
Neurobiology of Disease

Muscle Fibers Secrete FGFBP1 to Slow Degeneration of
Neuromuscular Synapses during Aging and Progression
of ALS
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The identity of muscle secreted factors critical for the development and maintenance of neuromuscular junctions (NMJs) remains largely
unknown. Here, we show that muscle fibers secrete and concentrate the fibroblast growth factor binding protein 1 (FGFBP1) at NMJs.
Although FGFBP1 expression increases during development, its expression decreases before NMJ degeneration during aging and in
SOD1G93A mice, a mouse model for amyotrophic lateral sclerosis (ALS). Based on these findings, we examined the impact of deleting
FGFBP1 on NMJs. In the absence of FGFBP1, NMJs exhibit structural abnormalities in developing and middle age mice. Deletion of
FGFBP1 from SOD1G93A mice also accelerates NMJ degeneration and death. Based on these findings, we sought to identify the mechanism
responsible for decreased FGFBP1 in stressed skeletal muscles. We show that FGFBP1 expression is inhibited by increased accumulation
of the transforming growth factor-�1 (TGF-�1) in skeletal muscles and at their NMJs. These findings suggest that targeting the FGFBP1
and TGF-�1 signaling axis holds promise for slowing age- and disease-related degeneration of NMJs.
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Introduction
The neuromuscular junction (NMJ) is critical for the function
and survival of �-motor neurons and skeletal muscles. Although
this synapse remains largely intact during the juvenile phase and
most of adulthood, it undergoes deleterious functional and struc-

tural changes during normal aging and progression of a variety of
diseases, including amyotrophic lateral sclerosis (ALS) (Valdez et
al., 2010; Bayat et al., 2011; Moloney et al., 2014; Filézac de
L’Etang et al., 2015; Valsecchi et al., 2015). In fact, it has been
proposed recently that deleterious changes at the NMJ may pre-
cede and contribute to degeneration of motor neurons and atro-
phy of muscle fibers (Fahim and Robbins, 1982; Fahim et al.,
1983; Cardasis and LaFontaine, 1987.; Kennel et al., 1996; Li et al.,
2011; Rocha et al., 2013). Therefore, it is plausible that molecules
that function to maintain adult NMJs could have therapeutic
benefits for slowing degeneration of the motor system. The fibro-
blast growth factor binding protein 1 (FGFBP1) was identified
recently as a candidate molecule for promoting repair of NMJs
(Williams et al., 2009).

FGFBP1 is a secreted molecule that functions to chaperone
fibroblast growth factor (FGF) ligands from the extracellular ma-
trix to cognate receptors (Wu et al., 1991; Tassi et al., 2001; Abu-
harbeid et al., 2006) and thus enhances the biological activity of
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Significance Statement

The neuromuscular junction (NMJ) is critical for all voluntary movement. Its malformation during development and degenera-
tion in adulthood impairs motor function. Therefore, it is important to identify factors that function to maintain the structural
integrity of NMJs. We show that muscle fibers secrete and concentrate the fibroblast growth factor binding protein 1 (FGFBP1) at
NMJs. However, FGFBP1 expression decreases in skeletal muscles during aging and before NMJ degeneration in SOD1G93A mice, a
mouse model for amyotrophic lateral sclerosis. We show that transforming growth factor-�1 is responsible for the decreased
levels of FGFBP1. Importantly, we demonstrate critical roles for FGFBP1 at NMJs in developing, aging and SOD1G93A mice.
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FGF ligands. FGFBP1 has been shown to accelerate the repair of
skin and kidney tissues after injury through its interaction with
select FGF ligands, including those involved in synapse formation
(e.g., FGF-7/10/22) (Beer et al., 2005; Tassi et al., 2007, 2011). In
skeletal muscles, FGFBP1 was identified as a candidate molecule
used by the muscle and synaptic-enriched microRNA miR-206 to
promote regeneration of NMJs in mice (Williams et al., 2009).
Most recently, miR-206 was shown to modulate levels of FGFBP1
in the myogenic cell line C2C12 (Valsecchi et al., 2015). In addi-
tion, FGFBP1 was found upregulated in quadriceps muscles in a
mouse model for spinal muscular atrophy (Valsecchi et al., 2015).
Despite these findings, little is known regarding the function of
FGFBP1 in skeletal muscles and NMJs (Williams et al., 2009). In
addition, the signaling events and downstream effectors that af-
fect FGFBP1 expression in concert or in parallel with miR-206
remain unknown.

Here, we performed a detailed analysis of FGFBP1 expression
and function in skeletal muscles from developing, adult, aging,
and disease-afflicted mice. We show that FGFBP1 concentrates at
NMJs and its expression is reduced in ALS-affected and aged
muscles. Using knock-out mice, we found that FGFBP1 plays
critical functions at NMJs during development and aging and in
mice harboring the ALS-causing mutant gene SOD1G93A (Gur-
ney et al., 1994). Based on these findings, we sought to uncover
the mechanism that suppresses FGFBP1 expression in stressed
muscles. Data obtained from in vitro and in vivo experiments
strongly suggest that the transforming growth factor-�1 (TGF-
�1) suppresses FGFBP1. In addition, we found TGF-�1 highly
concentrated at NMJs of presymptomatic SOD1G93A mice, sug-
gesting that it may affect FGFBP1 levels directly at the NMJ. Our
data have identified a muscle-derived secreted factor that con-
tributes to the maintenance of NMJs and revealed the TGF-�1
pathway as a potential target for preventing loss of endogenous
FGFBP1 and preserving the structural integrity of NMJs in aged
and disease-afflicted animals.

Materials and Methods
Animals
FGFBP1 knock-out (FGFBP1 �/�) mice were generated by standard ho-
mologous recombination procedures in embryonic stem (ES) cells. The
FGFBP1-targeting vector was generated by PCR in which the 5� and 3�
arms were ligated to a selection cassette containing an IRES-�-galactosi-
dase/Neomycin fusion (BetaGeo), along with a puromycin resistance
marker. Upon electroporation into 129S5 (Lex2) ES cells (RRID:
CVCL_0J18), homologous recombination resulted in the deletion of the
entire coding region of the FGFBP1 gene and replacement with the se-
lectable marker. Correctly targeted ES cells were confirmed by Southern
blot analysis and injected into C57BL/6J (albino) blastocysts. The result-
ing heterozygous animals were identified by PCR. Heterozygous animals
were intercrossed to produce the homozygous mutant FGFBP1 �/�

animals. The following mice were obtained from The Jackson Labora-
tory: SOD1G93A (RRID:IMSR_JAX:004435; Gurney et al., 1994),
Parvalbumin-Cre (RRID:IMSR_JAX:017320; Hippenmeyer et al., 2005;
referred to herein as PVCre), Thy1-YFP16 (RRID:IMSR_JAX:003709;
Feng et al., 2000; referred to herein as THYFP16), and RiboTag (RRID:
IMSR_JAX:011029; Sanz et al., 2009) mice. To visualize motor axons,
THYFP16 mice were crossed with SOD1G93A, FGFBP1 �/�, and
SOD1G93A;FGFBP1 �/� mice. To immunoprecipitate ribosomes from
muscle fibers, mice expressing hemagglutinin (HA)-tagged ribosomal
protein L22 (referred to herein as Ribotag mice) were mated with PVCre
mice (referred to herein as PVCre;Ribotag mice). All experiments were
performed under National Institutes of Health guidelines and animal
protocols approved by the Virginia Tech Institutional Animal Care and
Use Committee.

Synaptic diaphragm dissection
To analyze synaptic mRNA expression, female THYFP16 mice aged 3–5
months with selective yellow fluorescence protein (YFP) expression in
motor neurons were killed with isoflurane and the synaptic regions of the
left and right diaphragm from each mouse were dissected by visualizing
YFP� motor neurons using a Zeiss Discovery Z20 fluorescence dissect-
ing microscope (Valdez et al., 2014).

C2C12 cell culture
Unfused C2C12 myoblasts (RRID:CVCL_0188) were maintained in
DMEM containing 20% fetal bovine serum (FBS), 0.1% penicillin/strep-
tomycin (Pen/Strep), 2 mM glutamine, and 0.1% Fungizone at 37°C and
5% CO2. To induce C2C12 cell fusion, cells were seeded to poly-
ornithine (3 �g/ml)/laminin (10 �g/ml)-coated 8-well chamber slides at
a concentration of 5 � 10 4 cells per well in 20% FBS DMEM. At 24 h after
seeding, cell culture medium was replaced with cell fusion medium con-
sisting of DMEM containing 2% horse serum, 0.1% Pen/Strep, 2 mM

glutamine, and 0.1% Fungizone. Treatments of fused C2C12 cells were
performed 72 h after the addition of fusion medium. Reagents used for
treatment include recombinant neural-agrin (z-agrin) 10 ng/ml (R&D
Systems), carbachol 10 �M (Sigma-Aldrich), recombinant TGF-�1 5
ng/ml (Humanzyme), and SB431542 5 �M (Cayman Chemical).

mRNA analysis
Total RNA was extracted from skeletal muscle and cell cultures using
TRIzol reagent (Life Technologies) and the Aurum Total RNA Mini Kit
(Bio-Rad). RNA was reverse transcribed using iScript Reverse Transcrip-
tion Supermix (Bio-Rad). Quantitative PCR (qPCR) was performed with
iTAQ SYBR Green Supermix (Bio-Rad) containing 300 nM forward
and reverse primers using the CFX Connect Real Time PCR System
(Bio-Rad). Cycling parameters were 95°C for 30 s, 40 cycles of 95°C (5 s),
and 58°C (30 s), followed by a melting curve consisting of 5 s 0.5°C
incremental increases ranging from 65°C to 95°C. Primer sequences used
in this study are listed in Table 1.

Ribosomal immunoprecipitation
PVCRE;Ribotag mice expressing HA-tagged ribosomal protein L22
(Rpl22) were used to isolate ribosome-mRNA complexes specifically
from mature fast-type skeletal muscle fibers within muscle tissue. The
parvalbumin promoter is selectively active in fast-type muscle fibers
within skeletal muscle fibers (Celio and Heizmann, 1982). This allows for
Cre and HA-Rpl22 expression in fast-type muscle fibers in PVCRE;Ribo-
tag mice. Tibialis anterior (TA) muscles from PVCRE;Ribotag mice were
flash frozen and ground into a fine powder over liquid nitrogen before
homogenization with NP40 lysis buffer containing cycloheximide, as
well as protease, phosphatase, and RNase inhibitors. Ribosome–mRNA
complexes were immunoprecipitated with a mouse monoclonal HA an-
tibody (Covance Research Products catalog #MMS-101R-500 RRID:
AB_10063630) or an antibody against argonaute 2 to serve as a control
(Cell Signaling Technology catalog #2897S RRID:AB_2096291) using
protein G-conjugated magnetic beads (Dynabeads Protein G; Life
Technologies).

Table 1. Sequences of primers used for qPCR

Gene Forward primer Reverse primer

AChR � 5�-GCTCAGCTGCAAGTTGATCTC-3� 5�-CCTCCTGCTCCATCTCTGTC-3�
AChR � 5�-GCTGTGTGGATGCTGTGAAC-3� 5�-GCTGCCCAAAAACAGACATT-3�
FGFBP1 5�-ACACTCACAGAAAGGTGTCCA-3� 5�-CTGAGAACGCCTGAGTAGCC-3�
FoxO1 5�-GAGTTAGTGAGCAGGCTACATTT-3� 5�-TTGGACTGCTCCTCAGTTCC-3�
FoxO3 5�-CAAAGCAGACCCTCAAACTGACG-3� 5�-AGGTGTCAAGCTGTAAACGGA-3�
GAPDH 5�-CCCACTCTTCCACCTTCGATG-3� 5�-GTCCACCACCCTGTTGCTGTAG-3�
Musk 5�-CCACACTGCGTGGAATGAGC-3� 5�-CTCTGCAAATGGGCATGGG-3�
Pax7 5�-GCGAGAAGAAAGCCAAACAC-3� 5�-GTCGGGTTCTGATTCCACAT-3�
TGF-�1 5�-GTCACTGGAGTTGTACGGCA-3� 5�-AGCCCTGTATTCCGTCTCCT-3�
TGF-�2 5�-ACTGCTTTAGAAATGTGCAGGAT-3� 5�-AGATCCTGGGACACACAGCA-3�
TGF-�3 5�-GCACTTTACAACAGCACCCG-3� 5�-AGTTCATTGTGCTCCGCCAG-3�
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Western blot
Immunoprecipitates and whole-cell lysates were diluted in Laemmli buf-
fer and denatured at 95°C for 10 min before electrophoresis on a 12%
SDS-PAGE gel. Samples were transferred to nitrocellulose membrane
using wet transfer, blocked for 1 h at room temperature in blocking
solution (5% nonfat milk diluted in 0.1% Tween Tris buffer solution),
incubated 1 h at room temperature in anti-HA antibody (Covance Re-
search Products catalog #MMS-101R-500 RRID:AB_10063630), diluted
in blocking solution, washed 3 times with 0.1% Tween Tris buffer solu-
tion, incubated 1 h at room temperature in 1:10,000 peroxidase labeled
secondary antibody (Jackson ImmunoResearch Labs catalog #715-035-
151 RRID:AB_2340771), and washed 3 times with 0.1% Tween Tris buf-
fer solution. Blots were visualized with ECL reagent (GE Healthcare) and
ChemiDoc Imager (Bio-Rad).

Ribosomal mRNA isolation
Skeletal-muscle-specific ribosomal mRNA was evaluated in PVCRE;Ri-
botag TA and extensor digitorum longus (EDL) muscle fibers after ribo-
somal immunoprecipitation of ribosome–mRNA complexes with a
mouse monoclonal HA antibody (Covance Research Products catalog
#MMS-101R-500 RRID:AB_10063630) as described above. Ten percent
of cell lysate was collected before ribosomal immunoprecipitation for
total RNA analysis. RNA was isolated from the HA-immunoprecipitated
ribosome–mRNA complexes and total cell lysate using the Qiagen
RNeasy Plus Micro Kit.

Immunohistochemistry
Whole mounted muscle. Mice were deeply anesthetized using vaporized
isoflurane and fixed by perfusion with 4% paraformaldehyde in PBS.
Muscles were dissected, blocked for 2 h at room temperature (5% lamb
serum, 3% BSA, 0.5% Triton X-100 in PBS), incubated with primary
antibodies at 4°C overnight, washed with PBS 3 times for 5 min,
incubated with secondary antibodies and/or fluorescently tagged
�-bungarotoxin (fBTX) for 2 h at room temperature, washed with PBS 3
times for 15 min, and whole mounted in Vectashield mounting medium
(Vector Laboratories) on slides. Axons were labeled with 1:1000
neurofilament (Covance Research Products catalog #SMI-312R
RRID:AB_2314906) and axon terminals were labeled with 1:250
synaptotagmin-2 (Developmental Studies Hybridoma Bank catalog
#znp-1 RRID:AB_531910). Postsynaptic nicotinic acetylcholine receptor
clusters on myotubes were labeled with 1:1000 fBTX (Thermo Fisher
Scientific catalog #B35451 RRID:AB_2617152).

Muscle cross-sections. Fresh TA muscle was dissected and embedded in
tissue-freezing medium (General Data Healthcare) at �80°C. The em-
bedded TA was sectioned at 16 �m using a cryostat and collected on
gelatin-coated slides. Sections were blocked for 1 h at room temperature
(5% lamb serum, 3% BSA, 0.1% Triton X-100 in PBS), incubated with
primary antibodies overnight at 4°C, washed with PBS 3 times for 5 min,
incubated with secondary antibodies for 1 h at room temperature,
washed with PBS 3 times for 5 min, and mounted in Vectashield. Primary
antibodies used for muscle cross-sections include 1:100 FGFBP1 (Bioss
catalog #bs-1768R RRID:AB_10857222) and 1:50 TGF-�1 (Santa Cruz
Biotechnology catalog #sc-146 RRID:AB_632486). Postsynaptic nico-
tinic acetylcholine receptor clusters on myotubes were labeled with
1:1000 fBTX (Thermo Fisher Scientific catalog #B35451 RRID:
AB_2617152).

C2C12 cultures. C2C12 myotubes were fixed in cell culture medium
containing 4% PFA and 4% sucrose at room temperature for 30 min. The
cells were washed with PBS 3 times, incubated in blocking buffer (5%
lamb serum, 3% BSA, 0.1% Triton X-100 in PBS) for 30 min, incubated
with primary antibody overnight at 4°C, washed with PBS 3 times for 5
min, incubated with secondary antibodies for 1 h at room temperature,
washed with PBS 3 times for 5 min, and mounted in Vectashield. Mature
myotubes were labeled with anti-myosin antibody (Developmental
Studies Hybridoma Bank catalog #MF20 RRID:AB_2147781) at a con-
centration of 1:100.

Imaging
Imaging was performed with a laser scanning confocal microscope (Zeiss
LSM 710) with either a 20� (0.8 numerical aperture, NA) objective or

40� (1.3 NA) oil-immersion objective using Zeiss Zen Black software.
Maximum intensity projections of optical sections were created with
Zeiss Zen software.

NMJ analysis
Structural changes of the NMJ were scored based on the definitions
described previously (Valdez et al., 2010) using maximum-intensity pro-
jections of images acquired from whole-mounted muscles. Briefly, NMJs
defined as fragmented contained at least five different noncontiguous
AChR clusters. Synaptic apposition is defined as the proportion of the
AChR area colocalized by the axon terminal. Multiple innervation is
defined as a single NMJ being occupied by two or more axons. NMJ areas
were measured using ImageJ. NMJ innervation analysis was performed
on blinded images based on a qualitative assessment of the percentage of
AChR area occupied by an axon terminal, where full innervation is de-
fined as �90% overlap, partial innervation is defined as 10 –90% overlap,
and full denervation is defined as �10% overlap. An average of 272 NMJs
per animal were analyzed. Synaptic TGF-�1 pixel intensity analysis was
performed with Zeiss Zen Black software on images acquired from mus-
cle cross sections. Synaptic regions of a muscle section were identified by
the presence of AChR clusters labeled with fBTX. Relative TGF-�1 pixel
intensity is based on comparisons made between muscle sections from
control and SOD1G93A mice mounted to the same slide using identical
confocal microscope settings. An average of 51 NMJs per animal were
analyzed for TGF-�1 pixel intensity.

Statistical analysis
Comparisons between two means were performed with independent
Welch’s or Student’s t test and comparisons between three or more
means were performed with one-way ANOVA followed by Bonferroni’s
post hoc analysis. Data are expressed as mean � SEM. To assess differ-
ences in mouse survival, a log-rank test was performed. A value of p �
0.05 was considered statistically significant.

Results
Muscle fibers express and concentrate FGFBP1 at NMJs
The expression of FGFBP1 in skeletal muscles remains largely
unexplored despite its proposed role at NMJs (Williams et al.,
2009). To fill this gap in knowledge, we examined FGFBP1 levels
in the TA muscle of developing and adult mice using qPCR. In the
TA muscle of 2-month-old mice, FGFBP1 is expressed at higher
levels compared with 8-d-old mice (Fig. 1A). We then sought to
determine whether muscle fibers express and secrete FGFBP1.
For this, we profiled FGFBP1 transcripts in ribosomal mRNA
fractions specifically isolated from fast-type muscle fibers within
the TA. We accomplished this by crossing mice expressing the
ribosomal protein Rpl22 tagged with HA epitopes (Ribo
Tag flox/flox; Sanz et al., 2009) with parvalbumin-Cre (PVCre)
transgenic mice (Hippenmeyer et al., 2005) to generate PVCre;
RiboTag flox/flox offspring. In PVCre; RiboTag flox/flox mice, HA-
tagged Rpl22 is expressed in fast-type muscle fibers (Fig. 1B),
which constitute the majority of muscle fibers in the TA muscle
(Burkholder et al., 1994). We found transcripts for FGFBP1 and
the muscle-specific kinase (MuSK; Bowen et al., 1998) en-
riched in ribosomal mRNA fractions obtained from the TA
muscle compared with total muscle mRNA (Fig. 1C). As ex-
pected, the satellite cell marker Pax7 (Seale et al., 2001) was
nearly absent from the TA muscle ribosomal mRNA fractions
compared with total muscle mRNA (Fig. 1C). These findings
demonstrate that FGFBP1 is transcribed and likely translated
in muscle fibers.

We next investigated whether FGFBP1 concentrates in the
muscle synaptic region. First, we compared FGFBP1 transcript
levels between microdissected synaptic and nonsynaptic regions
of the diaphragm muscle (Valdez et al., 2014). This analysis re-
vealed higher levels of FGFBP1 mRNA in synaptic compared with
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nonsynaptic regions of the muscle (Fig. 1D), a relationship found
for other molecules with important roles at NMJs including the
epsilon subunit of the muscle nicotinic AChR (nAChR) (Kishi et
al., 2005). We then used immunostaining to visualize FGFBP1 at
the NMJ. To locate NMJs, the EDL muscle was labeled with fBTX,
which binds with high affinity to muscle nAChRs concentrated at
the postsynaptic region of the NMJ. Although FGFBP1 is present
at NMJs of control mice (Fig. 1E), it is completely missing from
FGFBP1�/� mice (described below; Fig. 1F).

FGFBP1 deletion delays maturation of NMJs
To assess the function of FGFBP1 at NMJs, we generated
FGFBP1�/� mice. Southern blotting validated deletion of the

FGFBP1 locus (Fig. 2A). As expected,
FGFBP1 transcripts were completely absent
from the TA muscle of FGFBP1�/� mice
(Fig. 2B). FGFBP1�/� mice are born at nor-
mal Mendelian rates, do not exhibit obvious
outward developmental defects, and appear
indistinguishable from control mice. We
first examined NMJs in the EDL muscle of
developing and juvenile FGFBP1�/� and
control mice using light microscopy. We
stained motor axon nerve terminals consti-
tuting the presynaptic site with an antibody
against synaptotagmin-2. The postsynaptic
site was labeled using fBTX. We found that
the presynaptic and postsynaptic sites of the
NMJ were less apposed at postnatal day 8
(P8) FGFBP1�/� mice compared with con-
trol mice of the same age (Fig. 2C,D,G). We
also found more multiply innervated NMJs
in P8 FGFBP1�/� mice compared with
control mice (Fig. 2 E, F,H ). However,
NMJs lacking FGFBP1 continued to mature
and were structurally indistinguishable
from those in control mice by P16 (Fig.
3A–D) and P45 (Fig. 3E–H). These data
suggest that FGFBP1 primarily affects the
rate of presynaptic maturation. Accord-
ingly, we found no difference in the overall
size of the NMJ in P8 (Fig. 2I), P16 (Fig.
3D), or P45 (Fig. 3H) muscle. These find-
ings corroborate previous observations
showing that reducing FGFBP1 levels using
RNA interference slows the development of
NMJs (Williams et al., 2009).

Loss of FGFBP1 accelerates ALS-related
pathogenesis in SOD1G93A mice
FGFBP1 was initially proposed to slow the
progression of ALS-related pathology,
starting with preservation of NMJs, in
mice expressing SOD1G93A. To date, how-
ever, there are no data directly implicating
FGFBP1 in ALS-related pathogenesis. To
fill this gap in knowledge, we assessed
FGFBP1 expression in the TA muscle of
presymptomatic (70-d-old) and early
symptomatic (90-d-old) male SOD1G93A

mice. We found FGFBP1 transcripts sig-
nificantly reduced in presymptomatic and
early symptomatic TA muscles of

SOD1G93A mice compared with control mice of the same age and
sex (Fig. 4A).

To determine the function of FGFBP1 in ALS-related pa-
thology, we generated SOD1G93A mice lacking FGFBP1
(SOD1G93A;FGFBP1�/�). To facilitate analysis of motor axons,
SOD1G93A mice with and without FGFBP1 were crossed with
Thy1-YFP transgenic mice to label all motor axons. In 90-d-old
SOD1G93A;FGFBP1�/� mice, there were fewer fully innervated
NMJs in the EDL muscle compared with SOD1G93A mice express-
ing FGFBP1 (Fig. 4B–D). Instead, SOD1G93A mice lacking
FGFBP1 contained more partially and completely denervated
NMJs in the EDL muscle at 90 d of age (Fig. 4B–E). Not surpris-

Figure 1. FGFBP1 is generated by skeletal muscle fibers and enriched at NMJs. A, FGFBP1 mRNA is expressed at higher levels in
young adult compared with developing muscles (n 	 3, unpaired t test: *p � 0.05). B, HA Western blot of whole-cell lysate
(input), immunoprecipitate obtained using an HA antibody (HA IP) or from a nonspecific control antibody (anti-ago2; Ctrl IP)
demonstrates that the HA-tagged RPL22 (Ribotag) protein is expressed in TA muscles from PVCre;Ribotag mice. C, qPCR analysis
using mRNA isolated from HA-tagged RPL22-associated ribosomes shows FGFBP1 and the muscle-specific MuSK transcripts en-
riched in mature skeletal muscle fibers in stark contrast to Pax7 (n 	 4, Welch’s t test: *p � 0.05). D, Transcript analysis also shows
FGFBP1 enriched in the synaptic versus nonsynaptic (N.S.) region of diaphragm muscle (n 	 5, Welch’s t test: *p � 0.05). E, F,
Immunostaining showing FGFBP1 present at NMJs of control mice but completely missing from NMJs of FGFBP1 �/� mice. Scale
bar, 5 �m. Values are reported as mean � SEM. mRNA expression was normalized to GAPDH using 2 �

CT.
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Figure 2. Loss of FGFBP1 delays NMJ maturation. A, FGFBP1 Southern blot of electroporated 129S5 (Lex2) ES cells shows deletion of the FGFBP1 coding region in clone 2G4* selected from targeted
ES cells. B, FGFBP1 mRNA is not detected by qPCR in FGFBP1 �/� mice (n 	 1). C–F, Analysis of NMJs at P8 shows that presynaptic and postsynaptic sites are less apposed (G, n 	 3, unpaired t test:
*p � 0.05) and more axons are found innervating the same NMJ (H, n 	 3, unpaired t test: *p � 0.05) in FGFBP1 �/� mice compared with controls. I, Loss of FGFBP1 does not affect the size of NMJs
(n 	 3, unpaired t test). Scale bar, 20 �m. Values are reported as mean � SEM. NF, Neurofilament.
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ingly, loss of FGFBP1 accelerated death of female and male
SOD1G93A mice (Fig. 4F–H). Mean survival ages for SOD1G93A

versus SOD1G93A;FGFBP1�/� were, respectively, 146 and 134 d
for males, 155 and 145 d for females, and 151 and 138 d for males
and females combined. These findings demonstrate that FGFBP1
is required to slow degeneration of motor axon nerve endings at
NMJs, thus playing a critical role in the progression of ALS-
related pathogenesis in a mouse model for the disease.

Loss of FGFBP1 accelerates aging of NMJs
We next explored the possibility that FGFBP1 decreases in skel-
etal muscles of wild-type mice during aging, contributing to age-
related deleterious structural changes at NMJs. We examined
FGFBP1 levels in the TA muscle of 3-, 12-, and 24 month-old
wild-type mice. We found an age-related decrease in FGFBP1
transcripts in the TA muscle, where expression was significantly
decreased in 24-month-old mice compared with 3-month-old
mice (Fig. 5A). Interestingly, aging resulted in reduced expres-
sion of FGFBP1 preferentially in the muscle synaptic region. In
stark contrast to 3-month-old mice (Fig. 1D), FGFBP1 is reduced
in the synaptic compared with nonsynaptic region of the dia-

phragm muscle of 9-month-old mice (Fig. 5B). To assess whether
decreased expression of FGFBP1 contributes to age-related
changes at NMJ, we examined NMJs in EDL muscles of 12-
month-old FGFBP1�/� and control mice expressing YFP in mo-
tor axons. We found a significant increase in the number of
fragmented NMJs in 12-month-old FGFBP1�/� compared with
control mice of the same sex (Fig. 5C–E). Surprisingly, we found
no difference in the number of denervated NMJs between
FGFBP1�/� and control mice (Fig. 5F).

The increased fragmentation of NMJs in FGFBP1 �/� mice
suggested that loss of FGFBP1 might affect expression of mol-
ecules with critical roles at NMJs and throughout muscle fi-
bers. To explore this possibility, we first examined transcripts
for the gamma and epsilon AChR subunits and MuSK in 12-
month-old FGFBP1 �/� and control mice (Fig. 5G–I ). These
molecules are enriched in the postsynaptic region and play
important roles in the function and maintenance of NMJs.
The gamma and epsilon subunits are significantly increased in
the TA muscle of FGFBP1 �/� compared with control mice
(Fig. 5G,H ). We then examined levels of the forkhead box
protein O1 and O3 (FoxO1 and FoxO3), genes that are up-

Figure 3. Analysis of NMJs in juvenile and young adult FGFBP1 �/� mice. A, B, NMJ analysis in the EDL muscle of P16 mice expressing YFP in motor axons shows no difference in the apposition
of the presynaptic and postsynaptic sites (C) or size (D) of NMJs in FGFBP1 �/� mice at P16 compared with those in control mice of the same age (n 	 3, unpaired t test). E, F, Analysis of motor axon
nerve endings labeled with synaptotagmin-2 (Syt-2) in the EDL of P45 mice. No differences are observed in the apposition of the presynaptic and postsynaptic sites (G) or size (H ) of NMJs
in FGFBP1 �/� mice at P45 compared with those in control mice of the same age (n 	 3, unpaired t test). Values are reported as mean � SEM. Scale bar, 20 �m.
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regulated in atrophying muscle fibers and function to increase
degeneration of muscle fibers (Gomes et al., 2001; Sandri et al.,
2004; Fig. 5J–K ). We found FoxO3 significantly elevated in the
TA muscle of 12-month-old FGFBP1 �/� mice compared with
control mice (Fig. 5K ). These findings further indicate that
loss of FGFBP1 disrupts the structural and molecular integrity
of NMJs and results in pathological changes in muscle fibers
during normal aging.

TGF-�1 suppresses FGFBP1 expression in muscles
The data above suggest that preventing loss of endogenous
FGFBP1 may slow degeneration of NMJs during aging and in
animals harboring mutant genes that cause ALS. Unfortunately,
the molecular mechanism that regulates FGFBP1 expression in
skeletal muscles and their synaptic region has not been eluci-
dated. The reduced expression of FGFBP1 during development
and aging and in SOD1G93A mice suggested that nerve-derived
factors with important roles at stabilizing the NMJ may affect
expression of FGFBP1. ACh and z-agrin are two nerve-derived
factors required for the formation, function, and stability of
NMJs. We thus investigated whether these two factors affect
the expression of FGFBP1. For this, we used the myogenic cell
line C2C12. After fusion, C2C12-derived myotubes depolarize in
the presence of ACh and respond to z-agrin by forming
postsynaptic-like structures that include nAChRs. First, we ascer-
tained that C2C12 cells express FGFBP1. We found FGFBP1 ex-
pressed at higher levels in myotubes compared with unfused
proliferating C2C12 cells (Fig. 6A), supporting our ribosomal
profiling data showing that muscle fibers express FGFBP1 in
mice. We then investigated whether cholinergic transmission us-
ing carbachol, an ACh mimetic, or recombinant z-agrin affect
levels of FGFBP1 in myotubes. We found FGFBP1 expressed at
similar levels in myotubes treated for 24 h with carbachol (Fig.

6B), z-agrin (Fig. 6C), and vehicle. These findings indicate that
neither cholinergic transmission nor z-agrin affects the levels of
FGFBP1 expression in skeletal muscles.

We next investigated whether TGF-�1 suppresses FGFBP1
expression in skeletal muscles. We focused on TGF-�1 because it
has been shown to repress FGFBP1 expression in mesenchymal
and neural crest cells as they differentiate into smooth muscles
(Briones et al., 2006). To determine whether TGF-�1 inhibits
FGFBP1 expression, we treated C2C12-derived myotubes with
TGF-�1 alone and together with SB-431542, a small synthetic
molecule that inhibits the TGF-� type I receptor. In myotubes
treated with TGF-�1 alone for 24 h, FGFBP1 expression was
reduced compared with vehicle-treated myotubes (Fig. 6D). In
the presence of SB-431542, however, TGF-�1 was unable to re-
press FGFBP1 effectively (Fig. 6D). This finding, together with
the lack of myotube atrophy in the presence of TGF-�1 (Fig.
6E,F) assessed by measuring their diameter at the widest region
after staining for myosin heavy chain using the MF20 antibody,
indicates that TGF-�1-initiated signaling inhibits FGFBP1 ex-
pression in cultured myotubes.

TGF-�1 is elevated in developing, aged, and diseased
skeletal muscles
The finding that TGF-�1 suppresses FGFBP1 in myotubes indi-
cates that levels of these molecules may be inversely correlated in
vivo. To test this possibility, we examined transcripts for the three
TGF-� isoforms (TGF-�1, TGF-�2, and TGF-�3) in skeletal
muscles from developing, aged, and SOD1G93A mice. We found
all three TGF-� isoforms significantly increased in the TA muscle
of developing compared with young adult mice (Fig. 7A). A sim-
ilar pattern of TGF-� upregulation was observed in the TA mus-
cle of aged mice (Fig. 7B), in which TGF-�2 displayed the greatest
increase in expression, whereas TGF-�1 was only modestly in-

Figure 4. Loss of FGFBP1 accelerates ALS-related pathogenesis in SOD1G93A mice. A, FGFBP1 mRNA levels are reduced in TA muscles isolated from presymptomatic (70-d-old) and early
symptomatic (90-d-old) SOD1G93A mice (n � 4, unpaired t test: *p � 0.05). B–E, The incidence of partially and fully denervated NMJs is higher in the EDL muscle of 90-d-old SOD1G93A;FGFBP1 �/�

mice compared with SOD1G93A mice expressing FGFBP1. Arrows indicate areas of NMJ denervation (n � 3, unpaired t test: *p � 0.05). F–H, Survival analysis of SOD1G93A and SOD1G93A;FGFBP1 �/�

mice shows accelerated death of SOD1G93A mice lacking FGFBP1 (F, males, n 	 27–31; G, females, n 	 18 –38; H, males plus females, n 	 49 – 65; log-rank test). Values are reported as mean �
SEM. Scale bar, 20 �m.
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creased. We next assessed TGF-� levels in SOD1G93A mice. As in
developing muscles, we found significant increases in all three
TGF-� isoforms, particularly TGF-�1, in both presymptomatic
(Fig. 8A) and early symptomatic (Fig. 8B) SOD1G93A mice. These
findings show that TGF-� increases in skeletal muscles under
conditions that result in lower levels of FGFBP1 and dramatic
structural changes at NMJs.

TGF-�1 concentrates specifically at NMJs of SOD1G93A mice
Finally, we investigated whether TGF-�1 localizes to and ac-
cumulates at NMJs, thereby potentially having a local effect on
FGFBP1 levels. For this, we stained 16 �m cross-sections of
the TA muscle from wild-type developing, young adult and
aged mice with an antibody against TGF-�1. We also stained
TA muscles from 90-d-old early symptomatic SOD1G93A mice.
To locate NMJs, muscle sections were stained with fBTX. This
experiment revealed that TGF-�1 is present, albeit at low lev-
els, at most NMJs in young adult wild-type animals (Fig. 7D).
However, we found no appreciable difference in TGF-�1 at
NMJs of developing and old mice compared young adult mice
(Fig. 7C–E). In stark contrast, TGF-�1 was significantly in-
creased at NMJs of 90-d-old SOD1G93A mice compared with

NMJs from wild-type mice of the same age and sex (Fig. 8C–
E). The high and select accumulation of TGF-�1 at NMJs of
SOD1G93A mice could explain the acute reduction of FGFBP1
in SOD1G93A mice compared with developing and old mice. It
also suggests that TGF-�1 might contribute directly to the
destruction of NMJs in SOD1G93A mice.

Discussion
In recent years, it has become evident that molecules involved
in the initial formation of NMJs (Sanes and Lichtman, 1999,
2001; Koles and Budnik, 2012; Valdez et al., 2014) are required
for its maintenance and repair in adulthood. For example, we
now know that nerve-derived agrin (Glass et al., 1996) and its
receptor, LRP4 (Kim et al., 2008), are necessary for the main-
tenance of the postsynaptic apparatus in young adult mice
(Samuel et al., 2012; Barik et al., 2014). Likewise, muscle fibers
must continuously secrete factors to maintain the presynapse
and thus the NMJ (McCann et al., 2007). However, the iden-
tity of these muscle-derived factors has remained elusive.
Here, we show that muscle fibers secrete FGFBP1 to slow de-
generation of NMJs during aging and in a mouse model for
ALS. However, FGFBP1 expression decreases as skeletal mus-

Figure 5. Loss of FGFBP1 accelerates aging of NMJs. A, FGFBP1 mRNA is reduced in the TA muscle of 12-month-old (12M) and 24-month-old (24M) mice compared with 3-month-old (3M) mice
(n 	 3, one-way ANOVA followed by Bonferroni post hoc analysis: *p � 0.05). B, In the diaphragm muscle of 9-month-old mice, FGFBP1 expression is lower in the synaptic compared with
nonsynaptic region (n 	 3, unpaired t test: *p � 0.05). C–E, Incidence of fragmented NMJs is higher in 12-month-old FGFBP1 �/� mice compared with control mice (n � 4, unpaired t test: *p �
0.05). F, Presynaptic and postsynaptic sites of the NMJ are similarly apposed in 12-month-old control and FGFBP1 �/� mice (n 	 3, unpaired t test). G–I, Genes associated with the NMJs, including
AChR-� (G, n	3, unpaired t test: *p�0.05), AChR-epsilon (H, n	3, unpaired t test: *p�0.05), and MuSK (I, n	3, unpaired t test), are increased in the TA muscle of 12-month-old FGFBP1 �/�

mice compared with controls. J, K, Evaluation of genes associated with muscle atrophy including FoxO1 (J, n 	 3, unpaired t test) and FoxO3 (K, n 	 3, unpaired t test: *p � 0.05) in the TA muscle
of 12-month-old FGFBP1 �/� mice compared with controls. Values are reported as mean � SEM. Scale bar, 20 �m.
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cles undergo pathophysiological changes and our data suggest
that this decrease contributes to age- and disease-related
changes at NMJs. We also provide evidence indicating that
TGF-�1, known to cause muscle atrophy (Burks and Cohn,
2011), suppresses FGFBP1 expression.

Linking FGFBP1 to FGF ligands with roles in synaptic
development and muscle biogenesis
The biological effects of FGFBP1 (Tassi et al., 2001) depend on
the types of FGF ligands and cognate receptors present in skeletal

muscles and innervating motor axons. Deletion of the FGFR2b
receptor, which is present in motor neurons, was found to delay
presynaptic differentiation of developing motor axons (Fox et al.,
2007). This receptor is activated by FGF-7/10/22, three ligands
shown to play roles at synapses (Umemori, 2009; Williams et al.,
2009; Terauchi et al., 2010) and to be expressed in skeletal mus-
cles. Therefore, FGFBP1 may affect the NMJ by enhancing the
biological activity of FGF-7/10/22. However, FGFBP1 also binds
and enhances the biological activity of FGF-1 and FGF-2 (Tassi et
al., 2007), both implicated in axonal regeneration (Walter et al.,
1993; Kim et al., 2003; Tassi et al., 2007) and muscle biogenesis
(Hannon et al., 1996; Husmann et al., 1996; Sheehan and Allen,
1999; Kästner et al., 2000). Therefore, it is plausible that loss of
FGFBP1 causes other cellular changes in skeletal muscles that in
turn affect the NMJ. A recent report showed that FGFBP1 is
induced in skeletal muscle in a mouse model for spinal muscular
atrophy (Valsecchi et al., 2015), presumably to stave off mus-
cle and axonal degeneration. Nonetheless, the following data
strongly suggest direct roles for FGFBP1 at NMJs: (1) FGFBP1
concentrates at NMJs; (2) FGFBP1 is preferentially reduced in the
synaptic region of aged muscles; (3) loss of FGFBP1 results in
structural and molecular changes at NMJs of aged mice; and (4)
loss of FGFBP1 accelerates muscle denervation in SOD1G93A

mice, a mouse model for ALS that is characterized by early and
progressive degeneration of the NMJ. We therefore conclude that
muscle fibers secrete FGFBP1 to maintain the structural integrity
of NMJs.

TGF-� pathway suppresses FGFBP1 expression in
skeletal muscles
We showed that TGF-�1 inhibits FGFBP1 expression in skel-
etal muscles. This finding is consistent with published data
showing that TGF-�1 represses FGFBP1 expression in mesen-
chymal and neural crest cells as they differentiate into smooth
muscles (Briones et al., 2006). Our data and published find-
ings also show that all three TGF-� isoforms are elevated in
developing, aged, and disease-afflicted skeletal muscles before
and as NMJs undergo structural changes (Carlson et al., 2008;
Si et al., 2015). These findings suggest that reducing TGF-�
ligands may restore normal levels of endogenous FGFBP1 in
aged and disease-afflicted skeletal muscles and possibly halt
the degeneration of NMJs. However, TGF-� ligands are ex-
pressed ubiquitously and have pleiotropic effects that include
promoting the maturation of the NMJ and synapses in the
CNS, axonal regeneration, and muscle atrophy (Sanyal et al.,
2004; Feng and Ko, 2008; Burks and Cohn, 2011; Mendias et
al., 2012). Therefore, tampering with TGF-� levels is likely to
have many off-target effects in animals. It would therefore be
more desirable to target downstream effectors of TGF-� li-
gands responsible for suppressing FGFBP1 in skeletal muscles.
There are several TGF-� effectors in skeletal muscles that
could affect FGFBP1 expression. These include transcriptional
modulators such as Sox12 (Huang et al., 2015), Krüppel-like
factor 5 and 15 (Zheng et al., 2009; Morrison-Nozik et al.,
2015), transcription factor 4 (Ray et al., 2003), hypermethyl-
ation in cancer-1 (Hic-1; Briones et al., 2006), and the AP1 and
CCAAT/enhancer-binding proteins (Harris et al., 2001). In
addition to FGFBP1, downstream targets of TGF-�1 likely
affect levels of additional genes with important functions in
muscle fibers, motor axons, and perisynaptic Schwann cells.
Therefore, TGF-� effectors responsible for suppressing

Figure 6. TGF-�1 inhibits FGFBP1 expression in myotubes. The effect of cholinergic
activity, z-agrin, and TGF-�1 on FGFBP1 expression was examined in myotubes derived
from C2C12 cells. A, FGFBP1 mRNA is higher in myotubes compared with unfused C2C12
cells (n 	 3, Welch’s t test: *p � 0.05). B, C, FGFBP1 expression is unchanged by carbachol
(B, n 	 8, unpaired t test) and z-agrin (C, n 	 4, unpaired t test) treatments. However,
TGF-�1 (10 ng/ml) suppresses FGFBP1 expression, but only in the absence of SB-431542
(D, n 	 3, one-way ANOVA followed by Bonferroni post hoc analysis: *p � 0.05). E, F,
MF20 labeling of mature myotubes shows no appreciable change in myotube thickness in
the presence of TGF-�1 (10 ng/ml) for 24 h. Values are reported as mean � SEM. Scale
bar, 20 �m.
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FGFBP1 expression in skeletal muscles might be therapeutic
targets for preventing degeneration of aging and disease-
afflicted NMJs.

TGF-� effect on FGFBP1 expression at the NMJ
Our data also suggest that the TGF-� pathway might inhibit
FGFBP1 expression preferentially in myonuclei associated
with the NMJ in SOD1G93A mice. We base this hypothesis on
our own and published data. We show that TGF-�1 is in-
creased at NMJs of SOD1G93A mice but unchanged at NMJs of
developing and aged mice. Recently, it was reported that
TGF-�1 inhibits expression of miR-206, a microRNA concen-
trated at the NMJ, leading to increased expression of its target,
histone deacetylase 4 (HDAC4), in skeletal muscles (Win-
banks et al., 2011). These two factors have been shown to alter
FGFBP1 levels in stressed skeletal muscles and contribute to
the degeneration of NMJs in SOD1G93A mice (Williams et al.,
2009). We thus propose that TGF-�1 inhibits miR-206 pref-

erentially and concurrently increases HDAC4 expression in
myonuclei associated with the NMJ in SOD1G93A mice.
HDAC4 then interacts with Hic-1, a TGF-�1 effector, and
together they repress FGFBP1 expression preferentially at
myonuclei located at the NMJ.

Significance of TGF-�1 accumulation at NMJs of SOD1G93A

mice
Accumulating data suggest that heightened TGF-�1 levels
contribute to ALS-related pathologies in SOD1G93A mice
(Endo et al., 2015; Si et al., 2015). Specifically, it was shown
recently that increased expression of TGF-�1 in astrocytes,
cells with critical roles at synapses in the CNS, accelerates
ALS-like symptoms and death of SOD1G93A mice (Endo et al.,
2015). In this study, we show that TGF-�1 is increased at
NMJs of SOD1G93A mice. These findings raise the possibility
that TGF-�1 promotes synaptic degeneration in SOD1G93A

mice. At the NMJ, TGF-�1 might act by reducing levels of

Figure 7. Analysis of TGF-� expression and distribution in developing and aged skeletal muscles. A, Transcripts of all 3 TGF-� isoforms are expressed at higher levels in developing compared with
young adult TA muscles (n 	 3, unpaired t test: *p � 0.05). B, TGF-�2 is significantly elevated in aged TA muscle, whereas TGF-�1 and TGF-�2 are only modestly increased compared with young
adult (n	5, unpaired t test: *p�0.05). C–E, Immunostaining for TGF-�1 revealed similar levels in synaptic and nonsynaptic regions of developing, adult, and aged TA muscles. Values are reported
as mean � SEM. Scale bar, 10 �m.
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miR-206 and FGFBP1, both localized and required to slow
degeneration of motor axons innervating muscle fibers in
SOD1G93A mice. In contrast to SOD1G93A mice, motor axons
and the postsynaptic region of the NMJ remain highly plastic
in developing and aged mice, in which TGF-�1 is not elevated
despite its overall increase in skeletal muscles compared with
young adult mice. Therefore, our findings strongly suggest
that the location of TGF-�1 might determine its biological
effects on skeletal muscles, motor axons, and their NMJs. Our
data also suggest that TGF-�1 might be secreted by specific
cells within skeletal muscles, accounting for its differential
distribution in developing, aged, and SOD1G93A mice. Peri-
synaptic Schwan cells (PSCs) might contribute much of the
TGF-�1 concentrated at the NMJ of SOD1G93A mice. Similar
to astrocytes, Schwann cells increase expression of TGF-�1
upon activation (Mews and Meyer, 1993; Einheber et al., 1995;
Griffin and Thompson, 2008). Because PSCs are hyperacti-
vated in presymptomatic SOD1 G93A mice, it is reasonable to
hypothesize that they contribute to the increased levels of
TGF-�1 found at the NMJ synaptic cleft.

Future directions and therapeutic potentials of FGFBP1 in
skeletal muscles
In conclusion, our data strongly suggest that FGFBP1 and TGF-�1
may serve as therapeutic targets for slowing the erosion of motor
function due to aging and ALS. There are additional experiments,
however, needed to ascertain the sufficiency of FGFBP1 and TGF-�1
in slowing and reversing destruction of aging and ALS-afflicted
NMJs and skeletal muscles. These include assessing the impact of
introducing FGFBP1 into aging and ALS-afflicted skeletal muscles
and NMJs. The effect of reducing TGF-�1 levels and inhibiting its
receptor and downstream targets responsible for FGFBP1 expres-
sion would also need to be assessed in aging and ALS-afflicted skel-
etal muscles and NMJs. Regardless of approach, this study shows
that FGFBP1 and TGF-�1 are potential targets for preserving the
structural integrity of aging and disease-affected NMJs.
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