Expert Reviews in Molecular Medicine, Vol. 19; €2; 1 of 16.

DISCOVERY

© Cambridge University Press, 2017. This is an Open Access article, distributed under the terms of the Creative Commons Attribution licence (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribution, and reproduction in any medium, provided the original work is

properly cited.
doi:10.1017/erm.2017.3

FRZB and melusin, overexpressed in LGMD2A,
regulate integrin p1D isoform replacement altering
myoblast fusion and the integrin-

signalling pathway

OIHANE JAKA"**f, LEIRE CASAS-FRAILE*f, MARGARITA AZPITARTE?,
ANA AIASTUI*?, ADOLFO LOPEZ DE MUNAIN?***° AMETS SAENZ*%*

! Centre of Human and Aerospace Physiological Sciences, King’s College London, London, UK, *Neurosciences
Area, Biodonostia Health Research Institute, San Sebastian, Spain, 3Center for Networked Biomedical Research on
Neurodegenerative Diseases (CIBERNED), Carlos IIl Health Institute, Spanish Ministry of Economy and
Competitiveness, Madrid, Spain, *Department of Neurology, Donostia University Hospital, San Sebastidn, Spain,
and ’ Department of Neurosciences, University of the Basque Country, San Sebastidn, Spain

Limb-girdle muscular dystrophy type 2A (LGMD2A) is characterised by muscle wasting and progressive
degeneration of proximal muscles because of mutations in the CAPN3 gene. However, the underlying
pathophysiological mechanisms of muscle degeneration are still not well understood. The objective of this study
was to assess the relevance of genes with differential expression in the muscle of LGMD2A patients. For this
purpose, we analysed their in vitro expression in primary cultures of human myoblasts and myotubes. Abnormal
fusion was observed in the myotubes of these patients, which may be explained by the lack of physiological
replacement of integrin f1D. Owing to this observation, we focused on deregulated genes coding proteins that
directly interact with integrin, /TGBIBP2 and CD9Y, as well as FRZB gene, because of its in vitro upregulation
in myotubes. Silencing studies established that these genes are closely regulated, CD9 and FRZB being positive
regulators of the expression of /TGBIBP2, and in turn, this gene being a negative regulator of the expression of
FRZB. Interestingly, we observed that FRZB regulates integrin B1D expression, its silencing increasing integrin
B1D expression to levels similar to those in controls. Finally, the administration of LiCl, an enhancer of the
Wht-signalling pathway showed similar experimentally beneficial effects, suggesting FRZB silencing or LiCl

administration as potential therapeutic targets, though further studies are required.

Introduction

Limb-girdle muscular dystrophy type 2A (LGMD2A)
is one of the most common subtypes of this form of
muscular dystrophy, accounting for 20—40% of the
families in the different populations studied (Refs 1,
2, 3). This condition is caused by mutations in the
calpain 3 gene (Ref. 4). The first clinical signs and
symptoms of this type of dystrophy tend to occur in
the second decade of life and progressively worsen,
80% of patients becoming wheelchair dependent by
20 years of age (Refs 5, 6), although cases with a
milder course have been reported (Ref. 7).

As well as the main alteration in expression of the
defective gene, abnormalities in the expression of
other genes have been observed in the muscle of
LGMD2A patients (Ref. 8). Concerning such changes
in expression, one of the greatest challenges is to estab-
lish which changes are relevant to the process of
muscle degeneration in these patients. In this study,
we analysed the expression of some of these genes in
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different cell types namely myoblasts and myotubes
in control and LGMD2A patients.

We show that the genes coding for melusin, FRZB and
CD?9 are concomitantly overexpressed in LGMD2A and
that their expression is reciprocally regulated ir vitro. Our
findings suggest that melusin and FRZB are involved in
the process of replacement of the f1 A isoform of integrin
by B1D in the myotubes of LGMD2A patients. Further,
the decrease in FRZB expression in myotubes of these
patients led to a decrease in melusin expression, as well
as an increase in the level of the B1D isoform, reaching
that observed in the myotubes of controls. These results
indicate that FRZB is not only an inhibitor of the Wnt-
signalling pathway as has been described previously,
but also that it is involved in the regulation of the integrin
pathway, being a potential link between the two pathways
that control the synthesis and distribution of sarcolemmal
and costamere proteins. Since our results attest to regula-
tion driving expression and phosphorylation levels of
various proteins towards adequate levels in LGMD2A
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patients, the regulation of FRZB expression could be a
potentially useful therapeutic approach.

Material and methods

Muscle biopsy samples

All participants gave informed consent, using forms
approved by the Ethics Committee on the Use of
Human Subjects in Research at Donostia University
Hospital. Muscle biopsy specimens were obtained
from adult patients with LGMD2A, in whom the diag-
nosis had been confirmed genetically by the identifica-
tion of both mutations in the calpain 3 gene, and from
healthy adult controls. These controls were otherwise
healthy individuals that underwent surgery for bone
fractures and the muscle biopsies were obtained
during this surgery. Samples were obtained from prox-
imal limb muscles (biceps, deltoids, triceps and quad-
riceps). We used muscle samples from two sets of
patients. One of the sets was used for obtaining proteins
and included five patients and six controls. However,
given the small size of the samples, we used a second
set of samples from a further four LGMD2A patients
and four controls for obtaining myoblasts and myo-
tubes (Table 1).

Human myoblasts obtained from distal muscles (tibi-
alis anterior) were kindly provided by Dr Schneiderat
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from the Muscle Tissue Culture Collection, Munich
(Germany) (Table 1).

Primary human skeletal muscle culture

Human proximal muscle biopsies were minced and cul-
tured in a monolayer according to the method described
by Askanas (Ref. 9). To obtain highly purified myo-
blasts, primary cultures were sorted by immunomag-
netic selection based on the presence of the early cell
surface marker CD56 (separator and reagents from
Miltenyi Biotec). CD56-positive cells were seeded at
2500—-3000 cells/cm? in culture medium for the myo-
blast stage. When the myoblasts started to fuse, the
medium was replaced by one containing 2% of fetal
bovine serum (FBS) and without growth factors to
obtain myotubes. Myoblasts obtained from distal
muscles were also cultured using the aforementioned
method.

C2C12 cell line culture

C2C12 mice muscle cells were used to confirm the
results obtained in human primary myoblast/myo-
tubes. The C2C12 mouse cell line (ATCC-CRL-
1772) was purchased from ATCC. Cells were seeded
at 10 000 cells/cm? in proliferating medium containing
10% FBS. Once confluence was achieved, proliferating

TABLE 1.
ANALYSED, MUSCLE AND MYOBLAST SAMPLES; ORIGIN TISSUE IS DETAILED FOR EACH CASE BETWEEN
PARENTHESIS
Biopsy Status Gender Sample (origin tissue) Age  Ambulation CAPN3 mutations
number
Mutation 1 Mutation 2
Proximal muscles — Set 1
EXP-01 LGMD2A M Quadriceps 34  Ambulant p-(Gly222Arg) p-(Arg748Gln)
EXP-02 LGMD2A F Deltoid 33 Ambulant c.946-1G>A p.(Gln660Arg)
EXP-03 LGMD2A M Quadriceps 37  Unknown p-(Met248Arg) p-(Arg769Gln)
EXP-05 LGMD2A M Deltoid 13 Asymptomatic p.(Arg788SerfsX14) p.(Arg788SerfsX14)
EXP-35 LGMD2A M Deltoid 48  Wheelchair p-(GIn142X) p.(GIn142X)
bound
EXP-25 Control F Deltoid 57 - - -
EXP-27 Control M Quadriceps 50 - = =
EXP-29 Control F Quadriceps 73 - - -
EXP-33 Control M Deltoid 51 - - -
EXP-38 Control M Quadriceps 31 - - -
EXP-39 Control M Quadriceps 41 - = -
Proximal muscles — Set 2
09-21 LGMD2A M Myoblasts (Biceps) 19  Ambulant p.(His690ArgfsX9)  p.(His690ArgfsX9)
09-24 LGMD2A F Myoblasts (Deltoid) 47  Wheelchair p-(Arg788SerfsX14) p.(Lys595ValfsX70)
bound
09-25 LGMD2A M Myoblasts (Deltoid) 28  Ambulant p-(Lys254Glu) p-(Pro637HisfsX25)
10-39 LGMD2A M Myoblasts (Deltoid) 29  Wheelchair p.(Lys254del) p.(X822Leuext62X)
bound
09-23 Control M Myoblasts (Triceps) 26 - - -
10-36 Control M Myoblasts (Biceps) 23 - - -
13-05 Control M Myoblasts (Quadriceps) 14 - - -
13-07 Control F Myoblasts (Biceps) 36 — - -
Distal muscles
2009CAL1 LGMD2A M Myoblasts (Tibialis anterior) 27  Ambulant p-(Thr184Argfs*36) p.(Thr184Argfs*36)
2009CAL3 LGMD2A F Myoblasts (Tibialis anterior) 21  Ambulant p.(Thr184Argfs*36) p.(Arg490Trp)
2009CAL4 LGMD2A M Myoblasts (Tibialis anterior) 12 Ambulant c.1992+1G>T p-(Thr679Serfs*20)
08-08 Control M Myoblasts (Tibialis anterior) 34 — - -

F, female. M, male.
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medium was switched to medium containing 1% of
horse serum (Thermo Fisher Scientific).

RNA extraction from myoblast/myotubes and muscle
biopsies

RNA extraction from primary myoblast/ myotubes was
performed with an RNeasy Mini Kit (Qiagen). In the
case of the muscle biopsies, which were snap frozen
and stored at —80°C until use, total RNA was obtained
using an RNA-Plus Kit (QBiogene).

Quantitative real-time PCR

The isolated RNA was reverse-transcribed to first-strand
complementary DNA (cDNA) in a final volume of 50 pl
using a High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems), according to the manufacturer’s
instructions. To investigate the levels of expression of
the differentially expressed genes in these tissues,
TagMan quantitative RT—PCR assays were performed,
using the 7900 HT Fast Real-Time PCR System
(Applied Biosystems).

Custom-designed TagMan Low-Density Arrays
(TLDA) (Applied Biosystems) were used to test a
series of 63 genes, having selected candidate genes a
priori on the basis of an earlier expression profiling
study performed using microarrays. This selection
was made based on the validation of some of the 74
genes that were found to be deregulated in the muscle
of LGMD2A patients (Ref. 8). This selection included
genes that showed deregulation in various different bio-
logical processes. Genes coding for collagens and
fibronectin (which interacts with integrins) were ana-
lysed because they are markers of fibrosis. As they
are overexpressed in the muscle of LGMD2A patients
(Ref. 8), we wanted to establish whether the treatment
with siFRZB reduced their expression.

The TLDAs were used following the protocol
recommended by the manufacturer and the expression
of all transcripts was determined relative to the internal
housekeeping gene in the TLDAs, GAPDH, for which
no alterations in expression were detected.

In order to identify genes differentially expressed in
LGMD2A patients and healthy controls, we conducted
geometric fold-change analysis. The threshold was set
at a twofold change in intensity. The P-values obtained
when comparing the unaffected control data with that
from LGMD2A patients were adjusted by the
Benjamini—Hochberg method using StatMiner soft-
ware (Integromics).

For the analysis of gene expression in myotubes,
TagMan probes for Melusin gene /TGB1BP2-OMIM:
300332- (Hs00183746_m1), CD9-OMIM: 143030-
(Hs00233521_ml), FRZB-OMIM: 605083- (Hs0017
3503_ml), KALI-OMIM: 300836- (Hs01085107_m1),
COLI141-OMIM:120150- (Hs00164004_m1), COL
541-OMIM: 120215- (Hs00609088_m1), FOS-OMIM:
164810- (Hs99999140_m1), VLDLR-OMIM: 192977-
(Hs01045922_m1), FNI-OMIM: 135600- (Hs00365
052_ml), GAPDH-OMIM: 138400- (Hs99999905_ ml)
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and TBP-OMIM: 600075- (Hs00427620_ml) were
purchased from Life Technologies. TBP was used as
the endogenous control and GAPDH as an unrelated
control gene to verify the specificity of the siRNAs.

RNA interference knockdown

The siRNAs for CD9 (s2598), ITGB1BP?2 (s25536) and
FRZB (s5369) knockdown (in our work identified as
siCD9, siITGBIBP2 and siFRZB) were purchased
from Life Technologies. A scrambled siRNA was used
as a negative control (AM4611, Life Technologies).
Cells plated at 24 000 cells/cm? were transfected with
the siRNA at a concentration of 5nM using
RiboCellin transfection reagent (Eurobio) following
the manufacturer’s instructions. After 8 days of differen-
tiation, human primary myotubes were incubated with
the corresponding siRNA and the transfection agent.
Finally, the RNA obtained from these cultures was ana-
lysed 48 h post-transfection by quantitative real-time
PCR. Likewise, proteins from these cultures were ana-
lysed 72 h post-transfection.

After 4 days of differentiation, C2C12 myotubes
were incubated only with the FRZB siRNA and the
transfection agent. Cells were fixed 72 h after silencing.

LiCl administration

LiCl was administered at a 10 mM concentration to the
myotubes at day 8 of differentiation. At 48 h after
administration of the drug, RNA and proteins were
extracted.

Muscle tissue and cell preparation for Western blot
analysis

Briefly, muscle samples were weighed and homogenised
in a Tissue-Lyser mixer-mill disruptor (Qiagen) in treat-
ment buffer, 19:1 w/v [0.125 mol/L Tris, 4% sodium
dodecyl sulphate (SDS), 10% glycerol, 0.1 mol/L ethy-
lenediaminetetraacetic acid and 5% p-mercaptoethanol].
Proteins from cultured cells were extracted using the
same treatment buffer. Homogenised samples were
loaded onto an SDS—polyacrylamide gel. Western
blots were performed as described previously (Ref. 10)
with minor modifications and probed with the following
antibodies: melusin (Abcam), CD9 (R&D Systems),
FRP-3 (anti-FRZB), GAPDH and ERKI1/2 (Santa
Cruz Biotechnology Inc), MyHC (Developmental
Studies Hybridoma Bank), Integrin f1A and Integrin
1D (Millipore), Akt, P-Akt (Serd473), P-ERKI1/2
(Thr202, Tyr204), GSK3p and P-GSK3p (Ser9) (Cell

Signaling Technology).
Immunoreactive bands were visualised with the
enhanced chemiluminescence reagent ECL-Plus

(Amersham Pharmacia) and analysed with the Chemi-
Doc XRS imaging system (Bio-Rad). The Student’s
t-test was applied to compare the mean values of different
groups. Bars in graphs represent standard deviations.
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Immunofluorescence

Cells grown on coverslips were fixed with 4% parafor-
maldehyde, pH 7.4, for 10 min. Then, they were
washed in PBS, and permeabilised by addition of
0.2% of Triton-X (Sigma-Aldrich) in PBS with 1%
bovine serum albumin (BSA) (Biowest) and NaNj
(0.01%) for 10 min, and then blocked in a solution con-
taining 1% BSA. For the immunostaining, fixed cells
were incubated with the primary antibody overnight
at room temperature. After several washes with PBS,
they were incubated with the corresponding secondary
antibody for 1 h at room temperature. The solutions for
primary and secondary antibodies contained 1% BSA
in PBS. Cells were further washed with PBS and cover-
slips mounted on glass slides in a drop of ProLong
mounting medium with DAPI (Life Technologies).
The primary antibodies used were monoclonal mouse
anti-MyHC at a dilution of 1:50 (Developmental
Studies Hybridoma Bank) and mouse monoclonal
anti-active-p-catenin at a dilution of 1:150 (Millipore),
while the secondary antibodies used were goat anti-
mouse conjugated to Alexa-Fluor 488 at a dilution of
1:300 and goat anti-mouse conjugated to Alexa-Fluor
555 at a dilution of 1:300 (Life Technologies). Cells
were examined using a Nikon 80i microscope and the
NIS-Element software. For myonuclei, the same myo-
tubes were double stained with DAPI to visualize the
nuclei and anti-MyHC antibody to outline the shape of
the myotube. Nuclei located inside the fibre were
counted as myonuclei. The distribution of myotubes
with different numbers of nuclei in control and
LGMD2A cultures was assessed by counting the
number of each in 12 randomly chosen areas in each
culture. The myotubes were classified depending on
the number of myonuclei (Ref. 11). The fusion index
was calculated as the percentage ratio of the number of
nuclei inside MyHC+ myotubes (defined by the pres-
ence of at least two nuclei within a continuous cell mem-
brane) to the total number of nuclei at day 10 of
myogenic differentiation. The number of nuclei was esti-
mated by calculating the average number of nuclei
counted in 20 (control) and 18 (LGMD2A) independent
and randomly chosen microscope fields of view.

Results

Myoblast cell culture and the subsequent differentiation
to myotubes gave rise to the observation of different
shapes in the myotubes of LGMD2A patients. The
abnormal morphology of the patients’ myotubes indi-
cated that nuclei were clustered, and the myotubes
with nuclear clusters were also more rounded. A more
detailed study revealed that the distribution of the
number of nuclei was different in patients and controls.
Oversized myotubes containing more than 50 nuclei
were found in LGMD2A cultures. Such myotubes
were absent in control cultures (Fig. 1a). The observa-
tion of an anomalous distribution of myonuclei sug-
gested an abnormal process of fusion of myoblasts in
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LGMD2A. Therefore, the fusion index was also mea-
sured and it was found to be significantly higher in myo-
tubes from LGMD2A patients (44.15 + 10.60%) than
those from controls (31.69% = 10.68) (Fig. 1a).

Integrin 14 and 1D isoform replacement is altered
in LGMD2A patients’ myotubes

Integrins are transmembrane glycoprotein receptors
that are essential for myoblast fusion (Ref. 12). Under
normal physiological conditions, the p1A isoform is
replaced by the p1D isoform in muscle fibre maturation
(Ref. 13), and this replacement has been shown to be
altered in myotubes of calpain 3-knockout (C3KO)
mice, which show a similar anomalous distribution of
myonuclei as our LGMD2A myotubes (Ref. 11).
Therefore, we next studied the distribution of the 1A
and B1D isoforms of integrin in LGMD2A patients
and controls.

We analysed the presence of these integrins in myo-
blasts and myotubes at different stages (days) of differ-
entiation. Regarding expression of the 1A isoform, we
observed hardly any differences in the differentiation
process between patients and controls. Further, we
observed less of the P1D isoform in myotubes of
patients than controls, and the level of this isoform pro-
gressively increased in controls as the differentiation
process advanced (Fig. 1b).

From the analysis performed on day 16 of myotube
differentiation, we found evidence that while Pl1A
integrin was slightly upregulated, the p1D isoform of
integrin was underexpressed in myotubes from
LGMD2A patients (Fig. 1c). This underexpression
indicates that the replacement of the integrin isoforms
does not occur correctly in these patients. In muscle
samples, the variability in 1A and P1D integrin
protein levels was too high (including among healthy
controls) to obtain conclusive results.

In order to direct our study to the analysis of genes/
proteins that may have relevance in the pathophysiology
of LGMD2A, we focused on melusin and CD9 specific-
ally, since both proteins interact with integrins (specific-
ally melusin with B1A, 1B and p1D) (Refs 12, 14, 15,
16) and both are overexpressed in patients’ muscle
according to our previous study (Ref. 8).

Moreover, when we analysed the expression of
genes from our previous microarray study (Ref. 8) in
patient’s cultured cells, some gene expression differ-
ences were observed in the myoblast/myotubes of
LGMD2A patients. Regarding myoblasts, most of the
altered genes were downregulated in patients, while
in the case of myotubes, few genes showed an altered
expression pattern and, compared with muscle, only
FRZB was concordantly upregulated (fold-change
value: 3.35) (Supplementary Material Table S1). This
is the reason why we also focused on FRZB gene,
since it was the only gene included in our analysis
that was upregulated in vitro in the same way as in
LGMD2A muscle.
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FIGURE 1.

(a) Myotubes on day 10 of differentiation in LGMD2A patients and controls. Green: myosin heavy chain. Blue: DAPI. The graphs indicate the
distribution of the number of nuclei in patients and controls. Fusion index calculated from 18-20 fields of view in LGMD2A and control myo-
tubes at day 10 of differentiation (P = 0.0009). Bars represent mean + standard deviation. (b) Western blot analysis of integrin isoforms in myo-
blasts and myotubes at days 10, 16 and 20 of differentiation. Expression of the B1A isoform increased as the differentiation process advanced in
one control and in two LGMD?2A patients, and expression of the $1D isoform increased in controls, but its level in LGMD2A patients remained
low throughout the differentiation process. (c) Integrin isoforms 1A and 1D in myotubes at day 16 of differentiation (2 controls and 4 patients)

(P = 0.0042). (d) Western blot and densitometry analysis of CD9 (P =

0.0148), melusin (P = 0.0018) and FRZB (P = 0.0168) in samples from

muscles of LGMD2A patients and controls. (¢) Overexpression of FRZB (P = 0.0277) in myotubes of LGMD2A patients.

Melusin, CD9 and FRZB protein expression is
upregulated in LGMDZ2A muscle

Owing to a putative role of these genes in LGMD2A,
we focused our study on the proteins coded by the
deregulated genes, ITGBIBP2, CDY and FRZB, in
order to identify whether they play a role in the patho-
physiology of the LGMD2A muscle. The protein
expression of these genes was further analysed in
muscle samples, myoblasts and myotubes.

Western blot confirmed significant overexpression of
melusin, CD9 and FRZB proteins in muscle from
LGMD2A patients compared with levels in muscle
from controls (Fig. 1d). In myotubes, significant overex-
pression of the FRZB protein was confirmed in Western
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blot of myotubes from LGMD2A patients compared
with levels in myotubes from controls (Fig. 1e).

CD9 and FRZB are positive regulators of ITGB1BP2
gene expression and ITGB1BP2 is a negative regulator
of FRZB gene expression in myotubes

As melusin and CD9 interact with integrin B1 (Refs 12,
14, 15, 16), and the expression of ITGBIBP2, CD9 and
FRZB genes is upregulated in calpain 3-deficient
patients, siRNA experiments were carried out in myo-
tubes, to find out whether there was any coordinated
regulation of these genes. At 48 h after treatment with
CD9 siRNA, cultures showed markedly less CD9
mRNA (90%) than in those treated with scrambled
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siRNA (Fig. 2a). Interestingly, we observed a parallel
40% reduction in [ITGBIBP2 in these cultures.
ITGB1BP2 gene silencing (90%) did not alter CD9
expression, but it did upregulate FRZB expression.
Lastly, FRZB silencing produced a slight reduction in
ITGB1BP2 expression (Fig. 2a). The same results
were observed in myotubes obtained from distal
muscles (tibialis anterior); that is, /TGBIBP2 was
downregulated when CD9 and FRZB were silenced
and, on the other hand, FRZB expression was upregu-
lated when the I[TGBIBP2 gene was silenced
(Supplementary Material, Fig. S1).

The efficiency and the effects of the silencing experi-
ments were further confirmed at the protein level
(Fig. 2b). In the case of FRZB, its silencing reduced
melusin protein levels, and ITGBIBP2 silencing
increased FRZB protein levels (Fig. 2¢ and d). These
results demonstrate an interaction between the
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expression of deregulated genes in LGMD2A patients,
CD9 and FRZB being positive regulators of /TGB1BP2
gene expression and melusin a negative regulator of
FRZB gene expression.

Integrin B1A—S1D isoform replacement is controlled
by melusin and FRZB expression in myotubes

Since PlA—-BID isoform replacement seemed to be
defective in LGMD2A myotubes and melusin binds
directly to Bl integrins, we next investigated whether
silencing of melusin could affect f1 integrin levels in
myotubes. Melusin gene silencing produced an
increase (not significant) in the PlA isoform, while
we observed a trend toward a decrease in the f1D
isoform in the myotubes of both patients and controls
(Fig. 3a).

As silencing of the melusin gene affected FRZB
expression and vice versa, we also analysed the effect
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FIGURE 2.

CDY, ITGB1BP2 (melusin), and FRZB expression analysis after gene silencing in myotubes. (a) Quantification of the expression of the CD9,

ITGBIBP?2 (melusin), FRZB and GAPDH genes after silencing using siCDY, si/TGB1BP2, and siFRZB in control and LGMD2A myotubes.

siC- (control siRNA, scramble RNA). GAPDH was used to assess whether silencing was specific. TBP was used as the endogenous

control. (b) Effect of si/TGBIBP2 on melusin protein levels in controls and patients (P = 0.0001). (c) Effect of silencing using

silTGBIBP2, siCD9 and siFRZB on the expression of melusin at the protein level in control and LGMD2A myotubes. MyHC: loading

control. (d) Effect of silencing using si/TGBIBP2 on the expression of FRZB at the protein level. GAPDH: loading control. Bars represent
mean + standard deviation.

of FRZB silencing on Bl integrins. This silencing led to a
decrease in levels of the f1 A isoform only in LGMD2A
patients, while this decrease was less clear in controls
(Fig. 3b). In the case of the 1D isoform, FRZB silencing
induced an increase in its protein levels in the myotubes of
both controls and patients, though variability was
observed (P = 0.0546). In LGMD2A patients, after
FRZB silencing, we even observed a level of the B1D
isoform that was similar to that in controls, without any
additional treatment (Fig. 3b).

FRZB regulates phosphorylation of several signalling
pathways

To elucidate the potential effect of the reduction in
integrin 1D on the signal transduction proteins, we
analysed the expression of Akt and P-Akt, which act
downstream of the integrin pathway. Further, we ana-
lysed the phosphorylation status of other kinases,
since melusin (the expression of which is reduced
through FRZB silencing) phosphorylates ERK1/2
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(Ref. 17), as well as Akt kinase (which in turn phos-
phorylates the glycogen synthase kinase 3).

The total amount of Akt was not different after silen-
cing the FRZB gene, but the signal corresponding to
phosphorylated Akt was lower. In addition, the P-
Akt/Akt ratio was significantly lower after siFRZB
treatment, indicating a reduction in Akt activity. In
the case of GSK3p, we observed a lower level of phos-
phorylation, and a lower P-GSK3B/GSK3p ratio,
which suggests an increase in the activity of this kinase.

Finally, the ERK phosphorylation levels also
decreased after siFRZB treatment, showing a signifi-
cantly lower P-ERK/ERK ratio than in nonsilenced
myotubes and therefore a reduction in the activity of
the protein (Fig. 4).

FRZB regulates -catenin localisation in human and
C2C12 mice myotubes

FRZB is an antagonist of Wntl and Wnt8 involved in
the Wnt/p-catenin pathway (Refs 18, 19, 20) but its
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FIGURE 3.

Effect of silencing of (a) the melusin gene (si/TGB1BP2) (three controls and three patients) and (b) the FRZB gene (siFRZB) (three controls and
three patients) on the integrin 1 isoforms in myotubes. ITGB1D in LGMD2A (P = 0.0546). siC- (control siRNA, scramble RNA). GAPDH:
loading control.
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FIGURE 4.

Akt, GSK3p and ERK1/2 phosphorylation analysis by Western blot after FRZB gene silencing in control and LGMD2A myotubes. P-Akt/ Akt

in controls, P = 0.0018; GSK3p in controls, P = 0.0466; P-GSK3B/GSK3p in controls, P = 0.0414; P-ERK1/2 in LGMD2A, P = 0.0058; P-

ERK1/2/ERK1/2 in controls, P = 0.0359 and in LGMD2A, P = 0.0021. siC- (control siRNA, scramble RNA). GAPDH: loading control.
Bars represent mean + standard deviation.
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FIGURE 5.

B-catenin nuclear translocation and gene expression after FRZB gene silencing in (a) human myotubes (control and LGMD2A patients) and (b) mouse

C2C12 myotubes. Red: myosin heavy chain. Green: active f-catenin. Blue: DAPI. Scale bar in human myotubes: 100 um (upper panel), and 50 pm

(lower panel), and in C2C12: 100 pm. (c) Gene expression analysis of COLI«l, COL5al, FNI, VLDLR, KALI and FOS in control (C1-C2—C3) and
LGMD2A patients (P1-P2) after siFRZB treatment. C- (control siRNA, scramble RNA). Bars represent mean + standard deviation.

role in human muscle is not well defined. Given that we
found overexpression of FRZB in LGMD2A muscle
and myotubes, we analysed Wnt activation by asses-
sing the localisation of P-catenin. The silencing of
FRZB had an effect on the Wnt/p-catenin pathway:
we observed nuclear translocation of B-catenin in
human myotubes (both in patients and controls), and
this was further confirmed in mouse C2C12 myotubes
(Fig. 5a and b).

FRZB controls the expression of genes coding for ECM
proteins and proteins participating in Wnt and
integrin-signalling pathways in myotubes

The expression of some genes previously reported to be
deregulated in the muscle of LGMD2A patients (Ref. 8)
was analysed to establish whether FRZB expression was
involved in their regulation. Interestingly, some of the
ECM coding genes, involved in fibrosis, such as
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COLIAI (OMIM: 120150), COL5A1 (OMIM: 120215)
and FNI (OMIM: 135600) showed a trend to upregula-
tion after FRZB silencing, although great variability
was observed between the samples. Additionally, genes
coding for FOS (OMIM: 164810) (a transcription
factor), anosmin-1 (KALI gene, OMIM: 300836)
(which is part of the integrin fl complex interacting
with fibronectin) (Refs 21, 22), and very low-density
lipoprotein receptor (VLDLR, OMIM: 192977) (which
binds to LRP6, a transmembrane protein involved in
the Wnt pathway), all deregulated in LGMD2A muscle
(Ref. 8), showed a trend to upregulation once FRZB
had been silenced (Fig. 5c).

In silico analysis (AliBaba v.2.1) of the promoter of
KALI gene (coding for anosmin-1) indicated the pres-
ence of various binding sequences for transcription
factors such as c-FOS (upregulated after FRZB silen-
cing) (Fig. 5¢), c-MYC and c-JUN, which are regulated
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FIGURE 5.
(continued)

by B-catenin (Refs 23, 24), and which were previously
shown to be downregulated in LGMD2A muscle
(Ref. 8).

Wht signalling is enhanced by LiCl mimicking most of
the effects of siFRZB

As Hiyama and colleagues (Ref. 25) previously
reported that LiCl increased Wntl expression, we
assessed the effect of LiCl on myotube cultures at 8
days of differentiation, as a positive control for the acti-
vation of the Wnt pathway. The treatment with LiCl, an
enhancer of the Wnt pathway, produced similar results
to those obtained in the analysis of siFRZB. On the one
hand, we observed lower levels of expression of the
FRZB gene, and on the other, a higher level of expres-
sion of the FOS, KAL-1 and VLDLR genes, although
there was variability between different samples
(Fig. 6a). Finally, with regards to protein expression,
we found that LiCl treatment was also associated
with higher levels of the 1D adult isoform of the integ-
rin in primary myotubes (Fig. 6b).

There are, however, some differences in the effect of
the treatments for activating the Wnt pathway.
Specifically, the expression of melusin was lower
after FRZB silencing but not after LiCl treatment
(data not shown). Further, we observed less phosphor-
ylation of Ser9 of GSK3p after FRZB silencing, unlike
with the treatment with LiCl, this being associated with

https://doi.org/10.1017/erm.2017.3 Published online by Cambridge University Press

an increase in the phosphorylation of Ser9, and in turn
an inhibitory effect on GSK3p (Fig. 6¢). Given that the
administration of LiCl also increases the expression of
B1D integrin, we assessed downstream phosphoryl-
ation in the integrin pathway. We found that there
was a trend to a decrease in the phosphorylation of
Akt, though there was great variability between
samples. Finally, LiCl administration was associated
with less ERK phosphorylation (Fig. 6¢).

Discussion

As there are physiological differences between what
happens in culture and in vivo in muscle, results
obtained from culture studies need to be interpreted
with caution. Nevertheless, human myology research
is mostly based on knowledge obtained from culture
systems. Specifically, this approach can help to shed
light on the poorly understood muscle pathophysiology
caused by calpain 3 deficiency. It remains to be deter-
mined how calpain 3 and its related proteins interact
with each other in cells and tissues. Calpain 3 activity
may proteolyse certain parts of different molecules,
modifying their functions post-translationally. It
could be speculated that proteins interacting with
calpain 3 may transduce signalling pathways or alter
the fusion of the myoblasts required for correct
muscle regeneration, a process that is impaired in
LGMD2A patients.
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FIGURE 5.
(continued)

In this study, we have shown that genes coding for
melusin, CD9 and FRZB are upregulated in the
muscles of LGMD2A patients. CD9 upregulation
may explain the abnormal distribution of the nuclei
observed in LGMD2A myotubes given that normal
muscle regeneration requires a tight control of myoblast
fusion by the tetraspanins CD9 and CD81 (Ref. 26).

Additionally, although a direct interaction of
melusin, CD9 and FRZB has not previously been
described, we have observed that at least in vitro,
they are related at the level of expression control. As
siRNA experiments to silence CD9 and FRZB expres-
sion have produced a parallel downregulation of
melusin, it could be suggested that CD9 and FRZB
act upstream on the regulation of the /TGBIBP2 gene
(Fig. 7a). Similarly, the fact that ITGB1BP2 gene silen-
cing upregulates FRZB expression suggests that these
proteins are involved in a common regulatory
pathway that is impaired in LGMD2A dystrophy.
Further studies are required to determine the exact
mechanism that controls this apparent contradictory
regulation, but it could be suggested that there is a
negative feedback mechanism for the activation or
control of both pathways.

The fact that the proteins of these genes are all dir-
ectly or indirectly involved in the integrin pathway

https://doi.org/10.1017/erm.2017.3 Published online by Cambridge University Press

demonstrates the importance of an appropriate coordin-
ation in the expression of proteins that interact with or
are components of the costamere. So far, mechanisms
underlying common expression of different genes are
not well known. However, it is likely that genes
whose products function together are under a
common regulatory system such that they are expressed
in a coordinated manner (Refs 27, 28).

Gene silencing experiments have provided evidence
of the importance of FRZB expression regulation for
proper muscle fibre growth and/or maturation. The
deregulation of the FRZB protein in LGMD2A patients
seems to affect the composition of cell membrane-
forming proteins and hence to defects in the associated
signalling pathways. Specifically, FRZB overexpres-
sion seems to have a negative impact on the cell as
silencing this gene caused the p1D integrin isoform
level to return to normal levels in myotubes from
LGMD2A patients (Fig. 3b).

Regarding previous knowledge, the incorrect
replacement of the 1A isoform by the B1D isoform
has also been observed in the myotubes of C3KO
mice (Ref. 11). Other studies have also shown the
involvement of FRZB in the integrin pathway, for
instance, it has been reported that KO Frzb~ /" mice
show an overrepresentation of upregulated genes
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FIGURE 6.

LiCl administration effects in control and LGMD2A patients’ myotubes. (a) Gene expression of FRZB, FOS, KALI and VLDLR after LiCl treat-

ment in control (C1-C2) and LGMD2A (P1-P2) myotubes. (b) ITGB1D protein expression increase after LiCl administration in control and

LGMD2A patients’ myotubes and (c) Akt, GSK3p and ERK1/2 phosphorylation analysis by Western blot after LiCl administration. GSK3p,

control versus LGMD2A without treatment, P = 0.0377; P-GSK3 in controls, P = 0.0093; P-GSK3B/GSK3p in controls, P = 0.0173; P-

ERK1/2/ERK1/2 in controls, P = 0.0432. C- (control siRNA, scramble RNA). GAPDH: loading control. Bars represent mean + standard
deviation.

related to this pathway (Ref. 29). As observed in a
gastric cancer cell line model (Ref. 30), we found that
FRZB regulates the localisation of P-catenin down-
stream of the Wnt pathway in primary human myotubes
(Fig. 5a), and this suggests that FRZB may play a role
in the crosstalk between integrin and Wnt-signalling

https://doi.org/10.1017/erm.2017.3 Published online by Cambridge University Press

pathways. The link between these pathways may
involve the nuclear translocation of [-catenin that
would activate transcription factors such as FOS that
have binding sites for the promoter of KALI gene,
which codes for anosmin-1, a protein that also interacts
with 31D integrins (Ref. 21) (Fig. 7b). KALI gene was
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FIGURE 6.
(continued)

underexpressed in the muscle of LGMD2A patients
with eosinophylic infiltrates (significantly lower) and
the level of expression was also notably lower in
other LGMD2A patients (two-fold lower, though the
difference did not reach statistical significance; Ref. 8
and unpublished data). Expression of this protein is ele-
vated after siFRZB or LiCl treatment, and this could
facilitate an increase in the $1D isoform of the integrin.
These findings suggest that there is a relationship
between the regulation of the two pathways and that
anosmin-1 (coded by KALI) may be involved in the
organisation of the integrin complex, to ensure its
correct replacement in the maturation process of
muscle fibres.

On the other hand, melusin upregulation and its silen-
cing are both associated with a decrease in the integrin
B1D isoform. Based on these results, we suggest that
this decrease occurs both when too much melusin is
present (potentially because of steric problems) but
also when there is too little melusin (because of lack
of an anchoring protein). These data therefore would
indicate that the quantity of melusin needs to be finely
tuned for proper formation of the protein complex.
There are similar biological systems responsible for
reverse effects in the cell, such as the one reported by
Bernick and colleagues in 2010 (Ref. 31), in which
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loss or overexpression of unc-45b leads to defective
myofibril organisation; that is, unc-45b expression
must be precisely regulated to ensure normal myofibril
organisation. And there are other examples, for instance,
abnormally high or low levels of IJQGAPI and SRPK1
expression reduce activation of MEK and ERK or
promote cancer, respectively (Refs 32, 33).

The nuclear translocation of B-catenin may also act as
a regulator of the Wnt/p-catenin pathway, given that we
observed elevated expression of the VLDLR gene after
siFRZB treatment. This gene has binding sites to tran-
scription factors modulated by p-catenin and the result-
ing protein forms heterodimers, VLDLR-LRP6, that
accelerate the turnover of LRP6 (a transmembrane
protein that binds to Frizzled and that is involved in
the canonical Wnt pathway) (Fig. 7b); this represents a
potential new mechanism for the regulation of the
Wnt/B-catenin pathway (Ref. 34) which could serve to
limit the duration or intensity of a Wnt-initiated signal.

We have used two methods for activating the Wnt
pathway, the first, genetic silencing (siFRZB) and the
second, a chemical-based method (LiCl), with similar
results. Despite some differences, both approaches pro-
duced an increase in 31D integrin levels. It would be
expected that by increasing levels of 1D integrin, we
would observe an increase in P-Akt (Ref. 35).
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FIGURE 7.

Schematic representation of a potential model of the regulation of the genes of interest. (a) CD9 and FRZB are positive regulators of melusin
gene expression (green arrow) and melusin is a negative regulator of FRZB gene expression (red line). (b) FRZB and LiCl regulation effect in
sarcolemmal, costamere and transduction signalling proteins. Once FRZB gene silencing occurs, the Wnt-signalling pathway, that activates its
downstream effector P-catenin, is activated. -catenin in turn activates various transcription factors, including FOS. The gene coding for
anosmin-1 (KAL) has regions in its promoter that could be targets for FOS. Anosmin-1 interacts with integrin {8, and it could be suggested
that it regulates the organisation of the integrin complex and that the increase in the expression of this gene, after FRZB silencing, would
lead to an increase in B1D integrin in the costamere. Red indicates upregulated proteins or an increase in phosphorylation after FRZB silencing
or LiCl administration.

However, FRZB silencing seemed to be more closely
associated with a reduction in the phosphorylation of
all the kinases analysed, and this may be mainly
because of a reduction in the expression of melusin,
given that melusin is known to phosphorylate ERK1/2
and Akt (Ref. 17). In the case of LiCl, despite no reduc-
tion in melusin, we also observed a trend to decrease in
the phosphorylation of kinases Akt and ERK, suggest-
ing that the phosphorylation of these kinases is not regu-
lated by melusin in these circumstances. Even though
LiCl is widely used experimentally, the molecular
mechanisms by which LiCl treatment regulates ERK
phosphorylation have not yet been elucidated, various
different responses having been obtained depending on
the type of cell studied (Ref. 36).

We have no evidence of a direct interaction between
calpain 3 and integrin. It could be suggested that there
is an intermolecular interaction, as reported for titin,
but at present there is no evidence of that. On the
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other hand, the possibility of integrin being a direct
calpain 3 substrate has already been ruled out by
Kramerova and colleagues (Ref. 11), who showed
that neither P1A nor P1D integrin are digested by
calpain 3, suggesting that the changes in integrin
isoform levels are because of an indirect effect.

With regard to a potential direct interaction between
calpain 3 and integrin regulating transcription factors, it
could be supposed that a decrease in FOS (as observed
in LGMD2A patients) (Ref. 8) would also reduce the
expression of integrin because integrin has FOS and
AP-1 binding sequences in its promoter. However,
we did not observe a reduction in integrin RNA
levels in patients muscle biopsies (unpublished data).
Since the /ITGBI gene encodes both integrin isoforms,
B1D and B1A, we suspect that the alteration in the
amount of integrin p1D is because of post-translational
events and the substitution of the isoform might be
mediated by the increase in anosmin-1.


https://doi.org/10.1017/erm.2017.3

FRZB AND MELUSIN, OVEREXPRESSED IN LGMD2A

In LGMD2A patients, myogenesis is impaired,
because of the lack of replacement of the integrin iso-
forms required for appropriate costamere assembly, as
well as for the fusion of myotubes. The regulation of
FRZB expression can be proposed as a potential thera-
peutic target, given that in vitro studies support the idea
that it may be possible to bring expression and phos-
phorylation of various proteins back towards appropri-

ate levels in LGMD2A patients.

Further studies are required to assess whether FRZB
expression is abnormal in other types of muscular dys-
trophy, to establish whether it is also involved in their
pathophysiology. Similarly, further research should
investigate the mechanisms of action of FRZB, since
controlling an inhibitor of the Wnt pathway may be
useful for the treatment of other conditions, as
already described for osteoarthritis (Refs 37, 38) and
it might also be applicable to ischemic cardiopathy,
in which low levels of P1D integrin are observed

(Ref. 35).

To conclude, in line with what we have found in this
study, and given unexpected difficulties that have
arisen in the application of cell therapies, we should
consider using pharmacological treatments to regulate
the Wnt pathway, at least, until the development of
more specific therapies, and until we have a better
understanding of the mechanisms secondary to the

regulation of gene expression.

Supplementary Material

The supplementary material for this article can be
found at https://doi.org/10.1017/erm.2017.3

Acknowledgements

This work was funded through grants received from the
Health Research Fund (FIS: PS09-00660, PI010-00848,
PI13-00722) of the Spanish Ministry of Economy and
Competitiveness, the European Union (European Regional
Development Fund), and the Department of Health of the
Government of the Basque Country (2009111025). We
would also like to acknowledge the grants awarded by the
Basque Government (AE-BFI-08.164) to OJ; by the
Spanish Ministry of Economy and Competitiveness, the
I3SNS program (SIVI1230/12), to AS; and by the Spanish
Ministry of Health and Biodonostia Health Research
Institute (IS: CA10/01506) to AA. This study was in part
supported by the Center for Networked Biomedical
Research on Neurodegenerative Diseases (CIBERNED),
Carlos III Health Institute, Spanish Ministry of Economy

and Competitiveness.

We thank the Muscle Tissue Culture Collection (MTCC)
at Klinikum der Universitdit Miinchen for providing the
distal muscle samples. The MTCC is part of the German
network on muscular dystrophies (MD-NET) and the
German network for mitochondrial disorders (mito-NET,
01GM1113A) funded by the German Ministry of
Education and Research (BMBF, Bonn, Germany). The
MTCC is a partner of Eurobiobank (www.eurobiobank.

org) and TREAT-NMD (www.treat-nmd.eu).

We also thank Dr Haritz Irizar for kindly providing assist-

ance with the in silico data analysis.

https://doi.org/10.1017/erm.2017.3 Published online by Cambridge University Press

15

References

L.

10.

11.

13.

14.

15.

19.

20.

21.

22.

23.
24.

25.

26.

Richard 1. et al. (1997) Multiple independent molecular eti-
ology for limb-girdle muscular dystrophy type 2A patients
from various geographical origins. American Journal of
Human Genetics 60, 1128-1138

. Zatz M. et al. (2003) The 10 autosomal recessive limb-girdle

muscular dystrophies. Neuromuscular Disorders 13, 532-544

. Piluso G. et al. (2005) Extensive scanning of the calpain-3 gene

broadens the spectrum of LGMD2A phenotypes. Journal of
Medical Genetics 42, 686-693

. Richard 1. er al. (1995) Mutations in the proteolytic enzyme

calpain 3 cause limb-girdle muscular dystrophy type 2A. Cell
81, 27-40

. Fardeau M. et al. (1996) Juvenile limb-girdle muscular dystrophy.

Clinical, histopathological and genetic data from a small commu-
nity living in the Reunion Island. Brain 119, 295-308

. Urtasun M. ef al. (1998) Limb-girdle muscular dystrophy in

Guipuzcoa (Basque Country, Spain). Brain 121, 1735-1747

. Burke G. et al. (2010) Calpainopathy presenting as foot drop in

a 41 year old. Neuromuscular Disorders 20, 407-410

. Saenz A. et al. (2008) Gene expression profiling in limb-girdle

muscular dystrophy 2A. PLoS ONE 3, 3750

. Askanas V. and Engel W.K. (1975) A new program for inves-

tigating adult human skeletal muscle grown aneurally in
tissue culture. Neurology 25, 58-67

Anderson L.V. et al. (1998) Characterization of monoclonal
antibodies to calpain 3 and protein expression in muscle from
patients with limb-girdle muscular dystrophy type 2A.
American Journal of Pathology 153, 1169-1179

Kramerova 1. et al. (2006) Regulation of the M-cadherin-beta-
catenin complex by calpain 3 during terminal stages of myogenic
differentiation. Molecular and Cellular Biology 26, 8437-8447

. Schwander M. ef al. (2003) Betal integrins regulate myoblast

fusion and sarcomere assembly. Developmental Cell 4, 673-685
Belkin A.M. et al. (1996) Beta 1D integrin displaces the beta
1A isoform in striated muscles: localization at junctional struc-
tures and signaling potential in nonmuscle cells. Journal of Cell
Biology 132, 211-226

Armulik A. (2002) Splice variants of human beta 1 integrins:
origin, biosynthesis and functions. Frontiers in Bioscience 7,
219-227.

Brancaccio M. ef al. (1999) Melusin is a new muscle-specific
interactor for beta(1) integrin cytoplasmic domain. Journal of
Biological Chemistry 274, 29282-29288

. Przewozniak M. et al. (2013) Adhesion proteins--an impact on

skeletal myoblast differentiation. PLoS ONE 8, €61760-000

. Brancaccio M. et al. (2006) Integrin signalling: the tug-of-war

in heart hypertrophy. Cardiovascular Research 70, 422-433

. Mayr T. et al. (1997) Fritz: a secreted frizzled-related protein

that inhibits Wnt activity. Mechanisms of Development 63,
109-125

Wang S., Krinks M. and Moos M. Jr (1997) Frzb-1, an antag-
onist of Wnt-1 and Wnt-8, does not block signaling by Wnts
-3A, -5A, or -11. Biochemical and Biophysical Research
Communications 236, 502-504

ZiX. et al. (2005) Expression of Frzb/secreted Frizzled-related
protein 3, a secreted Wnt antagonist, in human androgen-inde-
pendent prostate cancer PC-3 cells suppresses tumor growth and
cellular invasiveness. Cancer Research 65, 9762-9770

Choy C.T. et al. (2014) Anosmin-1 contributes to brain tumor
malignancy through integrin signal pathways. Endocrine-
related Cancer 21, 85-99

Garcia-Gonzalez D. ef al. (2016) Anosmin-1 over-expression
increases adult neurogenesis in the subventricular zone and
neuroblast migration to the olfactory bulb. Brain Structure &
Function 221, 239-260

He T.C. et al. (1998) Identification of c-MYC as a target of the
APC pathway. Science 281, 1509-1512

Mann B. et al. (1999) Target genes of beta-catenin-T cell-
factor/lymphoid-enhancer-factor signaling in human colorectal
carcinomas. Proceedings of the National Academy of Sciences
of the United States of America 96, 1603-1608

Hiyama A. et al. (2011) Effects of a glycogen synthase kinase-
3beta inhibitor (LiCl) on c-myc protein in intervertebral disc
cells. Journal of Cellular Biochemistry 112, 2974-2986
Charrin S. ef al. (2013) Normal muscle regeneration requires
tight control of muscle cell fusion by tetraspanins CD9 and
CD81. Nature Communnications 4, 1674 31


https://doi.org/10.1017/erm.2017.3
https://doi.org/10.1017/erm.2017.3
http://www.eurobiobank.org
http://www.eurobiobank.org
http://www.treat-nmd.eu
https://doi.org/10.1017/erm.2017.3

16

27.

28.

29.

30.

31.

32.

33.

34.

Farina L. ef al. (2007) Dynamic measure of gene co-regulation.
IET Systems Biology 1, 10-17

Ewen E.P. ef al. (2011) The Mef2A transcription factor coordi-
nately regulates a costamere gene program in cardiac muscle.
Journal of Biological Chemistry 286, 29644-29653
Lodewyckx L. ef al. (2012) Tight regulation of wingless-type
signaling in the articular cartilage — subchondral bone biomech-
anical unit: transcriptomics in Frzb-knockout mice. Arthritis
Research & Therapy 14, R16

Qin S. et al. (2014) FRZB knockdown upregulates beta-catenin
activity and enhances cell aggressiveness in gastric cancer.
Oncology Reports 31, 2351-2357

Bernick E.P. (2010) Knockdown and overexpression of Unc-
45b result in defective myofibril organization in skeletal
muscles of zebrafish embryos. BMC Cell Biology 11, 70.

Roy M. et al. (2005) IQGAP1 is a scaffold for mitogen-acti-
vated protein Kinase signaling. Molecular and Cellular
Biology 25, 7940-7952

Wang P. et al. (2014) Both decreased and increased SRPK1
levels promote cancer by interfering with PHLPP-mediated
dephosphorylation of Akt. Molecular Cell 54, 378-391

Lee K. et al. (2014) Receptor heterodimerization as a novel
mechanism for the regulation of Wnt/beta-catenin signaling.
Journal of Cell Science 127, 4857-4869

https://doi.org/10.1017/erm.2017.3 Published online by Cambridge University Press

35.

36.

37.

38.

FRZB AND MELUSIN, OVEREXPRESSED IN LGMD2A

Pfister R. et al. (2007) Loss of betalD-integrin function in
human ischemic cardiomyopathy. Basic Research in
Cardiology 102, 257-264

Zassadowski F. et al. (2015) Lithium chloride antileukemic
activity in acute promyelocytic leukemia is GSK-3 and
MEK/ERK dependent. Leukemia 29, 2277-2284

Lories R.J. et al. (2007) Articular cartilage and biomechanical
properties of the long bones in Frzb-knockout mice. Arthritis
& Rheumatism 56, 4095-4103

Lories R.J. et al. (2009) Deletion of frizzled-related protein
reduces voluntary running exercise performance in mice.
Osteoarthritis and Cartilage/ OARS, Osteoarthritis Research
Society 17, 390-396

*Corresponding author:

Amets Saenz

Neurosciences Area, Biodonostia Health Research Institute,
San Sebastian, Spain and Center for Networked Biomedical
Research on Neurodegenerative Diseases (CIBERNED),
Carlos III Health Institute, Spanish Ministry of Economy and
Competitiveness,

Madrid, Spain.

E-mail: amets.saenzpena@osakidetza.eus


mailto:amets.saenzpena@osakidetza.eus
https://doi.org/10.1017/erm.2017.3

	FRZB and melusin, overexpressed in LGMD2A, regulate integrin [beta]1D isoform replacement altering myoblast fusion and the integrin-signalling pathway
	Introduction
	Material and methods
	Muscle biopsy samples
	Primary human skeletal muscle culture
	C2C12 cell line culture
	RNA extraction from myoblast/myotubes and muscle biopsies
	Quantitative real-time PCR
	RNA interference knockdown
	LiCl administration
	Muscle tissue and cell preparation for Western blot analysis
	Immunofluorescence

	Results
	Integrin [beta]1A and [beta]1D isoform replacement is altered in LGMD2A patients&rsquo; myotubes
	Melusin, CD9 and FRZB protein expression is upregulated in LGMD2A muscle
	CD9 and FRZB are positive regulators of ITGB1BP2 gene expression and ITGB1BP2 is a negative regulator of FRZB gene expression in myotubes
	Integrin [beta]1A--[beta]1D isoform replacement is controlled by melusin and FRZB expression in myotubes
	FRZB regulates phosphorylation of several signalling pathways
	FRZB regulates [beta]-catenin localisation in human and C2C12 mice myotubes
	FRZB controls the expression of genes coding for ECM proteins and proteins participating in Wnt and integrin-signalling pathways in myotubes
	Wnt signalling is enhanced by LiCl mimicking most of the effects of siFRZB

	Discussion
	Supplementary Material
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


