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Abstract 

Pulsed electromagnetic fields (PEMFs) have been considered as a potential candidate for the prevention 

and treatment of osteoporosis, however, the mechanism of its action is still elusive. We have previously 

reported that 50 Hz 0.6mT PEMFs stimulate osteoblastic differentiation and mineralization in a primary 

cilium- dependent manner, but did not know the reason. In the current study, we found that the PEMFs 

promoted osteogenic differentiation and maturation of rat calvarial osteoblasts (ROBs) by activating 

bone morphogenetic protein BMP-Smad1/5/8 signaling on the condition that primary cilia were normal. 

Further studies revealed that BMPRII, the primary binding receptor of BMP ligand, was readily and 

strongly upregulated by PEMF treatment and localized at the bases of primary cilia. Abrogation of 

primary cilia with small interfering RNA sequence targeting IFT88 abolished the PEMF-induced 

upregulation of BMPRII and its ciliary localization. Knockdown of BMPRII expression level with RNA 

interference had no effects on primary cilia but significantly decreased the promoting effect of PEMFs 

on osteoblastic differentiation and maturation. These results indicated that PEMFs stimulate osteogenic 

differentiation and maturation of osteoblast by primary cilium-mediated upregulation of BMPRII 

expression and subsequently activation of BMP-Smad1/5/8 signaling, and that BMPRII is the key 

component linking primary cilium and BMP-Smad1/5/8 pathway. This study has thus revealed the 

molecular mechanism for the osteogenic effect of PEMFs.  

Keywords Pulsed electromagnetic fields, Osteoblasts, Primary cilia, BMP-Smad1/5/8 signaling, 

BMPRII  



 Introduction  

Osteoporosis is a significant public health problem that is widely undertreated, despite the 

availability of many options of treatment. As some treatments are defective, ineffective, expensive, low 

in patient compliance, and/or risky (as they disturb normal bone turnover physiology and/or cause 

significant side effects or even cancer), searching for alternative and effective therapies for osteoporosis 

is necessary and has been drawing attention of many clinicians and researchers [1,2]. While 

electromagnetic fields (EMFs) of extremely low frequency have been considered as a promising therapy 

for a wide range of bone diseases, such as fresh and nonunion fractures and osteoarthritis [3], 

accumulating evidence has now shown that pulsed electromagnetic fields (PEMFs) as an alternative 

noninvasive method were capable of producing satisfying therapeutic effects on osteoporosis [4]. PEMFs 

promote osteogenesis and mineralization of bone cells and prevent bone loss in animal models of disuse 

or tail-suspension osteoporosis and ovariectomy-induced bone loss [5,6]. Clinical investigations further 

confirmed that PEMFs increased bone mineral density and prevented bone loss in osteoporosis patients 

[7,8]. However, the action mechanism of PEMFs in preventing bone loss is still elusive. 

We previously reported that waveforms, frequencies, intensities, and exposure duration influenced 

effects of EMFs on osteogenesis and the best therapeutic effects of EMFs could be obtained by defining 

their optimal application parameters. 50 Hz sinusoidal EMFs were found to promote the differentiation 

and mineralization potentials of osteoblasts in an intensity-dependent manner with peak activity shown 

at 1.8 mT and 3.6 mT [9,10]. We recently further reported that 0.6 mT was the optimal intensity of 50 

Hz PEMFs from the 0.6 mT to 3.6 mT range in stimulating both proliferation and osteogenic 

differentiation of rat calvarial osteoblasts in vitro[11]. In addition, we also demonstrated that the 

osteogenic effect of PEMFs needs the existence, on the osteoblasts, of a primary cilium, which is a 

solitary, immotile, microtubule-based organelle growing from the centrosome and projecting from the 

vertebrate cell surface [11,12]. However, the detailed mechanism of primary cilium in mediating the 

osteogenic effect of PEMFs is not clear.  

Primary cilium has been demonstrated to play an important mechanosensory role in numerous 

tissues. More and more evidence suggests that primary cilia might mediate sensing of mechanical stresses 

that occur with skeletal development [13,14]. When primary cilia were abrogated in MC3T3-E1 

osteoblasts, the osteogenic responses to fluid flow were attenuated [15]. The upregulation of osteogenic 

factors in MLO-Y4 osteocytes normally experienced in response to fluid flow was abolished when 



ciliogenesis was inhibited [16]. The mice with an osteoblast- and osteocyte-specific knockout of Kif3a, 

a gene essential to primary cilia formation and function, exhibited diminished bone formation in response 

to loading [17]. These results indicate that primary cilia are mechanosensors in bone cells; however, the 

molecular basis of mechanotransduction has not been fully elucidated. 

As a key coordinator of signal pathways like receptor tyrosine kinases (RTKs), platelet-derived 

growth factor receptor (PDGFR), Hedgehog (Hh), Wingless/Int-1 (Wnt), neuronal and purinergic 

receptors [18-22], there is a variety of receptors, ion channels and transporter proteins present in the 

primary cilia, and some downstream effectors of these pathways were localized to the cilium [23,24]. 

Recently, more new primary cilium-located proteins were reported, including G protein-coupled 

receptors, anoctamin and septin, which further confirmed the role of primary cilium as a key coordinator 

of signaling pathway [25-27]. In particular, transforming growth factor (TGF-β) receptors have been 

reported to be localized to the ciliary tip and base in fibroblasts, and TGF-β stimulation increases receptor 

localization and activation of SMAD2/3 at the ciliary base. When primary cilia were abrogated, TGF-β 

signaling in fibroblasts was reduced, which demonstrates that primary cilia play an indispensable role in 

TGF-β signaling [28].   

Bone morphogenetic proteins (BMPs), belonging to the large TGF-β super family, have diverse 

functions in embryonic development and have been demonstrated to play crucial roles in osteogenesis 

[29]. Among BMP family members, BMP2 has been extensively studied for its variety of functions, 

particularly in embryonic skeletal development and postnatal bone remodeling and bone repair [30,31]. 

A recent human genetic study indicated that polymorphisms of BMP2 expression are linked to a high 

risk for osteoporosis [32]. BMP-Smad1/5/8 signaling is a canonical osteogenesis-related pathway, which 

is critical for osteogenic differentiation [33]. There are two subtypes of BMP receptors, BMPR-I and 

BMPR-II, which are serine-threonine kinase receptors. BMPRII is the primary binding site for BMP 

ligand. Upon BMP binding to BMPRII, BMPRI is phosphorylated and activated, and the activated 

BMPRI in turn phosphorylates the intracellular BMP effector proteins, Smad proteins 1, 5 and 8 

(Smad1/5/8). Phosphorylated Smads1/5/8 forms a complex with Smad4 and translocates to the nucleus, 

whereby it regulates the transcription of bone-specific genes [34-36]. 

Here we hypothesized that PEMFs stimulate the osteoblastic differentiation by activating BMP-

smad1/5/8 pathway, some components of this pathway are associated with primary cilia, and that lack of 

primary cilia or their abnormal status could affect these components and therefore disturb the signal 



transduction of BMP pathway, which consequently impact the osteogenic effect of PEMFs. In this study, 

we firstly examined whether BMP-smad1/5/8 pathway was involved in the PEMFs-induced osteogenic 

differentiation, then we investigated whether primary cilia was indispensable for the activation of the 

pathway. Lastly, the connection between the primary cilia and BMP-smad1/5/8 pathway was explored 

by examining co-localization of cilia with the signaling proteins. Our results verified our hypothesis and 

indicated that BMPRII is the linking protein between primary cilia and the BMP-smad1/5/8 pathway that 

underlies the osteogenic effect of PEMFs.  

 

Materials and Methods  

 

Reagents 

Dulbecco’s modified Eagle's medium (DMEM) was obtained from Gibco (Gibco, Gaithersburg, MD, 

USA). Fetal bovine serum (FBS), collagenase II and trypsin were purchased from Gibco BRL 

(Gaithersburg, MD, USA). β-glycerophosphate, dexamethasone, and ASAP (ascorbic acid 2-phosphate) 

were all from Sigma (St. Louis, MO, USA). BMP2 was the product of Abcam (recombinant full length 

human protein, ab50099, Abcam, Cambridge, MA). All other chemicals were of analytical grade. 

 

Animals and PEMFs device 

Newborn Wistar rats were obtained from the Animal Breeding Center of Gansu University of 

Traditional Chinese Medicine (Lanzhou, China). Animal experiments were approved by Animal Ethics 

Committee of Lanzhou General Hospital and were conducted according to NIH Guidelines for the Care 

and Use of Laboratory Animals. The device producing EMFs was self-made (Patent No.ZL 20112 

0528654.3) as previously reported by Yan et al [11]. The cells to be treated were cultured in 60-mm 

culture dishes (Nunc, Roskilde, Denmark) and the dishes were placed in the area with good uniformity 

within the specially designed coils, which ensures all cells are subjected to the same electromagnetic 

fields. To avoid the unwanted effect of heat produced by the device, a digital temperature sensor (Model 

DS18B20, EVERY, Beijing, China) was installed in the solenoid. When the solenoid’s temperature 

exceeds 37.5 °C, the sensor would give warning signals. PEMFs of 50Hz frequency, 0.6mT intensity and 

50% duty ratio, produced by this device, were used in this experiment. 

 

Isolation and culture of rat calvarial osteoblasts 



     The rat calvarial osteoblasts (ROBs) were isolated and pooled from 10 neonatal rats as previously 

described [37]. The skull bone were obtained aseptically and cleaned of adhering soft tissues, rinsed by 

sterile phosphate buffered saline (PBS pH 7.4) and minced to small pieces. The bone pieces were digested 

at 37 °C with 0.5 mg/ml trypsin (twice, 10 min each), and then 1 mg/ml collagenase II (six times, 20 min 

each). The released cells from the last four collagenase digestions were pooled and filtered through a 

200-μm sieve to remove bone debris. The collected cells were suspended in DMEM plus 10% heat-

inactivated FBS, 100 U/ml penicillin and 1000 U/ml streptomycin, and cultured in 100-mm culture dishes 

in a humidified atmosphere of 5% CO2 at 37 °C. When the cells reached 70-80% confluence, they were 

subcultured in 60-mm dishes at 2×104 cells/ml and used for assays described below. The cells were 

treated by PEMFs from 5 min to 120 min to observe the early or short term effect of PEMFs. For 

examining the long term effect of PEMF treatments, the cells were cultured in the osteogenic culture 

medium (containing 10 mM β-glycerophosphate and 0.1 mM L-ascorbic acid-2- phosphate) and treated 

by PEMFs at 60 min/day for up to 12 days. For immunostaining experiments, the cells were grown on 

76×48×1-mm UV-transparent quartz slides (Fisher Scientific, Waltham, MA). 

 

Alkaline phosphatase (ALP) activity measurement and calcified nodule assay 

After 3 days and 6 days of PEMF treatment at 60 min/day, the ALP activities were measured 

biochemically with a modified method of King using a commercial kit as instructed (Nanjing Jiancheng 

Bioengineering Ltd, Nanjing, China). The result was expressed as nmol phenol/15 min/mg protein. The 

calcified nodules formed after 12 days were assayed by alizarin red staining. The cells were fixed for 10 

min by 10% formaldehyde and stained by 0.1% alizarin red for 1h at 37°C. The total number and area of 

red nodules were measured by Image-Pro Plus 6.0 software. 

 

Immunofluorescence staining and confocal microscopy 

ROBs grown on coverslips were washed by PBS 3 times and fixed in 4% paraformaldehyde and 

permeabilized with 0.2% Triton X-100 (PBST) for 10 min. The coverslips were blocked with 5% bovine 

serum albumin (BSA) in PBS for 30min. Immunostaining was carried out using primary antibodies 

targeted against rabbit anti-phospho-Smad1/5/8 (1:400), mouse anti-acetylated α-tublin (1:200), rabbit 

anti-BMPRII (1:500), rabbit anti-BMPRIA (1:200) and rabbit anti-BMPRIB (1:500; all above antibodies 

from Abcam). The secondary antibodies were rhodamine-labeled goat anti-rabbit IgG (1:500) and FITC-



labeled goat anti-mouse IgG (1:500; both from KPL, Gaithersburg, MD). The staining results were 

imaged on a laser-scanning confocal microscope (Nikon C-1; Nikon, Tokyo, Japan) using a 1.4 NA×60 

UV-corrected objective. The relative intensities were measured using Image-Pro Plus 6.0 software. 

 

RNA interference of IFT88 and BMPRII 

To prevent cilium formation, ROBs were treated with a siRNA to knockdown the expression of 

intraflagellar transport 88 homolog (IFT88), a protein required for formation and assembly of cillia [38-

40]. Oligo nucleotides of siRNA targeting IFT88 (sequence:5´-GGAUAUGGGUC CAAGACAUCC-3´) 

and a corresponding negative control siRNA were synthesized and cloned into the pENTRTM/U6 vectors 

(Genechem, Shanghai, China) and transfected into ROBs using lipofectamine 2000 (Invitrogen, Carlsbad, 

CA). Green fluorescent protein (GFP) was used as an indicator for success of transfection. Assays for 

evaluating gene silencing efficiency were performed 24h after transfection by RT-PCR and Western 

blotting. For BMPRII silencing, one siRNA targeting BMPRII (sequence: 5´-

GCAGAAATGTCCTGGTAAA-3´) and a corresponding negative control siRNA (Invitrogen) were used. 

The assays for checking BMPRII silencing efficiency were carried out similarly as for IFT88 interference. 

 

Western blotting  

The protein expression levels of BMP2, p-Smad1/5/8, Smad1/5/8, BMPRIA, BMPRIB, BMPRII 

and other osteogenesis markers (COL-1, Runx-2 and Osx) were examined by Western blotting. Briefly, 

cells were lysed and homogenized in RIPA lysis buffer (Santa Cruz Biotech, Dallas, Texas). The 

supernatant was obtained by centrifugation at 4°C for 30 min at 12,000 rpm and the protein content was 

quantified by a BCA kit (Thermo Fisher Scientific, Waltham, MA). The samples were separated by 12% 

SDS-PAGE (Solarbio, Beijing, China), transferred onto PVDF membranes, and probed with rabbit anti-

Smad1/5/8 (1:1000) and anti-p-Smad1/5/8 (1:1000, both from Cell Signaling, Danvers, MA), rabbit anti-

BMPRII (1:800, Abcam), rabbit anti-BMP2 (1:800, Abcam), rabbit anti-COL-1 (1:1000, Santa Cruz 

Biotech), rabbit anti-Runx-2 (1:1000, Abcam), rabbit anti-Osx (1:1000, Abcam) and mouse anti-β-actin 

(1:800, Bioworld, Nanjing, China). Bound primary antibodies were detected by HRP-conjugated goat 

anti-rabbit or anti-mouse antibodies. Band intensities were analyzed by densitometry scanning using 

Image-Pro Plus 6.0 software. 

 



Real-time quantitative PCR analysis  

The mRNA expression levels of IFT88 and BMPRII after siRNA transfection for 24h were examined 

by qRT-PCR. Total cellular RNA was extracted using Trizol reagent (Takara Biotechnology, Dalian, 

China). To remove any DNA contamination, RNA samples were treated with DNase I (Invitrogen). 

Single stranded cDNA was synthesized from total RNA with the Primescrip™RT reagent kit (Takara 

Biotechnology, Dalian, China). The mRNA expression levels of the following osteogenesis-related genes 

and internal control GAPDH were analyzed by real-time PCR performed on an ABI Biosystems 7300 

(Applied Biosystem, Singapore). All reactions were carried out in triplicate and expression data (after 

being calibrated with GAPDH levels) were analyzed using the 2-△△Ct method. Optimal oligo nucleotide 

primers used in the above PCR assays were designed and synthesized by Takara Biotechnology based on 

published rat cDNA sequences: GAPDH, 5´-GGCACAGTCAAGGCTGAGAATG-3´(sense) and, 5´-

ATGGTGGTGAAGACGCCAGTA-3´ (antisense); BMPRII, 5´-TGCAGATGGACGCATGGAG-3´ 

(sense), and 5´-GAGCCAGACGGCAAG AGCTTA-3´(antisense); IFT88, 5´-

TCAGGCTATTGAGTGGCT-3´(sense), and 5´-TCTCGCAGAA CTGGGT AT-3´(antisense). 

 

Statistical analysis 

Statistical analysis was performed using SPSS 20.0 (Chicago, IL, USA). Data are reported as means 

± standard deviation. Each variable was tested with n=3/group for each cell assay, and each experiment 

was repeated at least 3 times. ANOVA was performed with one way ANOVA followed by the 

Bonferroni’s or LSD post hoc test. A P-value <0.05 was accepted as statistically significant. For graphic 

representation of statistical significant differences between groups, groups with * or ** are significantly 

different from the control or the untreated control, respectively at P<0.05 or 0.01. Those with & or && 

are different from the group treated only with PEMFs. 

 

Results 

PEMFs activated BMP-Smad1/5/8 pathway 

To investigate whether BMP–Smad1/5/8 pathway was involved in the 50 Hz 0.6 mT PEMF-

stimulated osteoblastic differentiation and maturation, we firstly examined the expression level of BMP2 

after different time of PEMF treatment. It was found that the BMP2 protein expression was significantly 



higher than the control (0 min) after 5 min (P<0.01), and peaked after 30 min. Although began to fall 

after 60 min and 120 min, it was still higher than the control (Figs. 1A).  

Then we examined the expression levels of Smad 1/5/8, the main downstream effectors of BMP2 

canonical pathway. As shown in Fig. 1A, PEMFs induced Smad1/5/8 phosphorylation rapidly and 

persistently. The phospho-Smad1/5/8 (p-Smad1/5/8) level was significantly higher than the control (0 

min) after 5 min, and kept rising until it reached about 5 times higher than the control after 30 min, and 

began to decline after 60 min and 120 min, but were still higher than the control. The total protein level 

of Smad1/5/8 was changed in a similar tendency as with p-Smad1/5/8, but in a lesser degree.  

To further identify the pathway activation, the location of p-Smad1/5/8 was examined by 

immunofluorescence staining and compared before and after PEMF treatment. After 30 min of PEMF 

treatment, p-Smad1/5/8 was positively localized in the nucleus while no nuclear translocation was found 

in control group (Fig. 1B). The red fluorescence intensity for nuclear p-Smad1/5/8 was more than 9 

times higher in PEMFs group than in the control (P<0.01, Fig. 1C).  

 

PEMF treatment increased the expression levels of BMPRII and BMPRIB 

Since Smad1/5/8 is phosphorylated by the serine-threonine kinase of BMP receptors, we wonder 

whether the protein expression levels of BMP receptors were changed by PEMF treatment. As revealed 

by Western blot analyses shown in Fig. 1D, although PEMF treatment didn’t change the expression level 

of BMPRIA, it significantly increased BMPRIB expression level after 15 min and 120 min (P<0.01). 

More obviously, PEMFs increased the expression level of BMPRII after 15 min, which was about three 

times higher than the control (0 min). It then began to decrease and recovered to the control level after 

60 min, however, it raised to a significantly higher level again after 120 min (P<0.01).  

 

PEMFs-induced osteogenic differentiation and mineralization was abolished by the inhibitors of BMP-

Smad1/5/8 signaling 

To determine whether PEMFs promoted the osteogenic differentiation and mineralization of 

osteoblasts through BMP-Smad1/5/8 signaling, ROBs were pretreated with 1×10-8 M noggin (NOG), an 

antagonist of BMPs [41,42], or 1×10-8 M LDN-193189 (LDN), an inhibitor of BMPRI kinases [43,44], 

and various osteogenic differentiation markers were analyzed after being treated by PEMFs. As shown 

in Fig. 2A, the activity of ALP, a marker enzyme for early osteogenic differentiation, was significantly 



higher in the PEMF groups than in the control group after 3 days and 6 days (P<0.01), and there were no 

significant differences between the control and LDN or NOG alone group. However, ALP activity of 

PEMFs+LDN or PEMFs+NOG group were significantly decreased compared with PEMFs group 

(P<0.01), indicating that the promoting effect of PEMFs on ALP activity was abolished after the cells 

were treated by BMP signaling antagonist. The protein expression levels of Runx-2, Osx and COL-1 

were also examined after 60 min of PEMF treatment. As expected, the protein expression levels of Runx-

2, Osx and COL-1 in PEMFs group were significantly higher than those of the controls. However, they 

decreased to the control levels when LDN-193189 or noggin was added (Figs. 2B). 

Formation of mineralized nodules is a representative marker for the maturation of osteoblasts. As 

shown in Fig. 2 C-E, PEMFs group had the largest total area (P<0.01) and highest number (P<0.01) of 

mineralized nodules formed from the treated osteoblasts, displaying a similar tendency with ALP activity. 

However, the promoting effects of PEMFs were abolished by co-treatment with LDN-193189 or noggin 

(P<0.01). These results confirmed that PEMFs stimulate osteoblastic differentiation and maturation by 

activating BMP–Smad1/5/8 signal pathway. 

 

PEMF-induced BMP-Smad1/5/8 pathway activation needed the existence of primary cilia 

To examine whether primary cilium is needed in the PEMF-induced activation of BMP-Smad1/5/8 

pathway, we blocked ciliogenesis using small interfering RNA (siRNA) sequence targeting IFT88, an 

essential component for the assembly and maintenance of primary cilia. As a result, the mRNA and the 

protein expression levels of IFT88 were significantly decreased after 24 h of siRNA treatment (Fig. 3A-

B). Meanwhile, as examined by immunofluorescence staining, primary cilia became dotted and 

obviously shorter (Fig. 3D-G), and the number of osteoblasts with primary cilia was significantly reduced 

(Fig. 3C). 

Next, to examine the role of primary cilia in PEMF-induced BMP-Smad1/5/8 pathway activation, 

ROBs transfected with IFT88-targeting siRNA (siRNA) or scrambled control siRNA (Negative control, 

NC) were treated by 50 Hz 0.6mT PEMFs for 60min and the protein expression levels of BMP2, p-

Smad1/5/8 and Smad1/5/8 were examined. As shown in Fig 4 A, while BMP2 expression level was 

significantly higher in the cells treated by PEMFs (PEMFs+NC group) than in NC group, it was greatly 

decreased in the cells transfected with IFT88-targeting siRNA and treated by PEMFs (PEMFs+siRNA 

group). Similarly, the increased expression level of p-Smad1/5/8 in PEMFs+NC group was markedly 



decreased in PEMFs+siRNA group. PEMF treatment also induced substantial nuclear translocation of p-

Smad1/5/8 in PEMFs+Nc group, however, this effect was obviously suppressed in PEMFs+siRNA group 

(P<0.01, Fig. 4B). This tendency was clearly shown in the quantified results of the staining intensity of 

p-Smad1/5/8 in the nucleus (Fig.4C). These results suggest that primary cilia are indispensable for 

PEMF-induced activation of BMP-Smad1/5/8 pathway. 

 

BMPRII was localized at the base of primary cilium 

With the discovery of BMPRII being the most prominently improved BMP receptor following 

PEMF treatment and as a step to investigate mechanisms for the role of primary cilium in the activation 

of BMP-Smad1/5/8 pathway, we hypothesized that the primary cilia of osteoblasts accommodate 

BMPRII or other signaling proteins. The distribution of BMP2, p-Smad1/5/8, Smad1/5/8 and three BMP 

receptors including BMPRIA, BMPIB and BMPRII were investigated by immunofluorescence staining 

and compared with the staining image of primary cilia. While there was no obvious overlapping staining 

observed between primary cilia and BMP2, p-Smad1/5/8, Smad1/5/8, BMPRIA or BMPIB, there were 

always dotted images of BMPRII staining that were localized at the bases of primary cilia (Fig. 5E). 

These differential staining patterns indicated that BMPRII localized at the bases of primary cilia should 

be the protein we hypothesized. 

 

PEMF-induced increase of BMPRII expression was abolished when primary cilium was abrogated  

To look for more evidence that BMPRII linking BMP-Smad1/5/8 pathway with primary cilia, we 

blocked ciliogenesis with siRNA interference and examined the resulting effects on BMPRII expression. 

As shown in Fig. 6A, while IFT88 silencing had no effect on PEMFs-induced increase of BMPRIB, it 

significantly blocked the increase of BMPRII expression level. Gene expression assays revealed the same 

tendency. The increased mRNA expression of BMPRII was significantly lower in PEMFs+siRNA group 

than the PEMFs+NC group (P<0.01, Fig. 6B). Besides, although BMPRII was localized to the ciliary 

base both in NC group and PEMFs+NC groups (Fig. 6C), no BMPRII was observed in the stunted cilia 

in PEMFs+siRNA group. These results indicated that the PEMF-induced increase of BMPRII expression 

need the existence of primary cilia, and BMPRII was the connection between the primary cilia and BMP-

Smad1/5/8 pathway.  

 



BMP2-induced BMP-Smad1/5/8 pathway activation also needed the existence of primary cilium 

To investigate whether primary cilium is required for basal BMP signaling, we compared the 

expression levels of BMP2, BMPRII, p-Smad1/5/8 and Smad1/5/8 between the ROBs with normal 

primary cilia and stunted ones. As shown in Fig 7A, although the expression levels of BMP2 and 

Smad1/5/8 were similar between the cells with normal primary cilia and stunted ones, the expression 

levels of BMPRII and p-Smad1/5/8 were obviously decreased in siRNA group compared to the NC group, 

indicating that primary cilium is needed for keeping the basal activity of BMP signaling, and BMPRII 

expression is regulated by primary cilium. 

To further clarify if primary cilium is required for BMP2-activated BMP signaling, we 

supplemented 1μg/ml BMP2 into culture media of ROBs treated with IFT88 siRNA or scrambled control 

siRNA and measured the expression levels of above mentioned proteins after 12 h. It was found that 

BMP2 significantly increased the expression levels of BMPRII and p-Smad1/5/8 in the cells of NC group 

(BMP2+NC group) (Fig. 7B). However, no increasing effect was observed in the cells of siRNA group 

(BMP2+siRNA group) and the expression levels of the two proteins were even lower than those of the 

NC group. These results indicated that BMP2 needs the existence of primary cilia in activating BMP 

signaling pathway. 

 

Primary cilia were not affected after BMPRII expression was inhibited 

   Since the ciliary localization of BMPRII was disrupted when ciliogenesis is inhibited, we wonder 

whether ciliogenesis is affected if BMPRII expression was inhibited. We blocked BMPRII expression 

using the RNA interference method. As shown in Fig. 8A-B, the protein expression and mRNA 

expression were both significantly inhibited following siRNA treatment when compared with NC group. 

Then the primary cilia were observed and compared between the cells transfected with BMPRII-targeting 

siRNA and those transfected with scrambled control siRNA. As a result, no any difference at the cilia 

morphology and the fraction of cells with cilia were found (data not shown). However, the PEMF-

induced osteogenic differentiation and mineralization was attenuated greatly in the cells transfected with 

BMPRII-targeting siRNA, which was demonstrated by the significantly decreased ALP activity after 3 

days and 6 days respectively and the obviously reduced number and area of mineralized nodules formed 

after 12 days of osteogenic induction culture with 60 min PEMF treatment per day (Fig. 8C-E). These 

results indicated that although BMPRII plays an indispensable role in the PEMF-induced osteogenic 



effect on osteoblasts, it has no effects on the morphology and genesis of primary cilium. 

 

Discussion  

 

PEMFs are a promising candidate as a natural, alternative way of preventing bone loss. As being 

clinically used or under clinical evaluation, it is critical to understand mechanisms of its osteogenic action. 

We had previously reported that 0.6 mT is an optimal intensity for 50 Hz PEMFs to stimulate osteogenic 

differentiation of rat calvarial osteoblasts, and this process needs the existence of primary cilia [11]. 

However, the detailed mechanism remains unclear. For examples, what is the molecular sensor of 

primary cilium in accepting PEMF signaling? How these physical stimuli are converted into intracellular 

signal cascades? As a ubiquitous secondary messenger and a charged molecule, the Ca2+ and its receptors 

and calcium channels have been extensively studied, and it has been found that electromagnetic fields 

caused an increase of calcium in many cell types [3]. Jin et al reported that flow-induced Ca2+ elevations 

occur first in the primary cilium and are followed by cytosolic Ca2+ mobilization [45]. Since the Ca2+-

permeable channel polycystin-2 (PC2) associates with the mechanosensitive protein polycystin-1 (PC-1) 

and localizes to the primary cilium, PC-1 has been considered a potential bone mechanosensor [46]. 

However, Delling et al recently reported that fluid flow did not induce calcium increase in primary cilia 

in many cell types including osteocyte-like cells, indicating that primary cilia are not calcium responsive 

mechanosensors [47]. This result challenges the traditional assumption that primary cilia sense the 

mechanical force through calcium-permeable ion channels within the cilia.     

It has been reported that there have been several primary cilium-related pathways that play 

significant roles in regulating bone remodeling. Kwon et al found that primary cilia mediate the 

osteogenic and anti-resorptive responses of dynamic fluid flow depending on the decreases of 

intracellular cAMP levels and adenylyl cyclase 6 located at primary cilium [48]. Carr et al reported the 

human homolog of the mutated gene in the ank/ank mouse (ANKH), a widely expressed protein limiting 

and regulating calcification within bones, is expressed in basal body of primary cilium in the osteoblast 

cell line MC3T3-E1 [49]. Xiao et al shown that polycystin-1 (PC1) plays an important role in 

skeletogenesis through regulation of the bone-specific transcription factor Runx2-II, which co-localizes 

with the calcium channel polycystin-2 (PC2) in primary cilia of MC3T3-E1 osteoblasts [50]. The more 

recent finding that TGF-β signaling is associated with endocytosis at the pocket region of primary cilium 

[28] has aroused our curiosity that whether BMP-Smad1/5/8 signaling is involved in the PEMF-induced 



osteogenic effects and whether this relationship is associated with the primary cilium. 

As we expected, PEMF treatment indeed activated BMP-Smad1/5/8 pathway and blockage of this 

pathway abolished its osteogenic effect on osteoblasts. However, although we didn’t find any connection 

between the primary cilium and signaling proteins such as BMP2, Smad1/5/8 and p-Smad1/5/8 by 

immunofluorescence staining method, among all BMP receptors investigated (BMPRIA, BMPRIB and 

BMPRII), expression levels of BMPRII were found to be readily and strongly increased by PEMF 

treatment, and BMPRII was localized at the base of primary cilium. When ciliogenesis was inhibited by 

RNA interference, the PEMF-induced increase of BMPRII expression level was also abolished, and no 

BMPRII could be observed any more in the inhibited primary cilia. Interestingly, although BMPRIB 

expression level was also increased, it was not localized at the primary cilia. It’s the first time that primary 

cilium was found to be associated with BMP-Smad1/5/8 signaling by regulating the expression level of 

BMPRII which was localized at the base of primary cilia.  

Our data indicated that BMPRII may have exceptional and distinctive functions, compared with 

BMPRI, in the activation of BMP-Smad1/5/8 signaling and osteogenic differentiation. BMPRI and 

BMPRII are segregated and located in aggregates with caveolae and clathrin at the surface of cells, and 

specific structural organization of the BMP receptors prior to BMP2 binding is a key prerequisite for 

activation of BMP-Smad pathways [51]. Studies have shown that stimulation with BMP2 leads to a 

redistribution of BMPRI and BMPRII into fewer and larger aggregates. Kinase activity of BMPRII can 

control the redistribution of BMPRI on the cell surface of cells, while the aggregation of BMPRII is not 

influenced by BMPRI. It is only influenced by the stimulation of cells with BMP2. The role of BMPRII 

in BMP signaling is not only to phosphorylate and activate BMPRI, but also to enhance BMP signaling 

[36,53]. 

One of the limitations of this study is that we had no means to measure the content of BMPRII in 

the primary cilia before and after PEMF treatment, which may provide the detailed information about 

the regulation mechanism of BMPRII by PEMFs. The second limitation is that we cannot tell whether 

there are proteins in primary cilia interacting with BMPRII to activate BMP-Smad signaling. One 

promising candidate is PDGFR, which plays important roles in skeletal development and bone fracture 

healing [54,55]. Li et al reported that PDGF-AA activates BMP-Smad1/5/8 signaling by feedback down-

regulating PDGFR-α, which frees BMPRI and allows for BMPRI-BMPRII complex formation to activate 

smad1/5/8 [56]. Liu et al identified that PDGFR-α but not PDGFR-β participated in TGF-β1 signaling 



of hepatic stellate cells. PDGFR-α knockdown inhibited TGF-β1-mediated Smad2 phosphorylation and 

nuclear accumulation Smad2 with no influence on noncanonical TGF-β signaling [57]. Furthermore, 

Schneider et al reported that the primary cilium plays a critical role in growth control via PDGFR-α 

which localizes to the primary cilium during growth arrest in NIH3T3 cells and primary cultures of 

mouse embryonic fibroblasts [15]. Clement et al found that signals initiated at the primary cilium through 

the PDGFR-αα cascade reorganize the cytoskeleton to regulate cell migration differentially through the 

AKT and the MEK1/2-ERK1/2-p90 (RSK) pathways [58]. Basing on the above reports, it is worthwhile 

investigating whether PEMFs activate BMP-Smad1/5/8 pathway via the interaction with PDGFRαα and 

BMPRII within primary cilium.  

In addition, we cannot rule out the possibility that other proteins within primary cilium such as PC1 

and PC2 may also take part in the pathway activation through direct or indirect interaction with BMPRII 

following PEMF treatment. Furthermore, apart from the BMP-Smad1/5/8 pathway, other osteogenesis-

related signal pathways may also be involved in PEMF-induced osteogenic effects. Consistently, we have 

found that PEMF treatment increased the TCF/LEF dual-luciferase reporter activity and stimulated the 

increase of intracellular cAMP content (data not shown), which were related to the canonical Wnt 

pathway and cAMP/PKA pathway, respectively. The activation of these two pathways was either partly 

or indirectly regulated by primary cilium [21, 48]. 

In summary, the present study has found 0.6 mT 50 Hz PEMFs stimulate osteogenic differentiation 

and maturation of rat calvarial osteoblasts via activating BMP-Smad1/5/8 pathways. The primary cilia 

play an indispensable role in activating the pathway by upregulating the expression level of BMPII which 

was localized at the base of primary cilia. Blocking BMPRII expression was also found to significantly 

decrease the promoting effect of PEMFs on osteoblastic differentiation and maturation. Further studies 

are required to investigate the detailed mechanisms how BMPRII level is regulated by the proteins with 

sensing properties in primary cilia and to explore other potential pathways involved in the PEMF-induced 

osteogenic effects. These studies will help to screen for the optimal parameters and elucidate the 

mechanism of PEMFs as a noninvasive means for prevention and/or treatment of osteoporosis. 
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Figure Legends 

 

Fig. 1. Effect of 50Hz 0.6mT PEMF treatment on BMP-Smad1/5/8 signaling of newborn rat calvarial 

osteoblasts. (A) The protein expression levels of BMP2, p-Smad1/5/8 and Smad1/5/8 were examined by 

Western blotting. (B) The intracellular distribution of p-Smad1/5/8 was examined by 

immunofluorescence staining. p-Smad1/5/8 was stained by rhodamine-labeled goat anti-rabbit IgG (red), 

and the nucleus were stained with DAPI (blue), (bar=10μm). (C) The relative intensity of p-Samd1/5/8 

in the nucleus was measured by Image-Pro Plus 6.0. (D) The protein expression levels of BMPRIA, 

BMPRIB and BMPRII were examined by Western blotting. **P<0.01 vs control (CON). 

 

Fig. 2. Effects of noggin (an antagonist of BMPs at 1×10-8 M) or LDN-193189 (an inhibitor of BMP 

receptor or BMPRI kinase at 1×10-8 M) on the PEMF-induced increase of alkaline phosphatase (ALP) 

activity, the expression levels of osteogenic marker proteins and mineralized nodules in ROBs. (A) ALP 

activities were measured after 3 days and 6 days of PEMF treatment at 60min/day. (B) The protein 

expression levels of COL-1, Runx-2 and Osx were examined by western blotting (standardized against 

β-actin) immediately after the second time of PEMF treatment. (C) The mineralized nodules formed after 

12 days of PEMF treatment were stained by Alizarin red. (D-E) The areas and numbers of mineralized 

nodules were measured by Image-Pro Plus 6.0. *P<0.05 or **P<0.01 vs control (CON), &P<0.05 or 

&&P<0.01 vs PEMFs group. 

 

Fig. 3. Primary cilia of ROBs were abrogated after transfection of IFT88 siRNA. (A) The inhibition of 

IFT88 mRNA expression as revealed by real time RT-PCR, and (B) the protein expression inhibition as 

revealed by Western blotting in siRNA group compared with negative control (NC). (B) Percentages of 

cells with primary cilia in NC and siRNA groups. (D-G) Primary cilia of the NC group were stained 

green (green), and nuclei were stained with DAPI (blue), the primary cilia became dotted and short after 

24 h of IFT88 siRNA transfection. **P<0.01 vs NC group. 

 

Fig. 4. The changes of BMP-2 and Smad1/5/8 protein expressions and the localization of p-Smad1/5/8 

after ciliogenesis was inhibited by IFT88 siRNA in rat calvarial osteoblasts. (A) The protein expression 

levels of BMP2, Smad1/5/8 and p-Smad1/5/8 in the cells transfected with scrambled control siRNA (NC), 



the cells transfected with scrambled control siRNA and treated by 50 Hz 0.6 mT PEMFs (PEMFs+NC) 

for 30min, and the cells transfected with IFT88 siRNA and treated by the same PEMFs (PEMFs+siRNA). 

(B) Treatment effect on p-Smad1/5/8 localization: primary cilia were stained green, p-Smad1/5/8 was 

stained red, and the nuclei were stained blue (with DAPI). (bar=10μm). (C) The relative intensity of p-

Samd1/5/8 in the nucleus was measured by Image-Pro Plus 6.0. **P<0.01 vs NC, &&P<0.01 vs 

PEMFs+siRNA group. 

 

Fig. 5. Effects of PEMF treatment on the localization of BMP receptors in rat calvarial osteoblasts. 

Primary cilia were stained green, BMPR were stained red, and nuclei were stained blue (with DAPI). 

bar=10μm.  

 

Fig. 6. Effects of inhibited ciliogenesis on the protein and mRNA expressions of BMPRIB and BMPRII, 

and localization of BMPRII within primary cilium in rat calvarial osteoblasts. (A) The protein expression 

levels of BMPRIB and BMPRII were compared among the cells transfected with scrambled control 

siRNA (NC), cells transfected scrambled control siRNA and treated by 50 Hz 0.6 mT PEMFs 

(PEMF+NC), and the cells transfected with IFT88 siRNA and treated by the same PEMFs 

(PEMF+siRNA). (B) BMPRII mRNA expression as revealed by real time RT-PCR. (C) Treatment effects 

on BMPRII localization: primary cilia were stained green, BMPRII were stained red, and the nuclei were 

stained blue (with DAPI). bar=10μm. **P<0.01 vs NC, &&P<0.01 vs PEMFs group. 

 

Fig. 7. Effects of IFT88 silencing on the expression levels of BMPRII, Smad1/5/8 and p-Smad1/5/8 in 

rat calvarial osteoblasts with or without BMP2 (1μg/mL) treatment. (A) The basal protein expression 

levels of BMPRII, p-Smad1/5/8, BMP2 and Smad1/5/8 were examined by Western blotting. (B) The 

protein expression levels of BMPRII, p-Smad1/5/8 and Smad1/5/8 were examined by Western blotting 

after 12 h of BMP2 treatment at 1μg/ml. 

 

Fig. 8. Inhibition of BMPRII expression by siRNA transfection and its effect on ALP activity and 

mineralization of rat calvarial osteoblasts. (A) The gene expression of BMPRII was examined by real 

time RT-PCR. (B) The protein expression of BMPRII was examined by Western blotting. (C) The 

alkaline phosphatase (ALP) activities after 3 and 6 days of PEMF treatment in the cells transfected with 



scrambled control siRNA (NC) or BMPRII siRNA and treated by PEMFs. (D) Mineralized nodules were 

stained by Alizarin red after 12 days of PEMF treatment. (E-F) The numbers and areas of mineralized 

nodules as measured by Image-Pro Plus 6.0. **P<0.01 vs control, &&P<0.01 vs PEMFs. 
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