100 pm.

(B) Graph shows quantification of TUNEL signal per MHC area for FKRP KO and parental control. Each symbol represents a different field of
view for three independent experiments.**p < 0.01 by unpaired Student’s t test. Error bars are mean + SEM.

(C) Graph shows quantification of TUNEL signal per MHC area for LGMDR9 and WT. Each symbol represents a different field of view for
three independent experiments using three WT and three LGMDR9 cell lines. ****p < 0.0001 by unpaired Student’s t test. Error bars are
mean + SEM.

(legend continued on next page)
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Figure 7. TUNEL assay in muscle biopsies from CMD and LGMDR9 patients

(A) Representative images show immunostaining for laminin 2a (green) and TUNEL (red) for WT, LGMDR9, and CMD muscle biopsies. DAPI
stains nuclei (in blue). Inset shows X5 magnification. Scale bar, 100 pum.

(B and C) (B) Graph shows quantification of TUNEL-positive nuclei for WT, LGMDR9, and CMD muscle biopsies (C). Each symbol represents a
different field of view for three independent biological samples per group. *p <0.05, ****p < 0.001 by one-way Brown-Forsythe and Welch
ANOVA followed by Dunnett’s T3 multiple comparisons test. Error bars are mean + SEM.

alterations in downstream pathways (Boito et al., 2007; dero et al., 2021a; Richard et al., 2016). In contrast, loss-of-
Franekova et al., 2020; Lin et al., 2011). FKRP-associated function studies have not been possible, as complete lack of
MDs are commonly caused by point mutations (Ortiz-Cor- ~ FKRP is embryonic lethal (Chan et al., 2010). Thus, the use

(D) Graph shows quantification of TUNEL signal per MHC area for LGMDR9 comp. het and WT. Each symbol represents a different field of view
for three independent experiments of two WT and two LGMDR9 comp. het. lines, ****p <0.0001 by unpaired Student’s t test. Error bars are
mean = SEM.

(E) Graph shows quantification of TUNEL signal of WT, WWS, and WWS corrected (E) per MHC area. ***p < 0.001, ****p <0.0001 by one-way
ANOVA followed by Sidak’s multiple comparison test. Each symbol represents a different field of view for three independent experiments.

Error bars are mean + SEM.

Stem Cell Reports | Vol. 16 | 2752-2767 | November 9, 2021 2761




;0‘
(&

of human PS cell-derived myotubes allows for FKRP loss-of-
function studies otherwise not possible.

In this study, we began by investigating the molecular
implications of complete loss of FKRP in PS cell-derived
myotubes. Our transcriptome analysis revealed deregula-
tion of ECM receptor interaction and focal adhesions, as
well as calcium and PI3K-Akt signaling. This is of interest
based on the essential role of a-DG glycosylation in the
binding of dystroglycan to ECM components (Campanelli
et al., 1994; Ibraghimov-Beskrovnaya et al.,, 1992; Peng
et al., 1998). Previous studies have shown that a-DG is
involved in the regulation of focal adhesions (Moore and
Winder, 2010), and loss of laminin binding leads to alter-
ations in PI3K-Akt signaling pathway (Langenbach and
Rando, 2002; Xiong et al., 2009).

Although functional glycosylation of a-DG was similar
between LGMDR9 and WT myotubes, transcriptome anal-
ysis revealed alterations in pathways that were also
affected in severe WWS and in the absence of FKRP. These
include biological functions associated with apoptosis, ne-
crosis, cell survival, and cell viability. Since our findings
indicate that genes associated with ECM matrix receptor
interaction and focal adhesions are dysregulated, we spec-
ulate that LGMDR9 mutations may also lead to a disrup-
tion in extracellular membrane binding. Interestingly,
this is in line with recent data proposing that FKRP acts
as a stabilizer of Fibronectin-Collagen 1 binding (Wood
et al., 2021).

To investigate FKRP mutations in the context of relevant
MD, we took advantage of the comprehensive panel of pa-
tient-specific iPS cells, including LGMDR9, LGMDR9 com-
pound heterozygous, and severe WWS. We show that the
autophagy-lysosome pathway is reduced in LGMDRY,
LGMDR9 compound heterozygous, and WWS myotubes.
Importantly, this defect was no longer present in WWS
gene corrected myotubes, confirming that phenotype is
due to FKRP. Of interest, deregulation of the autophagy-
lysosome pathway has been documented in several muscle
pathologies (Sandri et al., 2013). A recent study evaluating
muscle biopsies from 12 LGMDR9 patients documented
increased autophagy, as shown by elevated LC3B-II (Frane-
kova et al., 2020). One important difference that may
explain the contrasting results between that study and
ours is that those authors focused solely on the measure-
ment of autophagy in static conditions, not addressing
the autophagy flux. In contrast, our analysis of autophagy
assessed the formation of autophagosomes over time at
basal and upon serum starvation conditions in FKRP-defi-
cient myotubes.

Measurements of Akt activity and downstream targets
did not support changes in the PI3K-Akt signaling
pathway, suggesting that alternative signaling pathways
may be causing downregulation of autophagy in FKRP
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KO and mutant myotubes. Future studies can aim at un-
derstanding the consequences of FKRP mutations in cal-
cium and MAPK/JNK signaling pathways, and their
impact as regulators of autophagy (Al-Bari and Xu, 2020;
Zhou et al.,, 2015). We observed decreased activity of
ERK1/2 in FKRP KO and WWS myotubes. Although we
did not observe significant differences in ERK1/2 activity
in LGMDRY9 myotubes, our analysis of biological path-
ways suggested alterations in cell survival and apoptosis.
Accordingly, LGMDR9 myotubes had decreased Bcl-2
and increased Bax expression. These results are corrobo-
rated by a recent report evaluating LGMDR9 muscle bi-
opsies (Franekova et al., 2020). Moreover, FKRP KO and
WWS myotubes displayed increased Bax levels. Impor-
tantly, our findings showed that all FKRP mutant iPS
cell-derived myotubes display increased apoptosis, a
result we confirmed in LGMDR9 and CMD patient
biopsies.

Autophagy and apoptosis have critical roles in the path-
ophysiology of muscle (Bloemberg and Quadrilatero,
2019). Although the interplay between autophagy and
apoptosis is complex, in general, they are mutually inhibi-
tory processes (Marifio et al., 2014). Decreased autophagy
and increased apoptosis have been reported as contributing
factors to muscle pathology in models for Duchenne MD
(De Palma et al., 2012) and collagen VI-associated MD
(Grumati et al., 2010). Altogether, our results support that
decreased autophagy and increased apoptosis may
contribute to FKRP MD pathogenesis. We envision that
strategies aimed at modulating autophagy or inhibiting
apoptosis could serve as potential palliative therapeutic
targets to treat dystroglycanopathies caused by FKRP
mutations.

METHODS

iPS cell reprogramming, iPS cell lines, and myogenic
differentiation

De-identified fibroblasts from patients diagnosed with LGMDR9
were obtained from the University of Minnesota Paul and Sheila
Wellstone Muscular Dystrophy Center according to procedures
approved by the Institutional Review Board of the University of
Minnesota and from the Coriell Institute for Medical Research
(Table S1). To generate D01, GO1, and GM238 iPS cell lines, fibro-
blasts were reprogrammed using the CytoTune-iPS 2.0 Sendai Re-
programming Kit (Thermo Fisher Scientific) under feeder-free con-
ditions. A complete list of PS cells is described in Table S1. iPS cells
were cultured on matrigel-coated dishes using mTeSR1 medium
(STEMCELL Technologies). iPAX7 myogenic progenitors were
generated as previously described (Selvaraj et al., 2019). Briefly,
myogenic progenitors were seeded 0.3 X 10° to 0.4 x 10° per
cm? onto gelatin-coated wells in myogenic media consisting of
Iscove’s modified Dulbecco’s medium containing 15% fetal bovine
serum (FBS), 10% horse serum, 1% KnockOut Serum Replacement



(KOSR), 1% GlutaMax, 1% penicillin-streptomycin, 50 pg/mL
ascorbic acid and 4.5 mM monothioglycerol, 1 mg/mL doxycy-
cline (dox), and 5 ng/mL human basic fibroblast growth factor
(PeproTech). Three days later, the media was switched to terminal
differentiation media containing low glucose Dulbecco’s Modified
Eagle Medium (Gibco), 2% horse serum, 1% insulin-transferrin-se-
lenium, and 1% penicillin-streptomycin, supplemented with 5 pM
SB-431542 and 5 pM LY-374973. After 4 days, cells were switched
to terminal differentiation medium only.

Muscle biopsies

Muscle biopsies described in Table S2 were obtained through the
Muscular Dystrophy Tissue and Cell Repository at the University
of Iowa according to procedures appoved by the Institutional
Review Board of University of lowa.

Immunoblot analysis and WGA pull-downs

Cells were washed with cold PBS, scrapped on ice, and homoge-
nized with RIPA buffer (Sigma) supplemented with protease (Com-
plete; Millipore-Sigma) and phosphatase inhibitors (PhosSTOP;
Roche). After centrifugation for 30 min at 30,000 x g, solubilized
proteins from the supernatant were quantified with Bradford re-
agent (Millipore-Sigma). Protein samples were prepared in Laemmli
Sample Buffer (LSB, BioRad). Alternatively, for WGA pull-downs,
cells were homogenized in Tris-Buffered Saline (TBS; 50 mM Tris-
Cl, pH 7.5, 150 mM NaCl) with 1% Triton X-100 and protease in-
hibitors (Complete; Millipore-Sigma) at 4°C; 350-600 ng of protein
lysate was loaded on 35-60 uL of wheat germ agglutinin bound
agarose beads (Vector Laboratories, Inc.) and incubated with end-
over-end mixing at 4°C overnight. Beads were washed three times
with PBS (150 mM NaCl, 8 mM NaH2PO4, 42 mM Na2HPO4, pH
7.5) with 0.1% Triton X-100 and bound protein was eluted with
2x LSB and incubated at 100°C for 5 min.

Protein samples were separated on 12% gels or 4% to 20% precast
polyacrylamide gels (BioRad) by electrophoresis and then transferred
to PVDF membranes (Millipore) for detection with the indicated an-
tibodies using Licor’s Odyssey Infrared Imaging System. The primary
antibodies used are detailed in Table S3. As secondary antibodies, we
used goat anti-mouse immunoglobulin (Ig)M DyLight, goat anti-rab-
bit IgG DyLight, goat anti-sheep IgG DyLight, and anti-mouse IgG
DyLight 680 or 800 (Invitrogen, 1:10,000). Western blots were quan-
tified using Image Studio Lite Ver 5.2.

Laminin overlay assay

The laminin overlay assay was performed with 20 pL of WGA pu-
rified samples separated on 4% to 15% SDS-polyacrylamide gels
by electrophoresis and then transferred to PVDF membranes.
Transfers were blocked with PBS and 5% nonfat dry milk for 1 h
atroom temperature, and then briefly rinsed with TBS. Membranes
were incubated for 2 h at room temperature in TBS containing
1 mM CacCl2, 1 mM MgCl2 (TBSS), 3% BSA, and 1 mg/mL native
laminin (L2020 Sigma). After two 10-min washes in TBSS, the
membranes were incubated overnight at 4°C with TBSS 3% BSA
and anti-Laminin (Table S3). Subsequently, membranes were
washed with TBSS twice for 10 min, incubated with anti-rabbit
DyLight 680 for 45 min at room temperature, washed twice with
TBSS for 10 min, and then visualized using Licor’s Odyssey Infrared

Imaging System. As a negative control, we used TBSS without
1 mM CaCl2 during incubation and washes.

ITH6 FACS analysis

ITH6 staining for FACS was performed as previously described with
minor modifications (Rojek et al., 2007). Cells were harvested us-
ing enzyme-free cell dissociation buffer (Gibco) following the
manufacturer’s instructions. Collected cells were washed with
PBS and then resuspended in PBS supplemented with 10% FBS
(PBSF). Cells were incubated for 5 min in the presence of Fc Block
(1 pL/million cells [BD Biosciences]). Staining was performed by
adding 1 pL of anti-a-dystroglycan antibody IIH6C4 (Millipore)
or normal mouse IgM (Santa Cruz Biotechnology) followed by
20 min incubation on ice. Cells were then washed with PBS and
labeled with 488-conjugated secondary antibodies (1:500 in
FACS buffer) for 20 min on ice protected from light. Cells were
washed with PBS and filtered through a 70 -um strainer to remove
cell clumps then resuspended in PBSF. Samples were analyzed us-
ing an FACS Aria II (BD Biosciences).

Calculation of autophagic flux

Day 5 myotubes were assessed under basal or HBSS, with or
without 100 pM chloroquine (CQ) after 3 h of treatment. Cells
were briefly washed with cold PBS and collected for protein extrac-
tion as described above.

Immunofluorescence staining

For immunofluorescence, cells were fixed with 4% paraformalde-
hyde in PBS for 10 min at 4°C, followed by permeabilization
with 0.3% Triton in PBS. After blocking with 3% BSA in PBS for 1
h, cells were incubated with the primary antibodies overnight in
3% BSA in PBS. Primary antibodies used in this study are listed in
Table S3. Samples were rinsed with PBS, incubated with respective
secondary antibodies and DAPI in 3% BSA in PBS. Secondary anti-
bodies used included Alexa Fluor 555 goat anti-mouse IgM, Alexa
Fluor 555 goat anti-mouse IgG, Alexa Fluor 555 goat anti-rabbit
IgG, and Alexa Fluor 488 goat anti-mouse IgG.

For LC3B puncta analysis, myogenic progenitors were seeded
and expanded on 22 x 22 gelatin-coated coverslips until
confluent, then terminally differentiated. After treatment cells
were fixed with 4% paraformaldehyde (PFA) for 15 min and per-
meabilized with 0.3% Triton in PBS for 10 min. Cells were
incubated with blocking solution, which consisted of PBS supple-
mented with 0.05% Tween and 2% BSA for 1 h, afterward cells were
incubated overnight at 4°C with the LC3B antibody (CST) in block-
ing solution. Cells were washed with PBS-T and stained with Alexa
Fluor 555 goat anti-rabbit IgG for 1 h at room temperature. After
MHC (Mf£-20) staining, coverslips were mounted on slides using
ProLong Gold with DAPI (ThermoFisher). A x60 oil immersion
objective was used, and 10 z-stacks images were acquired from
random fields using a Nikon C2 Upright Spectral Confocal micro-
scope. Image processing and quantification were performed with
the Fiji software. The z-projection at max intensity was generated
to quantitatively analyze the puncta using the same brightness
and contrast for control and experimental groups. The colocaliza-
tion plugin (https://imagej.nih.gov/ij/plugins/colocalization.
html) was used to determine puncta colocalized with MHC
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positive fibers. Only puncta that colocalized were counted using
the analyze particles feature. MHC area was calculated by setting
the threshold and measuring area in square pixels.

TUNEL assay

For the TUNEL assay, myogenic progenitors were seeded and
expanded on gelatin-coated coverslips. After 5 days of terminal dif-
ferentiation, myotubes were assessed using the Click-IT TUNEL
Alexa Fluor 594 Assay kit following the manufacturer’s instruc-
tions. Cells were rinsed with PBS, and stained for MHC, as
described above. Frozen 10-um-thick muscle biopsies were fixed
with PFA 4% and permeabilized with 0.3% Triton. TUNEL assay
was performed afterward following the manufacturer’s instruc-
tions and then stained for laminin-2a (Santa Cruz Biotechnology).
Coverslips were mounted on slides using ProLong Gold with DAPI
(ThermoFisher). Image processing and quantification were per-
formed as described above (LC3B puncta analysis) using Fiji
software.

RNA sequencing

Day 5 myotubes were collected with TRIzol Reagent (Invitro-
gen), and RNA was purified using PureLink™ RNA mini kit
(Thermo Fisher Scientific) with on-column DNAse treatment as
per the manufacturer’s protocol. A 500-ng amount of total
RNA was used for generating pair-ended libraries using the Tru-
Seq stranded mRNA library kit. The libraries were sequenced
with a NovaSeq 6000 using a 150 pair end run at 20 million
reads per sample; 150 base pair FastQ paired-end reads (n = 20
million per sample) were trimmed using Trimmomatic (v 0.33).
Quality control on raw sequence data was performed with
FastQC. Reads were mapped to the human genome (hg38) refer-
ence using Hisat2 (v2.1.0). Raw counts were imported into
iDEP9.1 (Ge et al., 2018) and raw reads were normalized using
edgeR by using default program values. We filtered the generated
list based on a minimum 1.5X Absolute Fold Change, and FDR
corrected p < 0.05. Heatmaps of hierarchical clustering were
generated using iDEP.91. Filtered genes were imported into Inge-
nuity Pathway Analysis Software (Qiagen) to identify biological
functions, upstream regulators, and targets. Gene ontology and
KEGG pathway enrichment analysis were performed by using
DAVID (Huang et al.,, 2009). Heatmaps were generated using
Heatmapper (Babicki et al., 2016).

Statistical analysis

For comparisons of two independent samples, we used the un-
paired Student’s t test. The one-way ANOVA followed by Sidak’s
multiple comparisons test was used when measuring one vari-
able. We used the RM two-way ANOVA followed by Sidak’s
multiple comparisons test for comparisons of multiple groups
and treatments. p values <0.05 were considered significant. Sta-
tistical comparisons were performed using GraphPad Prism
software.

Data and code availability
The accession code of the sequencing data used in this study is
Gene Expression Omnibus (GEO): GSE178907.
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