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ABSTRACT
Osteoporosis and sarcopenia (osteosarcopenia (OS)) are twin-aging diseases. The biochemical
crosstalk between muscle and bone seems to play a role in OS. We have previously shown that
osteocytes produce soluble factors with beneficial effects on muscle and vice versa. Recently,
enhanced FGF9 production was observed in the OmGFP66 osteogenic cell line. To test its role in
myogenic differentiation, C2C12 myoblasts were treated with recombinant FGF9. FGF9 as low as
10 ng/mL inhibited myogenic differentiation, suggesting that FGF9 might be a potential inhibitory
factor produced from bone cells with effects on muscle cells. FGF9 (10–50 ng/mL) significantly
decreased mRNA expression of MyoG and Mhc while increasing the expression of Myostatin.
Consistent with the phenotype, RT-qPCR array revealed that FGF9 (10 ng/mL) increased the
expression of Icam1 while decreased the expression of Wnt1 and Wnt6 decreased, respectively.
FGF9 decreased caffeine-induced Ca2+ release from the sarcoplasmic reticulum (SR) of C2C12
myotubes and reduced the expression of genes (i.e. Cacna1s, RyR2, Naftc3) directly associated with
intracellular Ca2+ homeostasis. Myogenic differentiation in human skeletal muscle cells was
similarly inhibited by FGF9 but required higher doses of 200 ng/mL FGF9. FGF9 was also shown
to stimulate C2C12 myoblast proliferation. FGF2 and the FGF9 subfamily members FGF16 and
FGF20 also inhibited C2C12 myoblast differentiation and enhanced proliferation. Intriguingly, the
differentiation inhibition was independent of proliferation enhancement. These findings suggest
that FGF9 may modulate myogenesis via a complex signaling mechanism.
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Introduction

Bone and muscle are the two major integrated
components in the musculoskeletal system.
Osteoporosis/osteopenia (loss of bone mass) and
sarcopenia (progressive muscle loss with a greater
and disproportional loss of muscle force/strength)
are consequences of the aging process and occur
concurrently. Furthermore, musculoskeletal dis-
eases are the most common cause of chronic dis-
abilities worldwide, afflicting over 1.7 billion
humans [1,2].

Bone and muscle tissues produce and secrete “hor-
mone-like factors” called osteokines and myokines,
respectively, demonstrating that bone and muscle
can act as endocrine organs that can affect glucose,
energy, and other metabolic functions by mutually
influencing each other and other tissues [3,4].

Muscles secrete cytokines and growth factors able
to act in a paracrine or endocrine manner on a variety
of tissues [5,6]. Some factors secreted from muscle
such as myostatin [7], osteonectin [8], irisin [9], and
muscle-derived FGF-2 [10] regulate bone regenera-
tion and metabolism. Our recent studies show that β-
aminoisobutyric acid (BAIBA) secreted from muscle
is a bone-protective factor that protected mice against
the loss of bone induced by unloading [11]. This
appears to be mediated by the ability of BAIBA to
protect osteocytes against cell death induced by reac-
tive oxygen species (ROS) [11].

Bones secrete a host of osteokines [12] that have
clear paracrine and endocrine effects, such as IGF,
TGFβ, BMP, FGF23, sclerostin, osteocalcin, WNTs,
prostaglandin E2 (PGE2, etc. (reviewed in [13]).
Some of these molecules have been or are being
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explored as therapeutic agents for bone diseases,
showing the importance of understanding the cell
biology of the effects of these factors not only in bone
but also in other tissues [14]. We demonstrated that
bone cell conditioned medium accelerates C2C12
cell differentiation, enhances calcium homeostasis
of myotubes, and increases muscle contractile
force, and that these effects could be attributed to
WNT and PGE2 signaling pathways viaWNT3a and
PGE2 [3,15,16].

Fibroblast growth factors (FGFs) are secreted sig-
naling proteins and are widely expressed in various
tissues of the human body. In humans and mice, the
FGF family comprises 22members. FGFs are divided
into seven subfamilies based on their evolutionary
relationships [17]. Most FGFs play roles as paracrine
or endocrine signals in embryonic development [18],
organogenesis [19], angiogenesis [20], wound heal-
ing [21], metabolism [22], and cancer development
[23]. They are involved in development, health, and
disease in major organs including the liver, kidney,
brain, and bone [24,25]. Impairment of FGFs
involved in many diseases [26,27]. FGF ligands
such as FGF2, 3, 4, 9, and 18 are involved in normal
skeletal growth [28]. Various FGFs regulate skeletal
muscle stem cells (satellite cells) and are essential for
self-renewal of skeletal muscle stem cells and are
required for the maintenance and repair of skeletal
muscle [29], regulation of proliferation and differ-
entiation (FGF13) [30], and modulation of skeletal
muscle mass (FGF19) [31].

Specifically, the FGF9 subfamily consists of
FGF9, FGF16, and FGF20 [32–34]. FGF9 and its
subfamily members are expressed in bone [35–37].
The direction of the FGF9/16/20 signal polarizes
the asymmetric division of mesenchyme/muscle
blastomeres [38]. FGF9 signaling inhibits airway
smooth muscle differentiation in mouse lung [39].
The specific role for FGF9 in skeletal muscle dif-
ferentiation is elusive. Recent studies from our
groups showed that FGF9 mRNA expression is
highly enriched in osteocytes in the OmGFP66
osteogenic cell line as compared to the osteoblast
population [40,41]. We have reasoned that this
molecule could be functioning as an osteokine
based on our observations (Huang & Brotto,
Unpublished Results) that fibroblast-conditioned
media can inhibit C2C12 differentiation. Thus,
we hypothesized that FGF9 could exert an

inhibitory effect on skeletal muscle cells, which
may help maintain the fine balance required for
skeletal muscle turnover and regeneration.

We examined the effects of FGF9 in the C2C12
myogenic cell line and in human skeletal muscle
cells. FGF9 was found to inhibit the myogenic differ-
entiation of both C2C12 muscle cells and human
skeletal muscle cells (SkMC), via a complex signaling
mechanism that involved myogenic regulatory fac-
tors and genes associated with calcium homeostasis.

Materials and methods

Materials

Alpha’s modification of minimal essential media
(αMEM), Dulbecco’s modified Eagle’s media
(DMEM)/high glucose, Dulbecco’s phosphate-buf-
fered saline (DPBS), penicillin-streptomycin (P/S)
10,000 U/mL each, and trypsin-EDTA 1× solution
were obtained from Mediatech Inc. (Manassas, VA,
USA). Calf serum (CS), fetal bovine serum (FBS),
horse serum (HS), and caffeine were obtained from
Thermo Fischer Scientific Inc. (Waltham, MA,
USA). Bovine serum albumin (BSA), diamidino-
2-phenylindole (DAPI), and MTT assay kit were
from Sigma-Aldrich (St Louis, MO, USA). TRI
reagent was obtained from Molecular Research
Center, Inc. (Cincinnati, OH, USA). High capacity
cDNA reverse transcription kit was from Applied
Biosystems. (Foster city, CA, USA). RT2 Real-
TimeTM SYBR green/Rox PCR master mix and
Mouse Signal Transduction PathwayFinder PCR
Array ware from SABiosciences. (Valencia, CA,
USA). Carboxyfluorescein (CFS)-conjugated mouse
monoclonal anti-human Myosin Heavy Chain anti-
body (Catalog number: IC4470F) was from R&D
Systems Inc. (Minneapolis, MN, USA); This anti-
body has also been previously validated for specifi-
city in rodent muscle cells [42]. Anti-GDF8/
Myostatin antibody (ab71808) was from Abcam
(Cambridge, MA, USA). Previous studies validated
this antibody specificity in rodent muscle cells [43].
4x Laemmli Sample Buffer, TransBlot @TurboTM

Mini-size PVDF membrane was from Bio-Rad
(Hercules, CA, USA). Propidium iodide flow cyto-
metry kit was obtained from Abcam (Cambridge,
MA, USA). Fura-2/AM was obtained from Life
Technologies (Grand Island, NY, USA). CellTiter
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96® AQueous One kit and recombinant human basic
FGF were obtained from Promega (Madison, WI,
USA). Recombinant Mouse FGF-9, Recombinant
Human FGF-9, Recombinant Mouse FGF-23,
Recombinant Human FGF-16, and Recombinant
Human FGF-20 were from R&D Systems Inc.
(Minneapolis,MN,USA). C2C12 cells were obtained
from American Type Culture Collection (ATCC)
(Manassas, VA, USA). C2C12 cells were authenti-
cated and tested for mycoplasma contamination by
ATCC. Human Skeletal Muscle Cells (SkMC),
Skeletal Muscle Cell Growth Medium and Skeletal
Muscle Cell Differentiation Medium were obtained
from ZenBio (Research Triangle Park, NC, USA).
The SkMC were authenticated and tested for myco-
plasma contamination by ZenBio.

Methods

No in vivo experiments were conducted in this study.

Animals

Six-month-old male C57BL/6 mice from Jackson
Laboratory were used for isolation of intact exten-
sor digitorum longus (EDL) and soleus (SOL)
muscles for detection of FGF9 gene expression,
following humane euthanasia via cervical disloca-
tion. All animal procedures were performed
according to an approved IACUC protocol at the
University of Missouri–Kansas City (UMKC) and
conformed to relevant federal guidelines. The
UMKC animal facility is operated as a specific
pathogen-free, AAALAC approved facility.
Animal care and husbandry at UMKC meet the
requirements in the Guide for the Care and use of
Laboratory Animals (eighth edition), National
Research Council. Animals were group housed
and maintained on a 12-h light/dark cycle
with ad libitum food and water at a constant tem-
perature of 72°F and humidity of 45–55%. Daily
health check inspections were performed by qua-
lified veterinary staff and/or animal care techni-
cians. To detect FGF9 gene expression, we lysed
the tissue sample in 700 μl TRI Reagent, homo-
genized the tissue. Then, we followed the methods
described in “RNA isolation and Real-time quan-
titative PCR (RT-qPCR)” below.

C2C12 and human skeletal muscle cell culture
conditions

C2C12 myoblasts were cultured following our
own previously published protocols [3,44].
Briefly, cells were grown at 37°C in a controlled
humidified 5% CO2 atmosphere in growth med-
ium (GM), DMEM/high glucose +10% FBS (100
U/mL P/S) and maintained at 40−70% cell den-
sity. Under these conditions, myoblasts prolifer-
ate but do not differentiate into myotubes. For
experiments, cells were plated at 10 × 104 cells/
well in six-well plates in GM and medium was
changed every 48 h. To induce differentiation
into myotubes, when the myoblasts reached
about 75% confluence, GM was switched to dif-
ferentiation medium (DM), DMEM/high glucose
+2% horse serum (HS) (100 U/mL P/S). Fully
differentiated, functional myotubes were formed
within 5–7 days. During differentiation, medium
was changed every 48 h.

SkMC were cultured following the protocol from
ZenBio. Briefly, cells were grown at 37°C and 5%
CO2 atmosphere in Skeletal Muscle Cell Growth
Medium and maintained at 40−70% cell density.
Under these conditions, myoblasts proliferate but
do not differentiate into myotubes. For experiments,
cells were plated at 15 × 104 cells/well in 6-well plates
in Skeletal Muscle Cell Growth Medium, medium
was changed every 48 h. To induce SkMC differen-
tiation into myotubes, when SkMC reached 80%
confluence, Skeletal Muscle Cell Growth Medium
was switched to Skeletal Muscle Cell Differentiation
Medium. Fully differentiated, functional myotubes
were formed within 2–3 days. During differentiation,
medium was changed every 48 h.

C2C12 and SkMC cell morphometry and
immunostaining

Cell Morphology
Phase-contrast images were taken with a LEICA
DMI-4000B inverted microscope equipped with
a 14-BIT CoolSNAP CCD camera (Photometrics),
using the LEICALAS imaging software for calibration
(Leica microsystems) and Olympus IX73 inverted
microscope equipped with a Hamamatsu digital cam-
era C11440, using the CellSens Dimension software
for calibration.
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Immunostaining
Experiments were performed following our pub-
lished protocols [15,42,44,45]. Briefly, cells were
fixed with neutral buffered formalin and permeabi-
lized with 0.1% Triton X-100 in PBS. Myosin heavy
chain (MHC) was detected with Carboxyfluorescein
(CFS)-conjugated mouse monoclonal anti-human
Myosin Heavy Chain antibody (1:50) at room tem-
perature for 30 min and counterstained with DAPI.
Fluorescent images were taken using a 10X or 20X
LEICA FLUO objective with the LEICA system and
Olympus system described above or using a Nikon
Eclipse TE300 Inverted Fluorescence Microscope.

Fusion index
To quantify myogenic differentiation of C2C12
and SkMC after treatments, the fusion index (FI)
was calculated, where FI is defined as: (nuclei
within myosin heavy chain-expressing myotubes/
total number of myogenic nuclei) × 100 [46]. We
conducted three independent experiments, with
three areas per well randomly selected for the
measurements. Approximately 2,000 nuclei of
each area were analyzed.

Treatment of C2C12 cells with FGFs

C2C12 cells were plated in six-well plates, at 10 × 104

cells/well, and incubated overnight to allow the cells
to attach and grow. The medium of C2C12 myo-
blasts was changed from GM to DM with various
concentrations of FGF9, FGF2, FGF23, FGF16, and
FGF20, respectively. Forty-eight hours later, med-
iumwas changed with fresh DMwithout test factors.
At day 3 of differentiation, C2C12 cells were ana-
lyzed according to “C2C12 and SkMCMorphometry
and Immunostaining” described above.

Pretreatment of C2C12 cell with differentiation
media to reduce/stop proliferation

C2C12 cells were plated in six-well plates, at 10 × 104

cells/well, and incubated overnight to allow the cells to
attach and grow. The medium of C2C12 myoblasts
was changed from GM to DM for 48 h, then changed
from DM to fresh DMwith various concentrations of
FGF9 2 ng-50 ng/mL. Forty-eight hours later, med-
ium was changed with fresh DM without FGF9.
At day 3 of differentiation, C2C12 cells were analyzed

according to “C2C12 and SkMC Morphometry and
Immunostaining” described above.

Treatment of SkMC cells with recombinant
human FGF9

SkMC were plated in six-well plates, 40 × 104/well
with Skeletal Muscle Cell GrowthMedium and incu-
bated overnight as previously described to allow the
cells to attach and grow. Skeletal Muscle Cell Growth
Medium was switched to Skeletal Muscle Cell
Differentiation Medium with 50–200 ng/mL recom-
binant human FGF9. Forty-eight hours later, med-
ium was changed to fresh Skeletal Muscle Cell
Differentiation Medium without test factors. At day
3 of differentiation, SkMC cells were analyzed
according to “C2C12 and SkMC Cell Morphometry
and Immunostaining” described above.

RNA isolation and real-time quantitative PCR
(RT-qPCR)

Total RNA was extracted from the cells with TRI
reagent according to the manufacturer’s protocol
and 1.0 μg complementary DNA (cDNA) was
synthesized by reverse transcription using the high
capacity cDNA reverse transcription kit. RT-qPCR
was performed using the RT2 Real-TimeTM SYBR
green/Rox PCR master mix. RT-qPCR primers used
in this study are summarized in Supplemental Table
1. RT-qPCR was run in a 25 μl reaction volume on
96-well plates with the StepOnePlus instrument.
Relative quantitation of target gene expression was
calculated using the 2^-ΔΔCt method with normal-
ization to Gadph (Glyceraldehyde-3-phosphate
dehydrogenase) as a housekeeping gene. Data were
then expressed as the fold or percentage change
compared to the untreated controls. All experiments
were repeated in triplicate.

RT-PCR gene arrays

We used the Mouse Signal Transduction Pathway
Finder PCR Array that monitors 10 signaling path-
ways to detect gene expression changes in cells trea-
ted with FGF9. cDNA was synthesized using the RT2

First Strand Kit (this kit contains genomic DNA
elimination buffer to eliminate genomic DNA) and
the PCR Array was run according to the

CELL CYCLE 3565



manufacturer’s instruction including a threshold of
0.25. As above, data were analyzed using the RT2

Profiler™ PCR Array Data Analysis Software; Ct
values were normalized to six built-in reference
housekeeping genes, genomic DNA control, reverse
transcription control, and positive PCR control. We
used this analytical software (http://www.qiagen.
com/us/shop/genes-and-pathways/data-analysis-cen
ter-overview-page/) to set the significance of up/
downregulation of all tested genes at twofold differ-
ence. Two independent experiments were performed.

Protein sample preparation and western blotting

C2C12 myoblasts cultured in six-well plates were
washed three times with ice-cold Dulbecco’s phos-
phate-buffered saline before being lysed by RIPA
buffer [1× Tris-buffered saline (TBS), 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.004%
sodium azide] (Bio-Rad) with 1% cocktail of protei-
nase and phosphatase inhibitors (Sigma-Aldrich).
Lysates were then collected and incubated in ice
for 20 min, followed by centrifugation at 12,000 ×
g for 10 min at 4°C, and supernatants used for
protein assay. Protein assay was performed using
Micro BCA Protein Assay Kit (Thermo Scientific)
according to the manufacturer’s instructions.
Protein samples then were mixed with 4×
Laemmle sample buffer (Bio-Rad) and denatured
at 100°C for 5 min. For Western blots, 25 µg of
total protein were fractionated by mini-protein
TGX Gels (Bio-Rad), transferred to polyvinylidene
difluoride (PVDF) membranes (Bio-Rad), which
were blocked in 5% nonfat dry milk in 1× TBS
with 0.1% Tween 20 (TBST) for 1 h at room tem-
perature (RT). After incubation with Anti-GDP8/
Myostatin antibody (ab71808) (1:1000, Abcam) in
5% nonfat dry milk in TBST at 4°C overnight,
horseradish peroxidase-conjugated secondary goat
anti-rabbit Ab (1:5,000, Jackson immunoresearch)
was applied to membranes for 1 h, RT. After three
10 min washes in TBST, membranes were incubated
with ECL reagents (Bio-Rad), and signals were
detected by Chemidoc MP Imaging System (Bio-
Rad). Beta-Tubulin rabbit ab (2146S) (1:1000, cell
signaling) was used as a loading control in the
experiments. Experiments included three biological
replicates.

Intracellular Ca2+ measurements

A Photon Technology International (PTI)-Horiba
imaging system with an Eclipse Ti motorized with
perfect focus and a SNAPCool 16-BIT CCD camera
and automatic monochromators was used to mea-
sure intracellular Ca2+ transients in control and 10
ng/mL FGF9-treated C2C12 cells. These cells were
treated for 48 h at differentiation days 1–2, and cells
were tested at differentiation day 5 following our
previously published method [45,47]. Briefly, each
myotube imaged was loaded with 4 μM Fura-2/AM,
a ratiometric calcium dye, for 30 min at 37°C, and
followed by another 30 min incubation at room
temperature for de-esterification. The intracellular
Ca2+ transients (350/380 nm excitation ratio; 510
nm emission) were elicited by the stimulation of
Ca2+ release from sarcoplasmic reticulum (SR) with
20 mM caffeine. Monitoring and analysis of the Ca2+

transients were performed using EasyRatioPro2
(Horiba Scientific). Experiments included three bio-
logical replicates, resulting in 6–10 cells analyzed per
group [45,47].

Effects of FGFs on C2C12 cell proliferation

Proliferation was measured using various assays in
undifferentiated C2C12 cells (Cell Counting, MTT,
and CellTiter 96). In either MTT or cell counting
assays, C2C12 cells were plated in 96-well or 24-well
plates (1 × 104cell/cm2) in GM overnight. On
the second day, cells were rinsed with DPBS, fed
with GM supplemented with 2% FBS and treated
with vehicle control or FGF9, FGF2, or FGF23
(2–50 ng/mL) for 3 days. MTT assay (N = 4, repeated
twice) was performed as previously described [48].
Counting cells (N = 3, repeated twice) was per-
formed using a hemocytometer: cells were rinsed
with pre-warmed DPBS and incubated with 0.05%
Trypsin/0.53 mM EDTA, cell number was counted
manually. To test FGF9, FGF16, and FGF20 on
C2C12 proliferation, 4000 cells/well C2C12 cells
ware seeded in 96-well plates. Twenty-four hours
later cells were treated with vehicle, FGF9 (10 ng/
mL), FGF16 (100 ng/mL) or FGF20 (100 ng/mL) for
24 and 48 h, respectively. These concentrations were
selected based on the results obtained in the differ-
entiation experiments. Proliferation was detected by
cell counting and by using the CellTiter 96®
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AQueous One kit according to manufacturer’s
instructions (N = 3) and measured with SpetraMax
i3x from Molecular Devices. All experiments were
repeated in triplicate.

Flow cytometry (FCM) analysis of cell cycle

C2C12 myoblasts were plated at 2.5 × 105 cells/well
in six-well plates in GM overnight, followed by
induction of cell cycle arrest in G0/G1 phase by
switching the medium to DMEM/high glucose with
1% FBS for 24 h. For cell cycle analysis, cells were
then treated with GM, FGF9 (10 ng/mL) in GM. At
24 and 36 h. Cells were harvested with trypsin and
fixed in 66% ethanol for cell cycle analysis. After
fixing, cells were incubated with propidium iodide
(PI)/RNase staining buffer (Abcam) for 30 min for
cell cycle analysis using LSRII Multi-Color Flow
Cytometer (BD Biosciences, San Jose, CA, USA), PI
was excited with the 488 nm blue laser and imaged
with the 575 ± 26 nm band–pass filter. Cell cycle
population analyses were performed using FlowJo®
software (Tree Star). Experiments included three
biological replicates.

Statistical analysis

IBM SPSS Statistics v.23 was used for Statistical
Analyses. Data are presented with all individual
data points and a horizontal line indicating the

average. Comparisons were made using one-way
ANOVA followed by Tukey’s post hoc test for multi-
ple comparisons. For comparisons of differences
between two groups, the t-test was used. P value
<0.05 was considered as being significantly different.
We measured the effect size when performing our
experiments and all differences reported range from
30% to 800%. The experiments for the determination
of FI were conducted blindly by the operator.

Results

FGF9 is expressed in C2C12 cells, EDL, and SOL
muscles of adult mouse

To detect the expression of FGF9 gene in C2C12
cells and mouse muscle, we performed RT-
qPCR. The expression of FGF9 was detected in
C2C12 myoblasts and myotubes (Figure 1(a)). In
C2C12 myoblasts at the proliferation stage, FGF9
was expressed and its expression increased sig-
nificantly by 48 h of proliferation. The expres-
sion of FGF9 further increased significantly at
days 3 and 5 of differentiation, as much as
eightfold higher than the expression level in 24
h myoblasts. FGF9 mRNA expression was also
detected in EDL and soleus (SOL) muscles of
young adult (6-month-old male) wild type
mice. The relative expression of FGF9 was sig-
nificantly higher in SOL compared to EDL

Figure 1. FGF9 is expressed in C2C12 cells, EDL, and soleus muscles of the adult mouse. (a) Summary data of RT-qPCR results
of FGF9 expression at 24 and 48 h of myoblast proliferation, and at day 1, day 2, day 3, and day 5 of myotube differentiation.
Compared to proliferation at 24 h, FGF9 expression was significantly increased at 48 h, day 3 and day 5 of differentiation. (n = 3, 48
h proliferation, p < 0.05; day 3 and day 5, p< 0.01), while there is no significant difference between day 1 and day 2. (b) FGF9
expression was detected in EDL and SOL of 6-month-old young adult male mice. FGF9 expression is significantly higher in SOL
compared with EDL (n = 3, p< 0.01). Ct numbers for the highest level of gene expression are indicated in each graph.
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muscles (Figure 1(b)). In these experiments, the
Ct of the housekeeping gene Gapdh was ~13,
and did not change in any condition by more
than 0.3 cycles.

FGF9 inhibits the myogenic differentiation of
C2C12 cells

To determine the effect of FGF9 on myogenic differ-
entiation, C2C12 cells were treated with recombi-
nant FGF9 (2, 10, and 50 ng/mL), respectively.
At day 3 of differentiation, control and treatment
groups were stained with Anti-Human Myosin
Heavy Chain-CFS antibody, which only stains
maturing myocytes/myotubes not myoblasts, and
with DAPI, which stains only the nuclei (Figure 2
(a)). Compared to control, no obvious difference was
found in myotubes treated with 2 ng/mL FGF9,
while smaller and fewer myotubes were observed in
the 10 and 50 ng/mL FGF9-treated groups. To con-
firm these observations, the specific fusion index (FI)
of each experimental group was measured. Figure 2
(b), showing that compared to control, FI signifi-
cantly decreased in the 10 and 50 ng/mL FGF9-
treatment groups, while no difference was observed
in the 2 ng/mL FGF9-treatment group.

Modulation of gene expression by FGF9

RT-qPCR was used to detect the expression of four
key regulatory genes of myogenesis (Mhc, MyoD,
MyoG, andMyostatin) in C2C12 cells after treatment
with FGF9 (2, 10, and 50 ng/mL). At day 3 of differ-
entiation, compared to control, the expression of
MyoD was not changed significantly in any of the
FGF9-treated groups (Figure 3(a)). Expression of
MyoG decreased by ~25% at 10 and 50 ng/mL FGF9,
withno effect at 2 ng/mL. FGF9 also dose-dependently
inhibited Mhc expression by as much as 60%, with
significance at 10 and 50 ng/mL. In contrast to the
downregulation of genes associated with myogenesis,
expression of Myostatin, an inhibitor of myogenesis,
increased in a dose-dependent manner, with signifi-
cance at 10 and 50 ng/mL and a maximal stimulation
close to twofold (Figure 3(a)). As shown in Figure 3(b-
c), Western blot demonstrated that Myostatin protein
content increased after FGF9 treatment. Completed
Western blot images are shown in Supplemental
Figure 5. To determine the potential mechanisms
underlying the inhibitory effects of FGF9 on C2C12
myoblast differentiation, the Mouse Signal
Transduction PathwayFinder PCR Array was used.
This protein-validated array monitors differences in
the expression of 10 signaling pathways and was used

Figure 2. FGF9 inhibits C2C12 myoblast differentiation. (a) Representative fluorescence images of DAPI and myosin heavy chain
antibody stained myocytes/myotubes of C2C12 cells at differentiation day 3 after FGF9 treatment. (b) Summary data for FI for
treatments of 2, 10, and 50 ng/mL FGF9. FI decreased significantly in the 10 ng/mL and 50 ng/mL FGF9 groups (n = 3, compared to
control, 10 ng/mL FGF9, p < 0.05; 50ng/mL FGF9, p< 0.01), while there is no significant difference between 2 ng/mL FGF9 and
control. Calibration bar = 100 µm.
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to compare control and FGF9 (10 ng/mL) treated
C2C12 cells. Twenty-four hours of FGF9 treatment
reduced the expression ofWnt1 andWnt6, compared
to control, by 3.46 and 4.32 fold, respectively, while the
expression of Icam1 increased by 2.79 fold (Table 1).

FGF9 inhibits caffeine-induced Ca2+ release from
the sarcoplasmic reticulum (SR)

Ca2+ homeostasis plays important roles in myo-
blast differentiation [49], and is important to

skeletal muscle function [45,49]. To determine if
Ca2+ release from SR of myotubes was influenced
by FGF9 treatment, we tested the direct effects of
caffeine’s ability to release Ca2+ from the SR in
Fura-2 loaded myotubes. In FGF9-treated myo-
tubes at day 5 of differentiation, the amplitude
peak of Ca2+ response to caffeine significantly
decreased by 29.8% in FGF9-treated cells (1.01 ±
0.04 vs. 1.44 ± 0.05, respectively, mean ± SD, n =
3, p< 0.05). The relaxation phase of the transients
(i.e. time to return from peak to baseline) was
10.1% shorter (392 ± 7.2 s vs. 436 ± 9.1 s, respec-
tively, mean ± SD, n = 3, p < 0.05) (Figure 4(a)).

FGF9-induced downregulation of calcium
homeostasis, muscle regeneration and
mitochondrial biogenesis genes and
upregulation of a muscle dystrophy gene

Expression of important genes related to calcium
homeostasis, muscle regeneration, mitochondrial bio-
genesis, and muscle dystrophy/cellular repair in
C2C12 cells at day 3 of differentiation after FGF9

Figure 3. FGF9 modulates the expression of muscle regulatory factors. (a) Summary data of RT-qPCR detection of gene
expression changes for MyoD, MyoG, Mhc, and Myostatin at differentiation day 3 after 2, 10, and 50 ng/mL FGF9 treatment. In the 2
ng/mL FGF9-treatment group, no significant difference was detected for any of the genes evaluated (n = 3, p > 0.05). In the 10ng/
mL and 50ng/mL FGF9-treatment groups the expression of Mhc and MyoG was significantly decreased (n = 3, p < 0.05), while the
expression of Myostatin increased significantly (n = 3, p < 0.05). Expression of MyoD was not affected by FGF9 at any of the doses
tested (n = 3, p > 0.05). Ct numbers for the highest level of gene expression are indicated in each graph. (b) Western blot illustrating
that Myostatin protein content increased after FGF9 treatment. (c) Quantification of the data presented in b (n = 3, p < 0.05).

Table 1. Gene expression alterations detected by the Mouse
Signal Transduction PathwayFinder PCR.
Array in C2C12 cells treated with FGF9 (10 ng/mL)

Altered genes 10 ng/mL FGF9

Wnt1 −3.46 ± 0.54
Wnt6 −4.32 ± 0.59
Icam1 2.79 ± 0.49

Data are expressed as Fold-Change of treatment groups compared to
control groups.

Summary data from two independent experiments for the Mouse
Signal Transduction Pathway Finder PCR.

Array. Twenty-four hours after 10 ng/mL FGF9 treatment compared to
control, the expression of Wnt1 and Wnt6 decreased by 3.46 and 4.32
fold, respectively, while the expression of Icam1 increased by 2.79 fold.
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treatments was detected by a custom-built RT-PCR
gene array using the same technology that the
PathwayFinder was used. Furthermore, the expres-
sion of calcium homeostasis-associated genes IP3R-
1, IP3R-2, IP3R-3, Serca1, Serca2A, Serca2B, and RyR1
was confirmed by RT-qPCR. In agreement with the
reduced SR Ca2+ release by FGF9, the expression of
genes associated with calcium homeostasis, muscle
regeneration, and mitochondrial biogenesis genes
was downregulated while a muscle dystrophy/cellular
repair gene was upregulated (Tables 2–3) and the
expression of genes that regulate SR Ca2+ release/

uptake (IP3R-1 and Serca2A) was significantly down-
regulated (Figure 4(b)).

FGF9 subfamily members: FGF16 and FGF20
inhibit the differentiation of C2C12 cells

To determine whether other FGF9 family mem-
bers had similar effects on myotube differentia-
tion, FGF16 and FGF20 were examined as they
are from the same subfamily as FGF9. C2C12
cells were treated with FGF16 and FGF20 (10–
100 ng/mL). At day 3 of differentiation no obvious
difference was found in 10 ng/mL and 50 ng/mL
FGF16-treated and FGF20-treated myotubes com-
pared to controls, while smaller and fewer myo-
tubes were observed at 100 ng/mL of FGF16
(Figure 5(a)) and FGF20 (Figure 5(b)). FI quanti-
fication confirmed that 100 ng/mL FGF16 or
FGF20 significantly decreased myoblast fusion to
form myotubes (Figure 5(c-d)).

Figure 4. FGF9 decreases Ca2+ release from the sarcoplasmic reticulum (SR). (a) Ca2+ transient tracing that represents the
average response of C2C12 myotubes loaded with Fura-2/AM exposed to 20 mM caffeine (arrows) in control and FGF9-treated cells.
Compared to control, in 10 ng/mL FGF9-treated C2C12 myotubes, the average amplitude peak Ca2+ response to caffeine, which is
a measure of SR Ca2+ release was significantly decreased, and the relaxation phase of the transient was shorter (n = 3, p < 0.05). (b)
Summary data of the RT-qPCR results for the expression levels of IP3R-1, IP3R-2, IP3R-3, Serca1, Serca2A, Serca2B and RyR1 at day 3 of
myotube differentiation. Compared to control, IP3R-1 and Serca2A expression was significantly decreased (n = 3, p < 0.05), while the
expression of IP3R-2, IP3R-3, Serca1, Serca2B, and RyR1 was not altered (n = 3, p > 0.05).

Table 2. Gene expression alterations detected by the Custom-
built RT-PCR gene array in C2C12 cells treated with FGF9 (10
ng/mL).
Altered genes 10 ng/mL FGF9

Cacna1s −2.50 ± 0.25
RyR2 −2.77 ± 0.23
PGC1α −2.17 ± 0.16
Hspa1a −2.21 ± 0.20
Btk −2.28 ± 0.16
Nfatc3 −3.30 ± 0.33
Trim72 3.80 ± 0.36

Data are expressed as Fold-Change of treatment groups compared to
control groups.

Summary data from two independent experiments for the Custom-
built RT-PCR gene array.

Three days after 10 ng/mL FGF9 treatment compared to control, the
expression of Cacna1s, RyR2, PGC1α, Hspa1a, Btk, and Nfatc3
decreased by 2.50, 2,77, 2.17, 2.21, 2.28 and 3.30 fold, respectively,
while the expression of Trim72 increased by 3.80 fold.

Table 3. Altered pathways and genes detected by the Custom-
built RT-PCR gene array.
Signaling pathways Genes

Ca2+ homeostasis Cacna1s, RyR2, Btk, Nfatc3,
Trim72

Muscle regeneration/cellular
repair

Hspa1a, Trim72

Mitochondrial biogenesis PGC1α
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FGF9 inhibits human skeletal muscle cell
differentiation

To determine whether FGF9 has similar effects on
human myoblasts, primary human skeletal muscle
cells (SkMC) were treated with FGF9 at a dose range
from 50 to 200 ng/mL. At day 3 of differentiation, no

obvious difference was found with FGF9 treatment
at 50 and 100 ng/mL compared to controls, but in
the 200 ng/mL FGF9-treated group, smaller myo-
tubes were observed (Figure 6(a)). Quantitation con-
firmed that the FI was significantly decreased in the
200 ng/mL FGF9-treated group, compared to the
control group (Figure 6(b)).

Figure 5. Two other members (FGF16/20) of the FGF9 subfamily also inhibit the differentiation of C2C12 cells. Fluorescence
images of C2C12 cells at differentiation day 3 after FGF16 (a) and FGF20 (b) treatment. Summary data for FI for control and FGF16 (c) and
FGF20 (d) treatment groups. Compared to control, the FI for FGF16 and FGF20 (10 ng/mL and 50 ng/mL) did not change significantly, while
FI for FGF16 and FGF20 (100ng/mL) decreased significantly (n = 3; compared to control, p < 0.05). Calibration bar = 100 µm.

Figure 6. FGF9 inhibits human skeletal muscle cell differentiation. (a) Fluorescence images of DAPI and myosin heavy chain
antibody stained myocytes/myotubes of human skeletal muscle cells at differentiation day 3 after FGF9 treatment (50–200 ng/mL).
(b) Summary data for FI for control and FGF9-treatment group. FI decreased significantly for FGF9 compared to control (n = 3;
compared to control, 200 ng/mL FGF9, p < 0.05). Calibration bar = 100 µm.
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FGF9, FGF16, and FGF20 promote C2C12
myoblast proliferation

To determine whether FGF9 has effect on C2C12
myoblast proliferation, cell counting, and MTT assay
were used. C2C12 cells were treated with (2–50 ng/
mL) FGF9. Cell counting was performed at day 1, day
2, and day 3 after FGF9 treatment. FGF9 dose-depen-
dently stimulated the proliferation of C2C12 cells at
all three time points, with the 50 ng/mL dose giving
the maximal response (Figure 7(a-b)). The increase
was as highest (~3.5-fold) at 50 ng/mL FGF9 at the
3-day time point. In the MTT assay, similar results
were observed. We further confirmed these results
using the CellTiter 96® Aqueous One kit to detect
the effects of FGF9 (10 ng/mL) (as positive control),
FGF16 (100 ng/mL) and FGF20 (100 ng/mL) on
C2C12myoblast proliferation. At 48 h after treatment
FGF9, FGF16, and FGF20 significantly increased the
number of C2C12 cells compared to controls (Figure
7(c-d)). Next, we determined whether the changes in
proliferation are associated with modulation of cell
cycle. After treatment with FGF9 (10 ng/mL) for 24
and 36 h, cells in the exponential growth phase were
stained with propidium iodide (PI) and analyzed by
flow cytometry. Twenty-four hours after FGF9 treat-
ment, the population of cells in the S-phase signifi-
cantly increased, while the population in the G1 phase
significantly decreased in the FGF9-treated cells
(Figure 8(a)). At 36 h, FGF9 treatment increased the
number of cells in S phase and G2/M phase and
decreased G1 phase cells (Figure 8(b)). These data
suggested that FGF9 signaling promoted the G1-S
phase transition in C2C12 myoblasts, providing
further evidence for the mechanism of increased
proliferation.

FGF2 promotes C2C12 cell proliferation and
inhibits C2C12 cell differentiation

FGF2, another FGF family member known to be
produced by bone cells, was next evaluated. C2C12
cells were treated with (2–50 ng/mL) FGF2. Using
the cell counting assay, a dose-dependent increase in
proliferation was observed with FGF2 treatment
(Supplemental Figure 1(a)), akin to the response
seen with FGF9 treatment. These results were con-
firmed using the MTT assay, which gave similar
results, showing a dose-dependent stimulation of

C2C12 cell proliferation by FGF9 (Supplemental
Figure 1(b)). Similar to FGF9, FGF2 was also found
to dose-dependently decrease myogenic differentia-
tion (Supplemental Figure 1c-d) suggesting that this
FGF family member functions similarly to FGF9.

FGF23 does not alter C2C12 cell proliferation and
differentiation

FGF23 is another member of the FGF family that is
highly expressed in osteocytes and is released into
the circulation to act as an endocrine regulator of
phosphate homeostasis. We, therefore, determined
whether this osteocyte-produced factor has effects
on C2C12 cell proliferation and differentiation.
Experiments were carried out similar to the FGF2
and FGF9 experiments. C2C12 cells were treated
with FGF23 at a dose range from 2 to 50ng/mL. No
significant difference was observed in either cell
proliferation (Supplemental Figure 2a-b) or FI
(Supplemental Figure 2c) in C2C12 cells treated
with FGF23 compared to controls.

FGF9 inhibits C2C12 cell differentiation
independently of its proliferation effects

Because FGF9 has dual effect on C2C12 cell pro-
liferation and differentiation, to clarify whether the
differentiation phenotype is dependent or inde-
pendent of the proliferation phenotype, we treated
C2C12 cells with DM for 48 h to reduce/stop cell
proliferation. After this treatment, cells were trea-
ted with FGF9 (2, 10, and 50 ng/mL), respectively.
At day 3 of differentiation, compared to control,
no obvious difference was found in myotubes trea-
ted with 2 ng/mL FGF9, while smaller and fewer
myotubes were observed in the 10 and 50 ng/mL
FGF9-treated groups (Supplemental Figure 3(a)).
FI of each experimental group Supplemental
Figure 3(b) showed that compared to control, FI
was significantly decreased in the 10 and 50 ng/mL
FGF9-treatment groups, while no difference was
observed in the 2 ng/mL FGF9-treatment group.

Discussion

Bone (osteoblasts and osteocytes) functions as an
endocrine organ, by producing and secreting circulat-
ing factors such as FGF23 and osteocalcin [13].
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Osteocytes also secrete large amounts of PGE2, which
enhances of C2C12myoblast myogenesis [3] and pro-
liferation [16]. Furthermore, bone-produced WNT3a
enhances myogenesis [15]. BAIBA secreted from
muscle prevents unloading-induced bone-loss appar-
ently by reducing osteocyte cell death induced by
oxidative stress [11]. These data support the concept
of a biochemical crosstalk between bone-muscle,
which could be important for the pathophysiology
of OS.

Fine-tuning of muscle mass and function is
essential for optimal health and organism survival.
Therefore, it is conceivable that inhibitory factors
(i.e. osteokines or others) are also produced by
bone cells.

Our previous study has shown that that Fgf9
expression increases with osteocyte differentiation
in the OmGFP66 and SW3 osteogenic cell lines
[40]. We, therefore, examined whether it might
have a potential role in the regulation of muscle cell
function. In this study, we also found that Fgf9 is
expressed in C2C12 myoblasts and myotubes and in
mouse SOL and EDL muscles, suggesting the poten-
tial for an autoregulatory feedback mechanism for
control of myogenesis and muscle size.

It was observed previously that exogenously
administered FGF1 and FGF2 suppress differentia-
tion of myoblasts in culture [50,51]. In this study,
we confirmed that FGF2 at concentrations as low
as 2 ng/mL inhibited C2C12 cell differentiation

Figure 7. FGFs enhance C2C12 cell proliferation.
Results of cell counting, MTT assay and CellTiter 96® AQueous One kit in C2C12 cells treated with FGF9 (2–50 ng/mL), FGF16 (100 ng/
mL) and FGF20 (100 ng/mL). (a) With FGF9 treatment, compared to control, no significant difference of cell number was observed
with 2 ng/mL at day 1. A significant increase in cell number was detected in the 2 ng/mL group at days 2 and 3. At days 1–3, in the
10 ng/mL and 50ng/mL groups a significant increase in cell number was observed (n = 3, *p< 0.05, **p< 0.01). (b) In the MTT assay,
similar results were observed, except that no significant difference was noted with 2 ng/mL FGF9 at day 2 (n = 4, *p< 0.05, **p<
0.01). The effect of FGF16 and FGF20 on C2C12 myoblast proliferation was determined by cell counting and CellTiter 96® AQueous
One kit. (c) In the cell counting assay, compared to control, FGF9 (10 ng/mL) (as positive control), FGF16 (100 ng/mL) and FGF20 (100
ng/mL) significantly increased the number of C2C12 cells. (d) Similar results were observed with CellTiter 96® AQueous One kit (n =
3, *p< 0.05, **p< 0.01).
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(Supplemental Fig. 1c-d). FGF9 overexpression
prevented myofibroblastic differentiation of
mesothelial cells [52] and repressed the differen-
tiation of progenitor cells into airway smooth
muscle cells [53], but a specific role for FGF9 in
skeletal muscle differentiation has not yet been
reported. Our results showed that FGF9 dose-
dependently inhibited C2C12 myogenic differen-
tiation (Figure 2). This inhibition was associated
with decreased expression of Myogenin [54], an
important myogenic regulatory factor, as well as
a strong downregulation of Mhc, an indicator of
terminal myogenic differentiation. While genes
that promote myogenesis were downregulated,
expression of the negative myogenic regulator,
myostatin [55] mRNA and protein content
increased with FGF9 treatment. Myostatin belongs
to the TGF-β (transforming growth factor β)
superfamily and is a negative regulator of muscle
differentiation [55–57]. The increase of Myostatin
coupled with the downregulation of Myogenin
offers a feasible mechanism to explain both the
inhibition of myogenesis and the increased prolif-
eration (Figure 3). Moreover, our findings with
FGF9 suggest a mechanism similar to other
FGFs, FGF1, and FGF2, which have been shown

to suppress MyoG expression in BC3H-1 myo-
blasts [58], with no effect on MyoD [58].

Calcium homeostasis is very important in myo-
blast differentiation [59], and is a major surrogate of
skeletal muscle function [47,59,60]. To determine if
SR Ca2+ release was influenced by FGF9, we per-
formed Fura-2 imaging of intracellular Ca2+ transi-
ents in response to caffeine-induced SR Ca2+ release.
Our data showed that SR Ca2+ release was signifi-
cantly decreased by FGF9 treatment (Figure 4(a)).

To search formolecular insights into these effects of
FGF9, theMouse Signal Transduction PathwayFinder
PCRArray was used. Treatment with 10 ng/mL FGF9
decreased expression of Wnt1 and Wnt6 and
increased expression of ICAM-1(Table 1). Wnt1 is
directly involved in myogenesis [61,62], exogenous
Wnt1 enhances C2C12 cell differentiation [15]. The
decreased expression of Wnt1 after FGF9 treatment
may, therefore, play a role in decreased C2C12 cell
differentiation. Exogenous Wnt6 inhibits satellite cell
proliferation by promoting muscle cell differentiation
[63]; therefore, its inhibition is expected to decrease
differentiation as in our studies. Based on this, we
postulate that the key molecular mechanism for the
FGF9-induced differentiation results from the down-
regulation of the Wnt (Wnt1, 6). In contrast, ICAM-1

Figure 8. FGF9 alters the G1-S phase cell cycle transition in C2C12 myoblasts, consistent with enhanced proliferation.
Representative cell cycle profile at 24 h (a) and 36 h (b), with respective quantification of cell distribution in cell cycle. n = 3, *: P <
0.05 compared with control.
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is a member of the immunoglobulin superfamily of
adhesion molecules that has been associated with
muscle overload-induced hypertrophy [64] and
enhanced myogenesis [65]. We interpreted the
increased expression of ICAM-1 in our experiments
as a likely compensatory mechanism to the other
changes leading to inhibition of myogenesis and
enhanced proliferation.

Our custom-built RT-PCR gene array results
allowed us to demonstrate that FGF9 downregulated
genes associated to pathways linked to calcium
homeostasis, muscle regeneration, mitochondrial
biogenesis, and upregulated a gene associated with
muscular dystrophy. In support of our observations
of reduced Ca2+ released induced by FGF9, we found
down expression of specific genes associated with
calcium homeostasis (Cacna1s [66], RyR2 [67,68],
Nfatc3[69], BTK [70]), and up expression of
Trim72, a gene associated with muscle dystrophy/
cellular repair [71–73]. The down-regulation of these
calcium homeostasis genes could help explain the
reduced Ca2+ capacity in muscle cells after FGF9
treatment. A gene that is critical for muscle regen-
eration (Hspa1a [74]) as well as a gene associated
with mitochondrial biogenesis (PGC1α [75]) were
also downregulated (Tables 2–3). It is feasible to
postulate that as cells arrested in the cell cycle and
do not progress to become myotubes, they require
less mitochondria and membrane fusion. RT-qRCR
revealed that consistent with the decreased Ca2+

release and uptake, the expression of IP3R-1 and
Serca2A is decreased (Figure 4(b)). IP3R-1 is asso-
ciated and modulates SR Ca2+ release [76,77] and
SERCA2A is an integral membrane protein that
regulates myofibrillar Ca2+ removal by pumping
Ca2+ ions back in the SR under ATP usage [78,79].
It is predicted that reduced levels of IP3R-1 and
SERCA will lead into a combination of reduced
availability of SR Ca2+ and reduced SR Ca2+ release.

Our results are also in agreement with previous
reports that suggested the maintenance of normal
intracellular Ca2+ concentration is vital to myocyte
gene expression and differentiation [49]. It is also
intriguing that FGF9 modulates intracellular Ca2+

in mesenchymal stem cells [80], suggesting that
this might be a common mechanism of FGF9
action. We believe that the modulation in intracel-
lular Ca2+ might work as the biophysical linker
between the molecular-genetic adaptations and

the changes (phenotypes) induced by FGF9 in
muscle cells. This result is also consistent with
the decreased differentiation of myotubes treated
with FGF9, although this phenotype could arise
from underdeveloped myotubes with a less devel-
oped capacity to control calcium homeostasis.

The FGF9 subfamily consists of FGF9, FGF16,
and FGF20, sharing 62–73% amino acid sequence
similarity [32,33], and has sequence homology
between human and mouse [81]. FGF9 subfamily
members have similar receptor specificity [82].
Fgfr1 to −4 and α-Klotho are known to be expressed
in skeletal muscle and C2C12 cells [48]. Most impor-
tantly, it is well established that signaling by FGF9
subfamily members regulates mesenchymal develop-
ment and regulates the morphogenesis of multiple
organs. Impaired development of multiple organs
was seen in FGF9 knockout mice that died soon
after birth due to early embryonic lung hypoplasia
[83]. Osteoblast-derived FGF9 positively regulates
skeletal homeostasis [84] and FGF9 het mice have
impaired long bone repair [85]. Evidence also sug-
gests that FGF9/16/20 members have similar biolo-
gical effects in neurological development [38], heart
specification [86], and cancer progression [87]. An
important question raised by our experiments with
FGF9 was whether other FGF9 subfamily members
might exert similar effects in muscle. As there is very
little data on FGF16 and FGF20 function in skeletal
muscle, we tested this possibility by treating C2C12
myoblasts with FGF16 and FGF20. Interestingly,
FGF16 and FGF20 inhibited C2C12 cell differentia-
tion, although higher concentrations were required
compared to FGF9. This suggests that they are less
potent than FGF9. However, an alternative explana-
tion may be that the decreased potency occurs
because the FGF16 and FGF20 used in this study
are human recombinant proteins, as the mouse
recombinant proteins were not commercially avail-
able. Overall, our data showed that FGF9 subfamily
members have a similar function of inhibition of
muscle cell differentiation.

We also tested an FGF member outside of this
subfamily, FGF23, which is expressed at high
levels by osteocytes and is secreted into the cir-
culation. We recently demonstrated that FGF23
did not alter myogenic gene expression, calcium
homeostasis, or ex vivo skeletal muscle function
[48]. Here, we also found that unlike FGF9, 16,
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20, and FGF2, which inhibited myogenic differ-
entiation and stimulated proliferation, FGF23
had no effect on either myogenic differentiation
or proliferation (Supplemental Fig. 2). This data
suggests that inhibition of myogenesis is not
a general property of all members of the FGF
family. The difference in response may be due to
the different structures and actions of the sub-
families of FGFs or the action of these molecules
on specific receptors and co-receptors. In this
regard, it is notable that FGFs 2, 9, 16, and 20
are all heparin-binding FGFs, while FGF23 does
not bind to heparin. It is truly intriguing since
heparin is known to inhibit SR Ca2+ release.

In addition to its functions in regulating cell differ-
entiation, it is intriguing that FGF9 significantly
increased the proliferation of lung mesenchyme [88]
and increased cell proliferation in mouse Leydig
tumor cells [89]. FGF9 is required for smooth muscle
cell proliferation [90], and cardiomyocyte prolifera-
tion [91]. FGF16 was also required for cardiomyocyte
proliferation in the mouse embryonic heart [92], but
there is very little data on the role of FGF9 and FGF9
subfamily members in regulating proliferation of ske-
letal muscle cells. Our data showed that FGF9, FGF16,
and FGF20 enhanced the proliferation of C2C12
myoblasts. This is consistent with their function in
stimulating cell proliferation in other cell types and
suggests that this might be a common function of
FGF9 subfamily members. In our study, FGF2 at
concentrations as low as 2 ng/mL also promoted the
proliferation of C2C12 cells (Supplemental Fig. 1a-b),
consistent with its known effects to promote satellite
cell proliferation [93], and previous reports showing
stimulation of C2C12 cell proliferation [48]. In con-
trast, FGF23 (2–50 ng/mL) had no significant effect
on C2C12 myoblast proliferation (Supplemental
Figure 2(a-b)). A potential mechanism for the prolif-
eration-related effects of FGF9 is our discovery that it
modulates the G1-S phase transition in C2C12 myo-
blasts, indicating that the enhancement of FGF9 on
proliferation associated with modulation of cell cycle
(Figure 8(a-b)).

To clarify whether the differentiation pheno-
type is dependent or independent of the prolif-
eration phenotype, C2C12 cells were pretreated
with DM for 48 h to reduce/stop cell prolifera-
tion. After this treatment, cells were treated with
FGF9. The result showed that the phenotype of

differentiation inhibition (Supplemental Fig. 3a-
b) was essentially identical to the phenotype
without the DM pre-treatment (Figure 2(a-b)),
indicating the differentiation phenotype is inde-
pendent of the proliferation phenotype. We also
detected the expression levels of a caspase 3,
a key apoptosis regulatory gene [94], and two
key autophagy regulatory genes (LC3B and P62)
[95] and found that FGF9 treatment did not
alter their expression levels. This result indicated
that FGF9 treatment did not alter C2C12 cell
apoptosis and autophagy (Supplemental
Figure 4).

Limitations of this study: The aim of this study
was to investigate the functional consequences of
treating muscle cells with FGF9 in vitro. Our ratio-
nale was based on our studies showing that osteo-
kines secreted from bone cells can influence muscle
cell function and myogenesis. These studies are
a necessary step before in vivo studies to demonstrate
that FGF9 might function in bone-muscle crosstalk.
Therefore, one important limitation is that we did
not investigate the functions of FGF9 in vivo.

Conclusions

In conclusion, our data suggest that FGF9 has the
intrinsic capacity to inhibit myogenic differentiation
and promote myoblast proliferation. The inhibitory
effect on C2C12 cell differentiation is modulated by
a complex signaling mechanism that appears to
involve MyoG and Myostatin and genes associated
with theWNT signaling pathway leading tomodula-
tion of the cell cycle and genetic changes in the cells
that while enhancing proliferation, reduce their
capacity to progress into fully matured myotubes.
We postulate that FGF9 could act as a modulatory
osteokine from bone cells to maintain an optimal
balance of muscle growth, but additional in vivo
studies will be required to confirm this concept.
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