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Abstract

Mechanical stress plays an important role in the regulation of bone turnover. However, 

the mechanism underlying hypo-osmotic stress-induced cellular response in osteoblasts 

remains poorly understood. In this study, we investigated the effect of hypotonic stress 

on the expression of bone remodeling factors, including the receptor activator of 

nuclear factor-kappa B ligand (RANKL) and the nuclear factor of activated T cells type  

c1 (NFATc1) in primary mouse osteoblasts and MC3T3-E1 cells. Hypo-osmotic stress 

induced significant increases in RANKL mRNA expression and intracellular Ca2+ 

concentration ([Ca2+]i) from the extracellular space. Hypo-osmotic stress-induced effects 

on [Ca2+]i and RANKL and NFATc1 protein expression were decreased by antagonists 

of transient receptor potential melastatin 3 (TRPM3) and vanilloid 4 (TRPV4). Agonists 

of TRPM3 and TRPV4 activated [Ca2+]i and RANKL and NFATc1 protein expression. 

Furthermore, genetic suppression of Trpm3 and Trpv4 reduced hypo-osmotic stress-induced 

effects in mouse osteoblasts. These results suggest that hypo-osmotic stress induces 

increases in [Ca2+]i through TRPM3 and TRPV4 to regulate RANKL and NFATc1 expression 

in mouse osteoblastic cells and that mechanical stress-activated TRP channels may play a 

critical role in bone remodeling.

Introduction

Bone is a highly dynamic tissue that is constantly being 
renewed throughout the life through a process called 
remodeling. Interactions between signals regulating 
bone-forming osteoblasts and bone-resorbing osteoclasts 
are basically adaptive responses of the skeleton to its 
environment (Zaidi 2007, Crockett et al. 2011). Although 
remodeling is initiated by the resorptive action of 
osteoclasts, it is dependent on signals from osteoblasts. 
Osteoblasts modulate the expression of the receptor 
activator of nuclear factor-kappa B ligand (RANKL) 
and osteoprotegerin (OPG) in response to factors 
that stimulate resorption. RANKL regulates osteoclast 

precursors involved in differentiation into multinuclear 
osteoclasts, whereas OPG inhibits RANKL action by 
blocking the interaction between RANK and RANKL (Zaidi 
2007, Boyce & Xing 2008, Crockett  et  al. 2011, Boyce 
2013). The relative ratio of RANKL to OPG expression in 
osteoblasts is believed to be a key determinant of RANKL-
mediated bone resorption. Nuclear factor-activated T cells 
(NFAT) are members of a transcription factor family that 
is dependent on calcineurin regulation. NFAT proteins 
are highly phosphorylated in the cytoplasm of resting 
cells, and NFAT proteins are then dephosphorylated 
by calcineurin activation. Dephosphorylated NFAT 
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proteins are translocated into the nucleus to regulate 
the transcription of NFAT-dependent genes (Hogan et al. 
2003). Calcineurin and NFAT are the key factors of 
osteoclastogenesis and bone resorption (Takayanagi et al. 
2002, Hirotani  et  al. 2004, Ikeda  et  al. 2004). The Ca2+-
calcineurin-NFAT pathway reportedly acts as a positive 
regulator of osteoblastogenesis and bone formation by 
maintaining a balanced regulation of osteoclastic and 
osteoblastic activities (Koga  et  al. 2005, Sun  et  al. 2005, 
Winslow et al. 2006).

Mechanical stress is one of the important regulatory 
factors for maintaining bone mass and integrity. 
Mechanical stresses include osmotic stress, shear stress, 
fluid flow stress and cell membrane stretch (Jin  et  al. 
2011, Yang  et  al. 2015, Wittkowske  et  al. 2016). Among 
the various types of mechanical stress, alteration of osmo-
mechanical stresses is often associated with early changes 
in Ca2+ signaling and downstream Ca2+-dependent 
processes in osteoblastic cells (Weskamp  et  al. 2000, 
Sun  et  al. 2005, Mehrotra  et  al. 2006, Mizoguchi  et  al. 
2008, Nakai  et  al. 2009). There has been much debate 
regarding the source of the mechanosensitive Ca2+ signals 
and the downstream effector pathways. Recently, there 
has been increasing evidence for a key role of Ca2+-
permeable transient receptor potential (TRP) channels 
in this process (Pedersen & Nilius 2007, Mizoguchi et al. 
2008, Jin  et  al. 2011). Mechanosensitive TRP channels 
(TRPC1, TRPC5, TRPC6; TRPV1, TRPV2, TRPV4; TRPM3, 
TRPM7; TRPA1 and TRPP2) have been mainly investigated 
in the cardiovascular system (Christensen & Corey 2007, 
Pedersen & Nilius 2007). Abed and colleagues have 
shown that mRNAs of diverse mechanosensitive TRP 
channels (TRPV2, TRPV4, TRPM3, TRPM4 and TRPM7) 
are strongly expressed in osteoblastic cells (Abed  et  al. 
2009). TRPV2 acts as a mechanosensor for membrane 
stretch and osmotic cell swelling in vascular smooth 
muscle cells (Muraki et al. 2003, Beech et al. 2004). TRPV4 
is activated by osmotic cell swelling, excluding potential 
pathways, such as membrane stretch (Liedtke et al. 2000, 
Strotmann et al. 2000, Becker et al. 2005, Son et al. 2015). 
TRPM3 is stimulated by hypo-osmotic cell swelling 
(Grimm  et  al. 2003, Son et  al. 2015), and TRPM4 has a 
role as a mechano-/stretch-sensitive channel involved 
in the control of pressure-induced smooth muscle cell 
depolarization (Pedersen & Nilius 2007, Guinamard et al. 
2010). TRPM7 is activated by cell stretch and hypo-
osmotic cell swelling; moreover, shear stress induces 
the translocation of TRPM7 to the plasma membrane 
and activation of TRPM7 currents (Oancea  et  al. 2006, 
Numata et al. 2007). However, the mechanisms through 

which mechanosensitive TRP channels and intracellular 
Ca2+ are regulated have not been clearly elucidated.

In this study, we investigated the effect of hypo-osmotic 
stress on basal RANKL expression and the function 
of mechanosensitive TRP channels in primary mouse 
osteoblasts and MC3T3-E1 cells. We also demonstrated 
that hypo-osmotic stress induces large increases in the 
differentiation markers RANKL and NFATc1 and in 
intracellular Ca2+ concentration ([Ca2+]i) through the 
osmo-mechanosensitive TRP channels TRPM3 and TRPV4.

Materials and methods

Reagents

All cell culture media and supplements were purchased 
from Invitrogen. The acetoxymethyl-ester form of fura2 
(fura2/AM) was purchased from Teflabs (Austin, TX, 
USA). Pluronic F127 was obtained from Molecular Probes. 
Anti-RANKL and anti-NFATc1 antibodies were obtained 
from Santa Cruz Biotechnology. Anti-actin antibodies 
were purchased from Sigma-Aldrich. Ruthenium red 
(RR), 4a-phorbol didecanoate (4a-PDD), ononetin and 
HC067047 were obtained from Tocris (Bristol, UK). All 
other chemicals were purchased from Sigma-Aldrich. 
Stock solutions of all drugs were made with distilled 
water, except for 2-aminoethoxydiphenyl borate (2APB) 
with ethanol and 4a-PDD and fura2/AM with DMSO.

Cell culture

All animal care and experimental procedures complied 
with institutional guidelines and were approved by the 
Institutional Animal Care and Use Committee (IACUC) 
of Yonsei University (IACUC approval no. 2014-0067). 
Primary osteoblast cell cultures were prepared as 
described previously (Hogan  et  al. 2003). In brief, the 
calvariae of 1-day-old ICR mice were digested with an 
enzyme solution containing 0.1% collagenase and 0.1% 
dispase. The isolated osteoblastic cells were cultured for 
4  days in alpha-minimum essential medium (a-MEM) 
supplemented with 10% fetal bovine serum (FBS) and 
1% antibiotic-antimycotic solution (100 U/mL penicillin 
and 100 µg/mL streptomycin) in a humidified incubator 
containing 5% CO2. MC3T3-E1 cells (Korean Cell 
Line Bank, Seoul, Korea) were maintained in a-MEM 
containing 10% FBS and 1% antibiotic-antimycotic 
solution. Osteoblastic differentiation of MC3T3-E1 
cells was induced by 50 μg/mL ascorbic acid and 10 mM  
beta-glycerophosphate.
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Reverse transcription polymerase chain 
reaction (RT-PCR)

The expressions of RANKL, OPG, TRPM3, TRPV4 and beta-
actin were evaluated by RT-PCR using total RNA isolated 
from murine osteoblastic cells. Cells were lysed in TRIzol 
reagent according to the instructions of the manufacturer 
(Invitrogen). AccuPower RT PreMix (BIONEER, Daejeon, 
Korea) with total RNA (1 µg) was used for cDNA synthesis. 
cDNA was amplified by PCR with HiPi Thermostable DNA 
polymerase (Elpis, Pusan, Korea) using the following primer 
sets: RANKL (forward): 5′-ATCAGAAGACAGCACTCACT-3′ 
(reverse): 5′-ATCTAGGACATCCATGCTAATGTTC-3′; OPG  
(forward): 5′-TGAGTGTGAGGAAGGGCGTT-3′ (reverse): 
5′-TTCCTCGTTCTCTCAATCTC-3′; TRPM3 (forward): 
5′-CACCTGATGACCAAGGAATG-3′ (reverse): 5′-CTTGTG 
TTTATCTTCTGGAGTG-3′; TRPV4 (forward): 5′-GCTGAA 
GGCAAAAGTCTTGG-3′ (reverse): 5′-CTAGGGAACCCCAA 
CTGTGA-3′; beta-actin (forward): 5′-TGTGATGGTGGG 
AATGGGTCAG-3′ (reverse): 5′-TTTGATGTCACGCACG 
ATTTCC-3′. PCR was performed under the following 
conditions: 94°C for 5 min, 94°C for 30 s, 40 s for annealing 
step (temperatures varied with primers), 72°C for 30 s, 
followed by 72°C for 10 min after 38 cycles were finished. 
The annealing temperature was 60°C for TRPM3, 56.5°C 
for TRPV4 and RANKL and 57.6°C for OPG and beta-actin. 
The PCR products were separated on 1.2% agarose gels 
and visualized with RedSafe nucleic acid staining solution 
(iNtRon Biotechnology, Gyeonggi-do, Korea).

[Ca2+]i measurement

Osteoblasts were seeded on cover glass in 35 mm dishes 
(5 × 104 cells/coverslip). The cells were loaded with 
5 μM fura2/AM and 0.05% Pluronic F-127 for 30 min in 
physiological salt solution (PSS) containing (in mM): 140 
NaCl, 5 KCl, 1 MgCl2, 10 HEPES, 1 CaCl2 and 10 glucose, 
adjusted to pH 7.4 and 310 mosmol. For hypo-osmotic 
stress, PSS was replaced with a hypo-osmotic solution 
(80 mM NaCl, 215 mosmol). Fura2 fluorescence intensity 
was measured using excitation wavelengths of 340 and 
380 nm, and emitted fluorescence 510 nm (ratio = F340/F380) 
was collected and monitored at 2-s intervals using a CCD 
camera (Universal Imaging Co., Downingtown, PA, USA) as 
described previously (Son et al. 2009). Images were digitized 
and analyzed by MetaFlour software (Universal Imaging).

Electrophysiology

Whole-cell voltage-clamp recordings were performed 
at room temperature by the perforated patch-clamp 

method. Currents were recorded with a MultiClamp 
700B amplifier (Axon Instruments, Foster City, CA, USA), 
subsequently digitized at a sampling rate of 10 kHz and 
analyzed with pCLAMP10 software (Axon Instruments). 
Pipette resistance varied between 3 and 5 MΩ. Whole-cell 
currents were elicited by voltage ramps from −100 mV 
to +100 mV (400-ms duration) applied every 10 s from a 
holding potential of 0 mV. The bath solution contained 
(in mM) 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES 
and 10 glucose, adjusted to pH 7.4 with NaOH. Pipettes 
for recording TRPM3 currents were filled with an internal 
solution containing (in mM) 140 CsCl, 5 MgCl2, 10 
BAPTA and 10 HEPES, adjusted to pH 7.2 with CsOH 
and the bath solution was changed to a K+-free external 
solution (Grimm  et  al. 2003). The internal solution for 
recording TRPV4 currents contained (in mM) 140 KCl, 
5 EGTA and 10 HEPES, adjusted to pH 7.4 with KOH 
(Guler et al. 2002).

Western blot

Cell lysates of MC3T3-E1 cells were prepared using 
RIPA lysis buffer (20 mM Tris, pH 7.4, 250 mM NaCl, 
2 mM EDTA, pH 8.0, 0.1% Triton X-100, 0.01 mg/mL 
aprotinin, 5 μg/mL leupeptin, 0.4 mM PMSF and 4 mM 
NaVO4) and spun at 12,000 rpm for 10 min to remove 
insoluble material. Proteins (50–100 μg/well) were 
subjected to 8–12% SDS-PAGE and separated by size. 
The proteins were electro-transferred to a nitrocellulose 
membrane, blocked with 5% skim milk and probed 
with antibodies against RANKL (1:500), NFATc1 
(1:1000) and actin (1:2000). Thereafter, the blots were 
washed, exposed to horseradish peroxidase-conjugated 
secondary antibodies for 1 h, and finally detected by 
chemiluminescence (Amersham Pharmacia Biotech, 
Arlington Heights, IL, USA).

Transfection of small interfering (si) RNAs

After a cell density of 70% confluence was reached, 
siRNA duplexes specific for mouse Trpm3, Trpv4 or 
negative control (BIONEER) were transfected using 
Lipofectamine2000 (Invitrogen) according to the 
manufacturer’s instructions.

Statistical analysis

All data were expressed as means ± s.e.m. Statistical 
significance was determined by a paired Student’s t-test. 
Statistical significance was set at the P < 0.05 level.
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Results

Hypo-osmotic stress induces increased RANKL 
expression in osteoblasts

Various mechanical stresses have been identified as 
regulators of bone formation in the differentiation 
of bone cells and as inducers of RANKL expression in 
osteoblasts (Boyce & Xing 2008). In this study, we 
examined whether hypo-osmotic stress affects RANKL 
expression after treatment of hypo-osmotic solution 
(215 mosmol) for 3 h in primary mouse osteoblasts. The 
expression of RANKL mRNA was significantly increased 
by hypo-osmotic stress (~1.5-fold) compared with 
control. This increase was not different from the increase 
in expression of RANKL mRNA by 1,25(OH)2D3 (~1.6-
fold), when the hormonally active form of vitamin D 
was used as a positive control (Takeda et al. 1999) (Fig. 1A 
and B). Furthermore, the expression of RANKL mRNA 
(Supplementary Fig.  1A, see section on supplementary 
data given at the end of this article) and the ratio of 
RANKL to OPG expression were significantly increased 
3 h after stimulation by hypo-osmotic stress (by ~1.2-fold 
and 2.3-fold, respectively) (Fig. 1C and D), but the level 
of OPG mRNA was not altered by osmotic stimulation 
(Supplementary Fig.  1B). This suggests that increase in 
RANKL mRNA by hypo-osmotic stress initiates RANKL-
mediated bone resorption.

Hypo-osmotic stress-induced increases of [Ca2+]i 
and RANKL expression are dependent on 
extracellular Ca2+ entry

Mechanical stress generates the intracellular Ca2+ response 
in bone cells (Weskamp  et  al. 2000, Winslow  et  al. 
2006, Huo  et  al. 2008). Therefore, we examined Ca2+ 
signaling by osmotic stress in osteoblasts. As shown in 
Fig.  2A, hypo-osmotic stress increased [Ca2+]i and even 
the repeated application of hypo-osmotic stress did not 
significantly change the increase in [Ca2+]i (87.3 ± 0.4% 
of first application). To identify the Ca2+ influx-related 
pathways involved, we examined whether the increase in 
[Ca2+]i promoted by hypo-osmotic stress was dependent 
on extracellular Ca2+ in osteoblasts. When hypo-osmotic 
stress was applied in Ca2+-free external solution, the hypo-
osmotic stress-induced increase in [Ca2+]i was completely 
inhibited (Fig. 2B). In addition, 100 μM lanthanum (La3+), 
as a non-specific blocker of Ca2+-permeable channels, or 
10 μM gadolinium (Gd3+), as a non-specific blocker of 
stretch-activated and some voltage-gated ion channels, 
also significantly prevented the hypo-osmotic stress-
induced increase in [Ca2+]i (Fig. 2C). These results suggest 
that the major source of hypo-osmotic stress-induced 
[Ca2+]i increase is Ca2+ influx from the extracellular 
space. To investigate whether the hypo-osmotic stress-
induced increase in [Ca2+]i affected RANKL expression, 
we examined the changes in RANKL mRNA induced by 

Figure 1
Effect of hypo-osmotic stress on RANKL mRNA 
expression in primary mouse osteoblasts. (A) 
Primary mouse osteoblasts were stimulated with 
hypo-osmotic solution (215 mosmol) (hypotonic) 
as mechanical stimulation and active vitamin D, 
1,25(OH)2D3 (10 nM), as a positive control for 3 h. 
RANKL mRNA expression was measured by 
RT-PCR. (B) The level of RANKL mRNA was 
quantified after the normalized value to 
beta-actin (n = 6). (C) Cells were stimulated with 
the hypo-osmotic solution for the indicated times. 
Expression of mRNAs was measured. (D) The 
expression ratio of RANKL/OPG mRNA was 
quantified after the normalized value to 
beta-actin (n = 3). Data are expressed as 
means ± s.e.m. *P < 0.05 compared with control.

Downloaded from Bioscientifica.com at 11/07/2018 05:00:23AM
via communal account

https://doi.org/10.1530/JME-18-0051
https://jme.bioscientifica.com


https://doi.org/10.1530/JME-18-0051
https://jme.bioscientifica.com� © 2018 Society for Endocrinology

Printed in Great Britain
Published by Bioscientifica Ltd.

21161 4:A Son et al. Induction of RANKL/NFATc1 via 
TRPV4/TRPM3

Journal of Molecular 
Endocrinology

Figure 2
Dependence on extracellular Ca2+ of hypo-osmotic stress-induced [Ca2+]i increase and RANKL expression. (A) Treatment with hypo-osmotic solution 
(hypotonic) induced increases in [Ca2+]i and also showed that [Ca2+]i was increased similarly by repeated application of hypo-osmotic solution in primary 
mouse osteoblasts using fura2 fluorescence dye. The changes in [Ca2+]i were quantified after the normalized value to the first hypo-osmotic stress (n = 9). 
(B and C) The effects of increases in [Ca2+]i by hypo-osmotic stress were inhibited by Ca2+-free external solution and 100 μM La3+, which block a wide 
range of Ca2+-permeable channels. The inhibitory effects on blockers were quantified after the normalized value to hypo-osmotic stress (n = 6) and 
ionomycin (n = 6). (D) Cells were incubated with Gd3+ or La3+ in the hypo-osmotic solution for 3 h. The increases in RANKL mRNA by hypo-osmotic stress 
were reduced by 10 μM Gd3+ and 100 μM La3+ and the level of RANKL mRNA was quantified after the normalized value to beta-actin (n = 3). (E) Cells were 
treated with 1 μM thapsigargin in PSS (a presence of 1 mM CaCl2) for the indicated times. The expression of RANKL mRNA was quantified after the 
normalized value to beta-actin (n = 6). Data are expressed as means ± s.e.m. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with control.
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hypo-osmotic stress after treatment with 100 μM La3+ 
or 10 μM Gd3+ for 3 h. The increase of RANKL mRNA by 
hypo-osmotic stress was significantly decreased by Gd3+ 
and La3+ (Fig. 2D). This result suggests that the increase in 
[Ca2+]i from the extracellular space by hypo-osmotic stress 
leads to the increase in RANKL expression. Thapsigargin, 
an inhibitor of sarco/endoplasmic reticulum Ca2+ ATPase, 
can increase [Ca2+]i by depletion of intracellular Ca2+ 
stores and subsequent influx of Ca2+ into the cytosol 
via activated plasma membrane Ca2+ channels. Thus, to 
investigate whether the increase in [Ca2+]i by thapsigargin 
affected RANKL expression, we examined the level of 
RANKL mRNA after treatment with 1 μM thapsigargin 
in PSS (a presence of 1 mM CaCl2). The expression of 
RANKL mRNA was significantly increased 3 and 6 h (by 
~1.8-fold and 1.7-fold, respectively) after treatment with 
thapsigargin; the increase was not different from the 
increase in expression of RANKL mRNA by 1,25(OH)2D3 
(~1.7-fold) (Fig. 2E). This result suggests that the RANKL 
expression is related with the increase of [Ca2+]i through 
extracellular Ca2+ entry as well as thapsigargin-mediated 
store-operated Ca2+ entry (SOCE).

Activation of TRPM3 and TRPV4 induces increases 
of [Ca2+]i and the expression of RANKL-mediated 
NFATc1 in osteoblasts

Diverse mechanosensitive TRP channels have been 
identified in osteoblastic cells (Abed  et al. 2009). Osmo-
mechanosensitive TRP channels (TRPM2, TRPM3, TRPM7 
and TRPV4) have been implicated in controlling the 
osmosensitive response in osmoregulation organs, such 
as kidney, sensory neurons, airway epithelia, bone and 
so on, to changes in osmolarity (Liedtke  et  al. 2000, 
Strotmann et al. 2000, Grimm et al. 2003, Koga et al. 2005, 
Sun et al. 2005, Bessac & Fleig 2007, Christensen & Corey 
2007, Numata et al. 2007, 2012, Nakai et al. 2009, Jin et al. 
2011). In particular, TRPM3 and TRPV4 are directly activated 
by hypo-osmotic stress (Strotmann et al. 2000, Alessandri-
Haber  et  al. 2003, Grimm  et  al. 2003). To determine 
which osmo-mechanosensitive TRP channels play a role 
in the hypo-osmotic stress-induced increases in [Ca2+]i, 
we confirmed the expression and functional activities of 
osmo-mechanosensitive TRP channels in osteoblasts. As 
shown in Fig. 3A, both TRPM3 and TRPV4 are present in 
primary mouse osteoblasts. However, TRPM2 was scarcely 
expressed, and TRPM7 was not affected by hypo-osmotic 
stress for 3 h (Supplementary Fig. 2). To directly assess the 
functional activities of these channels, we examined the 
expression of RANKL and NFATc1 proteins after treatment 

with agonists and antagonists of TRPM3 and TRPV4 for 
24 h. The expression of RANKL and NFATc1 protein was 
markedly increased by pregnenolone sulfate (PS) (50 μM) 
and 4a-PDD (10 μM), which are agonists of TRPM3 and 
TRPV4. Both ononetin (5 μM) and HC067047 (500 nM), 
which are antagonists of TRPM3 and TRPV4, inhibited the 
agonist-induced increases in protein expression (Fig. 3B). 
In addition, both PS and 4a-PDD enhanced the increase of 
[Ca2+]i in osteoblasts, and these effects on increased [Ca2+]i 
by activation of TRPM3 and TRPV4 were diminished by 
ononetin and HC067047 (Fig. 3C and D). Taken together, 
these results show that activation of RANKL and NFATc1 
can be induced by increases in [Ca2+]i via TRPM3 and 
TRPV4. Next, we examined the sensitivity of TRPM3 
and TRPV4 to hypotonicity using a whole-cell patch-
clamp technique. Hypo-osmotic stress activated TRPM3-
mediated outwardly rectifying currents (−0.10 ± 0.01 nA at 
−80 mV and 0.22 ± 0.05 nA at +80 mV) (Fig. 3E) and TRPV4-
mediated outwardly rectifying currents (−0.28 ± 0.07 nA 
at −80 mV and 0.40 ± 0.05 nA at +80 mV) (Fig. 3F), which  
reversed near 0 mV. These results suggest that the  
hypo-osmotic stress-evoked response is mediated by  
both TRPM3 and TRPV4. Therefore, we confirmed the 
effects of TRPV4 and TRPM3 on hypo-osmotic stress in 
subsequent experiments.

Hypo-osmotic stress activates the increases of 
[Ca2+]i and expression of RANKL-mediated NFATc1 
through osmo-mechanosensitive TRP channels 
(TRPM3 and TRPV4) in osteoblasts

To determine the specific activation of osmo-
mechanosensitive TRP channels (TRPM3 and TRPV4) by 
osmotic stress in osteoblasts, we used blockers of TRPM3 
and TRPV4. The hypo-osmotic stress-induced increase 
in [Ca2+]i was partially inhibited by 100 μM 2APB, a 
non-specific blocker of the TRPM3 channel, and 5 μM 
ononetin, a selective inhibitor of the TRPM3 channel 
(Fig. 4A). Antagonists of TRPV4 (10 μM RR as a non-specific 
blocker and 500 nM HC067047 as a potent antagonist) 
also partially inhibited the hypo-osmotic stress-induced 
increase in [Ca2+]i (Fig.  4B). These results indicate that 
hypo-osmotic stress is capable of inducing Ca2+ influx from 
the extracellular space via TRPM3 and TRPV4 on plasma 
membranes. To investigate whether the expressions of 
RANKL and NFATc1 was affected by the increase of [Ca2+]i 
via hypo-osmotic stress, we examined the changes in 
RANKL and NFATc1 protein levels by hypo-osmotic stress 
after treatments with antagonists of TRPM3 and TRPV4 for 
24 h. The increases in RANKL and NFATc1 protein levels 
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by hypo-osmotic stress were decreased by antagonists of 
TRPM3 and TRPV4 (Fig.  4C and D). This result suggests 
that the increase in [Ca2+]i through TRPM3 and TRPV4 by  
hypo-osmotic stress causes activation of RANKL and NFATc1.

To investigate the role of osmo-mechanosensitive 
TRP channels in osteoblasts, we examined the functional 

effects of TRPM3 and TRPV4 on Ca2+ influx and protein 
expression by hypo-osmotic stress using Trpm3 and Trpv4 
siRNAs in MC3T3-E1 and primary mouse osteoblast cells. 
Upon knockdown with specific siRNA for Trpm3 or Trpv4, 
their mRNA levels were completely suppressed (Fig. 5A). 
The hypo-osmotic stress-induced increases in RANKL and 

Figure 3
Functional roles of TRPM3 and TRPV4 in [Ca2+]i increase and RANKL expression. (A) TRPM3 and TRPV4 were expressed in mouse primary osteoblasts. 
Expression of TRPM3 and TRPV4 mRNA was examined by RT-PCR. (B) MC3T3-E1 cells were incubated with or without antagonists of TRPM3 or TRPV4 in 
pretreatment with agonists of TRPM3 or TRPV4 for 24 h. Increases in RANKL and NFATc1 proteins by 50 μM PS as an agonist of TRPM3 or 10 μM 4a-PDD as 
an agonist of TRPV4 were significantly reduced by 5 μM ononetin or 500 nM HC067047 in MC3T3-E1 cells. Expression of RANKL and NFATc1 proteins was 
quantified after the normalized value to control (n = 6). (C) The effects of increases in [Ca2+]i by 50 μM PS were inhibited by 5 μM ononetin (n = 6). (D) The 
effects of increases in [Ca2+]i by 10 μM 4a-PDD were also completely inhibited by 500 nM HC067047 (n = 6). The inhibitory effects on blockers were 
quantified after the normalized value to ionomycin. (E) Hypo-osmotic stress activated TRPM3-mediated outwardly rectifying current by a voltage ramp 
(−100 to +100 mV at 400-ms intervals, Vh = 0 mV), which was used to determine current–voltage relations in primary mouse osteoblasts currents 
(−0.112 ± 0.024 nA at −80 mV and 0.183 ± 0.038 nA at +80 mV, n = 10). These effects disappeared with treatment by 5 μM ononetin (−0.028 ± 0.007 nA at 
−80 mV and 0.037 ± 0.009 nA at +80 mV, n = 11). (F) Hypo-osmotic stress also induced TRPV4-mediated outwardly rectifying currents (−0.292 ± 0.031 nA at 
−80 mV and 0.477 ± 0.048 nA at +80 mV, n = 18). TRPV4-mediated currents were reduced significantly by 50 nM HC067047 (−0.084 ± 0.015 nA at −80 mV 
and 0.142 ± 0.020 nA at +80 mV, n = 16). Data are expressed as means ± s.e.m. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with control.
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NFATc1 expression were diminished in Trpm3- and Trpv4-
siRNA-transfected cells (Fig. 5B). Moreover, the amplitude 
of hypo-osmotic stress-induced increases in [Ca2+]i was 
reduced by approximately 37 and 35%, respectively, 
in Trpm3- and Trpv4-siRNA-transfected cells, compared 
with negative control cells (Fig. 5C and D). These results 
indicate that activation of TRPM3 and TRPV4 is essential 
for hypo-osmotic stress-mediated extracellular Ca2+ influx 
and induction of RANKL and NFATc1 expression in 
osteoblasts.

Discussion

In this study, we demonstrated a novel regulatory 
mechanism between osmo-mechanosensitive TRP 
channels, especially TRPM3 and TRPV4, and differentiation 
markers of bone cells through entry of extracellular Ca2+ in 
mouse osteoblast cells (Fig. 6). These effects could be the 
result of the accelerating activity in [Ca2+]i via TRPM3 and 
TRPV4 by mechanical stresses during bone remodeling, 
which is the previously reported physiological function of 
mechanical stresses such as endogenous RANKL synthesis, 
maintenance of bone mass and regulation of osteoclast 
differentiation in osteoblast cells (Tsuzuki  et  al. 2000, 
Takayanagi et al. 2002, Becker et al. 2005, Mehrotra et al. 
2006, Mizoguchi et al. 2008, Abed et al. 2009, Nakai et al. 
2009). However, the major signaling pathway and actions 
of mechanosensors in osteoblasts remain a mystery. Our 
results show that hypo-osmotic stress-induced increases 

in RANKL mRNA expression depend on the increase of 
[Ca2+]i in osteoblasts. Although other groups reported that 
extracellular Ca2+ entry as well as SOCE-elevated [Ca2+]i 
effected expression levels of RANKL and OPG mRNA 
in primary osteoblasts (Takami  et al. 2000, Hwang  et al. 
2012), these different results suggest that various stimuli 
can induce increase of [Ca2+]i through activation of a 
different mechanism of bone remodeling. Hence, the 
increase of [Ca2+]i in osteoblasts is necessary for the 
activation of differentiation markers of osteoblasts and the 
regulation of osteoclast differentiation (Takami et al. 2000, 
Weskamp et al. 2000, Romanello et al. 2005, Hwang et al. 
2012, Robinson et al. 2012).

In the present study, hypo-osmotic stress-induced 
increases of RANKL and NFATc1 expressions were also 
dependent on Ca2+ influx through the extracellular 
space and osmo-mechanosensitive TRP channels (TRPM3 
and TPRV4). In previous reports, various mechanical 
perturbations, such as mechanical load and fluid 
shear stress or pressure, played an important role in 
bone remodeling by activation of Ca2+ signaling and 
RANKL due to the influx of extracellular Ca2+ through 
mechanosensitive TRP channels, purinergic receptors, 
big conductance Ca2+-activated K+ channels in bone 
(Pavalko et al. 1998, Weskamp et al. 2000, Romanello et al. 
2005, Mehrotra  et  al. 2006, Oancea  et  al. 2006, 
Masuyama  et  al. 2008, Suzuki  et  al. 2013). TRPV4 was  
the first mechanosensitive TRP channel shown to be a 
volume-activated and Ca2+-permeable cation channel by 

Figure 4
Relationship between osmo-mechanosensitive 
TRP channels and hypo-osmotic stress. (A) The 
effects of increases in [Ca2+]i by hypo-osmotic 
stress (hypotonic stress) were partially inhibited 
by 100 μM 2APB as a non-specific blocker of 
TRPM3 and 5 μM ononetin as an antagonist of 
TRPM3 in osteoblasts (n = 5). (B) The effects of 
increases in [Ca2+]i by hypo-osmotic stress were 
also partially inhibited by 10 μM ruthenium red 
(RR) as a non-specific blocker of TRPV4 and 
500 nM HC067047 as an antagonist of TRPV4 in 
osteoblasts (n = 4). The inhibitory effect on 
blockers was quantified after the normalized 
value to hypo-osmotic stress. (C) Cells lysates 
were collected from MC3T3-E1 cells stimulated 
with hypo-osmotic solution and blockers of 
osmo-mechanosensitive TRP channels for 24 h.  
(D) Expression of RANKL and NFATc1 proteins was 
quantified after the normalized value to control 
(n = 4). Data were expressed as means ± s.e.m. 
*P < 0.05, **P < 0.01, and ***P < 0.001 compared 
with control.
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hypo-osmotic stimuli (Liedtke et al. 2000, Strotmann et al. 
2000). TRPV4 also regulates bone resorption, which 
is necessary for sustained Ca2+ signaling and NFATc1 
activation by the Ca2+/calmodulin signal pathway in 
osteoclasts, and bone formation, which is essential for 
flow-induced Ca2+ signaling during differentiation in 
osteoblasts (Boyce & Xing 2008, Masuyama  et  al. 2008, 
Mizoguchi  et  al. 2008, Suzuki  et  al. 2013). TRPM3 of 
osmo-mechanosenstive TRP channels also participates in 
hypo-osmotic cell swelling (Grimm et al. 2003, Harteneck 
& Schultz 2007). In our previous study, hypo-osmotic 
stress induced RANKL expression via TRPM3 and TRPV4 
in human periodontal ligament cells (Son  et  al. 2015). 
However, the functional mechanism of TRPM3 and TRPV4 
in bone remodeling is not fully understood. Our study is 
the first to show that TRPM3 and TRPV4 are expressed 

in osteoblasts and that the activities of differentiation 
markers are regulated by hypo-osmotic stress. TRPM7 as a 
mechanosensor is also expressed in osteoblasts and plays 
an important role in various cell types. TRPM7 has been 
proposed to be directly activated by volume regulation 
on mechanical stimuli and magnesium regulation, and 
the increase in [Ca2+]i via TRPM7 potentiates by hypo-
osmotic cell swelling (Oancea  et  al. 2006, Numata  et  al. 
2007, Abed  et  al. 2009, Boyce 2013, Kim  et  al. 2017, 
Won  et  al. 2018). According to our previous report, 
TRPM7 controls RANKL-induced osteoclastogenesis by 
regulation of Ca2+ oscillation and NFATc1 expression in 
osteoclast cells (Yang  et  al. 2013). In the present study, 
we had ruled out the possibility that TRPM7 was involved 
in osteoblast differentiation because of the inhibition 
of TRPM7 activity by regulation of Mg2+ in all buffers 

Figure 5
Effects of deleted osmo-mechanosensitive TRP channels on [Ca2+]i increases and activation of differentiation factors mediated by hypo-osmotic stress.  
(A) Osteoblasts were transfected with siTRPM3 and siTRPV4 using Lipofectamine 2000. After 72 h of transfection, whole mRNA was collected using the 
Trizol method. beta-actin was used as loading control. (B) Transfected MC3T3-E1 cells were treated with the hypotonic solution (Hypotonic) for 24 h. 
Hypo-osmotic stress-induced increases in RANKL and NFATc1 expressions were decreased in Trpm3- and Trpv4-siRNA-transfected MC3T3-E1 cells. 
Expression of RANKL and NFATc1 proteins was quantified after the normalized value to negative control (NC) (n = 6). (C and D) Application of hypo-osmotic 
solution induced increases in [Ca2+]i in negative control osteoblasts (a). However, these effects were reduced in siTRPM3-treated cells (b) (n = 4) and 
siTRPV4-treated cells (n = 4). We identified the siRNA-transfected cells by GFP fluorescence (upper side) before a test, and increases in [Ca2+]i in single  
cells were measured using fura2 fluorescence dye (lower side). Data are expressed as means ± s.e.m. *P < 0.05 and ***P < 0.001 compared with control.
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used. We also confirmed that hypo-osmotic stress had 
no effect on the TRPM7 expression in osteoblast cells 
(Supplementary Fig.  2). Therefore, activation of TRPM3 
and TRPV4 by mechanical stress is essential for control of 
bone remodeling and osteoblastic differentiation.

Notably, osteoblasts can control osteoclast 
differentiation and activity and consequently bone 
remodeling through the modulation of RANKL/OPG and 
calcineurin/NFAT in osteoblastogenesis (Koga et al. 2005, 
Hadjidakis & Androulakis 2006, Winslow et al. 2006, Zaidi 
2007, Hwang et al. 2012). NFATc1 must first be activated 
through dephosphorylation by the Ca2+/calmodulin-
regulated phosphatase calcineurin. Activated NFATc1 then 
binds to Osterix, a regulator of osteoblast transcription 
downstream of Runx2, to stimulate osteoblastogenesis 
and bone formation. Therefore, deletion of NFATc1 and A 
alpha isoform of calcineurin in the osteoblast impair bone 
formation (Koga et al. 2005, Sun et al. 2005, Winslow et al. 
2006). Here, we have also shown that hypo-osmotic stress-
induced NFATc1 expression is regulated by activation of 
TRPM3 and TRPV4 in osteoblasts. Hence, extracellular 
Ca2+ influx and increases in [Ca2+]i through TRPM3 and 
TRPV4 as osmo-mechanosensitive TRP channels are 
essential for the activity of NFATc1 and the physiological 
activity of osteoblasts.

In conclusion, this is the first report showing that 
hypo-osmotic stress affects regulation of [Ca2+]i and the 

differentiation markers RANKL and NFATc1 via modulation 
of TRPM3 and TRPV4 in osteoblastic cells. These results 
potentially have a broad impact and clinical relevance for 
pathological conditions in the skeletal system. Based on 
our results, adjusting the activities of TRPM3 and TRPV4 
by genetic modification and Ca2+ ingestion has to be 
considered as a novel way to protect against bone diseases 
caused by impaired bone remodeling, such as osteopenia 
and osteoporosis.
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