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CTGF/CCN2 facilitates LRP4-mediated formation
of the embryonic neuromuscular junction

Bisei Ohkawara™™ @, Akinori Kobayakawa™?, Shunsuke Kanbara®?, Takako Hattori?, Satoshi Kubota®,
Mikako Ito*, Akio Masuda® @, Masaharu Takigawa®, Karen M Lyons>, Naoki Ishiguro? & Kinji Ohno*

Abstract

At the neuromuscular junction (NMJ), lipoprotein-related receptor
4 (LRP4) mediates agrin-induced MuSK phosphorylation that leads
to clustering of acetylcholine receptors (AChRs) in the postsynaptic
region of the skeletal muscle. Additionally, the ectodomain of LRP4
is necessary for differentiation of the presynaptic nerve terminal.
However, the molecules regulating LRP4 have not been fully eluci-
dated yet. Here, we show that the CT domain of connective tissue
growth factor (CTGF/CCN2) directly binds to the third beta-
propeller domain of LRP4. CTGF/CCN2 enhances the binding of
LRP4 to MuSK and facilitates the localization of LRP4 on the
plasma membrane. CTGF/CCN2 enhances agrin-induced MuSK
phosphorylation and AChR clustering in cultured myotubes. Ctgf-
deficient mouse embryos (Ctgf ’~) have small AChR clusters and
abnormal dispersion of synaptic vesicles along the motor axon.
Ultrastructurally, the presynaptic nerve terminals have reduced
numbers of active zones and mitochondria. Functionally, Ctgf '~
embryos exhibit impaired NMJ signal transmission. These results
indicate that CTGF/CCN2 interacts with LRP4 to facilitate cluster-
ing of AChRs at the motor endplate and the maturation of the
nerve terminal.
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Introduction

The neuromuscular junction (NMJ) is a synapse between the spinal
motor neuron (SMN) and the skeletal muscle. At the NMJ, the skele-
tal muscle is controlled by the neurotransmitter acetylcholine (ACh)

released from the motor nerve terminal (Hall & Sanes, 1993). To
achieve efficient neuromuscular signal transmission, densely clus-
tered acetylcholine receptors (AChRs) on the postsynaptic
membrane of muscle fiber and appropriate differentiation and juxta-
position of the motor nerve terminals are critical (Wu et al, 2010).
A combination of molecules secreted by these cells act in a
concerted manner to regulate pre- and postsynaptic differentiation
of the NMJ and AChR clustering (Fischbach & Rosen, 1997; Wu
et al, 2010).

Low-density lipoprotein receptor-related protein 4 (LRP4), firstly
identified as an inhibitory receptor for Wnt/p-catenin signaling,
plays a central role in pre- and postsynaptic differentiation of the
NMJ. AChR clustering is primarily mediated by SMN-derived agrin
(Burden, 2002, 2011). At the postsynaptic region of the NMJ, an
LRP4 dimer binds to a dimer of muscle-specific receptor tyrosine
kinase (MuSK), forming heterotetrameric receptor for agrin (Zong
et al, 2012). Agrin binds to LRP4 and phosphorylates MuSK (Kim
et al, 2008; Zhang et al, 2008), which leads to rapid tyrosine phos-
phorylation on the AChR B subunit (Borges et al, 2008) and facili-
tates AChR clustering on subsynaptic scaffolding proteins, including
rapsyn (Gautam et al, 1995). At the presynaptic nerve terminal of
SMN, a retrograde signal from postsynaptic LRP4 induces the clus-
tering of synaptic vesicles and active zones (Wu et al, 2012; Yumoto
et al, 2012). Although LRP4 plays a central role in inducing the pre-
and postsynaptic structure of the NMJ, the molecule(s) regulating
LRP4 functions at the NMJ are not fully elucidated.

Connective tissue growth factor/cellular communication network
factor 2 (CTGF/CCN2), encoded by the Ccn2 gene, is an extracellu-
lar matrix-associated protein and a member of the CCN family of
proteins (Yeger & Perbal, 2016; Takigawa, 2017), which include
Cyr61 (Cenl), Nov (Ccn3), WISP1 (Ccn4), WISP2 (CcnS), and WISP3
(Ccn6). CCN family proteins function in many biological processes,
including cell adhesion, migration, proliferation, angiogenesis,
skeletal development, neuronal development, and tissue wound
repair, and are critically involved in various diseases such as
fibrosis, inflammation, muscular dystrophies, neurodegenerative
diseases, diabetes mellitus, retinopathy, and several types of
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malignancies (Jun & Lau, 2011; Krupska et al, 2015; Takigawa,
2017; Gonzalez & Brandan, 2019). Members of the CCN family of
proteins, including CTGF/CCN2, have four conserved cysteine-rich
domains: insulin-like growth factor-binding protein (IGFBPs), von
Willebrand factor type C (VWC), thrombospondin type-1 (TSP1),
and C-terminal cystine knot-like (CT) (Takigawa, 2017). CCN family
proteins function by binding to various extracellular proteins includ-
ing integrin receptors, heparin sulfate proteoglycans (HSPGs), TrkA,
members of the TGF-B superfamily, VEGF, perlecan, slit, and LRPs
(Holbourn et al, 2008). Indeed, the secreted CTGF protein binds to
LRP6, a protein in the LRP family, to inhibit Wnt signaling (Mercu-
rio et al, 2004). Ctgf deficiency in mice results in lethality immedi-
ately after birth due to respiratory failure caused by thoracic skeletal
defects (Ivkovic et al, 2003). CTGF is also important in diseases of
neuronal tissues and skeletal muscles (Mercurio et al, 2004; Sun
et al, 2008). CTGF is one of the extracellular matrix (ECM) proteins
concentrated at the adult NMJ (Sun et al, 2008; Ohno et al, 2012);
however, its physiological role in synaptogenesis remains unknown.

Here, we characterized the functions of CTGF/CCN2 in vitro, in
cellulo, and in mouse embryonic NMJ. We show that CTGF physi-
cally interacts with LRP4 and enhances binding between LRP4 and
MuSK. CTGF stabilizes LRP4 on the sarcoplasmic membrane and
enhances agrin-mediated MuSK phosphorylation in myotubes.
Finally, Ctgf~/~ mouse embryos exhibit reduced AChR clusters at
the postsynaptic motor endplate, abnormal axonal dispersion of
synaptic vesicles, fewer active zones in the presynaptic motor termi-
nal, and impaired NMJ signal transmission. We therefore conclude
that CTGF/CCN2 plays a critical role in the formation and function
of the embryonic NMJ, in particular presynaptic differentiation.

Results

Interaction between CTGF and LRP4 enhances the binding
of LRP4 to MuSK

In order to determine the associations between CTGF and the agrin-
LRP4-MuSK complex, we first examined the binding of CTGF to
LRP4 and MuSK. An immunoprecipitation assay revealed that CTGF
bound to the Flag-tagged ectodomain of LRP4 (LRP4ect-Flag) but
not to that of MuSK (MuSKect-Flag) (Fig 1A, lanes 3 and 6). We
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observed that the CT domain of CTGF was sufficient for binding to
LRP4 (Fig 1A, lane 7) and that the deletion of the CT domain abro-
gated binding to LRP4 (Fig 1B). Conversely, deletion of each -
propeller domain of LRP4 (LRP4-Al, LRP4-A2, LRP4-A3, and LRP4-
A4) showed that the 3" B-propeller domain of LRP4 was required
for binding to CTGF (Fig 1C). We also confirmed direct binding of
CTGF and LRP4 by a cell-free plate-binding assay. Purified full-
length CTGF and the CT domain of CTGF that were tagged with myc
and alkaline phosphatase (CTGF-mycAP and CTGF-CT-mycAP,
respectively) indeed bound to the plate-coated ectodomain of LRP4
(LRP4ect-Flag), but not to that of MuSK (MuSKect-Flag) (Fig 1D). In
contrast, purified CTGF lacking the CT domain (CTGF-ACT-mycAP)
had weak binding compared to full-length CTGF.

Cell-free plate-binding assay also revealed that purified full-
length CTGF-myc on a plate had no binding to MuSK-mycAP or
partial agrin-mycAP (Fig 1E). However, full-length CTGF, but not
CTGF-ACT, enhanced the binding of LRP4 and MuSKect-mycAP on
the plate, while CTGF had no effect on the binding of LRP4 and
agrin-mycAP (Fig 1E). To examine whether CTGF enhances the
binding of LRP4 and MuSK on the cell membrane, we performed a
cell surface-binding assay. Expression of CTGF (Fig EV1A), as well
as addition of CTGF in the medium (Fig EV1B), enhanced the bind-
ing of MuSKect-mycAP, but not of agrin-mycAP, to LRP4 on the
surface of HEK293 cells. We also observed in agrin-treated C2C12
myotubes that CTGF increased the amount of Lrp4 on the plasma
membrane, but not that in whole cells (Fig 2A). In addition, CTGF
increased phosphorylation of Lrp4 in agrin-treated C2C12 myotubes
(Fig 2B). Similarly, the absence of Ctgf reduced the amount of Lrp4
on the plasma membrane in mouse embryonic muscles (Fig 2C).
However, transgenic (lanes 24 in Fig EV1A) or exogenous (lanes
3-5 in Fig EV1B) CTGF failed to increase the binding of agrin to
LRP4 on the surface of HEK293 cells. CTGF, thus, likely stabilizes
LRP4 on the plasma membrane in the presence of NMJ-specific
proteins like agrin and MuSK.

CTGF promotes MuSK phosphorylation and AChR clustering in
C2C12 myotubes

We then analyzed the effects of CTGF on the agrin-LRP4-MuSK
complex. We first analyzed the effect of CTGF on MuSK activation
in vivo. Tyrosine (Y) 755 is located in an activation loop of the

Figure 1. Interaction between the CT domain CTGF and the third B-propeller domain of LRP4 enhances the binding of LRP4 to MuSK.

A-C Representative immunoprecipitation (IP) of HEK293 cells transfected with indicated cDNAs. (A) CTGF interacts with LRP4 but not with MuSK. Full-length CTGF
(CTGF-full-myc) was immunoprecipitated with the ectodomain of LRP4 (LRP4ect-Flag, lane 6) but not with the ectodomain of MuSK (MuSKect-Flag, lane 3).
However, when CTGF-full-myc, LRP4ect, and MuSKect-Flag were expressed together, CTGF-full-myc was immunoprecipitated with MuSKect-Flag (lane 5). The CT
domain of CTGF (CTGF-CT-myc) was sufficient to immunoprecipitate LRP4ect-Flag (lane 7). (B) Deletion of the CT domain of human CTGF (CTGF-ACT_ATSP1 and
CTGF-ACT) impairs the interaction between CTGF and LRP4ect-Flag. (A, B) Predicted positions of full-length and shortened CTGF proteins are indicated by bars and/
or asterisks. (C) Anti-CTGF antibody immunoprecipitated human LRP4 deleted with the 1°¢, 2", and 4™ B-propeller domains (A1, A2, and A4) but not with the 3™

B-propeller domain (A3).

D, E Cell-free plate-binding assays. A purified tagged protein was attached to a plastic plate, and a purified recombinant protein fused to alkaline phosphatase (AP) was
overlaid. Bound protein was quantified by measuring AP activity. (D) LRP4ect-Flag, but not MuSKect-Flag, bound to overlaid CTGF-full-mycAP and CTGF-CT-mycAP.
In contrast, LRP4ect-Flag did not bind to CTGF-ACT-mycAP. (E, upper panel) LRP4ect-Flag bound to overlaid MuSKect-mycAP in a dose-dependent manner of
CTGF-full-myc, but not of CTGF-ACT-myc. (E, lower panel) LRP4ect-Flag bound to overlaid agrin-mycAP independent of CTGF-full-myc. (D, E) Rspo2-mycAP and
Rspo2-myc were used as Control-mycAP and control-myc, respectively. Mean and SD (n = 9 wells; 3 wells in 3 independent experiments) are indicated.
P-value < 0.05 by two-way repeated measures ANOVA for the three panels in (D) and (E). P < 0.05 by post hoc Tukey test is indicated by a single letter representing

each group.

Source data are available online for this figure.
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MuSK kinase domain and is self-phosphorylated by MuSK to induce
AChR clustering. In the mouse gastrocnemius, Y755-phosphorylated
MusSK is localized at the NMJ (Camurdanoglu et al, 2016). The
absence of Ctgf reduced phosphorylation of MuSK Y755 in the
mouse diaphragm at E18.5 (Fig 2D). We then examined the effects
of CTGF on activation of the MuSK signaling pathway by expressing
LRP4, MuSK, and a JNK-responsive ATF-2 luciferase reporter

Bisei Ohkawara et al

(ATF2-luc) (van der Sanden et al, 2004; Ohkawara et al, 2014). In
the presence of agrin, increased expressions of MuSK alone potenti-
ated the ATF2-luc activity, and addition of LRP4 further enhanced
the ATF2-luc activity (Fig EV1C). CTGF had no effect on the ATF2-
luc activity in the absence of LRP4, but increased the ATF2-luc
activity 2-fold in the presence of LRP4. These results suggest that
CTGF upregulate MuSK signaling in an LRP4-dependent manner.
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Figure 2. CTGF stabilizes Lrp4 on the plasma membrane of C2C12 myotube and the embryonic muscle.

A Representative immunoblotting of Lrp4, MuSK, transferrin receptor (TfR), CTGF, and B-actin in whole-cell lysates and the plasma membrane fraction of C2C12
myotubes treated with 1 pM (1 ng/ml) agrin and/or 250 pM (100 ng/ml) CTGF for 24 h. CTGF increases Lrp4 on the plasma membrane in the presence of agrin.
B C2C12 myotubes were treated with 1 pM agrin and/or 250 pM CTGF for 6 h. Lrp4 was immunoprecipitated (IP) with an anti-Lrp4 antibody, and phosphorylated Lrp4

was immunoblotted with an anti-phosphotyrosine (p-Tyr) antibody.

C Representative immunoblotting of Lrp4, MuSK, CTGF, and TfR in whole tissue lysates and the plasma membrane fraction of lower limb muscles at E18.5 of wild-type

(WT) and Ctgf~’~ mice.

D Representative immunoblotting of Y755-phosphorylated MuSK, total MuSK, and B-actin in the diaphragm at E185 of wild-type (WT), Ctgf ', and Ctgf*/~ mice.

Data information: Mean and SD (n = 3 independent experiments) are indicated. P-value < 0.05 by one-way ANOVA. P < 0.05 by post hoc Tukey test is indicated by a

single letter representing each group.
Source data are available online for this figure.

In C2C12 myotubes, addition of full-length CTGF, but not CTGF-
ACT, to the culture medium enhanced agrin-induced MuSK phos-
phorylation (Fig 3A), and its downstream AChR clustering (Fig 3B).
We next knocked down endogenous Ctgf expression in C2C12
myotubes using shRNA-expressing lentivirus (Figs 3D and EV2B).
Knockdown of Ctgf reduced agrin-induced MuSK phosphorylation
(Fig 3E) and AChR clustering (Fig 3F) in C2C12 myotubes. In addi-
tion, the ectodomain of LRP4 restored shCTGF-induced reduction of
MusSK phosphorylation (Fig EV2C) and AChR clustering (Fig EV2D)
in C2C12 myotubes. These results suggest that CTGF enhances
MuSK phosphorylation and promotes AChR clustering via LRP4 in
C2C12 myotubes.

Ctgf is detected at the NMJs during embryogenesis

We scrutinized molecules that are regulated by CTGF, as well as
molecules that regulate CTGF expression. In C2C12 myotubes,
exogenous CTGF induced the expression of endogenous Ctgf, but
not of Chrne, MuSK, or Lrp4 (Fig 4A). We then examined the effects
of neuregulin-1, a secreted modulator of AChR clustering (Ngo et al,
2012), and agrin on Ctgf expression. Neuregulin-1, but not agrin,
induced Ctgf expression (Fig 4B). These results indicate that Ctgf
expression is induced by neuregulin-1 and CTGF itself in myotubes.
We then quantified Ctgf expression in embryonic skeletal muscle.
First, we confirmed that CTGF protein was colocalized with AChR
clusters in mouse NMJs of the lower limb muscle at embryonic day
(E) 18.5 (Fig 4C). We analyzed temporal profiles of Ctgf and neural

Figure 3. CTGF enhances agrin-mediated AChR clustering in C2C12 myotubes.

Agrin expressions in the diaphragm and the spinal cord during
development. Expression of Ctgf was detected in the diaphragm
from E13.5 and peaked at E17.5, when the Ctgf expression was 4
times higher than that in the spinal cord (Fig 4D). Expression of
neural agrin was also detected in the spinal cord from E14.5 and
peaked from E17.5 to postnatal day (P) 7. Thus, the temporal profile
of the Ctgf expression in the diaphragm was correlated with embry-
onic NMJ formation (Burden, 2011). Although the diaphragm
produced more Ctgf mRNA than the spinal cord, the origin of CTGF
concentrated at the NMJs remains undetermined.

Loss of Ctgf compromises AChR clustering, NM] ultrastructure,
and NM] signal transduction at embryonic day (E) 18.5

Ctgf deficiency resulted in lethality immediately after birth because
of respiratory failure caused by thoracic skeletal defects (Ivkovic
et al, 2003). We analyzed the NMJs of the diaphragm in Ctgf-defi-
cient (Ctgf /) mice at E18.5. The diaphragm of Ctgf/~ mouse was
normal in size (Table EV1). The expressions of marker genes for
myogenesis and NMJ formation were essentially unchanged in the
Ctgf~/~ diaphragm at E18.5 (Fig EV3A). The muscle contractile
units, sarcomeres, had normal ultrastructure in Ctgf’~ mice
(Fig EV3B). The band formed by AChR-positive endplates
(Fig EV3C-E) and branching of the phrenic nerve (Fig EV3C, D and
F) were normal at low magnification in the Ctgf/~ diaphragm at
E18.5. Almost all NMJ synapses were adjacent to S1008 signals, a
marker for Schwann cells (Fig EV4A-C). In electron microscopy,

A C2C12 myotubes were treated with indicated concentrations of agrin-mycAP, CTGF-mycAP, and/or CTGF-ACT-mycAP for 3 h. Total MuSK was immunoprecipitated (IP)
with an anti-MuSK antibody, and phosphorylated MuSK was immunoblotted with an anti-phosphotyrosine (p-Tyr) antibody. CTGF-mycAP, but not CTGF-ACT-mycAP,

enhanced agrin-mediated MuSK phosphorylation.

B C2C12 myotubes were treated with 5 pM agrin-mycAP, 250 pM CTGF-mycAP, and/or 250 pM CTGF-ACT-mycAP for 18 h. BSA was added to the control medium.
AChRs and the plasma membrane were visualized with Alexa 594-conjugated a-bungarotoxin (red) and CellMask (green), respectively. Scale bar = 20 um.
Arrowheads point to the AChR clusters with an axis length of 4 um or more. CTGF enhances agrin-mediated AChR clustering.

C C2C12 myotubes were infected with lentivirus expressing shControl, shCtgf-1, or shCtgf-2. Doxycycline was added for 2 days to induce shRNA expression. BSA or agrin
was added to the medium at 10 pM. Total MuSK was immunoprecipitated (IP) by an anti-MuSK antibody, and phosphorylated MuSK was immunoblotted with an
anti-phosphotyrosine (p-Tyr) antibody. Ctgf knockdown suppressed MuSK phosphorylation.

D Ten pM agrin was added to the medium. AChRs were visualized with Alexa 594-conjugated a-bungarotoxin (red signals) in the infected myotube (green GFP signals).
Ctgf knockdown decreased the number and length of AChR clusters. Scale bar = 10 pum.

Data information: Mean and SD (n = 3 independent immunoblotting experiments) are indicated in (A and C). Blinded morphometric analysis of myotube and AChR
signals are shown by mean and SD (n = 60-75 myotubes in 3 independent experiments) in the right panels in (B and D). The axis length of an AChR cluster with 4 um or
more was recognized and measured by the MetaMorph software, and P-value < 0.05 by one-way ANOVA in (A-D) except for myotube length in (D). P < 0.05 by post hoc

Tukey test is indicated by a single letter representing each group.
Source data are available online for this figure.
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Figure 4. Ctgf is enriched at the neuromuscular junction.

A, B (A) Quantitative RT-PCR of Chrne, Musk, Lrp4, and Ctgf in C2C12 myotubes treated with 10 ng/ml BSA or recombinant human CTGF. (B) Quantitative RT-PCR of
Ctgf in C2C12 myotubes treated with indicated combinations of 10 ng/ml agrin and/or 10 ng/ml neuregulin-1. Mean and SD (n = 3 mice) are indicated.
P-value < 0.05 by two-way repeated measures ANOVA (A) and one-way ANOVA (B). P < 0.05 by post hoc Tukey test is indicated by a single letter representing each
group.

C Localizations of CTGF and AChR in a representative cross section of the lower limb muscle at E18.5. Co-localization of AChR (red) and CTGF (green) is indicated in
the merged images. Red arrow points to an AChR cluster. Scale bar = 20 pum.

D Quantitative RT-PCR of Ctgf and neural Agrn in the spinal cord and the diaphragm in mouse. Mean and SD (n = 3 mice) are indicated. P-value < 0.05 by two-way
repeated measures ANOVA. P < 0.05 by post hoc Tukey test is indicated by a single letter representing each group.
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the presynaptic nerve terminal was also adjacent to terminal However, higher magnification images of the diaphragm NMJs
Schwann cell (Fig EV4D). These results suggest that Ctgf deficiency showed that 10.0 &+ 3.2% (mean and SD) of peripherin-positive
exhibits no gross defects in muscle differentiation and axonal guid- axons passed through the AChR-positive areas in Ctgf~~ mice,
ance of motor neurons to muscle fibers. whereas 2.0 + 1.4% of them passed through the AChR-positive
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Figure 5. Apposition of the nerve terminal and the motor endplate is compromised in the E18.5 diaphragm of Ctgf/’ mice.

A Representative confocal images of the left diaphragm at E18.5 labeled with a-bungarotoxin (red) and anti-peripherin antibody (green) to visualize AChRs and the
motor axon, respectively. The endplates of Ctgf '~ diaphragm were smaller (lower left panel) than those of the wild-type diaphragm (upper left panel). In the
Ctgf '~ diaphragm, 10.0 + 3.2% (mean and SD, n = 105 in 5 embryos) of peripherin-positive axons passed through the AChR-positive areas. In contrast, in the
wild-type diaphragm, 2.0 & 1.4% (mean and SD, n = 102 in 5 embryos) of peripherin-positive axons passed through the AChR-positive areas. Quantification was

performed in a blinded manner. Scale bar = 5 um.

B Representative confocal images of the left diaphragm at E18.5 labeled with a-bungarotoxin (red) and anti-synaptophysin antibody (green) to visualize AChRs and
the nerve terminal, respectively. Synaptophysin signals mostly overlapped with a-bungarotoxin signals in the wild-type diaphragm, whereas synaptophysin signals

extended into the axon in the Ctgf/’ diaphragm. Scale bar = 5 pm.

C-E Blinded morphometric analysis of AChR signals (C), synaptophysin signals (D), and the ratio of synaptophysin signals not colocalized with AChR signals (E) of
confocal images shown in (A) and (B). AChR areas (C), but not synaptophysin-positive areas (D), were decreased in Ctgf ’~ mice at E18.5. (E) A large fraction of
synaptophysin signals were not colocalized with AChR signals in Ctgf’/’ diaphragm. Mean and SD (n = 40-50 NMJs in 6 left diaphragms) are indicated.

P-value < 0.05 by one-way ANOVA for (C and E), but not for (D). P < 0.05 by post hoc Tukey test is indicated by a single letter representing each group.

F Representative electron micrographs of the NMJs in the diaphragm of wild-type and Ctgf/’ mice at E18.5. In Ctgf“/’ mice, synaptic vesicles are sparser and the
number of mitochondria at the nerve terminals is reduced compared to those in wild-type mice. See Table 1 for morphometric analysis. Regions indicated by
rectangles are enlarged in the insets. Arrowheads point to synaptic vesicles (SV). Mit, mitochondria. Blinded morphometric measurements are shown in Table 1.

Scale bar = 500 nm.

G Schematic showing binding of CTGF to the agrin/Lrp4/MuSK complex and induction of acetylcholine receptor (AChR) clustering at the neuromuscular junctions. The
CT domain of CTGF binds to the 3™ B-propeller domain of LRP4 to enhance binding of LRP4 to MuSK and facilitate agrin-mediated MuSK phosphorylation and

AChR clustering.

areas in wild-type mice (Fig 5A). In addition, synaptophysin-posi-
tive areas were abnormally observed along motor axons in the
Ctgf~/~ diaphragm (Figs 5B and EVSA), which may represent the
immaturity of the nerve terminal. Blinded morphometric analysis
revealed that the area of AChR clusters was smaller in the Ctgf~/~
diaphragm than that in the wild-type diaphragm, while the numbers
and intensities of AChR-positive areas and of synaptophysin-positive
areas were unchanged (Fig 5C and D). Furthermore, the ratio of
synaptophysin-positive areas that were not colocalized with AChR
signals was increased in Ctgf~/~ mice (Fig SE), which likely repre-
sents dispersion of synaptophysin along the motor axon (Fig 5B).
The ultrastructure of NMJs of the Ctgf/~ diaphragm at E18.5
showed a lower density of synaptic vesicles, fewer active zones, and
significantly fewer mitochondria in the presynaptic nerve terminals
(Fig 5F and Table 1). These structural analyses suggest that CTGF is
important for the maturation of the presynaptic nerve terminal.

To evaluate NMJ signal transduction in the Ctgf~/~ mice, we
analyzed the miniature endplate potentials (MEPPs) of the
diaphragm and the compound muscle action potentials (CMAPs) of
the tibialis anterior (TA) muscle. The MEPP frequencies were signif-
icantly reduced in the Ctgf™/~ diaphragms compared to those in the

wild-type diaphragms (Table 2 and Fig EV5B and C). Defective NMJ
signal transmission was also indicated by abnormally decreased
CMAP amplitudes of the TA muscle after repetitive stimulation of
the sciatic nerve (Table 2 and Fig EV5SD), which is a diagnostic hall-
mark of myasthenia gravis and congenital myasthenic syndromes
(Ohno et al, 2012). The Ctgf~ diaphragms thus showed mild
morphological abnormalities at the light and electron microscopy
levels, as well as mild to moderate electrophysiological abnormali-
ties. Expression profiles of six Ccn family genes at E13.5 and E18.5
showed that other CCN family genes were expressed in the
diaphragm during embryogenesis (Fig EVSE and F). One or more of
these CCN proteins might have partially compensated for the
absence of CTGF at the NMJ.

Discussion

We report that CTGF is a binding partner of LRP4 at the NMJ and
enhances the roles of LRP4 on the formation of AChR clusters at the
postsynaptic motor endplate. CTGF is also critical for the maturation
and function of the presynaptic nerve terminal.

Table 1. Morphometric analysis of the NMJ ultrastructure of the diaphragm of wild-type and Ctgf /~ mice at embryonic day (E) 18.5 shown in

Fig 5F.

Wild type ctgf - Ratio P
Nerve terminal area (um?) 325 + 1.37 (n = 15) 381 + 3.87 (n = 16) 117 0.223
Area of mitochondria/area of nerve terminal (%) 7.55 + 323 (n = 15) 293 + 2.47 (n = 16) 038 0123
Number of presynaptic mitochondria (/synapse) 3.00 + 151 (n =15) 0.63 + 0.81 (n = 16) 021 4.45E-6*
Diameter of synaptic vesicles (nm) 4015 + 12.23 (n = 936) 4436 + 11.35 (n = 836) 110 0.234
Density of synaptic vesicles (/um?) 20.45 + 10.43 (n = 15) 16.83 + 873 (n = 16) 0.82 0.0423*
Width of the synaptic cleft (um) 146.23 + 98.64 (n = 150) 152,53 + 129.25 (n = 160) 1.04 0154
Number of active zones (/synapse) 253 + 1.14 (n = 15) 1.01 + 0.70 (n = 16) 0.86 0.0261*
Number of postsynaptic folds (/synapse) 1.20 + 0.86 (n = 15) 0.60 + 0.41 (n = 15) 0.50 0.0567

Blinded morphometric measurements were performed on electron microscopic images of the NMJs in the diaphragms at E18.5. Four wild-type and four Ctgf '~
mice were analyzed. Mean and SD are indicated. Ratio indicates the mean value of Ctgf /~ mice divided by that of wild-type mice. Statistical significance was
calculated by two-way repeated measures ANOVA. *P < 0.05 by post hoc Tukey test compared to wild type.

© 2020 The Authors
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Table 2. Microelectrode studies and repetitive nerve stimulation of Ctgf**, Ctgf*/~, and Ctgf '~ mice at embryonic day (E) 18.5.

ctgft’* ctgft!~ ctgf I~ P (Ctgf** vs. 1)
MEPP amplitude (mV) 324 + 049 (n = 18) 314 + 047 (n = 26) 389 + 070 (n = 20) 006
MEPP frequency (s %) 0.69 + 1.03 (n =18) 0.65 + 1.02 (n = 26) 0.09 + 0.10 (n = 20) 0.01*
The fifth CMAP area (%) 9875 + 587 (n = 3) 10294 + 1545 (n = 5) 5566 + 16.05 (1 = 3) 0.04*

Miniature endplate potentials (MEPPs) were recorded from the left diaphragms of Ctgf*’*, Ctgf*~, and Ctgf/’ mice at E18.5. Relative area of the fifth compound
muscle action potential (CMAP) compared to the first CMAP at 2-Hz stimulation of the sciatic nerve is indicated. Mean and SEM are indicated. Statistical

significance was calculated by one-way ANOVA. *P < 0.05 by post hoc Tukey test.

The CTGF protein, a 40-kDa extracellular molecule, contains the
IGFBP, VWC, TSP1, and CT domains (Takigawa, 2017). As stated in
the introduction, each domain binds to specific molecules (Malik
et al, 2015; Takigawa, 2017). The presence of a plethora of mole-
cules that bind to CTGF supports the notion that CTGF orchestrates
mutual coordination of extracellular matrix (ECM) proteins and
binding of ECM proteins to their cell surface receptors (Yeger &
Perbal, 2007).

We showed that CTGF binds to LRP4 (Fig 1A-D), enhances the
binding of LRP4 to MuSK (Figs 1E and EV1A), and increases the
amount of LRP4 on the sarcoplasmic membrane (Fig 2). Functional
analysis revealed that CTGF enhances agrin-induced MuSK phos-
phorylation and AChR clustering in myotubes (Fig 3A and B).
Amyloid precursor protein (APP) and its family proteins, APLP1 and
APLP2, bind to LRP4 and coordinate the development of NMJ in
mice (Choi et al, 2013). Similarly, sarcoglycan o (SGa), a compo-
nent of the dystrophin-glycoprotein complex, interacts with LRP4,
stabilizes LRP4, and potentiates LRP4-mediated AChR clustering in
adult skeletal muscles (Zhao et al, 2018). LRP4 thus binds to APPs,
SGa, and CTGF in addition to agrin and MuSK. Interestingly, two
membrane-bound proteins (APPs and SGo) and an ECM protein
(CTGF) have similar effects on AChR clustering. These proteins
(APPs, SGo, CTGF, and agrin) may form a large complex along with
transmembrane proteins (LRP4 and MuSK) on the sarcoplasmic
membrane to enable efficient clustering of AChRs at the NMJ.
Spatially restricted expression of LRP4 protein at the NMJ may be
achieved by these binding partners.

We showed that neuregulin-1 and CTGF itself increase Ctgf
expression by 1.6-fold (Fig 4A and B). Although the increased
expression of Ctgf is mild, CTGF protein is concentrated at the NMJ
in embryonic (Fig 4C) and adult (Sun et al, 2008) skeletal muscles.
We previously reported that the ectopically expressed ECM proteins,
collagen Q (Ito et al, 2012) and biglycan (Ito et al, 2017), are
anchored to the NMJ via their proprietary binding partners (MuSK
and the dystrophin-glycoprotein complex, respectively) at the NMJ
(Ito & Ohno, 2018). Because CTGF binds to integrins including inte-
grin a3 (Ross et al, 2017) and HSPGs including perlecan (Arikawa-
Hirasawa et al, 2002; Nishida et al, 2003), both of which are accu-
mulated at the NMJ, CTGF may anchor to the NMJ via binding to
these ECM proteins.

CCN proteins have been extensively studied in the context of
osteochondrogenesis, angiogenesis, and carcinogenesis. Indeed,
Ctgf-deficient mice die immediately after birth due to respiratory
failure caused by severe chondrodysplasia (Ivkovic et al, 2003).
However, the physiological roles of CCN proteins expressed in
skeletal muscle remain to be elucidated. We demonstrated here that
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Ctgf is required for AChR clustering in C2C12 myotubes (Fig 3C and
D). In vivo, the lack of CTGF has no gross effect on muscle differen-
tiation (Fig EV3A and B) or branching of the phrenic nerve
(Fig EV3C, D and F). However, at the NMJ, the lack of CTGF causes
a mild defect in AChR clustering (Fig 5A-C) and moderate to severe
defects in the spatial confinement of synaptic vesicles at the nerve
terminal (Fig 5B, D and E) and in ultrastructural organization of the
nerve terminal (Fig SF and Table 1). Previous studies demonstrated
that a lack of muscle LRP4 leads to defective AChR clustering in
skeletal muscle, as well as sparse synaptic vesicles and fewer active
zones in the presynaptic nerve terminal (Kim et al, 2008; Zhang
et al, 2008; Wu et al, 2012; Yumoto et al, 2012). Although the lack
of CTGF induces more prominent defects at the nerve terminal than
at the motor endplate, both presynaptic and postsynaptic defects are
milder compared to those in the lack of muscle LRP4. As stated
above, the lack of APPs (Choi et al, 2013) and SGa (Zhao et al,
2018) induces presynapse-dominant defects at the NMJ, as we
observed in Ctgf/’ mice. APPs, SGa, and CTGF enhance the AChR
clustering activity mediated by LRP4 at the motor endplate. Simi-
larly, APPs, SGo, and CTGF enhance the organization of the nerve
terminal mediated by LRP4, and the effects of these modulators are
more prominent at the nerve terminal than those at the motor
endplate. LRP4 at the postsynaptic skeletal muscle induces the clus-
tering of synaptic vesicles and active zones (Wu et al, 2012; Yumoto
et al, 2012). However, binding partner(s) for this LRP4 remain
elusive. CTGF is one of candidate molecules that may enhance the
functions of LRP4 in pre- and postsynaptic regions.

Materials and Methods

Expression vectors, luciferase reporter vectors, and
lentiviral vectors

Constructs for co-immunoprecipitation and cell-free plate-binding
assays were generated as follows: pMuSKect-Flag (Zhang et al,
2008), which was kindly provided by Dr. Lin Mei at Augusta Univer-
sity, included the ectodomain of mouse MuSK cDNA (codons 1-454)
upstream of the 3xFlag epitope in a mammalian expression vector,
p3xFlag-CMV-14 (Sigma-Aldrich). phLRP4ect-Flag, which we previ-
ously generated (Ohkawara et al, 2014), carried the extracellular
domain (codons 1-1,722) of human LRP4 cDNA between the HindIII
and Xbal sites upstream of the 3xFlag epitope in a mammalian
expression vector p3xFlag-CMV-14. phLRP4ect-Flag was used for
constructing Flag-tagged human LRP4 lacking one of the four B-
propeller domains via the site-directed mutagenesis kit (BioLabs,
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E0554S). Human LRP4-A1l lacked codons 456-717, LRP4-A2 lacked
codons 761-022, LRP4-A3 lacked codons 1,069-1,330, and LRP4-A4
lacked codons 1,373-1,634. Human full-length CTGF cDNA was
PCR-amplified and cloned into a pcDNA3.1(+) mammalian expres-
sion vector to generate phCTGF. CTGF lacking both TSP1 and CT
domains (ATSP1_ACT construct retaining codons 1-190) and CTGF
lacking the CT domain (ACT construct retaining codons 1-252) were
similarly generated from phCTGF. cDNAs for the ectodomain of
mouse MuSK carrying codons 1-454, partial rat Agrin carrying
codons 1,141-1,937 (Ohkawara et al, 2014), mouse full-length
CTGF carrying codons 1-348, mouse CTGF-ACT retaining codons 1-
252, mouse CTGF-CT carrying codons 252-348, and human C-term-
inal-deleted RSPO2 carrying codons 1-218 as a control were cloned
into APtag-5 (GenHunter) at HindIll and SnaBI sites to generate
MuSKect/pAPtag-5, Agrin/pAPtag-5, CTGF/pAPtag-5, CTGF-ACT/
pAPtag-5, CTGF-CT/pAPtag-5, and Control/pAPtag-5, respectively.
The pAPtag-5 clones carried the Igk-originated signal peptide
upstream of the insert and the myc-tag/alkaline phosphatase down-
stream of the insert. cDNAs for mouse full-length CTGF, mouse
CTGF-ACT, mouse CTGF-CT, and human C-terminal-deleted RSPO2
were also cloned into pcDNA3.1/3x myc at EcoRI sites to generate
myc-CTGF/pcDNA3.1, myc-CTGF-ACT/pcDNA3.1, myc-CTGF-CT/
pcDNA3.1, and myc-Control/pcDNA3.1, respectively.

For constructing the lentiviral vector expressing shRNA against
Ctgf, double-stranded oligonucleotides (sense, 5’-gatcccgcgagatcat-
gaaaaagaattcaagagattctttttcatgatcacgctttttggaaa-3’ and antisense, 5'-
agcttttccaaaaagcgagatcatgaaaaagaatctcttgaattctttttcatgatctegegg-3’ for
shCtgf-1; and sense, 5'-gatccccgaactcattagactataattcaagagattatagtc-
taatgagttcgtttttggaaa-3’ and antisense, 5'-agcttttccaaaaacgaactcatta-
gactataatctcttgaattatagtctaatgagttcggg-3’ for shCtgf-2) were cloned
into a lentiviral vector pLenti CMV GFP x2 DEST, which was kindly
provided by Dr. Eric Campeau at University of Massachusetts Medi-
cal School (Campeau et al, 2009).

Lack of PCR artifacts was verified by sequencing the entire insert
for all clones.

Cell cultures, transfections, and lentivirus production

HEK293 and C2C12 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). Transfection was performed with Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocols.

Lentiviruses expressing shRNA were prepared as previously
reported (Campeau et al, 2009). Briefly, HEK293 cells were plated
in a 150-mm dish on the day before transfection. HEK293 cells were
introduced with pLP1, pLP2, and pLP/VSVG plasmids (ViraPower
Packaging Mix, Invitrogen) as well as pLenti vector using Lipofec-
tamine 2000 (Invitrogen) according to the manufacturer’s protocols.
To increase the number of viral particles, the media were collected
at both 48 and 96 h after transfection and combined. All media
containing the virus particles were filtered using the Millex-HV 0.45-
um PVDF filter (Millex). The viruses were concentrated by centrifu-
gation using a Beckman SW28 rotor at 75,600 x g for 2 h at 4°C and
resuspended in 4 ml of Hank’s Buffered Saline solution (HBS, Invit-
rogen). After the second ultracentrifugation using a Beckman 55Ti
rotor at 75,600 x g for 90 min, the viral pellet was resuspended in
100 ul of HBS. The lentivirus was added to the medium for mouse
C2C12 myotubes. After 48 h, we confirmed that more than ~ 70%
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of the myotubes were positive for GFP signals driven by the CMV
promoter in the pLenti vector.

Immunoprecipitation and Western blotting

For the immunoprecipitation assay, HEK293 cells were transfected
with the indicated constructs. To detect Lrp4 phosphorylation for
Fig 2B, C2C12 myoblasts were seeded on a culture plate coated with
collagen I (BD Biosciences) and were differentiated into myotubes
in 2% horse serum (Gibco) in DMEM medium (Gibco) for 5 days.
Then, the myotubes were treated with recombinant rat agrin protein
(R&D Systems, 550-AG-100) with or without human CTGF protein
(ProSpec, cyt-541) for 3 h. The cells were lysed with PLC buffer
containing 50 mM HEPES pH 7.0, 150 mM NaCl, 10% glycerol, 1%
TritonX-100, 1.5 mM MgCl,, 1 mM EGTA, 100 mM NaF, 10 mM
sodium pyrophosphate, 1 pg/pl aprotinin, 1 pg/pl leupeptin, 1 pg/
ul pepstatin A, 1 mM PMSF, and 1 mM sodium orthovanadate with
PhosSTOP (Sigma-Aldrich). The cell lysates were subjected to
immunoprecipitation using 1-2 pg of anti-Flag M2 (Sigma-Aldrich,
F1804), anti-CTGF (1:200, Santa Cruz Biotechnology, sc-14939),
anti-LRP4 (R&D Systems, 741704), or anti-MuSK (Santa Cruz
Biotechnology, C-19) antibody attached to protein G Sepharose
beads (GE Healthcare).

Total or precipitated protein was dissolved in 1 x Laemmli
buffer, separated by electrophoresis on a 10% or 7.5% SDS—poly-
acrylamide gel in Tris-Glycine or Tris-Tricine buffer, and transferred
onto a polyvinylidene difluoride membrane (PVDF, Immobilon-P,
0.45 or 0.2 um, Millipore). The membrane was washed in Tris-
buffered saline containing 0.05% Tween 20 (TBS-T) and blocked for
1 h at room temperature (RT) in TBS-T with 3% bovine serum albu-
min (BSA). The membrane was incubated overnight at 4°C either
with mouse monoclonal anti-myc (Abcam, 9E10), anti-MuSK
(1:1,000, Santa Cruz Biotechnology, sc-6009), anti-LRP4 (1:2,000,
Abcam, ab85679), anti-CTGF (1:200, Santa Cruz Biotechnology, sc-
14939), anti-Flag M2 (1:4,000, Sigma-Aldrich, F1804), anti-trans-
ferrin receptor (TfR, 1:1,000, Abcam, ab84036), anti-phospho Y755
MuSK (1:1,000, Abcam, ab192583), anti-phosphotyrosine (1:1,000,
Millipore, 05-321), or anti-B-actin (1:200, Santa Cruz Biotechnology,
sc-47778) antibody. The membranes were washed three times for
10 min with TBS-T and incubated with secondary goat anti-mouse
IgG (1:6,000, GE Healthcare, NA9310), donkey anti-rabbit IgG
(1:6,000, GE Healthcare, NA9340V), or mouse anti-goat IgG
(1:6,000, Santa Cruz Biotechnology, sc-2354) conjugated to horse-
radish peroxidase (HRP) for 1 h at RT. The blots were visualized
using Amersham ECL Western blotting detection reagents and quan-
tified with ImageJ software.

Purification of tagged proteins and cell-free plate-binding assay

LRP4ect-Flag, MuSKect-Flag, CTGF-myc, CTGF-ACT-myc, CTGF-
mycAP, CTGF-CT-mycAP, CTGF-ACT-mycAP, agrin-mycAP, Rspo2-
mycAP, or MuSKect-mycAP protein in the conditioned medium
(CM) of transfected HEK293 cells was concentrated ~ 100-fold using
an Amicon Ultra-4 filter (Millipore). Then, we further purified the
LRP4ect-Flag and MuSKect-Flag proteins with the Anti-DYKDDDDK-
tag Antibody Beads (Wako). agrin-mycAP, MuSKect-mycAP, Rspo2-
mycAP, and CTGF-mycAP were purified using the c-myc-Tagged
Protein Mild Purification Kit ver. 2 (MBL). The purified proteins
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were detected using anti-myc (Abcam, 9E10) and anti-Flag (Sigma-
Aldrich, M2) antibodies, respectively. We also measured the
concentration of each protein by SDS-PAGE followed by protein
staining with SYBRO Ruby Protein Gel Stain (Molecular Probes)
using BSA as a standard.

For the cell-free plate-binding assay, a Nunc MaxiSorp flat-
bottom plate (Thermo Fisher Scientific) was coated with 0.15 pg
(1.5 picomole) of LRP4ect-Flag or MuSKect-Flag at 4°C overnight
and incubated with a blocking buffer (1% BSA in PBS) at RT for
1 h. For the binding assay, 2 picomole of Rspo2-mycAP, CTGF-
mycAP, CTGF-CT-mycAP, CTGF-ACT-mycAP, agrin-mycAP, or
MuSKect-mycAP in 80 pl was added to each well containing the
blocking buffer. After incubating for 2 h at RT, the wells were
washed twice with PBS. Bound AP activity was measured using
LabAssay ALP (Wako). For all experiments, Rspo2-mycAP was used
as a control.

Ctgf-deficient (Ctgf /") mice

We previously reported the osteochondrogenic features of Ctgf
knockout mice (Ivkovic et al, 2003). Mouse experiments were
approved by the Animal Care and Use Committee of the Nagoya
University and were performed in accordance with all relevant
guidelines.

Biotinylation and purification of plasma membrane proteins of
C2C12 myotubes and the mouse skeletal muscle

To biotinylate plasma membrane proteins of C2C12 myotubes, the
cells were treated with 1 ng/ml rat recombinant agrin and/or
10 ng/ml CTGF proteins for 2 days, washed twice with PBS contain-
ing 0.1 mM CaCl, and 1 mM MgCl, (PBS/CM), and incubated with
0.5 mg/ml sulfo-NHS-SS-biotin (Pierce) in PBS/CM at RT for
30 min. The cells were then washed once with PBS/CM and incu-
bated with 10 mM monoethanolamine for quenching free biotin.
The cells were washed several times with ice-cold PBS and then
lysed with PLC buffer containing 50 mM HEPES pH 7.0, 150 mM
NacCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl,, 1 mM EGTA,
100 mM NaF, 10 mM sodium pyrophosphate, 1 pg/ul aprotinin,
1 pg/ul leupeptin, 1 pg/pl pepstatin A, 1 mM PMSF, and 1 mM
sodium orthovanadate with PhosSTOP (Sigma-Aldrich). The cell
lysates were incubated with streptavidin Sepharose beads (GE
healthcare) to purify the cell membrane proteins.

The lower limb muscles of mice at E18.5 were dissected and
crushed using the Multi-Beads Shocker (Yasui Kikai Corp.). The
Minute Plasma Membrane Isolation Kit (Invent Biotechnologies)
was used to isolate the total and plasma membrane protein fractions
from the crushed muscles. All procedures were performed on ice
according to the manufacturer’s protocols.

Total or precipitated proteins were dissolved in 1x Laemmli
buffer, separated on a 10% or 7.5% SDS-polyacrylamide gel, and
transferred onto a PVDF membrane (Immobilon-P, Millipore). The
membrane was washed in Tris-buffered saline containing 0.05%
Tween 20 (TBS-T) and blocked for 1 h at RT in TBS-T with 3%
bovine serum albumin. The primary antibodies were against LRP4
(1:1,000, Abcam, ab85697), MuSK (1:500, Santa Cruz Biotechnol-
ogy, sc-6009), transferrin receptor (TfR) (1:1,000, Abcam, ab84036),
and B-actin (1:200, Santa Cruz Biotechnology, sc-47778). The
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secondary antibodies were goat anti-mouse IgG (1:6,000, GE Health-
care, LNA931V/AG) and goat anti-rabbit IgG (1:6,000, CST,
#7074S), both of which were conjugated to horseradish peroxidase.

Assays for detecting MuSK phosphorylation and AChR clusters in
C2C12 myotubes

C2C12 myoblasts were seeded on a culture plate coated with colla-
gen I (BD Biosciences) and were differentiated to myotubes in 2%
horse serum (Gibco) in DMEM medium (Gibco) for 5 days. Then,
the myotubes were infected with lentivirus for 12 h, followed by
treatment with 2 mg/ml doxycycline (ICN Biomedicals) for 2 days
to induce shRNA expression. For a MuSK phosphorylation assay,
the myotubes were treated with recombinant rat agrin protein (R&D
Systems, 550-AG-100), purified agrin-mycAP, purified CTGF-
mycAP, and/or CTGF-ACT-mycAP for 3 h, and then lysed with the
buffer for immunoprecipitation. For an AChR clustering assay, the
myotubes were treated with recombinant rat agrin protein, purified
agrin-mycAP, purified CTGF-mycAP, and/or CTGF-ACT-mycAP for
18 h. Thirty minutes before fixation in 4% paraformaldehyde, the
cells were incubated with 10 pg/ml Alexa 594-conjugated o-bungar-
otoxin (Invitrogen) for 30 min to label AChRs. Fluorescence images
were obtained using an Olympus XL71 fluorescence microscope and
analyzed with MetaMorph software (Molecular Devices). The
lengths of the AChR clusters and myotubes were defined as the
longest axes of Alexa 594 signals and GFP signals, respectively, in
C2C12 myotubes stained with the CellMask green plasma membrane
stain (Invitrogen, C37608) in Fig 3B or in C2C12 myotubes infected
with lentivirus expressing shRNA and GFP in Fig 3F. AChR clusters
with an axis length of less than 4 um were excluded from the analy-
sis of AChR clusters.

Immunohistochemistry of the NM)

Frozen sections (20 pm thickness) of the thigh muscles of mouse
embryos were fixed with acetone for 10 min at —20°C, washed three
times with PBS, and then covered with PBS containing 1% goat
serum for 60 min. For staining, the sections were incubated with
rabbit polyclonal anti-CTGF antibody (1:100, Abcam, ab73761)
overnight at 4°C in a humidified chamber. After removing the
primary antibody by washing twice with PBS containing 0.05%
Tween-20 (PBS-T), the sections were incubated with a polyclonal
antibody against goat IgG conjugated with FITC, and o-bungaro-
toxin conjugated with Alexa 594 for 1.5 h, and repeatedly washed
in PBS-T to remove the residual secondary antibody and a-bungaro-
toxin. Finally, the sections were mounted in the VectaShield
containing 1.5 pg/ml DAPI (Vector Laboratories) and visualized
using the A1Rsi confocal microscope (Nikon).

Quantitative RT-PCR

In wild-type and Ctgf/~ mouse embryos, Ccnl-6 mRNAs in the
diaphragm and the spinal cord, as well as Myod1, Myhl, Musk, and
Lrp4 mRNAs in the diaphragm, were quantified by qRT-PCR. C2C12
myotubes were treated with 10 ng/ml rat recombinant agrin, 10 ng/
ml human CTGF, and/or 10 ng/ml human neuregulin-1 (R&D
Systems, 396-HB) for 2 days, and Ctgf, Chrne, Musk, and Lrp4
mRNAs were quantified by qRT-PCR. Gene expression levels were

© 2020 The Authors



Bisei Ohkawara et al

normalized to that of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA. Total RNA was extracted using TRIzol reagent
(Invitrogen) and was reverse-transcribed using Oligo (dT),o Primer
(Toyobo) and ReverTra Ace reverse transcriptase (Toyobo). qRT-
PCR was performed in triplicate using SYBR Premix Ex Taq (Takara)
on LightCycler 480 (Roche). Primer pairs are shown in Table EV2.

Diaphragm staining

The diaphragms of Ctgf/~ embryos at E18.5 were fixed in 2%
paraformaldehyde in PBS for 4 h at 4°C and rinsed with PBS. After
dissection of the connective tissue, the muscles were permeabilized
with 0.5% Triton X-100 in PBS for 10 min and then incubated with
a-bungarotoxin conjugated with biotin-XX (1:600, Invitrogen,
B1606), anti-peripherin antibody (1:800, Millipore, AB1530), anti-
S100 beta antibody (1:100, Abcam, ab52642), and anti-synapto-
physin antibody (1:100, Invitrogen, 180130) overnight. After wash-
ing, the sections were incubated with streptavidin conjugated with
Alexa 564 (1:500, Invitrogen) or anti-mouse IgG conjugated with
Alexa 488 (1:500, Invitrogen). Fluorescence images were obtained
using an Olympus FSX100 fluorescence microscope for the whole-
mount diaphragms (n = 10-20 images for each left diaphragm, 5
diaphragms), and Zeiss LSM710 or Nikon AlRsi confocal micro-
scope for high magnification images of the NMJ (n = 40-50 images
for each left diaphragm, 6 diaphragms). The numbers, intensities,
and areas of AChR signals and synaptophysin signals were blindly
quantified using images taken by Olympus FSX100. Ratios of synap-
tophysin signals not colocalized with AChR signals were quantified
using images taken by Zeiss LSM710 or Nikon AlRsi confocal
microscope. All signal values were quantified by two blinded
researchers using MetaMorph software (Molecular Devices).

Electron microscopy

Ultrastructure of the left diaphragm at E18.5 was analyzed as previ-
ously described (Nakashima et al, 2016). The diaphragm and the
thorax of E18.5 embryos were isolated together and fixed in 4%
paraformaldehyde for 3 h, while applying physiological tension to
the diaphragm using the thorax. The middle portion of the
diaphragm muscle fibers, where the NMJs are located, was isolated
and minced into 0.2-to-0.3-mm blocks. The excised blocks were
fixed with 2% glutaraldehyde for 2 h, treated with 1% OsO,, dehy-
drated in ethanol, and embedded in Epon 812 (TAAB). As the termi-
nal of the phrenic nerve could not be identified even in wild-type
embryos, every second block was stained for cholinesterase using
the Ellman method to confirm that a series of the excised blocks
included the NMJs. Ultrathin sections were made from blocks that
were not stained for cholinesterase. Ultrathin sections (60-70 nm)
were stained with uranyl acetate and lead citrate. We identified the
NMIJs by inspecting the entire ultrathin sections using a JEM-1400
transmission electron microscope. The following morphometric
parameters were measured according to a previous report (Brandon
et al, 2003): nerve terminal area in pm?, synaptic vesicle density in
umz at the nerve terminal area, area of mitochondria/area of nerve
terminal (%), the number of active zones, the diameter of synaptic
vesicles, and the width of the synaptic cleft. The active zone was
defined as the site with a cluster of five or more synaptic vesicles
gathered at the presynaptic membrane (Brandon et al, 2003). The
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postsynaptic fold was defined as an indentation in the postsynaptic
membrane where the fold depth was more than 70 nm and the
width of the fold aperture was less than half of the fold depth.
The numbers of active zones and postsynaptic folds were counted
for each nerve terminal. Images were quantified using the ImageJ
software.

Electrophysiology

Miniature and evoked endplate potentials (MEPPs) were recorded
essentially as described previously (Engel et al, 1993). Ctgf /™ mice
and their wild-type littermates were delivered by cesarean section of
anesthetized pregnant mice. The diaphragm was dissected in Tyrode
solution containing 135 mM NacCl, 5 mM KCl, 2 mM CaCl,, 1 mM
MgCl,, 1.3 mM Na,HPO,, 12.5 mM NaHCOs3, and 11 mM p-glucose
at pH 7.2, and pinned to a Sylgard-coated dish. The solution was
continuously gassed with 95% O, and 5% CO, at 37°C. The
endplate region was inserted with a glass micropipette (20-40 MQ)
filled with 2 M KCl. The signal was amplified by an AxonClamp
900A amplifier (Molecular Devices), digitized at 10 kHz by Digidata
1550B (Molecular Devices), and was analyzed with AxoGraph x
1.5.0 (AxoGraph Scientific). To record compound muscle action
potentials (CMAPs), the delivered E18.5 embryos were kept at 37°C
with manual respiratory assist. The stimulation needle electrode
(Inter Medical, IMK2-1001) was inserted near the sciatic nerve in
the right thigh. The recording needle electrode was inserted into the
calf muscle and was connected to a Neuropack S1 system (Nihon
Kohden, MEB-9404). The stimulation of the sciatic nerve was trig-
gered with a series of 10 stimuli at 2 Hz, and CMAP amplitudes at
the first and fifth stimuli were measured.

Cell surface-binding assays

Full-length human LRP4 ¢cDNA (Open Biosystems) was cloned into
the EcoRI sites of the pcDNA3.1 mammalian expression vector to
make phLRP4. Full-length human CTGF ¢cDNA was PCR-amplified
and cloned into pcDNA3.1 vector to make phCTGF. For the cell
surface-binding assay, COS cells in 24-well plates were transfected
with phLRP4 (0.5 pg or 1.0 pg per a well) and phCTGF (0.5 pg or
1.0 pg per a well) using FUGENE 6 (Roche). The cells were incu-
bated for 24 h with medium containing either purified MuSKect-
mycAP or agrin-mycAP for 1.5 h at RT. The cells were washed with
HABH buffer (0.5 mg/ml bovine serum albumin, 0.1% NaNj, and
20 mM HEPES pH 7.0 in Hank’s balanced salt solution) and fixed
with 60% acetone for 10 min on ice, followed by 4% paraformalde-
hyde in 20 mM HEPES pH 7.0 in Hank’s balanced salt solution for
10 min on ice. The fixed cells were washed once with 20 mM
HEPES pH 7.0 and 150 mM NaCl, incubated at 65°C for 30 min,
washed with 0.1 M Tris—HCI pH 8.0, and then washed with water.
Bound AP activity was measured using LabAssay ALP (Wako).

ATF-2 luciferase assay in HEK293 cells

The mouse Musk cDNA in pExpress-1 was purchased from Open
Biosystems. Partial rat Agrin (codons 1,141-1,937; Ohkawara et al,
2014) was cloned into APtag-5 (GenHunter) at the HindIII and SnaBI
sites. ATF2-Luc to quantify the JNK signaling activity (van der
Sanden et al, 2004; Ohkawara et al, 2014) and phRL-TK Renilla
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luciferase vector (Promega) were used to monitor agrin-Lrp4-MuSK
signaling. HEK293 cells (1 x 10 cells) in a 96-well plate were trans-
fected with 5 ng ATF2-Luc and 0.5 ng phRL-TK, along with 1, 2, or
5 ng pExpress-1-Musk encoding full-length MuSK, 5 ng phLRP4
encoding full-length LRP4, and 5 ng Agrin/pAPtag-5 encoding rat
partial Agrin. The amounts of these constructs were optimized to
lower levels to enable the detection of the effect of CTGF. The cells
were cultured for 24 h in the presence of CTGF (250 pM, ProSpec,
cyt-541).

Statistical analysis

Statistical analyses including unpaired Student’s t-test, one-way or
two-way ANOVA, and post hoc Tukey test were performed using
SPSS ver. 23 (IBM Corp). P values less than 0.05 were considered to
be statistically significant. After one-way or two-way ANOVA, statis-
tically similar items were grouped together according to the post hoc
Tukey test (P < 0.05), and each group was labeled by an identical
single lowercase letter.

Expanded View for this article is available online.
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