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Abstract
Mammalian muscle cell differentiation is a complex process of multiple steps for which many of
the factors involved have not yet been defined. In a screen to identify the regulators of myogenic
cell fusion, we found that the G-protein coupled receptor 56 (GPR56) gene was transiently
upregulated during the early fusion of human myoblasts. Human mutations in GPR56 cause the
disease bilateral frontoparietal polymicrogyria (BFPP), however the consequences of receptor
dysfunction on muscle development have not been explored. Using knockout mice, we defined the
role of GPR56 in skeletal muscle. GPR56−/− myoblasts have decreased fusion and smaller
myotube sizes in culture. In addition, loss of GPR56 expression in muscle cells results in
decreases or delays in the expression of MyoD, myogenin, and NFATc2. Our data suggest that
these abnormalities result from decreased GPR56-mediated SRE and NFAT signaling. Despite
these changes, no overt differences in phenotype were identified in the muscle of GPR56 knockout
mice, which presented only a mild but statistically significant elevation of serum creatine kinase
(CK) compared to wildtype. In agreement with these findings, clinical data from 13 BFPP patients
revealed mild serum CK increase in only 2 patients. In summary, targeted disruption of GPR56 in
mice results in myoblast abnormalities. The absence of a severe muscle phenotype in GPR56
knockout mice and human patients suggests that other factors may compensate for the lack of this
GPCR during muscle development and that the motor delay observed in these patients is likely not
due to primary muscle abnormalities.
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Introduction
During muscle development, muscle progenitor cells in the somites migrate out to the limb
buds and undergo two waves of myogenesis to form mature muscle [1]. This process of
differentiation proceeds through several steps: progenitor cell proliferation and migration,
the commitment to differentiation, myoblast-myoblast adhesion, and the fusion of cells to
form syncytial myofibers [2]. These steps, largely recapitulated during adult muscle
regeneration in vivo and myoblast differentiation in vitro, are regulated by the coordination
of many factors. In particular, the “master” transcription factors of the basic helix-loop-helix
(bHLH) family direct myogenic differentiation in a sequential manner [3]. Precursor cells in
the somites are specified to the myogenic lineage through the expression of the bHLH
factor, myogenic factor 5 (Myf5) [4]. Myogenic differentiation 1 (MyoD) is expressed
shortly after and also specifies myogenic precursor cells [5]. Although normally expressed
in different cells [6, 7], the loss of one can result in a compensatory upregulation of the other
[8, 9]. After migration to the limb buds and exit from the cell cycle, the expression of
myogenin induces myoblasts to differentiate [10]. Myogenin promotes the expression of
factors that lead to cell-cell adherence and fusion, resulting in the formation of
multinucleated myofibers.

Some of the cell-surface effectors of muscle cell differentiation and fusion have also been
identified. Cell-cell adhesion molecules such as NCAM, N-cadherin, M-cadherin,
ADAM12, and VCAM-1/VLA-4 are involved in cell-cell adhesion of muscle cells [2].
Other proteins have also been implicated as important for fusion, but their specific roles
remain unclear. Part of the difficulty in identifying the role of cell surface proteins is that
many of them act cooperatively and/or in parallel, thus complementing each other’s function
[11]. A complete understanding of the molecular regulation of muscle development awaits a
more complete characterization of these molecules as well as the identification of other as
yet unknown factors that are involved.

A previous study of ours suggested that GPR56 expression is upregulated during the early
differentiation of myoblasts [12]. Pull-down assays demonstrated that GPR56 localizes to a
tetraspanin microdomain specified by the tetraspanins CD81 and CD9, which are associated
with the Gαq/11 subunit [13]. CD81 and CD9 have each been implicated as partners that
promote the fusion of myoblasts [14]. GPR56 expression has been associated with the
migration and adhesion of neural progenitor cells, gliomas, and melanoma cells [15–21],
processes that are also important for the differentiation of myoblasts into multinucleated
myotubes.

GPR56 belongs to the adhesion subfamily of G-protein coupled receptors (aGPCRs), which
are characterized by their large extracellular N-terminal structure and a GPCR proteolytic
site, a GPS motif [22]. The GPS site is auto-catalytically cleaved during protein translation
through the action of a GAIN (GPCR-autoproteolysis inducing) domain that encompasses
both the GPS motif and regions N-terminal to it [23]. The resulting extracellular N-terminal
fragment and membrane-bound C-terminal fragment then re-associate with each other non-
covalently at the cell surface [24–26]. Recessive mutations in GPR56 that result in the loss
of GPR56 protein at the surface of the cell, particularly those that disturb the cleavage of the
GPS domain, cause the rare neurodevelopmental disease bilateral frontoparietal
polymicrogyria (BFPP) [OMIM #606854] [27, 28]. Patients with BFPP are characterized by
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mental retardation, motor developmental delays, seizures, and defects in the brainstem and
cerebellum [29–32, 27, 33]. The defects in the brainstem and cerebellum manifest through
the development of polymicrogyria, which are aberrantly small convolutions on the brain
surface [34]. Patients with the muscle dystroglycanopathies, particularly Muscle-Eye-Brain
disease and Walker-Warburg Syndrome also display these “cobblestone” brain
abnormalities [34, 35] in addition to developing severe muscular dystrophies [36–38]. Given
the overlap in brain abnormalities seen in these diseases, there has been speculation
regarding the potential role of GPR56 in skeletal muscle.

To address this question, we have completed studies using GPR56 knockout mice, silencing
RNA in a differentiating myoblast cell line (i.e. in C2C12 cells), and luciferase assays to
explore receptor-mediated signaling. We found that GPR56 is transiently upregulated in
myocytes (differentiated myoblasts that have not yet fused) and nascent myotubes. This
increase follows the induction of MyoD expression and is concurrent with myogenin
expression. Loss of GPR56 results in decreased myoblast fusion in culture. Our data suggest
that this abnormality may reflect decreased receptor-mediated SRF and NFAT signaling.
Despite the disruption of GPR56-mediated pathways, no differences in myofiber size or
fiber type specification were detected in GPR56 knockout mice. In a study of regenerating
muscle, GPR56 KO mice showed delays in the expression of MyoD and myogenin. Analysis
of serum creatine kinase levels revealed a mild but statistically significant increase in
GPR56 knockout mice compared to wildtype. This finding was consistent with the clinical
data obtained from 13 BFPP patients, where only 2 exhibited elevated serum CK levels. In
summary, our data suggest that GPR56 supports the activation of SRE and NFAT signaling
which in turn promote myoblast differentiation but not myofiber hypertrophy or fiber type
specification. The lack of a muscle phenotype in GPR56 knockout mice suggests that other
factors may compensate for the lack of GPR56 during muscle development. Therefore, the
motor delay observed in BFPP patients is not likely caused by a primary muscle defect.

Results
GPR56 is transiently expressed during muscle cell differentiation

To define the timing of GPR56 expression, primary mouse myoblasts were isolated and
induced to differentiate by serum withdrawal. At various times throughout differentiation,
mRNA and protein lysates were collected (Figure 1A–C). Both GPR56 mRNA (Figure 1B)
and protein (Figure 1C) are transiently induced during the early fusion of primary mouse
myoblasts (D1, D2) and quickly downregulated during later fusion stages. GPR56 protein
expression in myoblast cultures follows the onset of MyoD expression and is concomitant
with myogenin expression (Figure 1C), suggesting that GPR56 is present in post-mitotic
myocytes committed to fusion.

The myoblast cultures at D1 and D2, where GPR56 expression is the highest, contain a
mixture of proliferating and quiescent myoblasts, committed myocytes, and early myotubes
with few nuclei. To determine which of these cells were expressing GPR56, we performed
immunofluorescence staining on myoblasts at D1 (Figure 1D–E, Figure S1). GPR56 was
detected in mononuclear cells, some of which were in close association with myotubes
(Figure 1D, arrows). There was also slight immunoreactivity in myotubes, particularly
surrounding the nuclei. The cultures were co-stained with caveolin-1, which is expressed in
myoblasts but not myocytes [39], to better distinguish whether the GPR56-positive
mononuclear cells were in myoblasts or myocytes (Figure 1D, E). The cells did not co-
express GPR56 and caveolin-1, suggesting that GPR56 is only expressed in differentiating
myocytes.
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Loss of GPR56 results in decreased myoblast fusion through decreases in SRE and NFAT
activity

To determine the role of GPR56 during myoblast differentiation, GPR56 was silenced using
two separate shRNA constructs in the mouse C2C12 myoblast cell line (Figure 2A). Both
GPR56 shRNA constructs efficiently silenced GPR56 mRNA and protein expression
(Figure 2B, C). MyoD expression did not seem dramatically altered in GPR56-silenced
C2C12 cultures, while myogenin expression was decreased, particularly with shRNA
construct 3. Myoblast fusion and myotube size were significantly decreased in the GPR56-
silenced C2C12 cells at day 5 following induction of differentiation (Figure 2D–F).

Multiple transcriptional pathways are involved in the early differentiation of myoblasts into
myocytes and small myotubes in vitro. In particular, evidence that GPR56 downstream
signaling includes the activation of the serum response element (SRE) and nuclear factor of
activated T-cells response element (NFAT-RE) in gene promoters has been reported [40].
The SRE DNA element is functionally equivalent to the CArG box in myogenic cells [41],
to which the serum response factor (SRF) binds. To confirm that GPR56 activates the SRE
and NFAT-RE, we used vectors expressing full-length GPR56 (mGPR56) and a
constitutively active variant, which includes an N-terminal GPR56 truncation (tGPR56)
[26]. We assessed how expression of these constructs activated either an SRE or NFAT-RE
luciferase reporter gene (Figure 2G). Truncated GPR56 activated both the SRE and NFAT
reporters whereas the full-length receptor activated only the SRE luciferase construct
(Figure 2H).

Primary myoblasts from GPR56-knockout mice exhibit decreased differentiation and
fusion

To extend our findings to an in vivo model, primary myoblasts were isolated from littermate
wildtype and GPR56 knockout mice. Myoblasts were FACS-sorted from dissociated limb
and back muscles [42], differentiated for 5 days, and analyzed for their fusion competence
(Figure 3A–D). Knockout myoblasts exhibited a decreased ability to fuse, as measured by
their fusion index at days 2 and 5 in differentiation media (Figure 3A, B). Quantification of
the myotube size demonstrates that knockout cells also form smaller myotubes at D2 (Figure
3C), whereas by D5 the myotube size is not significantly different between knockout and
wildtype cultures. The ability of the knockout myotubes to grow to sizes similar to those of
wildtype myotubes by D5 suggests that GPR56 plays a role only in the early stages of
myoblast fusion.

To more precisely define GPR56 function in relation to myogenic differentiation, we looked
at the protein expression of myogenic transcription factors (Figure 3D). Decreases in
signaling to the SRF transcription factor could result in reduced expression of the
downstream transcription factors MyoD and myogenin, which regulate differentiation [43–
45]. Indeed, MyoD expression appeared decreased at days 3 and 5 in the differentiating
knockout compared with wildtype myoblasts at similar time points, whereas there was no
change in the early marker of differentiation, myogenin. To confirm whether NFAT
signaling was altered, we examined the expression of the transcriptional co-activator, FHL1,
which supports NFATc1 and NFATc2 in promoting myoblast fusion and myotube growth
after the onset of myogenin expression [46–48]. FHL1 was upregulated in the differentiating
knockout myoblast cultures (Figure 3D).

Additionally, GPR56 knockout primary myoblasts proliferated significantly faster than
wildtype myoblasts over the course of 10 days (Figure 3E). These data support the
conclusion that loss of GPR56 results in less efficient commitment of myoblasts to
differentiation, which manifests as decreased fusion ability in vitro.

Wu et al. Page 4

FEBS J. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



GPR56 knockout muscle is morphologically normal
Mutations in GPR56 result in the human genetic disease, BFPP. Patients with BFPP share
similarities in brain pathology with dystroglycanopathy patients (Figure 4A) whom also
exhibit severe muscle defects, particularly muscular dystrophy [34]. Some patients with
BFPP have a motor delay or early muscle hypotonia resulting in the consideration of
congenital myopathy or muscular dystrophy as a diagnosis [33, 49]. These parallels suggest
that BFPP patients may also have a specific muscle defect. A review of serum creatine
kinase (CK) levels in 13 BFPP patients revealed that 2 patients had slightly elevated values
(Figure 4B). Given that muscle biopsies for these patients were not available, muscle from
GPR56 knockout mice were analyzed. The gastrocnemius and tibialis anterior muscles of 1-
to 3-month old wildtype and knockout mice were examined after H&E staining (Figure 4C).
They revealed no signs of myopathy or dystrophy, such as fibrosis, necrosis, or increased
fiber size heterogeneity. To determine whether the in vitro myoblast fusion defect translated
to decreased myofiber size in vivo, the myofiber sizes of knockout versus wildtype mouse
gastrocnemius muscle were quantified. This analysis revealed no significant difference
(Figure 4D). However, we found a slight but statistically significant increase in the serum
CK levels of GPR56 knockout mice compared to wildtype mice (Figure 4E, n=11–12 mice/
group; p=0.012).

The GPR56-downstream signaling pathways that were altered in differentiating myogenic
cells were also analyzed for their expression in the muscle. MyoD, a transcriptional target of
SRF signaling during myoblast commitment and differentiation [43, 50, 44], has decreased
mRNA expression in GPR56 knockout muscle compared to wildtype muscle (Figure 4F);
this decrease is in agreement with the MyoD protein expression data in differentiating
muscle cells (Figure 3D). Similarly, the expression of NFAT family members that are
involved in commitment and early myoblast fusion are also affected in GPR56 knockout
mice. NFATc3 activity supports MyoD-directed myogenesis [51, 52], whereas NFATc2 is
activated in early myotubes [46]. The mRNA expression of both NFATc2 and NFATc3
were significantly downregulated in GPR56 knockout muscle (Figure 4F). In addition,
FHL1, whose transcription is also under the control of SRE [53], exhibited decreased
expression in knockout mouse muscle (Figure 4F). These decreases in mRNA expression
suggest that both SRE and NFAT signaling pathways are altered in GPR56 knockout mouse
muscle.

The fusion defects seen in vitro do not translate to defective muscle regeneration in vivo
To determine if the decreased fusion and myotube size seen in vitro translated into reduced
myofiber size during muscle regeneration, the tibialis anterior muscles of wildtype and
knockout mice were injured by injection with cardiotoxin (Figure 5). GPR56 mRNA
expression in regenerating wildtype muscle is transiently increased and peaks at day 4 after
cardiotoxin injection (Figure 5B). Morphologically, there was no gross defect in the timing
or extent of regeneration in knockout compared to wildtype muscle (Figure 5A). There was
also no significant difference in myofiber diameter four days after cardiotoxin injection
between knockout and wildtype muscle (Figure 5C). At six and eighteen days, there were no
differences in myofiber diameter (Figure 5C).

We then examined the expression of critical myogenic transcription factors in the
regenerating wildtype and knockout muscles. In knockout mice, the peak in Myf5 and
MyoD expression were delayed (Figure 5D). The timing of later stages of myofiber nuclear
accretion as indicated by the expression of NFATc2, FHL1, and embryonic myosin heavy
chain, however, seem to match the timing in wildtype mice. Overall, although some of the
molecular determinants of myoblast differentiation were significantly different or delayed in

Wu et al. Page 5

FEBS J. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



expression in the knockout muscle compared to wildtype, muscle regeneration did not seem
affected.

The NFAT signaling pathways activated during myoblast commitment and differentiation
are also used to regulate fiber type differentiation [54, 55]. Because the loss of GPR56 in
knockout mice affected these pathways during muscle cell differentiation, we examined
whether myofiber type specification was altered in the gastrocnemius muscle at various
ages. No differences in protein expression between wildtype and GPR56 knockout mouse
muscles were detected by Western blotting using antibodies specific to myosin heavy chains
(MHC) type I, IIA, and IIB (Figure 5E, F). We also used immunofluorescence to manually
count the individual myofibers and ensure that the lack of differences in MHC expression
detected by Western blot was not due to a lack of sensitivity (Figure S2, Figure 5G). We
isolated the gastrocnemius muscle from one-month-old littermates, stained sequential
sections with antibodies against MHC I, IIA, or IIB together with anti-laminin to outline the
myofibers, and quantified the proportion of positive myofibers for each MHC type. No
differences in the proportion of fiber types were found between wildtype and knockout
muscle (Figure 5G). Thus, although GPR56 signals through the SRF and NFAT pathways, it
does not affect the NFAT-directed specification of fiber types.

Discussion
Mutations in GPR56 result in the human disease BFPP [27, 33, 56]. The similarities in brain
phenotype between BFPP and the dystroglycanopathies have resulted in their classification
as similar diseases [34, 49]. Both of these diseases are caused through a loss of binding
between cell membrane proteins and the extracellular matrix (α-dystroglycan to laminin [57,
58] and GPR56 to collagen III [21]), which suggests a shared disease mechanism. We
previously found that GPR56 is upregulated in differentiating human fetal muscle cells [12],
suggesting that its loss could affect muscle cell differentiation and result in a muscle
phenotype. Thus, we investigated GPR56’s role in the skeletal muscle using the GPR56
knockout mouse in conjunction with cell-based assays.

Our in vitro studies delineate a role for GPR56 in the commitment of myoblasts to early
differentiation. GPR56 localizes to myocytes and nascent myotubes, while the luciferase
assays link GPR56 expression with the activation of promoters containing the SRF DNA-
binding elements. These data together with the previous findings demonstrating that GPR56
activates RhoA [17, 21, 26] draw a possible pathway for GPR56 at the cell surface to
activate RhoA signaling and subsequently activate the SRF-mediated transcription of target
genes in the nuclei of myoblasts committed to differentiation.

Our findings that full-length and truncated mouse GPR56 can activate luciferase driven by
SRE agree with a previous study showing that different human isoforms of GPR56 were
able to activate SRE-driven luciferase to varying degrees [40]. In myoblasts, the SRF
transcription factor binds an SRE DNA element within the MyoD promoter to promote the
transcription of MyoD during proliferation and differentiation [43, 50, 44]. The activation of
SRF transcriptional activity, in turn, is dependent on RhoA [50]. The upregulation of MyoD
expression, in correlation with a switch in SRF phosphorylation [59], induces proliferating
myoblasts to exit the cell cycle [5]. MyoD then switches to a differentiation program to
prepare the cells for fusion. The inhibition of SRF expression or activity has been shown to
lead to decreased MyoD [50] and myogenin expression [60]. In support of these possible
signaling links between GPR56, SRF, and MyoD, we saw a decrease in MyoD mRNA
expression in GPR56 knockout muscle, as well as decreases in MyoD and myogenin
expression in differentiating GPR56 knockout and GPR56-silenced C2C12 myoblasts,
respectively. Satellite cells lacking MyoD continue to proliferate and inefficiently express
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myogenin when induced to differentiate [61, 62]; in our studies, GPR56 knockout myoblasts
showed increased proliferation rates compared to wildtype myoblasts. These data support
the conclusion that GPR56 might signal through the SRF to promote transcription of the
myogenic regulators of myoblast commitment to differentiation (i.e., MyoD).

This transcriptional program of myogenic differentiation is aided by many cofactors,
including NFATc3. NFATc3 potentiates the ability of MyoD to activate the myogenic
differentiation program [51]. NFATc2 is then activated in the nascent myotubes to promote
further fusion [46]. Our data demonstrates that loss of GPR56 resulted in significantly
decreased NFATc3 and NFATc2 expression. In our luciferase assays, constitutively active
GPR56 stimulated NFAT transcription to a lesser degree than SRE transcription. One of the
target genes of the SRF is FHL1 [53, 45], a co-activator of NFAT transcription in the muscle
[48]. Increased FHL1 expression was seen in GPR56 knockout myoblasts, but not in GPR56
silenced C2C12 cells. This inconsistency suggests that GPR56 activation of NFAT-RE is not
direct, but instead through the induction of FHL1 transcription following activation of the
SRF.

Clearly, the in vitro loss of GPR56 negatively affected the ability of myoblasts to efficiently
differentiate and fuse, but these effects did not alter muscle development or regeneration in
vivo. The initial examination of GPR56 knockout muscle histology found no gross changes
in muscle histology or myofiber size. We did, however, find a small but statistically
significant increase in the serum CK levels, which indicates the presence of myofiber
membrane damage, as seen in muscular dystrophy [63, 64]. However, in the case of GPR56
knockout mice, the degree of serum CK elevation was much smaller than what is seen in a
mouse model of the dystroglycanopathies [65]. That the increase was slight, albeit
significant, is in agreement with other studies that did not detect raised serum CK levels in
BFPP patients [49] and with our findings of two patients with only slightly elevated serum
CK. Therefore, the loss of GPR56 in human muscle did not lead to a severe phenotype in
this tissue.

Following acute injury, GPR56 knockout muscle regenerated normally although the
expression of Myf5 and MyoD were delayed. The overall mild phenotype in vivo suggests
that GPR56 could be one of many factors that promote commitment and differentiation and
that the redundancy in function with other genes can compensate for its loss. Myf5 is known
to be able to compensate for loss of MyoD, [8, 9, 6] and its delayed but emphatic increase
during regeneration may act as a compensatory mechanism for the less efficient expression
of MyoD in GPR56 knockout muscle. This hypothesis is supported by our in vitro findings
that, despite a significantly decreased ability of GPR56 knockout myoblasts to fuse at early
time points, the myotube sizes were not different from wildtype myotube sizes at later time
points (D6). In addition, the fusion defect was more prominent in the GPR56-silenced
C2C12 cells, as opposed to the primary GPR56 knockout myoblasts. Because the knockout
myoblasts develop in a GPR56-null environment and were isolated from postnatal muscle, it
is possible that they adapted their differentiation mechanisms to compensate for the loss of
GPR56. These compensatory mechanisms would not have had time to develop in GPR56-
silenced C2C12 cells and could be one reason for why the phenotype of silenced cells was
more severe than in primary knockout cells.

In skeletal muscle, four major myofiber types can be classified by their myosin heavy chain
contractile abilities [66]. Type I fibers have slow myosin heavy chains, whereas Types IIA,
IIX, and IIB have fast myosin heavy chains. Intrinsic and extrinsic factors lead to the
specification, maintenance, and switching of a particular fiber type [67]. In vivo RNA
silencing of different NFATs shows that fiber type specification is influenced and dictated
by different combinations of four isoforms of NFAT (c1 through c4) [55]. All four NFAT
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isoforms studied play roles in maintaining the Type I fiber type, whereas only NFATc2
through NFATc4 are required for Type IIA and Type IIX fibers, and only NFATc4 for Type
IIB fibers. In our study, despite decreases in NFATc2 and NFATc3 expression in GPR56
knockout mice, no differences in fiber type specification were seen in GPR56 knockout
mouse muscle. These findings agree with reports that knockouts of the NFAT family
members have little to no effect on fiber type specification [46, 52] and support our
conclusion that GPR56 signaling through NFAT is likely to be important only during the
early stages of fusion.

Despite a clear role for GPR56 in myoblast commitment and differentiation, there are
several reasons why its loss may not severely impact muscle function in BFPP patients and
GPR56-null mice. GPR56 expression is transient and restricted to early differentiation in
both myoblasts in culture and regenerating muscle in vivo. It has been suggested that cell-
surface molecules that have roles in myoblast differentiation exhibit less severe phenotypes
when individually knocked-out in mice due to redundancy in their functions [11]. Although
the functions of α-dystroglycan and GPR56 in brain development seem similar, the relative
importance of their ligands may differ in the brain versus skeletal muscle. A clear role for
the importance of α-dystroglycan binding to laminin has been established in both tissues
[68–70]. While laminin is a major component of the mature muscle basal lamina [71],
GPR56’s ligand collagen III is expressed only transiently during development [72].
Similarly, α-dystroglycan is an integral component of the dystrophin-associated protein
complex, which is expressed in both developing and mature muscle, whereas GPR56 is
expressed transiently. Thus, while in the brain α-dystroglycan and GPR56 serve similar
functions in aiding neuronal cell migration, in skeletal muscle their pattern of expression and
downstream signaling pathways are clearly distinct. These studies demonstrate that while
loss of GPR56 function in myogenic cells leads to decreased ability to fuse due to altered
signaling through SRF, skeletal muscle development overall is not affected.

Materials and Methods
Human Subjects

Clinical details on patients and families affected by GPR56 mutations and other neurological
conditions were obtained with written consent as part of their participation in research
studies at Boston Children’s Hospital and Beth Israel Deaconess Medical Center. The
studies were approved by the Internal Review Board at each participating institution and
performed in accordance with the ethical standards covering human subjects research.

Animals
GPR56 knockout mice (B6N.129S5-Gpr56tm1Lex/Mmcd) were generated by Genentech/
Lexicon Genetics. The absence of GPR56 protein was previously verified [18]. Animals
were euthanized by CO2 asphyxiation and the appropriate muscles dissected. Unless
otherwise stated, tissue was collected from one-month-old male animals.

For evaluation of serum creatine kinase levels, mice between 5 and 10 months of age were
nicked in the tail vein and 200 µL blood was collected. Blood was allowed to coagulate for 1
hour at room temperature and then centrifuged at 16,100 g in a table-top microfuge for 1.5
min. Twenty microliters of plasma serum were used in the CK-NAC (UV-Rate) CK test
(Stanbio #0910, Stanbio Laboratory, Boerne, TX, USA) to determine serum CK levels. For
each blood sample, two measurements were taken and averaged. A total of 11 WT and 12
KO animals were analyzed. Data were analyzed for statistical significance using the
Student’s t-test (unpaired, homoscedastic) in Excel with significance at p<0.05. The error
bars represent the standard deviation between samples.
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For cardiotoxin injections, mice (n = 5) were anesthetized with isoflurane and a total of 15
µL of 0.5 µg/mL cardiotoxin (Sigma #C9759-5MG, Sigma-Aldrich, St. Louis, MO, USA) in
PBS was injected into three different sites in the right TA with a Hamilton syringe (26 G
needle). Mice were sacrificed at 2, 3, 4, 6, and 18 days after cardiotoxin injury. Left
(uninjured) TA muscles were used as uninjured (D0) controls.

For tissue section analyses, tissue was snap-frozen by embedding in OCT (Tissue-Tek
#4583, VWR, Arlington Heights, IL, USA) in liquid nitrogen-cooled isopentane. For mRNA
and protein analyses, tissue was snap-frozen in liquid nitrogen. All animals were handled in
accordance with protocols approved by the Institutional Animal Care and Use Committee at
Boston Children’s Hospital.

Hematoxylin and Eosin (H&E) staining and determination of myofiber diameter
For myofiber diameter analysis, ten micron sections of TA muscle tissue were taken from
the approximate belly of the muscle. For cardiotoxin-injured muscle, sections were taken
from the injured area. Tissue sections were stained as previously described [73] and imaged
using a Nikon E1000 microscope with a SPOT Insight Color 3.2.0 camera using SPOT
4.5.9.9 software (Spot Imaging Solutions, Diagnostic Instruments Inc, Sterling Heights, MI,
USA.).

Fiber diameter was measured using ImageJ 1.4r (NIH) and the plug-in “Measure and
Label.java.” For cardiotoxin-injured muscle, only fibers with centrally-located nuclei were
measured. For each mouse, fiber diameter measurements within 2–3 fields were averaged.
Approximately 140 fibers were counted per field, totaling 280–420 fibers per mouse. Each
data bar represents the measurements of 3–5 mice. Error bars represent the standard
deviation between the measurements for the mice. Significance was determined using an
unpaired Student’s t-test.

Determination of fiber type proportions by IHC
Sequential 10 µm muscle cross-sections from the approximate center of one-month-old
littermate wildtype and knockout gastrocnemius muscle were fixed in cold 100% acetone for
5 min and then air-dried for 20 min. They were then washed with 1x PBS-T (0.1%
Tween-20 in PBS) and blocked for 30 min in 2.5% horse serum in PBS-T. Sections were
then incubated overnight at 4°C in primary antibody in PBS-T using the MHC type
antibodies MHC1, 1:100 Sigma #M8421, Sigma-Aldrich, St. Louis, MO, USA; mouse anti-
MHC Type IIA 1:50, Developmental Studies Hybridoma Bank (DSHB, Iowa City, IA,
USA) #SC-71, developed by S. Schiaffino; or mouse anti-MHC Type IIB (1:50, DSHB
#BF-F3, developed by S. Schiaffino), and co-stained with a rabbit anti-laminin antibody
(1:100, Sigma-Aldrich #L9393) to outline the myofibers. After three 3 min washes in PBS-
T, slides were incubated for 1 hr at RT with the appropriate secondary antibody in PBS-T,
washed three times in PBS-T, and mounted with DAPI Vectashield (#H-1200, Vector
Laboratories, Burlingame, CA, USA).

The entire section was photographed in sequential fields using a Hamamatsu Orca-ER
camera (#C4742-95-12ER, Hamamatsu, Middlesex, NJ, USA) mounted on a Zeiss Axioplan
2 microscope (5× objective) with Axiovision 4.5 SP1 software. The individual fields were
merged together into one image using Photoshop CS3. The numbers of MHC-positive and
negative fibers in each section were manually counted using the cell counter function in
ImageJ 1.4r (NIH). Significance was determined using the Student’s t-test (paired) in Excel
with significance at p < 0.05. The error bars represent the standard error of measurement
between samples.
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Primary myoblast isolation, proliferation, and fusion assays
Limb skeletal muscles from littermate wildtype and GPR56 knockout mice were dissected,
minced, and dissociated with 5 mg/mL collagenase D (Roche Applied Science
#11088882001, Indianapolis, IN, USA) and 5 mg/mL dispase II (Roche #04942078001) per
gram of tissue for up to an hour at 37°C. Following dissociation, filtration through 100 and
40 µm filters, and red blood cell removal (Qiagen #158904, Valencia, CA, USA), myogenic
cells were isolated by FACS as previously described [42]. Myoblasts were then plated on 6
cm plastic plates coated with 5 µg/cm2 collagen type I (BD Biosciences #354236, Franklin
Lakes, NJ, USA) in myoblast growth media (30% fetal bovine serum (FBS) and 1×
penicillin/streptomycin/glutamine (PSG) in 1:1 F10/high-glucose DMEM) supplemented
with 10 ng/mL bFGF (Atlanta Biologicals #X07995, Norcross, GA, USA).

For proliferation assays, myoblasts were plated at 1 × 104 cells on collagen-coated 12-well
plates. Every 2 days for up to 10 days, duplicate wells of myoblasts were trypsinized and
counted. The total number of cells was then calculated for each sample. Comparisons were
made using a paired Student’s t-test. Error bars show the standard error among experimental
sets. Data are represented as an average of 3 trials.

For fusion assays, 2 × 105 myoblasts were plated on gel-coated 6-well dishes in myoblast
growth media + 10 ng/mL bFGF. The next day (D0), they were switched to differentiation
media (2% horse serum/1x PSG in low-glucose DMEM), which was changed daily for up to
6 days. To assess fusion, cells were fixed with 4% PFA in PBS for 15 min at RT, and
washed with PBS; the nuclei were then stained with DAPI in PBS. Images of cells were
taken using a Photometrics CoolSNAP EZ camera (Photometrics, Tucson, AZ, USA)
mounted on a Nikon Eclipse TE2000-S microscope with NIS Elements AR 2.30 SP4
software. Fusion was analyzed using the cell counter function in ImageJ 1.4r or 1.47b
(Wayne Rasband, NIH). For each sample, 3 fields were taken and the results were averaged
per duplicate or triplicate well. Each field contained approximately 100 to 200 nuclei,
depending on the day of fusion. The fusion index was calculated as: 100 × (total number of
nuclei in myotubes) / (total number of nuclei). The average myotube size was calculated as:
(total number of nuclei in myotubes) / (total number of myotubes counted). For these counts,
myotubes were defined as cells containing 2 or more nuclei. The final results are the
averages of each experiment with 4 total experiments comprising 3 sets of littermate mouse
myoblast isolations. Comparisons between WT and KO were made using a paired Student’s
t-test, with significance set at p<0.05. Error bars show the standard error among
experimental sets.

For immunostaining, myoblasts were fixed with 4% paraformaldehyde (PFA) in phosphate
buffered saline (PBS) for 15 min and permeabilized with 1% Triton X-100/PBS for 3 min.
After washing with PBS, cells were blocked in 10% FBS/0.1% Triton X-100 in PBS for 1
hour at RT. Cells were then treated with 1% SDS for 1 min and rinsed 3 times for 5 min in
PBS. Cells were then incubated mouse anti-GPR56 (1:100, Sigma #SAB1400340) and
rabbit anticaveolin-1 (1:200, Cell Signaling #3238, Danvers, MA, USA) in blocking buffer
overnight at 4°C. After washing 3 times with PBS, cells were incubated with secondary
antibody (Dylight 488 anti-mouse IgG and Dylight 594 anti-rabbit IgG, Jackson
Immunoresearch Laboratories, West Grove, PA, USA #715-486-150, #711-516-152,
respectively) in blocking buffer for 1 hour at RT. After incubation, cells were washed 3
times with PBS, and mounted with DAPI Vectashield. Cells were imaged with an Orca-ER
camera mounted on a Nikon E1000 microscope with Openlab 5.5.0 software (Improvision-
PerkinElmer, Waltham, MA USA).
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C2C12 cell gene silencing and fusion assays
Short hairpin oligos were designed against mouse GPR56 mRNA (accession #
NM_018882) and annealed into the BD RNAi-Ready pSiren-RetroQ viral vector (BD
Biosciences Clontech #631526, Mountain View, CA, USA). The following sequences were
used: shRNA2, 5’-TCACGTGACTACACCATCA-3’, and shRNA3, 5’-
CGTTGGTGGATGTGAATAA-3’. 293GP cells were plated in 10% FBS/1x PSG in
DMEM and transfected the next day with 8 µg VSV-G plasmid and 8 µg silencing or control
vector using a standard calcium phosphate protocol. Twelve to 16 hours after transfection,
the media was replaced with fresh media. After 65–72 hours, the media (containing virus)
was collected and filtered through a 0.45 µm PES low-protein binding filter to remove cell
debris.

The viral infection followed a protocol based on Springer et al. [74]. The viral suspension
was supplemented with 20% FBS and 8 ng/uL polybrene (final concentrations). The viral
mix was added to C2C12s (plated the previous day on gel-coated 6-well plates at 7 × 104

cells), incubated for 15 min in a cell culture incubator (37°C, 5% CO2), and spun at 1100 ×
g for 30 minutes at 32°C. The viral mix was then removed and replaced with fresh C2C12
growth media (20% FBS, 1x PSG in high-glucose DMEM). Cells were re-infected with this
protocol at 8, 16, and 24 hours after the first infection. The efficiency of infection was
verified in parallel infections with virus carrying the pQCLIN construct, which confirmed
that 95–100% of C2C12 cells expressed LacZ (data not shown).

Infected C2C12 cells were switched to differentiation media 6 hours after the last infection,
and assayed for fusion and mRNA and protein profiles as described below. The Day 0 (D0)
timepoint was taken just prior to switching the media to differentiation. Subsequent time
points were taken at D1, D2, D3, and D5 for mRNA and protein, and D2 and D5 for the
fusion assay. The fusion index and myotube size were assayed as with the primary
myoblasts, with the average of 10 fields taken per single well per sample per trial. The final
results are the averaged results from three independent viral infections. Comparisons
between GPR56-silenced samples and control samples were made using ANOVA with one-
way variance from StatPlus:mac LE (Analyst Soft Inc, ver. 2009). Error bars show the
standard error among experimental sets.

For immunostaining, cells were fixed and stained as with the primary myoblasts, without 1%
SDS treatment. The primary antibody used was mouse anti-myosin (1:100, Developmental
Studies Hybridoma Bank (DSHB) #MF-20, developed by D.A. Fischman).

RNA isolation from cells and tissue, reverse transcription and quantitative real-time PCR
For cultured cells, cells were trypsinized and pelleted. RNA was isolated using the RNeasy
Mini kit (Qiagen #74104).

For tissues, RNA was isolated using the RNeasy Fibrous Tissue kit (Qiagen #74704) with
modifications. Approximately 10 mg snap-frozen tissue was homogenized in 650 µL RLT +
1% β-mercaptoethanol (v/v) with Lysing Matrix D beads (MP Bio #6913, Solon, OH, USA)
in a Fastprep FP120 homogenizer (Thermo Savant Qbiogene, Inc Carlsbad, CA, USA) for
two cycles of 40 sec at speed 6, with a 5 min incubation on ice in between. Homogenized
tissue was then spun down at 4°C at 16,100 g for 4 min, and 300 µL of the supernatant
containing the RNA was transferred to an eppendorf tube. Ten microliters of proteinase K
solution and 590 µL RNase-free water was then added, and the sample was incubated for 10
min at 55°C. The following RNA isolation steps with DNA removal were done as per the
manufacturer’s recommendations.
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cDNA was reverse-transcribed from 0.5 to 2 µg RNA using either the Quantitect Reverse
Transcription kit (Qiagen #205311) or the Superscript III Reverse Transcription kit
(Invitrogen Life Technologies #18080-051, Grand Island, NY, USA) with a mix of random
hexamers and oligodT primers. For each experimental set, the same kit was used. From this
reaction, 1/40 to 1/20 volume (0.5 to 1 µL) of cDNA was amplified using SYBR green
(Invitrogen Life Technologies #4364346) and quantified in a 7900HT Fast Real-Time PCR
System (Applied Biosystems Life Technologies, Grand Island, NY, USA). Relative
expression was calculated using the delta delta Ct method [75]. All primers were optimized
to run at the same efficiency as control primers (β-2-microglobulin (B2M) for cell and
uninjured muscle assays or GAPDH for cardiotoxin injury assays) [76]. Primers were
designed to span exon-intron junctions and/or large introns. All assays were run with no
template and minus reverse transcriptase controls. The primers used are listed in
Supplementary Table 1.

Protein isolation and Western blot analyses
Cells were lysed directly on the plate with RIPA cell lysis buffer (50 mM Tris pH 7.4, 150
mM NaCl, 1% NP-40, 1 mM EDTA) with 0.1% SDS, protease inhibitor cocktail (Roche
#4693159001), and phosphatase inhibitor cocktail (Roche Applied Science #4906837001).
Lysates were collected and rotated for 1 hour at 4°C, then centrifuged for 25 min at 4°C,
16,100 g. The supernatant and pellet were separated.

Snap-frozen tissue samples were crushed into a powder using a liquid-nitrogen cooled
ceramic mortar and pestle. An aliquot of the powder was taken and homogenized in TPER
buffer (Thermo Scientific #78510, Pittsburg, PA, USA) with 0.1% SDS/ protease inhibitor
cocktail/phosphatase inhibitor cocktail for 1 min at 4°C, using a hand-held homogenizer and
plastic pestles. Samples were then rotated at 4°C for one hour and frozen at −20°C to
complete lysis. After thawing, samples were centrifuged and the supernatant aliquoted.

One to 20 µg protein per sample was prepared with NuPage LDS loading buffer (Invitrogen
Life Sciences #NP0007) and 5% β-mercaptoethanol (v/v); samples were then denatured for
10 minutes at 65°C before loading onto 4–12% Bis-Tris gels (Invitrogen Life Sciences
#WG1402BOX). Proteins were transferred to nitrocellulose for 1 hour in transfer buffer
(12.5 mM Tris-Glycine pH 8.3, 10% methanol). Blots were blocked in 5% BSA/1% milk in
TBST (25 mM Tris, 3 mM KCl, 140 mM NaCl, 0.01% Tween-20) for one hour at RT and
incubated in primary antibody in blocking buffer overnight at 4°C on a shaker. For detecting
GPR56, blots were blocked and incubated with primary antibody in 5% BSA/2% milk/
TBST. After 3 washes with TBST, blots were incubated with the appropriate HRP-
conjugated secondary antibodies (1:10,000, Jackson Immunoresearch) in 5% milk in TBST
for 40 min at RT. Bands were detected using the Western Lightning chemiluminescent
detection reagent (Perkin Elmer #NEL105001EA). After detection, blots were stripped for
25 min at 80°C in stripping buffer (0.2 M glycine pH 2.5, 0.05% Tween-20), washed for 1
hour in TBST, and re-probed for other proteins. The following primary antibodies were
used: mouse anti-mouse GPR56 (1:1000, H11 clone, generous gift from Xianhua Piao,
Boston Children’s Hospital, Boston, MA), mouse anti-MyoD (1:1000, BD Biosciences
#554130), mouse anti-myogenin (1:1000, DHSB #F5D, developed by F.W. Wright), goat
anti-FHL1 (1:1000, Abcam #Ab23937, Cambridge, MA, USA), rabbit anti-GAPDH 14C10
(1:1000, Cell Signaling #2118), and rabbit anti-α/β-tubulin (1:5000, Cell Signaling #2148).
For the analysis of primary mouse myoblasts, protein lysates from four sets of myoblasts
isolated from littermate WT and KO mice were analyzed. For the analysis of silenced
C2C12 cells, protein lysates were made from three sets of C2C12 cells that were
independently infected.
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For quantification of MHC types, the total protein on replicate nitrocellulose blots was
stained with SYPRO Ruby Protein Blot Stain (Invitrogen Life Sciences #S-11791). Bands
were imaged using the Bio-rad Chemidoc XRS+ molecular imaging system and
densitometry readings were taken using the volume rectangle tool in Quantity One 4.6.2
software. The blots were destained and then blotted for either mouse anti-slow MHC
(1:1000, Sigma-Aldrich #M8421), mouse anti-MHC Type IIA (1:1000, DSHB #SC-71), or
mouse anti-MHC Type IIB (1:1000, DSHB #BF-F3). Multiple ECL readings of the MHC
bands were taken using the Bio-rad Chemidoc XRS+ to ensure the collection of an
unsaturated exposure. The densitometry measurements for MHC bands were normalized to
the total protein SYPRO bands, and the results from three to five mice were averaged.
Significance was determined using the Student’s t-test (unpaired) in Excel. Error bars show
the standard deviation between samples.

Luciferase assays
The mouse GPR56 coding sequence (accession # NM_018882) was amplified from a V5-
tagged mouse GPR56 construct kindly provided by Samir Koirala (Boston Children’s
Hospital, Boston, MA) [19]. Constitutively active, truncated GPR56 (tGPR56) [26] was
cloned into pCMV-XL4 by amplifying the C-terminal domain of GPR56 after the GPS
cleavage site. The location of the GPS cleavage site was determined by homology to GPS
sites found in other adhesion GPCRs [77]. The forward primers incorporated NotI restriction
enzyme sites, a Kozak initiation sequence, and a methionine amino acid translational start
site: full-length GPR56 (mGPR56) forward primer 5’-
AAGCGGCCGCCACCATGGCTGTCCAGGTGCTG-3’ and tGPR56 forward primer 5’-
AAGCGGCCGCCACCATGACCTACTTTGCAGTGCTGAT-3’. The reverse primer
incorporated a NotI restriction enzyme site after the stop codon and was used for both
mGPR56 and tGPR56: 5’-TTGCGGCCGCTGCAGAATTGCCCTAGATGC-3’.

HEK293 cells were plated in 96-well plates at a density of 6000 cells/well one day prior to
transfection, or 3000 cells/well two days prior to transfection, in 10% FBS/DMEM. Cells
were transfected using Lipofectamine (Invitrogen Life Sciences #18324-012) with: (A) 0–8
ng mGPR56-pCMV-XL4, tGPR56-pCMV-XL4, or pCMV-XL4 empty vector control; (B)
20 ng SRE5x-luc or NFAT-RE-luc reporter; and (C) 5 ng β-galactosidase (β-gal) pcDNA1.1
control in serum-free DMEM. Luciferase and β-gal activity were assayed as previously
described [78]. Averaged triplicate data for each experiment were normalized to basal
signaling from cells transfected with reporter and β-gal alone. Data from three separate
experiments were averaged to produce the normalized relative luciferase activity.
Significance was analyzed using two-way ANOVA with Bonferroni correction in GraphPad
Prism 5. Error bars denote the standard error among experiments.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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BFPP bilateral frontoparietal polymicrogyria

GPCR G-protein coupled receptor

GPR56 G-protein coupled receptor 56

GPS G-proteolytic site

H&E hematoxylin and eosin

KO knockout

MHC myosin heavy chain

NFAT nuclear factor of activated T-cells

RT-qPCR reverse transcription quantitative polymerase chain reaction

shRNA short-hairpin RNA

SRE serum response element

SRF serum response factor

tGPR56 truncated G-protein coupled receptor 56

WT wildtype
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Figure 1. GPR56 is transiently expressed in the early differentiation phase of mouse myoblasts
A. Phase images of mouse myoblasts induced to differentiate over the course of 6 days (D0
– D6) illustrating the degree of myotube formation. B. Upregulation of GPR56 mRNA
expression at D1 by qRT-PCR in primary mouse myoblasts which then rapidly decreases. C.
Protein expression of GPR56, MyoD, myogenin, and α/β-tubulin (loading control) in
myoblasts at D0 to D6, as assessed by Western blot. GPR56 protein expression peaks at D1
and rapidly decreases by D3, where little expression remains. D–E. GPR56 (green) and
caveolin-1 (red) staining in differentiating primary mouse myoblasts at D1. DAPI (blue) was
used to stain nuclei. Arrows point to GPR56+ cells that are positioned closely and elongated,
suggesting that the cells are readying for fusion or fusing. Scale bar = 50 µm.
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Figure 2. GPR56 is involved in directing myoblast fusion through SRF and NFAT pathways
A. Schematic diagram showing the location of GPR56 shRNA constructs (2, 3, black
arrows) against GPR56 transmembrane domains (rectangles) 2 and 4. The diamond indicates
the G-proteolytic site. B. GPR56 mRNA expression by RT-qPCR in silenced C2C12s. Both
shRNA2 and 3 effectively silenced the expression of GPR56. C. Western blot of GPR56,
MyoD, and myogenin proteins in silenced C2C12 cells. D. Myosin Heavy Chain staining in
GPR56-silenced cultures shows decreased myotube formation in GPR56 shRNA2 and 3
silenced cells. Scale bar = 50 µm. E. Fusion is decreased in GPR56-silenced cells at day 5
following differentiation. Un, uninfected; scr, scrambled oligo. * p < 0.01. F. Myotube size
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is decreased in GPR56-silenced cells at day 5 following differentiation. *p < 0.01. un,
uninfected; scr, scrambled oligo. G. Schematic showing full-length and truncated GPR56.
Diamond = G proteolytic site. Rectangles = transmembrane domains. H. Luciferase reporter
assays in HEK293 cells of full-length (mGPR56, black diamond) or truncated (tGPR56,
gray squares) GPR56 with luciferase reporter constructs driven by serum response element
(SRE) or NFAT response element (NFAT-RE). GPR56 induces signaling from both SRE
and NFAT-RE. * p<0.05. # p<0.001. n=3.
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Figure 3. GPR56 KO myoblasts fuse less and have decreased MyoD expression
A. WT and GPR56 KO mouse myoblasts undergoing differentiation at D0, D2, and D5.
Scale bar = 50 µm. Green, Desmin (D0) or myosin heavy chain (D2, D5). Blue, nuclei. B.
Fusion index in WT and KO differentiating mouse myoblasts. GPR56 KO myoblasts have
decreased fusion at D2 and D5.* p < 0.05, n = 4. C. Overall myotube size as measured by
percentage of myotubes with greater than 5 nuclei in WT and KO differentiating cultures. *
p <0.05. D. Protein expression by Western blot of GPR56, MyoD, myogenin, and α/β-
tubulin in differentiating myoblasts at D0-D5. GPR56 KO myoblasts show decreased MyoD
expression at days 3 and 5, and increased FHL1 expression. E.GPR56 KO myoblasts (gray
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circles) proliferate more that WT myoblasts (black diamonds). (*p = <0.05, # = p < 0.001, n
= 4 trials).
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Figure 4. Muscle phenotypes in BFPP patients and GPR56 knockout mice
A. Representative coronal flair MRI image from an unaffected individual (NORMAL) and
coronal T2 images from individuals with confirmed mutations in GPR56 and POMGnT1.
Patients exhibit enlarged ventricles (asterisks), presence of diffused cortical abnormalities
(white arrowhead) and presence of cerebellar abnormalities, including a small vermis in the
GPR56 patient (arrow). B. Serum creatine kinase levels and motor developmental delays in
patients with BFPP. ND: Not determined. C. H&E staining of one-month-old gastrocnemius
(top, GA) and tibialis anterior (bottom, TA) muscles shows no difference between wildtype
and knockout muscle. Scale bars = 50 µm. D. Myofiber diameter in TA muscle shows no
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difference between WT and KO. E. Serum CK levels in WT and KO mice shows slightly
elevated serum CK levels in knockout mice. *p=0.012, n = 11–12. F. mRNA expression in
WT and KO gastrocnemius muscle. Expression of MyoD, FHL1, NFATc2, and NFATc3 are
decreased in KO muscle. * p<0.05, n = 6.
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Figure 5. Loss of GPR56 affects the expression of myogenic transcription factors during
regeneration but does not affect myofiber size
A. H&E staining of GPR56 WT and KO gastrocnemius muscle at days 4, 6, and 18 after
cardiotoxin injury. KO morphology and timing does not look different from WT. B. mRNA
expression of GPR56 by RT-qPCR shows transient upregulation of GPR56 during
regeneration. C. Myofiber diameter in cardiotoxin-injured WT and GPR56 KO
gastrocnemius muscle shows no difference in diameter between WT and KO. D. mRNA
expression by RT-qPCR of various genes in WT (black diamond) and GPR56 KO (gray
circle) cardiotoxin-injured muscle. Myf5, MyoD, and myogenin are delayed in expression in
KO muscle. * p<0.05, n = 3. E. Sample Western blots of myosin heavy chain protein
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expression. F. Quantification of the amount of MHC I, IIA, or IIB protein expression by
Western blot in WT and KO gastrocnemius muscle in mice of various ages shows no
difference in the amount of MHC isoforms between WT and KO. G. Quantification of the %
of positive MHC I, IIA, or IIB fiber types in KO versus WT muscles, based on
immunofluorescence staining in 4 littermate pairs.
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