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Mesenchymal stromal cells (MSCs) are multipotent cells present in adult bone marrow that replicate as undif-
ferentiated cells and can differentiate to lineages of mesenchymal tissues. Homeostatic control of bone remodel-
ling maintains bone mass by insuring that bone resorption and bone formation occur sequentially and in a bal-
anced manner. As most homeostatic functions occur in a circadian manner, a circadian clock could control bone 
mass. Here, we show that laser irradiation can direct the osteogenesis and adipogenesis of mouse MSCs by al-
tering the intracellular localization of the circadian rhythm protein Cryptochrome 1 (mCRY1). After laser irra-
diation (wavelength: 405 nm) to MSCs, circadian rhythm protein, mCRY1 and mPER2, were immunostained and 
histochemical stainings for osteogenic or adipogenic differentiation were observed. Laser irradiation promoted 
osteogenesis and reduced adipogenesis of MSCs, induced the translocation of mCRY1 and mPER2 protein from 
the cytoplasm to the nucleus, and decreased mCRY1 mRNA levels quantified by real-time PCR. Since the timing 
of nuclear accumulation of clock proteins constitutes an important step in the transcription-translation feedback 
loop driving the circadian core oscillator, laser irradiation could provide a simple and effective technology for 
clock protein localization and turnover. Our results also indicate that mCRY1 is a master regulator of circadian 
rhythm that regulates the differentiation of MSCs. Laser irradiation could provide a simple and effective means 
of controlling the fate of MSCs as a therapeutic strategy and act ‘molecular switch’ of regulatory proteins by 
suppressing CRY transcription. Furthermore, this model system may be useful for exploring the crosstalk be-
tween circadian rhythm and cell differentiation. 
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INTRODUCTION  
Organisms have evolved various methods for ef-

ficient utilization of light energy. Light has an espe-
cially important role as a stimulus for many develop-
mental processes. For example, blue light markedly 
affects growth and development of higher plants. 
These responses are mediated by a blue light photo-
receptor, cryptochrome (CRY).1 CRY shares significant 
homology with Class I cyclobutane pyrimidine dim-
mers (CPD) photolyase, although it does not exhibit 
photolyase activity. CRY also binds flavin adenine 
dinucleotide (FAD),2,3 consistent with CRY mediating 
a light-dependent redox reaction similar to CPD 
photolyase. However, genetic analysis indicates that 
the CRYs, which utilize flavin as light-absorbing co-
factors, are the primary circadian photoreceptors.4 

Circadian rhythms are oscillations in the behav-
iour and biochemical reactions of organisms that occur 
with a periodicity of approximately twenty-four hours. 
Circadian rhythms are thought to confer a selective 
advantage to organisms by enabling them to pursue 
levels of activity that are optimal for growth and de-
velopment and minimize susceptibility to predation 
and competition by establishing favourable temporal 
niches. In mammals, the core oscillator of the master 
circadian clock utilizes interacting positive and nega-
tive transcription-translation feedback loops.5 Proteins 
involved in these feedback loops include two crypto-
chrome genes, Cry1 and Cry2, three homologs of the 
period genes, Per1, Per2, and Per3, and the transcrip-
tional activator genes, Clock and Bmal1 (Brain and 
Muscle aryl hydrocarbon receptor nuclear translocator 
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(ARNT)-Like protein 1).6 A key step in these feedback 
loops is the shutdown of CLOCK- and BMAL1-driven 
transcription by CRY proteins. BMAL1 and CLOCK 
contain two basic helix-loop-helix domains and bind 
E-box elements (CACGTG) in the Per and Cry clock 
genes to activate their transcription. This activity is a 
positive feedback loop of circadian rhythm regula-
tion.7 The mammalian Period proteins (PER1 and 
PER2) and Cryptochrome proteins (CRY1 and CRY2) 
act as negative regulators of transcription driven by 
the BMAL1/CLOCK heterodimer. Therefore, E-box 
elements play a crucial role in homeostatic function.  

For example, homeostatic control of bone re-
modelling maintains bone mass by insuring that bone 
resorption and bone formation occur sequentially and 
in a balanced manner.7,8 As most homeostatic func-
tions occur in a circadian manner,9,10 a circadian clock 
could control bone mass11. Bone mass is regulated by 
osteoblasts that differentiate from mesenchymal stro-
mal cells (MSCs). MSCs are multipotent cells that can 
replicate as undifferentiated cells and that have the 
potential to differentiate to lineages of mesenchymal 
tissues, including bone, cartilage, fat, tendon, and 
muscle.12,13 Accordingly, controlling the division and 
differentiation of MSCs would provide an exceptional 
therapeutic resource for the restoration of damaged or 
diseased tissue. However, several fundamental ques-
tions must be answered before it will be feasible to 
dictate the differentiation of MSCs implanted to ma-
ture organisms. In particular, a better understanding 
of how specific factors alter the differentiation of 
MSCs is essential. Here, we show that blue laser 
(wavelength; 405 nm) irradiation can induce and re-
duce the osteogenesis and adipogenesis by altering the 
intracellular localization of the circadian rhythm pro-
tein CRY1. 

MATERIALS AND METHODS 
Cell culture and laser irradiation 

The mouse MSCs cell line (KUSA-A) was pur-
chased from RIKEN Bioresource Center, Japan, and 
cultured in Dulbecco’s Modified Eagle’s Medium 
(DMEM) containing 10% fetal calf serum (FCS), 100 
units/mL penicillin, and 0.1 mg/mL streptomycin at 
37°C in a 5% CO2 atmosphere. For osteogenic induc-
tion, MSCs were seeded at 4×104 cells/well in a Black 
with Clear Bottom 96-well Microtest™ Optilux™ Plate 
(BD bioscience Inc., CA) for 12 hrs. Following the re-
setting of circadian rhythms by dexamethasone (100 
nM for 1 hr),14,15 cells were irradiated with a blue laser 
(VLM 500®, Sumitomo Electric Industries, Ltd., Japan, 
wavelength: 405 nm, continuous wave) for 180 sec via 
a fiber attached to the bottom of the culture dish. The 
optical instrument with an automated stage for posi-

tioning was purchased from Sigma Koki Co., Ltd., Ja-
pan. The beam profile of this laser system was ob-
served with a LEPAS-11 Laser Beam Profiler 
(Hamamatsu Photonics K.K., Japan). A diameter of 
circular beam was approximately 500 μm. A blue laser 
was irradiated to cells cultured only in the center of 
well. After laser irradiation, MSCs were incubated in 
osteogenic differentiation medium (DMEM supple-
mented with 10% FCS, 10 nM dexamethasone, 
50 μg/ml ascorbic acid, and 2 mM 
β-glycerophosphate) or adipogenic differentiation 
medium (DMEM supplemented with 10% FCS, 
100 nM dexamethasone, 0.5 mM 
3-isobutyl-1-methylxanthine, 10 μg/ml insulin, and 
0.2 mM indomethacin) at 37°C in a 5% CO2 atmos-
phere for 5 days. As control experiments, MSCs were 
incubated in the same conditions above, except for 
laser irradiation. 

Histochemical analysis 
For immunostaining of mCRY1 or mPER2, cells 

were fixed with 4% formalin in phosphate buffered 
saline (PBS, pH 7.4) 24 hrs after irradiation. Fixed cells 
were incubated with a primary antibody directed 
against anti-mouse CRY1 (Alpha Diagnostic Interna-
tional, Inc., TX) or PER2 (Chemicon International, Inc., 
CA) for 1 hr at room temperature, followed by incuba-
tion with a Cy3-conjugated second antibody 
(Sigma-Aldrich, Inc. MO) for 1 hr at room tempera-
ture. Cells were counterstained with 
4,6-diamidino-2-phenylindole (DAPI). Only irradiated 
cells (around 500μm in the center of plate well) were 
observed by fluorescence microscopy. To evaluate 
osteogenesis, MSCs were rinsed three times with PBS 
and fixed with 4% formalin in PBS. Fixed cells were 
incubated with a 1% Alizarin red-S (Sigma-Aldrich, 
Inc. MO) aqueous solution (pH 6.5) for 15 min at room 
temperature and then rinsed three times with PBS. For 
von Kossa staining, fixed cells were exposed to UV 
light for 30 min in the presence of 5% silver nitrate 
and then incubated with 5% sodium thiosulfate for 5 
min. The stained cells were rinsed with deionized wa-
ter. For ALP staining, cells were stained using naph-
thol AS-BI phosphate solution and fast red violet solu-
tion (ALP detection kit, Chemicon International, Inc., 
CA). For osteocalcin immunostaining, fixed cells were 
incubated with a primary antibody (LSL Co., Cosmo 
Bio, Japan) directed against mouse osteocalcin for 1 hr 
at room temperature, followed by incubation with a 
Cy3-conjugated second antibody (Sigma-Aldrich, Inc. 
MO) for 1 hr at room temperature. The calcium con-
tents of differentiated cells were measured with the 
calcium-E test kit (Wako Pure Chemical Industries, 
Ltd., Japan). To examine the state of adipose differen-
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tiation, fixed cells were stained with 0.5% oil red O in 
an isopropanol/water solution for 1 hr. After staining, 
cultures were rinsed several times with a 70% ethanol 
solution.  

RNA extraction and real time PCR 
Total cellular RNA of laser irradiated or 

non-irradiated MSCs was extracted with the 
RNAqueous kit (Ambion, Inc., Japan) according to the 
manufacturer’s instructions 24 hr after laser irradia-
tion. All samples were subjected to DNase treatment 
to avoid DNA contamination. mCRY1 or Peroxisome 
Proliferator-Activated Receptor (PPAR) γ mRNA ex-
pression was quantified by real time PCR. Reactions 
were carried out using a Smart Cycler version II (Ta-
kara Bio, Inc., Japan) with a SYBR ExScript RT-PCR kit 
(Takara Bio, Inc., Japan). PCR was started with an ini-
tial incubation at 95°C for 15 min to activate the Taq 
DNA polymerase, then set at 94°C for 15 sec, 56°C for 
30 sec, and 72°C for 30 sec, for 40 cycles. Fluorescent 
signals were measured at the end of each elongation 
step and the start points of their exponential curves 
were determined for conversion of the cycle number 
into the amount of PCR product. Purified cDNA was 
employed to generate standard curves. The PCR effi-
ciency of the primer sets was checked to confirm that 
the dilution rate of the samples was not affected. First, 
the annealing temperature of the eight wells of the 
PCR reaction plate on the apparatus was changed 
linearly from 55°C to 65°C to determine the optimal 
annealing temperature between the two sets of PCR 
primers. After the final PCR step, the temperature was 
elevated to 95°C while monitoring the fluorescent 

signals in order to form the melting curves to check 
the specificity of the PCR amplification. The levels of 
mCRY1 mRNA were normalized to the amount of 
mouse ribosomal protein S18 (Rps18) mRNA in each 
sample. Values were calculated as means ± standard 
deviation (SD). Comparisons between groups were 
made using Student’s t-test. Differences were accepted 
as significant when P < 0.01. 

Statistical analysis 
All the data were expressed as the mean ± the 

standard derivation of the mean. Statistical signifi-
cance (defined as P values of less than 0.01) was 
evaluated based on the unpaired Student’s t test 
(two-tailed). 

RESULTS 
Intracellular distribution of mCRY1 and mPER2, and 
real-time PCR quantification of mCRY1 mRNA after 
laser irradiation 

Intracellular distribution of mCRY1 and mPER2 
after blue laser irradiation were shown in Figs. 1a and 
1b. Blue laser irradiation to mouse MSCs promotes the 
nuclear accumulation of mCRY1 (Fig. 1A) and mPER2 
(Fig. 1B). In addition, the mRNA levels of mCRY1, 
quantified by real-time PCR, decreased 24 hr after 
blue laser irradiation relative to non-irradiated cells 
(Fig. 1C). These results reveal that blue laser irradia-
tion of mouse MSCs promotes the nuclear accumula-
tion of mCRY1 and mPER2 and decreases their ex-
pressions via a negative feedback loop. 
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Figure 1 Intracellular location of (A) mCRY1 and (B) mPER2 proteins in MSCs 24 hr after laser irradiation. Cells were dou-
ble-labeled with DAPI (blue, upper panel) and mCRY1 or mPER2 (red, center panel). The lower panel provides a merged image. 
mCRY1 and mPER2 localized to the cytoplasm prior to laser irradiation. After laser irradiation, proteins translocated to the nucleus. 
(C) mRNA levels of mCry1 in MSCs 24 hr after laser irradiation (100 mW/cm2) and in non-irradiated cells. Samples were nor-
malized to mRps18. The mRNA levels of mCry1 decreased after blue laser irradiation relative to non-irradiated cells. Scale bars = 
30µm *, p<0.01: significant difference between the relative mRNA levels of laser irradiated MSCs and controls. 

 

Oteogenesis and adipogenesis of MSCs after laser 
irradiation 

Irradiating cultured MSCs with a circular beam 
(Fig. 2A) stimulated osteogenesis exclusively within 
the area irradiated. Five days after blue laser irradia-
tion, alizarin red-S and von Kossa staining revealed 
extensive calcium and calcium phosphate deposition 
that increased with laser energy (Fig. 2B). The calcium 

content of these wells was also increased (Fig. 2C). 
Laser irradiated samples displayed alkaline phos-
phatase (ALP) activity and were immunopositive for 
osteocalcin, a marker of osteoblast differentiation (Fig. 
2B). Staining with oil red O (Fig. 3A) and PPARγ 
mRNA expression (Fig. 3B) indicated that blue laser 
irradiation decreased adipogenesis. 
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Figure 2 (A) The beam profile of the blue laser (wave length; 405 
nm, continuous wave). MSCs were irradiated for 180 sec at various 
intensities. (B) Histochemical analysis of laser irradiated MSCs. 
Alizarin red-S staining of irradiated MSCs (magnification: x50). At 
5 days post-irradiation, calcium deposition had increased around 
the cells in a dose-dependent manner. Calcium phosphate deposi-
tion was evaluated by von Kossa staining (magnification: x50). At 
5 days after treatment, staining increased with increased laser en-
ergy. The area expressing alkaline phosphatase (ALP) activity was 
stained (magnification: x50). Laser irradiated samples displayed 
immunopositive staining for osteocalcin, a marker of osteoblast 
differentiation (magnification: x100). Scale bars = 200 (for Alizarin 
red-S, von Kossa, and ALA staining) and 100µm (for osteocalcin 
immunostaining). (C) The quantitative calcium content increased 
after blue laser irradiation relative to non-irradiated cells. Calcium 
content increases varied with laser energy. *, p<0.01: significant 
difference between the calcium content of laser-irradiated MSCs and controls. 
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Figure 3 (A) Staining with oil red O demonstrates that blue laser 
irradiation decreased adipogenesis relative to non-irradiated areas 
(magnification: x50). Higher magnification (x400) is shown in 
frame. Scale bars = 200 µm. As the nuclear localization of CRY 
proteins attenuates CLOCK- and BMAL1-driven transcription, 
laser irradiation may act ‘molecular switch’ for regulatory proteins 
by suppressing CRY transcription to limit the accumulation of lipid 
droplets in cells. (B) mRNA levels of PPARγ in MSCs 24 hr after 
laser irradiation (100 mW/cm2) and in non-irradiated cells. Samples 
were normalized to mRps18. The mRNA levels of PPARγ de-
creased after blue laser irradiation relative to non-irradiated cells. *, 
p<0.01: significant difference between the relative mRNA levels of 
laser irradiated MSCs and controls. 

 

DISCUSSION 
In this study, we demonstrate that blue laser ir-

radiation of mouse MSCs promotes the nuclear accu-
mulation of mCRY1 (Fig. 1A) and mPER2 (Fig. 1B). 
Since the timing of nuclear accumulation of clock pro-
teins constitutes an important step in the transcrip-
tion-translation feedback loop driving the circadian 
core oscillator,17 laser irradiation could provide a sim-
ple and effective technology for clock protein localiza-
tion and turnover. In addition, transcriptional regula-
tion is also fundamental to the circadian oscillations of 
clock gene expression. The mRNA levels of mCRY1 
decreased after blue laser irradiation relative to 
non-irradiated cells (Fig. 1C). Protein products of CRY 
act together with PER proteins to inhibit CRY and PER 

transcription and close the autoregulatory feedback 
loop.5,6 These oscillations control output rhythms. The 
transcriptional feedback loop and a model of inter-
locked loops have been proposed as the basis for these 
oscillations. These results reveal that blue laser irra-
diation of mouse MSCs promotes the nuclear accu-
mulation of mCRY1 and mPER2 and decreases their 
expressions via a negative feedback loop. 

In addition, we demonstrate that irradiaton with 
a blue laser enhances the osteogenesis and suppress 
the adipgenesis of mouse MSCs. Irradiating cultured 
MSCs with a circular beam (Fig. 2A) stimulated os-
teogenesis exclusively within the area irradiated (Fig. 
2B). Since a functional hallmark of osteoblasts is their 
ability to mineralize the extra cellular matrix (ECM), 
we stained irradiated cultures with alizarin red and 
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von Kossa staining to detect calcium and calcium 
phosphate deposition, respectively. CRY is a key pro-
tein for the differentiation of MSCs and bone nodule 
formation. Mice lacking Cry1 and 2 (Cry1−/−;Cry2−/−) 
exhibit higher bone mass, consistent with the hy-
pothesis that dysfunction of the molecular clock in-
fluences bone remodeling.11 In addition, the E-box is 
essential for tissue-specific transcriptional activation 
of mouse bone morphogentic protein (BMP)-4 and 
osteogenic lineage-specific novel transcriptional fac-
tor(s) recognizes this E-box.18 The diurnal variation in 
the synthesis of type I collagen and osteocalcin, the 
two main biosynthetic products of osteoblasts, sup-
ports this hypothesis.19,20 

 Adipocytes also play essential metabolic roles. 
They not only provide massive energy reserves but 
also secrete hormones and cytokines that regulate 
metabolic activities.21 The link between metabolic ac-
tivity in adipocytes and circadian rhythm has been 
studied extensively. For example, glucose and lipid 
homeostasis exhibit circadian variation. More recently, 
the expression of adiponectin receptors in adipocytes 
has been reported to vary in a circadian fashion.22 An-
other clock protein, BMAL1, regulates adipogenesis 
and lipid metabolic activity in mature adipocytes.23 In 
our cultures, staining with oil red O and quantification 
of PPARγ mRNA indicated that blue laser irradiation 
decreased adipogenesis (Figs. 3A and 3B).  

These phenomena were indicated that a blue la-
ser irradiation is ‘speeding up’ a sequence of events 
that will occur anyway under these culture conditions. 
Thus, laser irradiation may act ‘molecular switch’ of 
regulatory proteins by suppressing CRY transcription 
to enhance the osteogensis and to limit the accumula-
tion of lipid droplets in cells. Recent evidence indi-
cates that at low-radiation doses light energy is ab-
sorbed by intracellular chromophores.24 Current mod-
els propose that low-level laser irradiation generates a 
small amount of singlet oxygen that influences the 
formation of adenosine triphosphate (ATP).25 In addi-
tion, laser irradiation may increase the transmembrane 
electrochemical proton gradient in mitochondria to 
improve the efficiency of the proton-motive force and 
generate greater calcium release by an antiport proc-
ess.26 A number of different lasers with different 
wavelengths, including helium-neon (wavelength; 
632.8 nm), gallium-aluminum-arsenide (wavelength; 
805±25 nm), and gallium-arsenide (wave length; 904 
nm), have been used at different intensities and treat-
ment schedules for repairing bone defects. However, 
few studies have attempted to quantify the effect of 
low-level laser therapy on bone formation.27  

We demonstrate that mCRY1 is a master regula-
tor of circadian rhythm that can regulate the differen-

tiation of MSCs following blue laser irradiation. The 
detailed mechanism of relationship between 
photo-acceptance of CRY, CRY down-regulation, and 
cell differentiation by blue laser irradiation were not 
unclear. However, irradiation with lasers at different 
wavelengths, 664 and 808 nm, did not alter the intra-
cellular distribution of mCRY1 and mPER2 and did 
not affect on the cell differentiation (data not shown). 
This observation provides additional evidence for the 
specific photoreceptive function of CRY proteins. 
There are several reports that mCRY is the only 
blue-light photoreceptor implicated in circadian 
photoresponses.14,28-33 Mammalian CRY1 bound to 
FAD contributes to photoreception of 405 nm light by 
murine cells. Although the blue laser irradiation used 
in this study was extremely high energy compared 
with that in natural light, our results indicate that 
mCRY1 plays an important role in the control of the 
differentiation of MSCs. We propose that blue laser 
irradiation of MSCs could provide a simple and effec-
tive technology for clock protein localization and 
turnover as the timing of nuclear accumulation of 
clock proteins constitutes an important step in the 
transcription-translation feedback loop driving the 
circadian core oscillator. We examine the effect of laser 
irradiation in other types of cells, such as primary os-
teoblasts and primary bone marrow stromal cells. 
Those results will be reported in near future. As this 
technique could readily be applied in situ to control 
the differentiation of MSCs at an implanted site within 
the body, this approach may have therapeutic poten-
tial for the restoration of damaged or diseased tissue. 
Furthermore, these findings provide an excellent op-
portunity to gain insights into the cross-talk between 
circadian rhythms, bone formation and adipose me-
tabolism. 
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