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Abstract

Skeletal muscle and bone interact at the level of mechanical loading through the application 

of force by muscles to the skeleton. Recently considerable focus has been placed on signaling 

factors/molecules produced by these two tissues that may act to modulate the function of the 

other tissue. We sought to determine if muscle and muscle-derived factors were essential to the 

osteocyte response to loading. Botox® induced muscle paralysis was used to investigate the role 

of muscle contraction during in vivo tibia compression loading. 5–6 month-old female TOPGAL 

mice had their right hindlimb muscles surrounding the tibia injected with either BOTOX® or 

saline. At four days post injections when muscle paralysis peaked, the right tibia was subjected 

to a single session of in vivo compression loading at ~2600 με. At 24 h post-load we observed 

a 2.5-fold increase in β-catenin signaling in osteocytes in the tibias of the saline injected mice, 

whereas loading of tibias from Botox® injected mice failed to active β-catenin signaling in 

osteocytes. This suggests that active muscle contraction produces a factor(s) that is necessary 

for or conditions the osteocyte’s ability to respond to load. To further investigate the role of 

muscle derived factors, MLO-Y4 osteocyte-like cells and a luciferase based β-catenin reporter 
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(TOPflash-MLO-Y4) cell line we developed were treated with conditioned media (CM) from 

C2C12 myoblasts (MB) and myotubes (MT) and ex vivo contracted Extensor Digitorum Longus 

(EDL) and Soleus (Sol) muscles under static or loading conditions using fluid flow shear stress 

(FFSS). 10 % C2C12 myotube CM, but not myoblast or NIH3T3 fibroblast cells CM, induced a 

rapid activation of the Akt signaling pathway, peaking at 15 min and returning to baseline by 1–2 

h under static conditions. FFSS applied to MLO-Y4 cells for 2 h in the presence of 10 % MT-CM 

resulted in a 6–8 fold increase in pAkt compared to a 3–4 fold increase under control or when 

exposed to 10 % MB-CM. A similar response was observed in the presence of 10 % EDL-CM, but 

not in the presence of 10 % Sol-CM. TOPflash-MLO-Y4 cells were treated with 10 ng/ml Wnt3a 

in the presence or absence of MT-CM. While MT-CM resulted in a 2-fold activation and Wnt3a 

produced a 10-fold activation, the combination of MT-CM + Wnt3a resulted in a 25-fold activation 

of β-catenin signaling, implying a synergistic effect of factors in MT-CM with Wnt3a. These data 

provide clear evidence that specific muscles and myotubes produce factors that alter important 

signaling pathways involved in the response of osteocytes to mechanical load. These data strongly 

suggest that beyond mechanical loading there is a molecular coupling of muscle and bone.
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1. Introduction

Musculoskeletal diseases represent a huge financial burden to the United States Health Care 

System and are a leading cause of disability [1]. Osteoporosis (low bone mass and increased 

skeletal fragility) and sarcopenia (reduced muscle mass and functional deficits) are major 

contributors to this health care burden. Mechanical loading, such as low and high impact 

exercise or whole-body vibration, increases both bone and muscle mass in humans [2,3]. 

Unloading conditions such as bed rest [4,5] and space flight [6] decrease bone and muscle 

mass significantly. The fact that both bone and muscle show similar effects due to changes 

in load environment suggests a functional relationship between these tissues. A similar 

interrelationship has also been observed in pathological conditions such as osteoporosis and 

sarcopenia, which are highly concordant in the aging population [7,8] and studies have 

reported a high prevalence of sarcopenia in women who have suffered hip fracture [9]. What 

is not understood presently is whether one condition precedes the other.

While the traditional view of the muscle-bone relationship is that skeletal muscle loads bone 

and bone provides an attachment site for skeletal muscles, it is known that both bone and 

muscle can function as endocrine organs. For example, the skeleton produces and releases at 

least two important hormones: osteocalcin and Fibroblast Growth Factor 23 (FGF23), which 

have effects on liver and kidney, regulating glucose and phosphate metabolism respectively 

[10–12]. Similarly muscle has been shown to secrete factors called “myokines” [13,14] 

that have effects on other organs including bone. Among the growing list of myokines are 

the interleukins (IL) -6, -8, -15, brain-derived neurotrophic factor (BDNF) and leukemia 

inhibitory factor (LIF) [14–16] fibroblast growth factor 21 (FGF21) [17], follistatin-like-1 

[17] and more recently Irisin [18] and BAIBA which is also important for the convertion of 
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white to brown fat [19]. Our group demonstrated an important role for BAIBA in hindlimb 

unloading in protecting against bone loss and preserving muscle properties [20] and to be a 

potential biomarker of osteoporosis in younger women [21]. The production and circulation 

of these factors raises the possibility for a molecular coupling of bone and muscle beyond 

the traditional mechanical perspective.

One important bone function that might be a target for muscle derived signaling factors/

molecules is the response to mechanical loading. The exact mechanism of how bone cells 

“sense” mechanical loading is not fully understood, although a number of mechanisms have 

been proposed to account for various aspects of the biochemical events that occur following 

the application of load to a bone. For example, based upon studies that demonstrated 

the causal role of a G171V mutation in the low density lipoprotein receptor related 5 

(LRP5) gene in the high bone mass (HBM) kindred [22], it was first proposed that LRP5 

and the Wnt/β-catenin signaling pathway played a key role in bone’s responsiveness to 

mechanical loading [23–25]. Osteocytes are the most abundant cells in bone (around 95 

% of the cell population) and are thought to be the primary mechanosensory cells [26,27]. 

We demonstrated that the activation of the Wnt/β-catenin signaling pathway in murine 

osteocytes after axial mechanical loading of the ulna involves prostaglandin E2 (PGE2) 

mediated events and that inhibition of Cox-2 prevented this β-catenin activation [28]. ATP 

and Ca2+ fluxes, nitric oxide (NO) and PGE2 release are known to occur rapidly in response 

to mechanical loading of bone/bone cells [26,29–31]. Previously Xia et al reported that 

the effect of PGE2 on gap junction hemichannels is mediated by the GSK-3β/β-catenin 

pathway [32]. Armstrong et al reported the translocation of β-catenin in osteoblasts after 

mechanical stretching and this activation was estrogen receptor (ER) α-dependent [33]. 

PGE2 released by mechanical loading prevents glucocorticoid-induced apoptosis through 

β-catenin [34]. Other pathways have also been implicated in the response of bone cells to 

mechanical loading, including the integrins [35–37], Ca2+ channels [38,39], the PI3K/Akt 

pathway [40,41] and the MAPK (Erk-1/-2 and p38) pathway [42,43].

Given the established role of the Wnt/β-catenin pathway in bone/osteocyte response to 

mechanical loading in this paper we sought to determine the role of contracting muscle 

in the osteocyte response to loading and whether the presence of factors produced by 

muscle cells would alter activation of Akt signaling and β-catenin nuclear translocation in 

the osteocyte-like MLO-Y4 cell line. Our data suggests that specific muscles and muscle 

cells produce factors modify signaling pathways in the osteocyte, supporting our model of 

biochemical/molecular crosstalk between cells in these two tissues.

2. Material and methods

2.1. Animals

5- to 7-month-old C57Bl/6N (Taconic Farms) female mice were used to generate muscle 

conditioned media as previously described [44,45]. We used female TOPGAL (originally 

obtained from the Jackson Laboratory and maintained in our mouse breeding colony) 

to study the role of contracting muscles on the in-vivo activation of bone cells due to 

mechanical loading [46]. The TOPGAL mouse is a β-catenin reporter mouse line that carries 

three copies of the LEF/TCF consensus binding sites for β-catenin that drive the expression 
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of the lacZ gene when β-catenin translocates into the nucleus. Cells with active β-catenin 

signaling can be stained with X-Gal and will turn blue [46]. We used OnabotulinumtoxinA 

(Botox®®, Allergan) injections to paralyze muscles in the right hindlimb based on published 

reports from two other groups [47,48]. The muscles of the female TOPGAL mouse hindlimb 

surrounding the right tibia (lateral gastrocnemius, tibialis anterior, soleus, extensor digitorum 

longus) were injected with a total of 40 μl each of Botox® at a concentration of 2.5 units/100 

μl (1 Unit total per hindlimb) (n = 5 mice). As a control the muscles surrounding the right 

tibia of a separate group of TOPGAL mice were injected with a 40 μl volume of saline (n 

= 5). Three days post injection, the right tibia was subjected to a single session of loading 

with the following settings: 9.5 N (~2600 μƐ), 100 cycles, 2 Hz, 0.1 s insertion. Immediately 

after loading, mice were returned to their cages. Tibias were collected 24 h post loading, 

fixed in 4 % PFA for 24 h, and processed for β-galactosidase activity staining as previously 

described [28]. Tibias were embedded in paraffin and cut in 10 μm thick cross sections. 

Three sites of analysis were selected through 2–5 mm region proximal to the tibia-fibula 

junction to determine the effect of loading on activation of osteocyte β-catenin signaling. 

At each bone site, three to four consecutive sections were analyzed and averaged. Sections 

were collected on positively charged slides and stained with DAPI (to stain the nucleus). 

Bright field and fluorescent images were obtained from the same section and counted using 

ImageJ as previously describe by two independent analysts who were blinded to the samples 

[28]. In case of large discrepancy in the counts, a third analyst re-counted the slides with 

major differences (>15 %). Cells showing blue staining in bright field images were counted 

as activated cells. DAPI counts were interpreted as total cell counts. On average 450–500 

osteocytes were counted per cross section. Activated cellcounts were divided by total cell 

number (stained with DAPI) to obtain the percentage of activated cells. All studies were 

approved by the UMKC Institutional Animal Care and Use Committee.

2.2. Cell culture

MLO-Y4 osteocyte-like cells were cultured as previously described [49] in 150 cm2 rat tail 

collagen coated cell culture treated plastic flasks (Corning Inc., Corning, NY, USA). Cells 

from passages 29–35 were used, plated onto collagen-coated positive-charged slides at a 

concentration of 6500 cells/cm2 and used for experiments at 65–75 % confluence. NIH3T3 

cells were cultured as previously described [44]. Multipotent C2C12 cells were cultured 

as previously described [50–52] in 10 %-FBS containing DMEM and were kept at low 

density (40–50 %) to maintain their myoblast phenotype and avoid spontaneous myotube 

differentiation media. For myotube differentiation, C2C12 cells in the myoblast stage were 

seeded at a density of 6500 cells/cm2. Once cells reached 70–80 % confluency (usually 

2–3 days post-seeding) they were switched to differentiation media (DMEM supplemented 

with 2.5 % horse serum). Cells were then cultured for several days until multinucleated, 

contracting myotubes were formed, media was replenished every 2 days. To study the effect 

of conditioned media from cells at different stage of myoblast to myotube differentiation, 

after differentiation started (Day 0) media was exchanged daily and collected after 24-hour 

exposure at the end of day 1, 3, 5, and 6. Conditioned media (MB-CM) was obtained after 

24 h of cells being exposed to differentiation media. Myotube conditioned media (MT-CM) 

was collected on Days 5–8 of culture in the differentiation media. A similar cell number to 

culture media volume ratio was used in all experiments as previously reported [44].
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For the mTOR inhibitor studies on Day 5 of differentiation the MT-CM was collected, 

aliquoted and frozen. Cell culture media was switched to a 0.1 % BSA-1× Penicillin/

Streptomycin (P/S)-containing DMEM collecting media with either 10 μM of mTOR 

inhibitor Ku-0063794 (Shelleckhchem, Houston, TX) (in this paper referred to as Ku) or 

equal volume of DMSO. After 24 h, Day 6-MT-CM was collected, cells were carefully 

washed twice with a small amount differentiation. Washes were removed and 9.6 ml of fresh 

differentiating media was added to the cell culturing plates. After the Day 6 conditioned 

media collection, cells were then cultured with fresh media changes every 24 h without Ku 

inhibitor present. 3–4 random images from each 12 well plate of C2C12 cells photographed 

at 10X magnification were taken and the number of myotubes per image were counted by 

two independent observers. The conditioned media collected from Day 6, 7 and 8 from both 

Day 5 Ku-treated and DMSO-treated MT cultures was tested to determine whether it could 

activate β-catenin signaling in our TOPflash-MLO-Y4 cells. Prior to use, all collected CM 

were centrifuged at 500g for 5 min at 4 °C to remove cells and cellular debris.

2.3. Pulsatile Fluid Flow Shear Stress (FFSS)

Fluid Flow Shear Stress (FFSS) experiments were performed using the Flexcell® Streamer® 

Shear Stress Device (Flexcell International) as previously described [31]. The media 

consisted of 90 % αMEM (2.5 % FBS and 2.5 % CS) and 10 % of either 2.5 % Horse 

serum containing DMEM/High glucose (blank media) or conditioned media from myoblast 

or myotubes or Ringer solution conditioned by non-contracted or contracted muscles. Cells 

were subjected to 2 h of pulsatile fluid flow shear stress (FFSS) at 2 dynes/cm2 [31] 

or 2 h of static control (in which cells were removed from their media and moved into 

a different cell culture plate with a volume equal to the volume used for cells exposed 

to FFSS) in the presence or absence of conditioned media from C2C12 cells or ex-vivo 

contracted muscles. At the end of the fluid flow regimen, cells were either immediately 

lysed with lysis buffer (for total protein extraction) or fixed with 2%PFA/0.2%Triton X-100 

for immunocytochemistry analysis or lysed for RNA extraction.

2.4. Ex-vivo muscle preparation and contractility

These studies followed previously established protocols [44,53]. We used intact Extensor 

Digitorum Longus (EDL) and Soleus (Sol) muscles from female 6–7 month old C57Bl/6 

N wild type mice (Taconic Farms). Muscles were hung in the chambers for 30 min, 

the solution was collected (labeled as non-contracted muscle conditioned media) and new 

Ringer’s solution was added. The muscles were then equilibrated by a 30-min stimulation 

period at 100 Hz (100 Hz, 500 ms long, 1 ms pulses, every 1 min). During this period 

the optimal length was determined by adjusting the resting tension of the muscle to 

achieve the maximal force. Following the equilibration period, muscles were stimulated with 

frequencies from 1 to 130 Hz to obtain the frequencies of stimulation that produces maximal 

tetanic force; this slightly varies from muscle to muscle. At the end of the equilibration 

period the Ringer solution was drained, muscles were washed three times with fresh Ringer 

solution. To obtain contracted CM, muscles were stimulated with high frequency electrical 

pulses (Tmax) that were administered with a periodicity of 1 min for a total of 30 min. This 

Ringer solution was collected and used as stimulated muscle CM.
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2.5. Western blotting

PI3K/Akt pathway activation was determined using western blot analysis to detect active 

Akt (phospho-Akt) and total Akt in the MLO-Y4 cultures at various time points of 

incubation with MB-CM, MT-CM and CM from contracted Soleus and EDL muscles. 

Total protein was quantified using a BCA assay (Pierce Biotechnology, Kit #23225). Equal 

amounts of protein were mixed with loading buffer and loaded onto a Criterion 10 % 

stocking polyacrylamide gel (BioRad) and run at constant voltage (160 V) for 1 h. Proteins 

were transblotted onto a PDVF membrane at constant voltage (60 V) for 2 h at 4 °C. 

Membranes were blocked with 5 % non-fat milk in TBS-T (TBS + 0.1 % Tween-20) for 

1 h. Membranes were cut into two pieces at ~50 kDa marker, the upper piece used to 

detect the phosphorylated form of Akt (60 kDa) and lower portion to detect GAPDH (37 

kDa). Primary antibody was diluted in 3 % BSA/TBS-T at different concentrations: p-Akt 

(Cell Signaling cat #4060) 1:2000, total Akt (Cell Signaling cat# 2938) 1:1000 dilution 

and GAPDH (Sigma Aldrich, cat# G9545) 1:10,000. We used a different gel to assess 

expression of total Akt. Incubation with anti-phospho-Akt antibody and total Akt antibody 

were performed overnight at 4 °C with constant rocking. Incubation with GADPH antibody 

solution was performed for 1 h at room temperature. The membranes were washed three 

times with TBS-T for 5 min each. Donkey anti-rabbit HRP-conjugated (GE Healthcare UK 

Limited, cat#NA934V) secondary antibody was diluted at 1:3000 in 3%BSA/TBS-T and 

incubated for 1 h at room temperature. Signal was visualized using LAS-4000 Imaging 

System (FujiFilm). Band intensity was measured using the Multi Gauge analysis software 

(Fujifilm).

2.6. Immunostaining to detect β-catenin nuclear translocation

After FFSS or static conditions, MLO-Y4 cells were fixed for 10 min in ice-cold 2 % 

paraformaldehyde (Alfa Aesar) containing 0.2 % Triton X-100 and then washed 3 times 

in PBS at room temperature for 10 min each. Slides were then incubated overnight at 4 

°C with blocking solution [2.5 % bovine serum albumin (BSA) plus 1 % non-immune 

donkey serum in PBS]. Primary antibody against the active form of β–catenin (Millipore 

cat#05–665) (diluted 1:100) was used and cells were incubated overnight with antibody 

solution at 4 °C. Slides were washed three times with PBS and incubated for 1 h with Cy-3 

conjugated donkey anti-mouse antibody (1:200) (Jackson ImmunoResearch Labs cat#715–

165-150) Alexa 488 phalloidin (diluted 1:250) (Invitrogen™ cat#A12379) and DAPI (diluted 

1:250) (Sigma-Aldrich Chemical Co Cat#D9452). Isotype matched nonimmune antibodies 

were used as a negative control. Cells were photographed under 40× objective lens using a 

Nikon E800 microscope equipped with epifluorescence light. At least 5 fields of view were 

taken per condition. Quantitation of nuclear β-catenin immunostaining was performed as 

previously described [44,54]. Images for display were obtained using a confocal microscope.

2.7. Construction and selection of TOPflash MLO-Y4 β-catenin reporter cell line

To further interrogate the effects of C2C12 CM on osteocytes we stably transfected the 

β-catenin reporter vector pGL4.49[luc2P/TCF-LEF RE/Hygro] (Promega, Cat # E461A, 

Madison, WI) into MLO-Y4 cells to create a TOPflash-MLO-Y4 cell line. This vector 

contains eight copies of the TCF-LEF response element (TCF-LEF RE) driving the 

Lara-Castillo et al. Page 6

Bone. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transcription of the luciferase reporter gene luc2P (Photinus pyralis). This vector also 

contains an ampicillin resistance gene to allow selection in E. coli and a gene for 

hygromycin resistance allowing selection of stably transfected mammalian cell lines.

The MLO-Y4 cells were seeded at a 5600 cells/cm2 and allow to attach overnight. The 

next day, serum-free Opti-MEM medium was mixed with ViaFect™ reagent (Promega 

cat#E4983) and pGL4.49 Luc2P/TCF-LEF/Hygro vector (Promega) at a ratio of 6:1 

(transfection reagent:DNA) and incubated for 20 min. The previously plated MLO-Y4 

cells were switched to growth media without antibiotics. An aliquot of the Opti-MEM 

ViaFect:DNA complex was added to the cells. After two days the transfection media was 

removed and replaced with growth media containing 300 ng/ml of hygromycin for two 

weeks with fresh media changes every third day.

Colonies were lifted from the plate using trypsin-soaked sterile filter paper. Cells were 

then plated onto collagen-coated plates and allowed to expand. Clones were tested for 

their response to 10 mM lithium chloride (LiCl) and 10 ng/mL Wnt3a. Colonies with the 

highest response were selected for single cell expansion. Colonies were trypsinized (0.05 % 

Trypsin-0.53 mM EDTA 1×, Corning) diluted to ~0.5 cells per 100 μl. A 100 μl aliquot of 

diluted cells was plated into each well of a 96-well plate. After 24 h, wells with a single cell 

were identified and clones were allowed to divide and expand. Single cell clones were then 

tested for response to LiCl and Wnt3a. Three clonal cell lines with the highest response were 

selected and expanded for use in subsequent studies.

2.8. Luciferase assay

The selected TOPflash-MLO-Y4 single-cell clones were tested for their ability to respond 

to different stimuli using the Luciferase Assay System as described by the manufacturer 

(Promega, catalog # E1501) per well in a white well Culturplate™-96-well plate 

(PerkinElmer). 5000 cells per well were seeded in collagen-coated 96-well plate and allowed 

to attach overnight. Cells were then treated with lithium chloride (10 mM) or different 

concentrations of Wnt3a (1–100 ng/ml) and incubated for 24 h. The next day cells were 

washed with DPBS and lysed with 50 μl of Luciferase Cell Culture Lysis Reagent. We 

took 20 μl of cell lysate and add 100 μl of Luciferase Assay Reagent. L uminescence was 

measured for 10 s in either a Victor Multi-label Counter or the VICTOR Nivo™ Multimode 

Plate Reader (both instruments from Perkin-Elmer, CT).

2.9. DNA measurement

To normalize the luminescence, 270 μl of high salt buffer (100 mM Tris-HCl, pH 7.4, 

10 mM EDTA, 2 M NaCl) was added to the remaining 30 μl of cell lysate. Plates were 

subjected to two rounds of freezing/thawing. Total DNA in each well was determined 

using the DNA Quantitation kit, (Sigma-Aldrich, Cat# DNAQF) according to manufacturer’s 

instruction. 10 μl aliquot of the cell lysate was mixed with 200 μl of the Assay Buffer 

containing the compound H33258 (Hoechst 33258) at a final concentration of 0.1 μg/ml 

in a black 96-well plate. [55]. Plate was incubated in the dark for 24 h. Fluorescence 

measurements were obtained using a VICTOR Nivo™ Multimode Plate Reader (Perkin-
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Elmer) at 360 nm for excitation and 460 nm for emission. A standard curve was generated 

each time using DNA standard (Sigma Aldrich, cat# D4810).

2.10. Statistical analysis

All data were analyzed using the Statistical packages IBM SPSS Statistics 28 and 

GraphPad Prism 9.1.2. All data were first screened for extreme outliers and values > ±3 

standard deviations, were adjusted using winsorization method. Next, data were tested for 

homogeneity of variance (Levene’s test) and normal distribution (Shapiro-Wilk test). For 

data meeting these requirement we used Student’s t-test, paired Student t-tests or ANOVA to 

analyze the data. For experiments in which these assumptions were not met, we first applied 

a log10 transformation. If after transformation the assumptions were met we used a one-way 

analysis of variance (ANOVA) and post hoc tests for group comparisons. If assumptions 

were still not met we used a Kruskal-Wallis mean ranks test. Statistical significance was set 

to alpha level of 0.05.

3. Results

3.1. Contracting muscle is required for mechanical load induced activation of β-catenin 
signaling in osteocytes

We initially investigated the role of skeletal muscle in the bone response to mechanical 

loading by paralyzing the right hindlimb muscles surrounding the tibia using Botox® 

followed by loading at a strain level known to induce activation of β-catenin signaling 

in osteocytes [28]. As expected [47,48], at 4 days post injection the Botox® injected mice 

were no longer ambulating on the injected right hindlimb but controls injected with saline 

could ambulate fine. Shown in Fig. 1A are representative images of the cross sections we 

counted to determine activation of β-catenin signaling in osteocytes. Fig. 1B shows the 

results of our counts. The saline injected control mice with fully functional and contracting 

muscles showed the expected ~2-fold increase in β-catenin signaling in osteocytes at 24 

h post load [28]. In animals injected with PBS, the mean percentage of activated cells in 

non-loaded tibia was 10.81 ± 2.97 % and in the loaded tibia was 20.54 ± 5.46 % (n = 5). 

In animals injected with Botox® the mean percentage of activated cells in the non-loaded 

tibia was 7.17 ± 1.62 % and in the loaded tibia was 7.54 ± 1.04 % (n = 5). There was a 

significant difference in β-galactosidase activated cells in loaded vs non-loaded tibia in the 

PBS injected mice (p < 0.01, n = 5). However, mice in which the surrounding muscles of the 

loaded right tibia were paralyzed by Botox®, the osteocytes failed to activate the β-catenin 

signaling pathway (p = 0.745, n = 5).

3.2. Muscle secreted factors induce osteocyte β-catenin nuclear translocation

We next investigated whether ex-vivo contracting muscles could potentially produce 

signaling molecules/factors capable of inducing translocation of β-catenin into the nucleus 

in osteocytes. We generated conditioned media (CM) from ex vivo contracted EDL and 

Soleus muscles (C57Bl/6 female mice) and tested for the ability of these media to activate 

MLO-Y4 cells. Based on previous experiments (data not shown) we determined that 

induction of β-catenin nuclear translocation was observed with 10 % MT-CM but not MB-

CM. Therefore, we exposed MLO-Y4 cells to 10 % muscle conditioned media. Fig. 2 shows 
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the effects of 10 % EDL and 10 % SOL muscle CM on nuclear translocation of β–catenin in 

static MLO-Y4 cells. We exposed MLO-Y4 to different CM and measured the expression of 

β-catenin in the different cell compartments then obtain the nuclear/cytoplasmic ratio. The 

β-catenin nuclear to cytoplasmic ratio in the EDL-CM contracted (1.99 ± 0.47, n = 4) treated 

group was significantly different (p < 0.05) from the Blank (ringer solution) (1 ± 0.08, n = 

3), Soleus-CM non contracted (0.94 ± 0.42, n = 3), EDL-CM non contracted (1.19 ± 0.25, 

n = 3). The effect size was calculated as ω2 = 0.40559 indicating that ~40.6 % of variance 

in the ratio of β-catenin nuclear:cytoplasmic was due to the presence of conditioned media 

from the different muscles and conditions.

3.3. Specific muscle cells secrete factors that activate Akt signaling in MLO-Y4 cells

To further explore the activation of β-catenin in response to conditioned media from C2C12 

myotubes and contracted EDL muscle we next examined activation of Akt signaling as 

a potential upstream activator of β-catenin signaling [28]. MLO-Y4 cells were exposed 

for 30-minute to CM collected from days 1 through 6 of C2C12 cell differentiation. Cell 

lysates were analyzed by western blots using antibodies against the phosphorylated form 

of Akt (Ser493), total Akt, and GAPDH for internal control. There was no difference in 

total protein during the length in the experiment. Band density was measured and ratio of 

phospho-Akt to GAPDH was plotted. Mean ranks were statistically significantly different 

among groups, H2(3) = 20.810, p < 0.001. Mean ranks for blank and C2C12 CM from 

Day 1 were 6.58 (n = 12), for Day 3 = 20.83 (n = 6), Day 5 = 22.5 (n = 6), and Day 6 

= 21.0 (n = 6). Subsequently, pairwise comparisons were performed using Dunn’s (1964) 

procedure with a Bonferroni correction for multiple comparisons. This post hoc analysis 

revealed statistically significant differences in p-Akt/GAPDH ratio between Blank and Day1 

vs Day3 (p = 0.007), Blank and Day1 vs Day5 (p = 0.006), Blank and Day1 vs Day6 (p 

= 0.002) (Fig. 3A). We further explored the kinetics of this activation with conditioned 

media obtained from myoblasts (MB-CM), myotubes (MT-CM), and fibroblasts (NIH3T3). 

As observed in Fig. 3B, there was a rapid, but transient increase in Akt phosphorylation as 

early as 15 min with both the MT-CM and MB-CM, with the MT-CM treatment achieving 

a higher level of activation. This activation was maintained at 30 min with MT-CM, but not 

with MB-CM and the activation by MT-CM returned to basal levels after 2 h post initial 

exposure (Fig. 3B, black arrow). Based on these results, we used CM from day 1 when 

cells are predominantly in their myoblast stage (MB-CM) and day 6 when cells are in their 

differentiated myotube stage (MT-CM).

Next the activation of Akt in response to fluid flow shear stress (FFSS) was examined 

in the presence and absence of MB-CM and MT-CM. There were statistically significant 

differences in the p-Akt/GAPDH ratio between the groups of static + blank versus FFSS 

+ Blank (p = 0.018), static + blank versus FFSS + MT-CM (p < 0.001), static + MB-CM 

versus FFSS + blank (p = 0.03), static + MB-CM vs FFSS + MT-CM (p < 0.001), static 

+ MT-CM versus FFSS + blank (p = 0.002), static + MT-CM versus FFSS + MB-CM (p 

< 0.008), static + MT-CM versus FFSS + MT-CM (p < 0.001). (Fig. 3C). To determine 

if ex vivo contracted primary muscle fibers could also enhance Akt activation in response 

to FFSS, MLO-Y4 cells were exposed to FFSS for 2 h in the presence of 10 % muscle 

condition media from Soleus (Sol) or EDL from 5 to 7 months old C57Bl/6 male mice. 
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Mean ranks were statistically significantly different among groups H2(5) = 12.189, p = 

0.032. Mean ranks for the different groups were as follow: Static + Ringer Solution = 1.0, 

n = 4; Static + Sol-CM = 1.04, n = 4; Static + EDL-CM = 0.512, n = 3; FFSS + Ringer 

Solution = 3.63, n = 4; FFSS + Sol-CM = 2.74, n = 4; FFSS + EDL-CM = 5.13 n = 4. 

Shown in Fig. 3D, FFSS + EDL-CM was statistically different from static + Ringer (p = 

0.012), static + Sol-CM (p = 0.016), and static + EDL-CM (p = 0.008).

3.4. Synergistic effects of MT-CM and Wnt3a

Three clonal isolates of TOPflash MLO-Y4 cells were obtained from our stable transfection 

of MLO-Y4 cells with the TOPflash vector. Luciferase activity, driven by the TCF-LEF 

promoter, is an indicative of β-catenin translocation to the nucleus. As shown in Fig. 4, all 

three cell lines demonstrated a dose response increase in luciferase activity to increasing 

amounts of Wnt3a after 24 h of incubation. Clone A3-F9 was selected for further studies 

due to its lower expression of osteoblast markers (data not shown). We first confirmed the 

activation of β-catenin signaling in the A3-F9 TOPflash cell line to myotube conditioned 

media (MT-CM). As shown in Fig. 4B, 10 % MT-CM but not myoblast conditioned media 

(MB-CM) induced a similar fold increase in β-catenin signaling as was observed in the 

prior studies (Fig. 2). A one-way ANOVA test was run to determine if addition of 10 % 

MT-CM would increase luciferase activity in the A3-F9 TOPflash cell line. The mean for 

the fold change of luciferase activity was 1.03 ± 0.15, n = 3 for the blank group, 0.95 

± 0.3 for the MB-CM group, and 1.94 ± 0.56 for the MT-CM group. Luciferase activity 

was statistically significantly different between the different groups, p = 0.013. A Least 

Significant Difference (LSD) Test post hoc analysis determined that luciferase activity was 

statistically different in cells treated with MT-CM when compared to blank (p =0.017) and 

MB-CM (p =0.011). The effect size was calculated as ω2 = 0.76 or ~76 % of the variance 

in luciferase activity is accounted for by addition of conditioned media. Interestingly, when 

MT-CM was combined with a submaximal dose of 10 ng/ml of Wnt3a we observed a 

synergistic effect in the activation of β-catenin signaling in the TOPflash cells (Fig. 4C). 

The mean ± SD for the blank group was 1.02 ± 0.24, n = 6, for the MT-CM group 3.12 

± 1.27, n = 8, for the Wnt3a group = 16.03 ± 6.02, n = 6, and for the Wnt3a + MT-CM 

= 39.28 ± 24.92, n = 6. Luciferase activity was statistically significant different between 

the different groups, p < 0.001. An LSD test post hoc analysis determined that all groups 

were statistically different among themselves. Most importantly, groups Wnt3a and Wnt3a 

+ MT-CM were statistically different from one another (p = 0.003). The effect size was 

calculated as ω2 = 0.9115, indicating that ~91 % of the variance in the luciferase activity 

was accounted by the addition of treatments. We did not observed this synergistic effect 

when TOPFlash-MLOY4 cells were incubated with MBCM in combination with Wnt3a 

(13.3 ± 2.76, n = 2).

3.5. C2C12 cell stimulatory factor production is regulated by mTOR

We next sought to determine what might be regulating the production of this C2C12 

myotube factor that synergizes with Wnt3a. C2C12 Myotubes were cultured and treated 

with 10 μM of the mTOR inhibitor (Ku-0063794) or vehicle on d5 of differentiation for 

24 h. Cells were washed three times with DPBS and fresh media was added. Myotube 

conditioned media (MT-CM) was collected on day 6. Ku-0063794 dramatically reduced the 
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number of myotubes present in the cultures visible on day 6 after a 24-hour treatment with 

the mTOR inhibitor (not shown). TOPflash-MLO-Y4 cells were subsequently incubated for 

24 h with 10 % of MT-CM from different day of differentiation in the presence or absence 

of 10 ng/mL Wnt3a. Luciferase activity was measured and for this analysis we measured 

total DNA in each well. Luciferase activity was divided by total DNA. Fold change in the 

luciferase activity relative to the blank is reported as mean ± std. deviation. The values for 

the Wnt3a treatment alone = 20.92 ± 4.42, n = 5, Wnt3a + MT-CM (from day 5) = 27.73, 

n = 4, Wnt3a + MT-CM (from day 6) = 47.87, n = 5, Wnt3 + MT-CM (from day 6) in the 

presence of the mTOR inhibitor = 13.13 ± 4.17, n = 4. Luciferase activity was statistically 

significantly different between the different groups, p < 0.001. An LSD post hoc test was 

performed, and all groups were statistically different against each other with the exception 

of blank vs MT-CM Day 5. Luciferase activity from cells treated with MT-CM Day 6 was 

statistically different from blank (p = 0.002), MT-CM Day 5 (p = 0.043), and MT-CM Day 

6 + mTOR inhibitor (p < 0.001). Luciferase activity in cells incubated with MT-CM Day 

6 + mTOR inhibitor was significantly lower than the blank (p = 0.043). The effect size 

was calculated as ω2 = 0.5335. Thus, ~53 % of the variance in the luciferase activity was 

accounted for the addition of treatments.

To determine if the inhibitory effects of the Ku-0063794 on production of the myotube 

factor was reversible after treatment on day 5 with the inhibitor for 24 h we removed the 

inhibitor and collected CM from days 6, 7 and 8. As shown in Fig. 5B, synergistic effect by 

Ku-0063794 (14.36 ± 4.1, n = 3) was statistically significantly different from MT-CM Day 

6 without the mTOR inhibitor (54.1 ± 17.31, n = 4) (p =0.02). There was not a difference 

between cells treated with MT-CM Day 7 and MT-CM Day +Ku-0063794 (p =0.119), and 

cells treated with MT-CM Day 8 and MT-CM Day 8 + Ku-0063794 (p = 0.356). In Fig. 5C 

we show the percentage of myotubes per field relative to Day 5 of culture (before addition of 

Ku-0063794 or DMSO). The number of myotubes in culture in Day 6 (73.53 ± 17.24, n = 5, 

p = 0.006), Day 7 (68.27 ± 16, n = 4, p = 0.043), Day 8 (61.27 ± 12.26, n = 4, p = 0.005) 

decreased in culture treated with mTOR inhibitor as compared to Day 5 of the same culture 

before addition of treatment. The percentage of myotubes in DMSO treated did not change 

across throughout day of culture Day 6 (94.96 ± 11.13, n = 5, p = 0.583), Day 7 (81.93 ± 

16.16, n = 4, p = 0.14), or Day 8 (81.93 ± 16.16, n = 4, p = 0.124).

4. Discussion

The importance of muscle-bone molecular/biochemical crosstalk in the functionality of both 

tissues is now being widely recognized, beyond just the mechanical coupling of skeletal 

muscle and bone. Mechanical loading of bone is followed by rapid activation of β-catenin 

signaling in osteocytes [28]. In this study, we paralyzed the muscles surrounding the tibia 

using Botox® and then subjected the paralyzed hindlimb to in vivo mechanical loading at 

3 days post injection when muscle immobilization has been shown to reach its peak [47]. 

The load/strain magnitude sufficient to activate osteocyte β-catenin signaling [28] and we 

observed a complete lack of activation in the paralyzed loaded limb. What might explain 

this observation? Botox® targets the SNARE protein synaptosomal-associated protein 25 

(SNAP-25) regulating the release of acetylcholine into the neuromuscular junction [56]. 

One possibility is that the Botox® had a direct effect on bone through its muscarinic 
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acetylcholine receptors rather than acting through muscle. Gehling et al demonstrated that 

injection volumes of 25 and 50 μl remained in the injection site of the mouse caudal thigh 

muscle [57]. Furthermore, Tang-Liu et al. demonstrated that 70 units of radiolabeled Botox® 

did not diffuse away from the injection site [58]. Given that we injected a total of 40 μl 

(1unit) into the belly of all hindlimb muscles of these TOPGAL mice, it seems highly 

unlikely that these findings could be explained by leakage of the Botox® out of the injection 

sites and some direct effect on bone. The response to a single bout of mechanical loading 

has been shown to be neuronally regulated [74]. Interestingly, studies by two groups [75,76] 

have shown that Botox® induced muscle paralysis under normal ambulation differentially 

alters cancellous versus cortical bone in the paralyzed limb. Bain et al. [75] concluded that 

neuromuscular signaling functioned independently from mechanical loading and particularly 

modulated trabecular bone homeostasis. An alternative possible neural explanation might be 

an effect of Botox® on altered proprioception [77] leading 22 to a central level mediated 

altered response of bone to mechanical loading. The role of proprioception involving 

afferent nerves has not been examined in the context of mechanical loading of bone. Studies 

have shown that specific neurons in the brain such as those found in the arcuate nucleus 

can influence bone properties [78,79]. Whether a feedback loop exists between muscle 

proprioception nerves and the brain (or CNS) and then to bone to regulate the response 

to mechanical loading has not been explored to the best of our knowledge. Our studies 

demonstrating that ex vivo contracted muscles and C2C12 myotube conditioned media can 

activate β-catenin signaling in MLO-Y4 cells suggests a direct effect of a signaling molecule 

produced by specific muscle fibers is acting on bone as this in vitro model lacks a neural 

component.

Another possibility is that after 4-days of Botox® induced “unloading” in the paralyzed limb 

the osteocytes have become refractory to load stimuli and need to be primed to respond 

by multiple loading sessions. Alternatively, higher load magnitudes are needed to activate 

β-catenin signaling in the Botox® treated hindlimb. Holguin, Brodt and Silva reported that 

a single loading session or 5 days of loading produced a similar amount of activation of 

TOPGAL-expressing osteocytes in 5-month-old TOPGAL mice [80]. Also, they did not 

observe a significant difference between the two magnitudes of load (650 or 2200 με) used 

in the 5-month-old TOPGAL mice. We used a slightly higher magnitude of load (~2,600με) 

so it would seem that increasing the magnitude of load might not result in osteocyte 

activation of the paralyzed limb. Further studies are needed to determine if multiple loading 

sessions would result in activation of β-catenin signaling in the Botox® treated hindlimb. 

Qin and Lam demonstrated that stimulation of the quadriceps of a hindlimb suspended rat 

could rescue the bone loss observed in non-stimulated limbs [59,60]. They proposed that 

muscle contraction resulted in fluid pressure gradients in the bone that would stimulate bone 

formation. Similarly Swift et al. [61] showed that high-intensity muscle contractions could 

prevent the loss of muscle strength and stimulate bone formation due to hindlimb unloading. 

Our Botox® induced muscle immobilization studies provide further evidence in support of 

the need for a contracting muscle to support β-catenin signaling in osteocytes in response to 

loading. We have previously shown that β-catenin mediated signaling in bone (osteocytes) 

is required for new bone formation in response to mechanical loading [62]. While our 

loading of a Botox® immobilized tibia should provide an increase in fluid pressure (flow) 
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in bone, if contracting muscle is required for only this mechanical aspect, then we would 

have expected to observe activation of β-catenin signaling in osteocytes by the mechanical 

loading we applied, which did not occur. Studies with hindlimb immobilization have shown 

that the muscle secreted factor L-BAIBA protects against osteocyte apoptosis in the murine 

hindlimb unloading model [20]. Furthermore, the role of the musculoskeletal secretome and 

its regulation by exercise induced muscle contraction and bone loading is emerging as an 

important concept in the maintenance of bone and muscle mass and function (see Reviews 

[63–65]). We therefore interpret our current in vivo loading studies as supporting the concept 

that a contracting skeletal muscle produces factors that condition or facilitate the osteocyte’s 

ability to respond to mechanical loading of bone.

We have previously shown that L-BAIBA provided in the drinking water of hindlimb 

suspended mice can protect against disuse associated bone loss [20]. Unfortunately, the 

TOPflash-MLO-Y4 cell line we created does not express the Mas-Related G protein-coupled 

Receptor Type D (Mrgprd) receptor [20] that binds L-BAIBA, so we were not able to 

directly test this myokine in our in vitro system. Instead, we chose to further examine the 

role of muscle derived factors in the activation of β-catenin signaling in the osteocyte 

by using conditioned media from the C2C12 myoblast/myotube cell line and ex vivo 

contracted EDL and Soleus muscles to treat the MLO-Y4 osteocyte-like cells. We found 

that conditioned media from C2C12 myotubes and contracted EDL muscle contain unknown 

factors that are capable of transiently activating the PI3K/Akt signaling pathways in our 

osteocyte models independent of mechanical loading (fluid flow shear stress) and increase 

activation of this pathway in the presence of mechanical loading. Activation of these 

pathways are known to be important in mediating the response of bone to mechanical 

loading [24,28,40,41,66–68]. The potency of the MT-CM for activation of Akt signaling 

peaked by Day 3 of myotube differentiation and was maintained up to day 7. Day 1 MB-CM 

showed ~1/2 the level of Akt activation at 15- and 30-min relative to day 6 MT-CM. We 

suspect this is due to the presence of a low amount of myotube formation that occurs 

within 24 h of inducing differentiation in the C2C12 cultures. The kinetics of Akt activation 

indicate a rapid activation and return to baseline by 2 h of incubation in the presence of 

MT-CM and a return to baseline by 1 h of incubation with MB-CM. Subsequent studies 

used a 2-h incubation timepoint for our CM studies. Conditioned media from fibroblast 

cell line, NIH3T3, did not have the same effect. These results in combination with other 

work from our lab [44] support the hypothesis that muscle biochemically crosstalks with 

bone (osteocytes) and that this is potentially part of an endocrine/paracrine loop driving key 

molecular/biochemical signaling pathways between these two intimately associated tissues.

Our newly developed TOPflash-MLO-Y4 cell line showed activation of the Wnt/β-catenin 

pathway in the presence of myotube, but not myoblast, conditioned media after 24 h of 

incubation (Fig. 4B). Surprisingly, when we combined both MT-CM and a 10 ng/ml dose 

of Wnt3a, which sub-optimally activates β-catenin signaling in the TOPflash-MLO-Y4 cells 

we observed a significant synergistic activation of the pathway. Given that MT-CM by itself 

only activates β-catenin signaling in these cells ~2–3 fold, we interpret this to suggest that 

the factor produced by the myotubes is not a Wnt protein, but some other factor. If, for 

example, this factor is a high concentration of a Wnt protein, then we would have expected 

a much higher activation by MT-CM alone as observed in the dose response to added Wnt3a 
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in our TOPflash-MLO-Y4 cells. This exciting observation raises the question of what is 

this factor(s) that is being produced by myotubes? Since our TOPflash-MLO-Y4 cell line 

does not express the Mrgprd receptor this would argue that L-BAIBA is not one of the 

possible factors that might be present in these conditioned medias that could account for this 

synergistic effect.

Fluid flow shear stress (FFSS) and PGE2 are known to induce β-catenin nuclear 

translocation in osteoblast-like and osteocyte-like cells [32,66,69,70]. Myotube conditioned 

media triggered β-catenin nuclear translocation under static conditions in the MLO-Y4 

osteocyte-like cells and primary osteocyte enriched cell populations. [71] Here we have 

shown that conditioned media from contracted EDL muscle (EDL-CM) was able to induce 

nuclear translocation of β-catenin (Fig. 2). C2C12 MT-CM, but not NIH3T3 fibroblast CM, 

was able to transiently increase phosphorylation of Akt in the MLO-Y4 cells under static 

conditions; peaking at about 30 min and then returning to baseline by 2 h (Fig. 2C). The 

duration of Akt activation was prolonged when MT-CM and EDL-CM was used, suggesting 

that muscle cells CM contains a factor (or factors) that acutely and transiently activate 

the PI3K/Akt pathway. We have previously shown that the PI3K/Akt signaling pathway 

is activated by FFSS [28]. When MLO-Y4 cells were subjected to FFSS in the presence 

of myotube CM and EDL-CM, we observed a synergistic activation of the PI3K/Akt 

pathway, but not with C2C12 myoblast CM or Soleus CM. Interestingly, when MLO-Y4 

cells were subjected to FFSS in the presence of the different muscle cells CMs, we did not 

observe further increases in β-catenin nuclear translocation compared to FFSS alone. This 

could be due to the relative insensitivity of our method for quantitating β-catenin nuclear 

translocation or perhaps suggests that the response to FFSS has reached a maximum. To 

explore this further we will need to test lower levels of FFSS.

The stimulatory effect of EDL CM vs Soleus CM could be due to several factors. The 

EDL is a fast twitch glycolytic and more fatigable muscle, and the Soleus is a slow twitch, 

oxidative and more resistant to fatigue muscle. The EDL muscle is mainly composed of 

fibers type II (b and x) and the Soleus is mainly integrated by fibers type I and IIa. As we 

age the percentage of the total muscle cross-sectional area occupied by fiber type I tend 

to increase [72,73] and type II fiber types as well as cross sectional area tend to decrease; 

therefore it will be very interesting to determine if the observed activation is lost when aged 

muscle are contracted.

In an attempt to better understand the mechanism regulating the production of this myotube 

produced factor several signaling pathways were studied. Among these was the mTOR 

pathway. When C2C12 were treated with Ku-0063794, a mTORc2 inhibitor, production of 

the muscle factor(s) that activates β-catenin in osteocyte was lost. This suggest that mTOR 

signaling in muscle cells is involved in the production of the factor(s). The inhibition of the 

production of muscle factors was transitory.

Our studies have some limitations. We need to more fully dissect the mechanism of action 

of Botox® on loading induced activation of β-catenin signaling in osteocytes. Our ultimate 

goal is to identify the muscle derived signaling molecules/factors involved in muscle-bone 

crosstalk and these studies are currently underway using a variety of proteomic, lipidomic, 
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proteomic and metabolomic approaches of serum and conditioned media. The TOPflash 

MLO-Y4 cell line we created did not express the Mrgprd receptor, therefore we were not 

able to directly test L-BAIBA in our osteocyte cell culture model system. However, it should 

be possible to test this in vivo by providing L-BAIBA in the drinking water of the Botox® 

immobilized mice. Since we only tested 27 muscles from female mice, it will also be of 

interest to determine if there are male versus female differences in terms of the production 

of these signaling factors/molecules once they are identified and if/how these factors may 

contribute to sex differences in muscle and bone. Finally, understanding the regulation of 

this muscle derived factor relative to aging and estrogen loss that occurs during menopause 

in humans will be important to determine as these conditions are central to understanding 

bone loss and muscle function deficits in humans that accompany these changes.

In conclusion we present compelling data that supports the hypothesis that muscle cells, 

in vitro and ex vivo, secrete factors that are able to act on osteocytes altering the Wnt/ 

β-catenin, mTOR and PI3K/Akt signaling pathways. Further studies aim to identify the 

factor(s) in muscle CM responsible for this pathway regulation are currently underway. 

The identification of these factor(s) could provide a new therapeutic target/paradigm for 

enhancing the effects of loading (exercise) on the skeleton, especially if these factor(s) are 

diminished with aging and this accounts for the well-known loss of effectiveness of exercise 

on the skeleton that occurs with aging.
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Fig. 1. 
Effect of muscle paralysis on loading-activated Wnt/β-catenin activation. We injected 

Botox®, 1 unit per hindlimb (n = 5) or PBS (n = 5) in muscles rounding the right tibia of 

TOPGAL mice 3 days prior to in vivo loading. The right tibia of all animals was subjected 

to a single cyclical loading session (~2600μƐ, 2 Hz, 0.1 s insertion, 100 cycles) (labeled 

as Loaded). Non-Loaded left tibia of each animal was used as internal control. Animals 

returned to normal cage activity. Hindlimbs were collected 24 h post loading, fixed, stained, 

sectioned, and counted as previously published. DAPI staining was used to determine total 

number of cells in the cross-section. (A) Representative images of cross-sectional area of 

interest. (B) Bar graphs representing the percentage of activated cells per region of interest. 

A Paired t-test was used to establish statistical significance. *p < 0.05, N.S. = no statistical 

significance was found.
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Fig. 2. 
Conditioned media from contracted EDL, but not Soleus, muscle induces nuclear 

translocation of β-Catenin MLO-Y4 osteocyte-like cells. We contracted isolated muscles, 

ex vivo, Soleus (Sol) and EDL from 5 to 7 month-old male mice. We collected this media 

and incubated MLO-Y4 osteocyte at a final 10 % concentration for 2 h. MLO-Y4 cells 

were then fixed and incubated with antibody against β-catenin. (A) representative images 

of MLO-Y4 cells when exposed to different media. (B) Nuclear to cytoplasmic ratio was 

calculated using ImageJ from at least 50–75 cells obtained from 5–6 different fields in each 

condition with a total of 50–75 cells counted. Bars represent mean ± std. deviation from 

at least 3 independent studies. A one way ANOVA was performed to differences in groups 

F(4,12) = p = 0.03. A LSD posthoc test was performed to determine statistical differences 

among the different groups *p < 0.05.
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Fig. 3. 
Effect of secreted factors from different stages of muscle cell differentiation and ex-vivo 

contracted muscles on activation of the PI3K/Akt pathway in MLO-Y4 cells. (A) C2C12 

myoblast cells were differentiated into myotubes by addition of differentiating media (2.5 

% horse serum containing DMEM) for six days. Media was exchanged daily and collected 

at days 1, 3, 5, and 6 after differentiation began. MLO-Y4 cells were incubated with 10 % 

blank or C2C12 cell conditioned media (CM) for 30 min. Western blotting was performed 

to detect pAkt and GAPDH (to normalize data). Densitometric quantitation and analysis of 
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the bands was performed. Graph represents the ratio between the phosphorylated form of 

Akt and GAPDH. Bars indicate mean ± SD (n = 5–7). A Kruskal-Wallis H Test was used 

to determine if there was any difference among the different groups with performed and 

Dunn’s procedure with a Bonferroni correction for multiple comparisons. H2(3) = 20.810, 

p < 0.001. (B) Time course phosphorylation of Akt when MLO-Y4 cells were incubated 

with 10 % blank media or NIH3T3-CM, C2C12 myoblast-CM (MB-CM) or myotube-CM 

(MT-CM) for different time points. Arrow points to the time point when phosphorylated Akt 

returns to basal levels. Graph represents the mean ± SEM of the ratio of the density of the 

bands (n = 2–6). ANOVA at each single time point was run to obtain cell line effect on 

phosphorylation of Akt *p < 0.05 myotube CM vs blank treated cells; #p < 0.05 myotube 

CM treated cells vs NIH3T3 CM (C) MLO-Y4 cells were subjected to FFSS for 2 h in the 

presence of C2C12 CM or contracted muscle CM. A one way ANOVA test was performed 

on transformed data F(5,24) = 6.387 n = 3–7, p < 0.001 An LSD posthoc analysis was used 

to determine significance. (D). Graph represents the ratio of the phosphorylated form of Akt 

to GAPDH (mean ± SD), (n = 3–8). A Kruskal-Wallis Test was performed to assess for 

differences between groups H2(5) = 12.189, p = 0.032. A Bonferroni correction was used to 

account for multiple comparisons *p < 0.017.
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Fig. 4. 
Development and testing of TOPflash-MLO-Y4 cells. (A) MLO-Y4 cells were stably 

transfected using Luc2P/LEF-Hygro Promega vector. After several rounds of selection, 3 

clonal cell lines were identified and tested. Three clonal cell lines were identified, BB-B4, 

A3-F9 and H8-E1. Cells were incubated with different concentrations of Wnt3a for 24 h and 

luciferase activity was measured. (B) A3-F9 cells were incubated for 24 h with conditioned 

media from C2C12 in the myoblast (MB-CM) or myotube (MT-CM) state. Graph represent 

ratio of luciferase activity against blank. A one way ANOVA test was performed using 

the Log10 transformed data F (2,10) = 6.870, p = 0.013. An LSD posthoc test was used 

to compare different groups. *p < 0.05 different from other groups. (C) A3-F9 cells were 

incubated for 24 h with MT-CM in the presence or absence of submaximal concentration 

of Wnt3a (10 ng/ml). Bars represent mean ± standard deviations. Data was transformed 

using a Log10 transformation in order to meet the assumption for parametric tests. After 

transformation, a one-way ANOVA was performed F(3,22) = 90.441, p < 0.001, followed a 

LSD posthoc test in order to compare different groups. *p < 0.05.
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Fig. 5. 
mTOR pathway is involved in the production of muscle derived factors. (A) TOPflash-

MLO-Y4 cells (A3-F9) were incubated for 24 h with 10 ng/ml Wnt3a ± 10 % of MT-CM 

from days 5 or day 6 ± 10 μM mTOR inhibitor, KU-0063794. Bars represent fold change 

of luciferase activity compared to Blank without Wnt3a treatment (not shown in the graph). 

Transformed data (using Log10) was normally distributed assessed by Shapiro-Wilk test 

and had Homogeneity of Variances as assed by the Levene’s Test (p = 0.302). A one-way 

ANOVA was performed on transformed data to determine the effect of mTOR pathway 

inhibition on production of muscle conditioned media. F(3,14) = 11.927, p < 0.001. An 

LSD posthoc test was applied for multiple comparisons *p < 0.05 against blank + Wnt3a, 
#p < 0.05 against MT-CM Day 6 without inhibitor (n = 4–5 per group, with a minimum 

of 3 replicates per experiment). (B) C2C12 cells were differentiated into myotubes. On day 

5, cells were incubated in the presence or absence of mTOR inhibitor for 24 h and media 

was removed. We collected media on day 6, 7 and 8 and add fresh media to the culture. 

TOPflash-MLO-Y4 cells (A3-F9) were incubated with different conditioned media for 24 h. 

Luciferase activity was then measured and plotted as fold change against blank. Data were 

transformed data (using Log10) and a Student t-test was used to compared the effect of the 

mTOR inhibitor. *p < 0.05, N.S. = non significant (n = 3–4 per group, with a minimum of 3 

replicates per experiment). (C) Quantitation of number of myotubes per area of interest. Per 

treatment (n = 3–4) per condition.
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