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Abstract

Bone is a dynamic tissue under constant remodeling in response to various signals including 

mechanical loading. A lack of proper mechanical loading induces disuse osteoporosis that reduces 

bone mass and structural integrity. β-catenin signaling together with a network of GTPases is 

known to play a primary role in load-driven bone formation, but little is known about potential 

interactions of β-catenin signaling and GTPases in bone loss. In this study, we addressed a 

question: Does unloading suppress an activation level of RhoA GTPase and β-catenin signaling in 

osteoblasts? If yes, what is the role of RhoA GTPase and actin filaments in osteoblasts in 

regulating β-catenin signaling? Using a fluorescence resonance energy transfer (FRET) technique 

with a biosensor for RhoA together with a fluorescent T-cell factor/lymphoid enhancer factor 

(TCF/LEF) reporter, we examined the effects of clinostat-driven simulated unloading. The results 

revealed that both RhoA activity and TCF/LEF activity were downregulated by unloading. 

Reduction in RhoA activity was correlated to a decrease in cytoskeletal organization of actin 

filaments. Inhibition of β-catenin signaling blocked unloading-induced RhoA suppression, and 

dominant negative RhoA inhibited TCF/LEF suppression. On the other hand, a constitutively 

active RhoA enhanced unloading-induced reduction of TCF/LEF activity. The TCF/LEF 

suppression by unloading was enhanced by co-culture with osteocytes, but it was independent on 

organization of actin filaments, myosin II activity, or a myosin light chain kinase. Collectively, the 

results suggest that β-catenin signaling is required for unloading-driven regulation of RhoA, and 

RhoA, but not actin cytoskeleton or intracellular tension, mediates the responsiveness of β-catenin 

signaling to unloading.
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Introduction

Mechanical loading plays a critical role in bone remodeling, and unloading due to bed rest 

and weightlessness in space reduces bone mass and structural strength [1–4]. For a 

mechanism of load-driven enhancement of bone formation, many lines of evidence support 

the role of β-catenin signaling. The β-catenin-dependent Wnt signaling plays an important 

role in bone formation [5] and fracture healing [6]. It is reported that mechanical loading 

induces a translocation of active β-catenin to the nucleus [7,8], followed by interaction with 

T-cell factor/lymphoid enhancer factor (TCF/LEF) transcription factors, leading to the 

activation of Wnt-responsive genes [9–11]. In addition, in vivo studies using mice show that 

mechanical loading increases the level of Wnt/β-catenin signaling activity [12,13].

RhoA is a member of the Rho family of GTPases, which encode fundamental cellular 

processes such as cell differentiation, migration, as well as the assembly and organization of 

the actin cytoskeleton [14,15]. RhoA is involved in osteoblastic cell survival [16], bone 

resorption [17] and inhibition of bone morphogenetic protein-2 [18]. In response to shear 

stress, RhoA is activated in osteoblasts [19] and its activation stimulates the formation of 

actin cytoskeleton that enhances mechanosensitivity [20,21]. Despite load-driven activation 

of β-catenin signaling and RhoA GTPase in osteoblasts, little is known about their responses 

to unloading. A primary aim of this study was to examine the role of β-catenin signaling and 

RhoA activities and their interaction in osteoblasts under simulated unloading.

Clinorotation has been widely used as a simulated model of unloading or microgravity for in 

vitro studies [22–26]. The method does not generate any weightlessness condition but it 

moves a fixed direction of gravitational forces by rotating a culture chamber, which results 

in a vector-averaged reduction in the apparent gravity on the cell culture. In this study, we 

addressed questions using clinorotated osteoblasts: Does clinorotation reduce β-catenin 

signaling and RhoA GTPase activity in osteoblasts? If yes, what is the role of RhoA GTPase 

and actin cytoskeletal organization in regulating β-catenin signaling in osteoblasts under 

clinorotation? To answer to these questions, we employed a fluorescence energy transfer 

(FRET) technique using a RhoA GTPase biosensor together with a fluorescent TCF/LEF 

reporter and examined the effects of clinorotation on RhoA activity and β-catenin-linked 

transcription activity in osteoblasts and the molecular signaling pathways that link the two. 

Osteoblasts were transfected with these probes and thus both RhoA activity and β-catenin 

driven TCF/LEF activity were determined in individual cells. To explore the role of RhoA 

and actin cytoskeletal organization, we used RhoA mutants and pharmacological drugs that 

inhibit actin cytoskeletal organization, actin-myosin interaction, or myosin light chain 

kinase. As a positive control of mechanical stimulation, we employed fluid flow-driven 

shear stress and examined TCF/LEF transcriptional responses in osteoblasts. To evaluate the 

role of osteocytes in mechanotransduction of osteoblasts, experiments were conducted with 

and without co-culturing osteocytes in the chamber.
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Materials and methods

DNA plasmids

We used a FRET-based, cyan fluorescent protein (CFP)-yellow fluorescent protein (YFP) 

RhoA biosensor [27]. The probe consists of truncated RhoA, a RhoA binding domain, and a 

pair of CFP and YFP. Changes in RhoA activity cause a conformational change of the 

biosensor, leading to a change in FRET efficiency between CFP and YFP of the RhoA 

biosensor. Thus, RhoA activity can be visualized as changes in the emission intensity ratio 

of YFP/CFP. The RhoA biosensor has been well characterized in terms of its specificity 

[27–29]. As RhoA mutants, a constitutively active RhoA (RhoA-V14) and a dominant 

negative RhoA (RhoA-N19) were used [30]. To evaluate the effects of simulated unloading 

on β-catenin signaling, we used the TCF/LEF-green fluorescent protein (GFP) reporter (SA 

Biosciences, Valencia, CA, USA). This reporter utilizes the inducible transcription factor-

responsive GFP that encodes the GFP gene under the control of a basal promoter element 

joined to tandem repeats of the TCF/LEF transcriptional response element. Thus, GFP 

intensity can be used as a measure of TCF/LEF activity. An mCherry-actin probe was used 

to monitor the changes in actin cytoskeleton under simulated unloading and shear stress 

application [31].

Cell culture and transfection

Mouse osteoblast-like MC3T3-E1 cells (ATCC, Manassas, VA, USA) were cultured in 

minimum essential alpha medium (αMEM; Invitrogen, Grand Island, NY, USA) containing 

10% FBS (Hyclone, South Logan, UT, USA) and antibiotics (50 units/ml penicillin and 50 

µg/ml streptomycin; Lonza, Basel, Switzerland). Preosteocyte-like MLO-A5 cells were 

cultured in αMEM containing 5% calf serum (Hyclone), 5% FBS and penicillin/

streptomycin [32]. Prior to experiments, the cells were maintained at 37°C and 5% CO2 in a 

humidified incubator. The DNA plasmids were transfected into the cells using a Neon 

transfection system (Invitrogen). After transfection, the cells were transferred to a type I 

collagen-coated µ-slide cell culture chamber (Ibidi, Verona, WI, USA) and incubated in 

αMEM containing 0.5% FBS for 24–36 h before imaging experiments.

Inhibitors

Cytochalasin D (1 µg/ml; Enzo Life Sciences, Farmingdale, NY, USA) was used to disrupt 

actin filaments. Blebbistatin (50 µM; Toronto Research Chemicals, Toronto, Ontario, 

Canada) was used to inhibit myosin II activity. ML-7 (25 µM; Enzo Life Sciences, 

Farmingdale, NY, USA) was used to inhibit myosin light chain kinase. XAV939 (1 mM; 

R&D Systems, Minneapolis, MN, USA) was used to inhibit Wnt/β-catenin signaling. A cell 

permeable Rho inhibitor (1 µg/ml; Cytoskeleton, Denver, CO, USA) was used to inhibit 

RhoA activity.

Clinorotation for simulated unloading

We used a custom-made incubator equipped with a rotating platform that holds a cell culture 

chamber (Fig. 1A). The unloading condition (0.005 g) was simulated by rotating the cell 

culture chamber (Ibidi, Verona, WI, USA) longitudinally at 15 rpm [33]. Two ports of the 
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cell culture chamber were connected with syringe filters (Whatman, Piscataway, NJ, USA) 

to allow gas exchange. For time-lapse imaging during clinorotation, the culture chamber was 

dismounted from the rotating platform in the incubator and placed on the microscope stage 

to measure RhoA activity, actin cytoskeletal remodeling, and TCF/LEF activity. After image 

acquisition, the cell culture chamber was removed from the microscope stage and mounted 

on the rotating platform. During clinorotation experiments, the cells were maintained in 

HEPES-buffered (20 mM) αMEM without serum at 37°C and images were taken for 4 h at 

an interval of 30 min.

Shear stress application

As a positive control experiment for mechanical stimulation of MC3T3-E1 cells, an 

oscillatory (1 Hz) shear stress at 10 dyn/cm2 was applied to the cell culture chamber (Ibidi, 

Verona, WI, USA) by using a peristaltic pump (Cole-Parmer, Vernon Hills, IL, USA) and an 

Osci-Flow device (Flexcell International, Hillsborough, NC, USA). During shear stress 

application, images were taken for 1 h at an interval of 10 min. The flow experiments were 

conducted at 37°C and the cells were maintained with serum-deprived αMEM containing 20 

mM HEPES.

Microscopy and image acquisition

Images were obtained by using an automated fluorescence microscope (Nikon Instruments, 

Melville, NY, USA) equipped with a charge-coupled device camera (Evolve 512; 

Photometrics, Tucson, AZ, USA), a filter wheel controller (Sutter Instruments, Novato, CA, 

USA) and a Perfect Focus System (Nikon) that maintained the focus during time-lapse 

imaging. The following filter sets were used (Semrock, Rochester, NY, USA): CFP 

excitation: 438/24 (center wavelength/bandwidth in nm); CFP emission: 483/32; YFP 

(FRET) emission: 542/27; mCherry excitation: 562/40; mCherry emission: 641/75; GFP 

excitation: 472/30; GFP emission: 520/35. Cells were illuminated with a 100 W Hg lamp 

through an ND64 (~1.5% transmittance) neutral density filter to minimize photobleaching. 

During clinorotation and shear stress experiments, time-lapse images were acquired at an 

interval of 30 min and 2 min, respectively. The images were taken from the same cell for 

each imaging experiment. A 40X objective lens (0.75 numerical aperture; Nikon) was used 

for all imaging experiments. FRET images for RhoA activity were generated with NIS-

Elements software (Nikon) by computing emission ratio of YFP/CFP for the individual cell. 

The quantification of TCF/LEF activity was conducted using NIS-Elements software. The 

individual cell area was obtained from DIC images. The GFP images were background-

subtracted and the GFP intensities were averaged over the whole cell area. We performed 

static control experiments using RhoA and TCF/LEF probes without applying clinorotation 

or shear stress and confirmed that there was no photo-bleaching during imaging experiments 

(Fig. 2).

Statistical analysis

At least five independent experiments were performed for each condition. YFP/CFP 

emission ratios and fluorescence intensity data were normalized by their basal levels before 

stimulation in the same cell. Statistical analyses were performed using Prism 5 software 

(GraphPad Software, La Jolla, CA, USA). Data were presented as the mean ± standard error 
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of the mean (SEM). One-way analysis of variance followed by Dunnett’s test and Tukey’s 

test were used to determine the statistical differences for time course experiments and 

multiple comparisons, respectively. Student’s t-test was used to compare two groups. The P-

value less than 0.05 was considered significant.

Results

Simulated unloading by clinorotation induces a sustained suppression of RhoA activity

The initial experiments were designed to determine whether RhoA would be regulated under 

clinorotation. For these experiments, MC3T3-E1 cells were transfected with a FRET-based 

CFP-YFP RhoA biosensor and spatiotemporal activities of RhoA in the cells were 

monitored during 4 h of clinorotation. RhoA activity was decreased within 2 h after onset of 

clinorotation as evidenced by the significant changes (~10%) in FRET ratio (YFP/CFP) and 

the decreased level of RhoA activity was maintained during the clinorotation experiment 

(Fig. 1B and 1C). We also confirmed using the Rho inhibitor that Rho inhibition prevented 

clinorotation-induced RhoA suppression (Fig. 1C). These data show the significant role of 

the unloading condition in RhoA GTPase activity in osteoblasts.

RhoA suppression by clinorotation is associated with decreased actin cytoskeleton

Since RhoA is known to regulate actin cytoskeletal organization [14], we examined whether 

simulated unloading-driven RhoA activity would affect actin cytoskeleton structure and 

distribution. We transfected MC3T3-E1 cells with mCherry-actin and monitored the actin 

cytoskeleton over the course of the experiment. In MC3T3-E1 cells, actin stress fibers 

gradually disappeared and actin GFP intensity was significantly decreased during 

clinorotation (Fig. 1D and 1E). These data show that a decrease in actin stress fibers by 

simulated unloading is closely associated with the RhoA activity.

Clinorotation downregulates β-catenin signaling activity

Bone formation in response to mechanical loading is closely associated with β-catenin 

signaling [13] and unloading leads to bone loss [3,34]. To visualize the activity of β-catenin 

signaling under simulated unloading, we used the TCF/LEF-GFP reporter since β-catenin 

activation is known to lead to TCF/LEF transcriptional activation [35]. The TCF/LEF-GFP 

reporter increases the GFP intensity level in the cytoplasm when activated β-catenin forms a 

complex with TCF/LEF transcription factors. We transfected MC3T3-E1 cells with the 

TCF/LEF reporter and measured the GFP intensity in the cytoplasm as an indicator of β-

catenin signaling activity. The GFP intensity level was significantly decreased at 2.5 h 

(23%), followed by a further decrease at 3.5 h (40%) (Fig. 3A, B). These results indicate that 

simulated unloading by clinorotation reduces β-catenin signaling activity of MC3T3-E1 

cells.

A decrease in β-catenin signaling activity by clinorotation is independent of the actin 
cytoskeleton and intracellular tension

Microgravity condition was shown to affect cell morphology and cytoskeletal structure [36–

38]. To examine the role of actin cytoskeleton in β-catenin signaling, cytochalasin D 

(CytoD) was applied. CytoD treatment did not affect TCF/LEF activity by clinorotation. 
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Blebbistatin (Bleb) and ML-7 that inhibit myosin II activity and myosin light chain kinase 

(MLCK), respectively, also failed to affect TCF/LEF activity by clinorotation (Fig. 3C). We 

further examined whether these drugs could affect the basal level of TCF/LEF activity. The 

treatment of CytoD, Bleb, or ML-7 did not induce any changes in the basal TCF/LEF 

activity (Fig. 3D). These results suggest that a decrease in β-catenin signaling activity by 

simulated unloading in MC3T3-E1 cells is independent of actin cytoskeleton organization 

and MLCK/myosin activity.

β-catenin signaling is required for clinorotation-induced RhoA suppression

To examine the effects of β-catenin signaling to RhoA GTPase activity, we used XAV939, 

an inhibitor of Wnt/β-catenin signaling. The XAV939 acts as an inhibitor of tankyrase to 

stabilize axin, which in turn stimulates β-catenin degradation and inhibits β-catenin-

mediated transcription [39]. First, we tested whether XAV939 could block TCF/LEF activity 

under clinorotation. We first transfected MC3T3-E1 cells with TCF/LEF biosensor and 

treated them with XAV939. XAV939 treatment totally blocked TCF/LEF activity (Fig. 4A). 

Next, we examined the role of β-catenin in clinostat-induced RhoA activity. We transfected 

the cells with RhoA biosensor and then treated with XAV939. XAV939 completely blocked 

RhoA suppression during clinorotation (Fig. 4B, C). Interestingly, inhibition of Wnt/β-

catenin signaling using XAV939 reduced the basal activity of RhoA (Fig. 4D). Together, 

these data suggest that the basal level RhoA activation is in part due to endogenous Wnt/β-

catenin signaling and that β-catenin signaling is required for simulated unloading-induced 

RhoA regulation.

Constitutively active RhoA enhances downregulation of β-catenin signaling activity during 
clinorotation by increasing the basal level of β-catenin signaling activity

While the role of β-catenin signaling in RhoA has been well documented [40], the role of 

RhoA in β-catenin signaling under unloading is not well understood. To assess the potential 

effects of RhoA on β-catenin signaling under clinorotation, we co-transfected MC3T3-E1 

cells with a TCF/LEF reporter and a constitutively active RhoA (RhoA-V14) or a dominant 

negative RhoA (RhoA-N19). The basal TCF/LEF activity in the RhoA-V14-transfected cells 

was higher than that in the control cells, whereas the basal TCF/LEF activity in the RhoA-

N19-transfected cells was lower than that in the control cells (Fig. 5A). The cells expressing 

constitutively active RhoA exhibited a substantial reduction (>50%) in TCF/LEF activity 

within 1.5 h of clinorotation (Fig. 5B, C). The reduction shown in the RhoA-V14-transfected 

cells was faster (1.5 h versus 3.5 h) and larger (>50% versus 40%) than that in the wildtype 

control cells (Fig. 5C versus Fig. 3B). However, the dominant negative RhoA completely 

abolished the reduction of TCF/LEF activity by clinorotation (Fig. 5D). The enhanced 

reduction of TCF/LEF activity in cells transfected with RhoA-V14 might be due to the 

higher basal level of TCF/LEF activity in the cells (Fig. 5A). These results suggest that 

RhoA mediates the responsiveness of β-catenin signaling to simulated unloading by 

modulating the basal level of TCF/LEF activity.

Flow-induced shear stress increases β-catenin signaling activity

As a positive control for simulated unloading, we performed shear stress experiments and 

monitored TCF/LEF activity and actin cytoskeletal remodeling. First, we transfected 
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MC3T3-E1 cells with a TCF/LEF reporter and visualized its activity while applying 

oscillatory (1 Hz) shear stress at 10 dyn/cm2. Shear stress gradually increased TCF/LEF 

activity and its increase became significant at 40 min of shear stress (Fig. 6A and 5B). Next, 

we transfected MC3T3-E1 cells with mCherry-actin and monitored actin cytoskeletal 

remodeling under shear stress. In contrast to clinorotation data, actin stress fibers were 

increased during shear stress application (Fig. 6C). Consistent with previous reports 

[8,21,41], these results suggest a stimulatory role for shear stress in β-catenin signaling 

activity and actin cytoskeleton organization.

Osteocytes enhance unloading driven suppression of β-catenin signaling activity in 
osteoblasts

Increasing evidence suggests that β-catenin-dependent Wnt signaling in osteoblasts is 

regulated by sclerostin, which is exclusively made by osteocytes and inhibits the activation 

of Wnt/β-catenin signaling [42]. To test the effects of osteocytes on β-catenin signaling in 

osteoblasts, we transfected MC3T3-E1 cells with a TCF/LEF reporter and cultured them 

with non-transfected MLO-A5 early osteocytes. The reduction in TCF/LEF activity in co-

cultures was more significant than that in osteoblast mono-cultures (Fig. 7). TCF/LEF 

activity in co-cultures was decreased by ~40% within 30 min of clinorotation, and it took < 

1 h of clinorotation to achieve the same level of reduction at 4 h in the osteoblast mono-

cultures. Also, the basal level of TCF/LEF activity at 0 h in co-cultures was substantially 

lower than that in mono-cultures (Fig. 7C). These results suggest that osteocytes are strong 

regulators of β-catenin signaling in clinorotated osteoblasts.

Discussion

The aim of the present study was to determine the effects of simulated unloading on β-

catenin signaling and RhoA activity of osteoblasts. Using a FRET-based RhoA biosensor 

and a fluorescent TCF/LEF reporter, together with a custom-built clinorotation system that 

generates simulated weightlessness by averaging out a gravitational direction, we observed 

that the unloaded osteoblasts exhibited a decrease in RhoA activity and β-catenin signaling. 

These results are consistent with previous results using mesenchymal stem cells [26] as well 

as a study using hindlimb suspension models in mice, showing that Lef-1 and Cyclin D1, the 

targets of Wnt/β-catenin signaling, were decreased [43].

RhoA and TCF/LEF biosensors utilize different design strategies and expression 

mechanisms. Changes in RhoA activity (i.e., YFP/CFP emission ratio of the biosensor) are 

dependent on the conformational change of the biosensor, which can occur immediately 

following stimulation. On the other hand, changes in β-catenin signaling activity (i.e., 

expression of GFP) in the TCF/LEF biosensor is based on the transcription process 

involving several steps following stimulation: β-catenin stabilization and translocation, 

activation of TCF/LEF transcription factor, activation of Wnt-responsive gene and 

subsequent GFP expression in the cytoplasm. Therefore, we did not directly compare the 

temporal effects of clinorotation of RhoA and β-catenin signaling in this study. In order to 

directly compare the temporal activities of different signaling proteins, it might be desirable 

to use the biosensors that use a similar design strategy.
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Our results using Wnt/β-catenin signaling inhibitor and RhoA mutants indicate that the 

endogenous basal level of β-catenin signaling is required for the down-regulation of RhoA, 

and that the basal levels of RhoA affects the temporal profile of activity and responsiveness 

of β-catenin signaling under simulated unloading. The inhibition of Wnt/β-catenin signaling 

using XAV939 significantly reduces the basal level of RhoA activity, resulting in the non-

responsiveness of RhoA under simulated unloading. Previous reports show that RhoA is 

activated by Wnt3a, one of the canonical Wnt family members [44,45], and inhibition of 

intracellular β-catenin decreases RhoA activity [46]. On the other hand, osteoblasts 

transfected with constitutively active RhoA mutant increase the basal level of β-catenin 

signaling. Our data further suggests that the enhanced suppression of β-catenin signaling 

under simulated unloading observed in the osteoblasts transfected with constitutively active 

RhoA is due to the higher basal level of TCF/LEF activity in the cells. Consistently, recent 

reports demonstrated that activation of β-catenin is mediated by RhoA [47] and β-catenin-

dependent induction of target genes is modulated by activated RhoA [45], suggesting the 

involvement of RhoA in β-catenin-dependent transcriptional pathway.

RhoA is known to regulate actin stress fibers and intracellular tension in many cell types 

including osteoblasts [48]. We have previously shown that RhoA is activated by fluid flow 

and its activation mediates fluid flow-induced PI3K and MAPK signaling [19]. In addition 

to actin, other cytoskeletal structures such as microtubules are also documented to play 

important roles in mechanotransduction [49]. Interestingly, we show here that, although 

RhoA mediates osteoblast response of β-catenin signaling to simulated unloading, actin 

structure and intracellular tension are not required in the β-catenin signaling activity. 

Currently, we do not know the mechanism, but other members of GTPases such as Rac1 

[50,51] or other cytoskeletal structures [52,53] may be involved in Wnt/β-catenin signaling 

pathway.

We also observed that β-catenin signaling was significantly decreased in the osteocytes-

osteoblasts co-cultures under clinorotation. Wnt/β-catenin signaling in osteoblasts is known 

to be regulated by sclerostin [42]. It is the protein product of Sost, exclusively expressed in 

osteocytes, and inhibits Wnt/β-catenin signaling pathway [54,55]. Recent reports using mice 

demonstrated a significant increase in Sost expression in hindlimb unloading experiments 

[12,43]. Together, these results suggest that Sost may serve as a mechanosensor and 

sclerostin release from osteocytes is an important factor to downregulate osteoblast response 

in Wnt/β-catenin signaling to unloading. In addition to this indirect, soluble factor-based 

communications from osteocytes to osteoblasts, cell-to-cell physical contact via connexin 43 

[56,57] or N-cadherin [58,59] plays a crucial role in regulating osteoblastic activity such as 

alkaline phosphatase activity and β-catenin signaling.

In summary, the work presented here shows the experimental evidence that RhoA and β-

catenin signaling interact under simulated unloading. Further studies are needed to 

investigate the effect of clinorotation on the expression of specific Wnt ligands (e.g., Wnt3a) 

or receptors and the role of other GTPases, such as Rac1 and Cdc42 in β-catenin signaling 

under clinorotation. In addition to elucidating the mechanism within osteoblasts, studies on 

interactions between osteocytes and osteoblasts through direct cell-cell contacts via gap 
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junctions or indirect contacts through a release of sclerostin from osteocytes will advance 

our understanding of β-catenin signaling under unloading.
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Fig. 1. 
RhoA activity and actin cytoskeletal organization is downregulated under clinorotation. (A) 

A schematic of the custom-built clinostat. A cell culture chamber is mounted on the rotating 

platform. Clinorotation (simulated microgravity; 0.005 g) was achieved by using the 

platform with 2 cm of rotational radius (distance between the shaft and platform) and 

rotating the chamber at 15 rpm. (B) The FRET change of the RhoA biosensor in the 

representative MC3T3-E1 cell under clinorotation. The cell was transfected with a CFP-YFP 

RhoA biosensor. For each time-lapse imaging experiment the images from the same cell 
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were taken. Color bar represents emission ratio of YFP/CFP of the biosensor, an index of 

RhoA activation. Ratio images were scaled according to the corresponding color bar. (C) 

The time course represents RhoA activity of MC3T3-E1 cells under clinorotation. YFP/CFP 

emission ratios were averaged over the whole cell and were normalized to time 0. For the 

statistical analysis, emission ratios were compared with those at time 0 (*** P < 0.001). n = 

10 cells. Rho inhibitor (C3)-treated cells did not show any changes in RhoA activity under 

clinorotation. n = 8 cells. (D) In response to clinorotation, MC3T3-E1 cell displays a 

decrease in actin structure. Five other cells showed similar results. The white boxes are 

cropped and enlarged for a better visualization in (E). (E) Fluorescence intensity profile of 

actin along the length of the rectangle from the left to the right at 0 h and 4 h of 

clinorotation. Scale bars = 10µm.
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Fig. 2. 
Static control experiments using MC3T3-E1 cells without applying clinorotation or shear 

stress. (A, B) TCF/LEF activities in the same experimental conditions used for clinorotation 

(A) or shear stress (B) experiments. (C) RhoA activity in the same experimental conditions 

used for clinorotation. n = 7 (A), 6 (B), 10 cells (C). Scale bars 10 µm.
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Fig. 3. 
The effect of clinorotation on β-catenin signaling in MC3T3-E1 cells. (A) β-catenin 

signaling was determined by monitoring the fluorescence intensity of the cells transfected 

with the TCF/LEF-GFP reporter (See “Materials and methods”). For each time-lapse 

imaging experiment the images from the same cell were taken. Dashed lines in the top row 

images show cell boundaries which were obtained from the corresponding DIC images. 

Scale bar =10µm. (B) Fluorescence intensities of the TCF/LEF reporter were averaged over 

the whole cell and were normalized to time point 0 h. n = 10 cells. For the statistical 

analysis, TCF/LEF activities of the later time points were compared with that of 0 h (* P < 

0.05, *** P < 0.001). (C) Bar graphs represent changes in TCF/LEF activity of the cells at 1 

h and 4 h of clinorotation. The cells were transfected with a TCF/LEF reporter and then 

treated with CytoD (1µg/ml, n = 5 cells) to disrupt actin cytoskeleton, Bleb (50 µM, n = 5 

cells) to inhibit myosin II, or ML-7 (25 µM, n = 5 cells) to inhibit MLCK. For the statistical 

analysis, TCF/LEF activities at 4 h were compared with the activity at 1 h for each condition 

(* P < 0.05, *** P < 0.001, **** P < 0.0001). (D) The basal level of TCF/LEF activity in 

the drug-treated cells. n = 10 (Control); 5 (CytoD); 5 (Bleb); 5 cells (ML-7).
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Fig. 4. 
The role of β-catenin signaling on the RhoA activity by clinorotation. (A) TCF/LEF activity 

of XAV939-treated MC3T3-E1 cells under clinorotation. n = 6 cells. (B, C) RhoA activity 

of XAV939-treated MC3T3-E1 cells under clinorotation. RhoA activity failed to respond to 

simulated unloading. For statistical analysis of RhoA activity in vehicle (DMSO)-treated 

cells, the emission ratios were compared with those at time 0 (*** P < 0.001). n = 6 cells in 

both cases. (D) Basal RhoA activities of control cells, vehicle-treated cells, and XAV939-
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treated cells. n = 10 (Control); 6 (DMSO); 7 cells (XAV939). *** P < 0.001. Scale bars 

10µm.
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Fig. 5. 
β-catenin signaling is rapidly, significantly reduced in MC3T3-E1 cells expressing 

constitutively active RhoA under clinorotation. (A) Basal TCF/LEF activities of control 

cells, and cells transfected with RhoA-N19 or RhoA-V14. RhoA-V14 data was compared 

with Control and RhoA-N19 data (*** P < 0.001). At least seven cells were analyzed. (B) β-

catenin signaling was determined by monitoring the fluorescence intensity of the cells co-

transfected with a TCF/LEF-GFP reporter and RhoA-V14. (C) Changes in TCF/LEF activity 

in response to clinorotation in MC3T3-E1 cells transfected with a constitutively active 

RhoA (RhoA-V14). n = 7 cells. For the statistical analysis, time course of TCF/LEF activity 

was compared with 0 hour (*** P < 0.001). (D) Changes in TCF/LEF activity in response to 

clinorotation in MC3T3-E1 cells transfected with a dominant negative RhoA (RhoA-N19). n 

= 7 cells.
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Fig. 6. 
The effect of fluid flow on actin cytoskeletal organization and β-catenin signaling in 

MC3T3-E1 cells. (A, B) The time course of TCF/LEF activity in MC3T3-E1 cells in 

response to 10 dyn/cm2 of shear stress. Scale bar =10µm. n = 5 cells. Time course of 

TCF/LEF activity was compared with 0 min (* P < 0.05). (C) In response to shear stress at 

10 dyn/cm2, the cell displays an increase in actin cytoskeleton structure. Six other cells 

showed similar results. The white boxes are cropped and enlarged for a better visualization. 

Scale bar 10µm.
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Fig. 7. 
β-catenin signaling in MC3T3-E1 cells was dependent on the existence of osteocytes under 

clinorotation. (A) MC3T3-E1 cells cocultured with MLO-A5 cells were transfected with a 

TCF/LEF reporter and subjected to clinorotation for 4 h. Scale bar 10µm. (B) The time 

course of TCF/LEF activity in MC3T3-E1 cells in the cocultures under clinorotation. *** P 

< 0.001. n = 7 cells. (C) Bar graphs represent changes in TCF/LEF activity of MC3T3-E1 

cells under clinorotation in the two different culture conditions (monocultures versus 
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cocultures) at three time points; 0, 2, and 4 h. Data were normalized to the basal TCF/LEF 

activity in monocultures at 0 h. *** P < 0.001. At least six cells were analyzed.
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