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INTRODUCTION 
 

Osteoporosis is a condition in which bone becomes 

weak which is characterized as low bone mass and 

structural deterioration. As a result, bone tissue 

becomes fragile and shows increased vulnerability to 

fracture. World wide, osteoporosis affects about 200 

million people and is often unrecognized until one 

encounters a fracture due to the silent nature of the 

disease [1].  Under healthy conditions, bone is 

maintained by the constant process of bone remodeling. 

Normal bone remodeling maintains a balance between 

bone resorption and formation to maintain bone density. 

Osteoblasts are generated from the osteogenic 

differentiation of mesenchymal stem cells (MSCs). 

MSCs possess the capacity to self-renew and to 

differentiate into multiple cell types. It has been known 

that MSCs are common precursors for osteoblasts [2]. 
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ABSTRACT 
 

Osteogenic differentiation is critical to bone homeostasis, and its imbalance plays a key role in the progression of 
osteoporosis. Osteoblast cells are responsible for synthesizing new bone tissue, and understanding how to control 
osteoblastic differentiation is vital to the treatment of osteoporosis. Herein, we show that GPR173 signaling is 
involved in the regulation of osteoblastic differentiation in MC3T3-E1 cells. Our data reveals that GPR173 is 
abundantly expressed in MC3T3-E1 cells, and its expression is inducible upon the introduction of osteogenic 
media. The activation of GPR173 by its selective agonist phoenixin 20 induces the expression of several osteoblast 
signature genes including collagen type 1 alpha 1 (Col-I), osteocalcin (OCN), alkaline phosphatase (ALP) as well as 
increased matrix mineralization and ALP activity, suggesting that the activation of GPR173 promotes osteoblastic 
differentiation. Moreover, we show that the effect of phoenixin 20 is mediated by its induction on the key 
regulator runt-Related Transcription Factor 2 (Runx2). Mechanistically, we display that the action of phoenixin 20 
requires the activation of MAPK kinase p38, and deactivation of p38 by its inhibitor SB203580 weakens the 
phoenixin 20-mediated induction of RUNX-2, ALP, and matrix mineralization. Silencing of GPR173 attenuates 
phoenixin 20-mediated osteoblastic differentiation, indicating its dependence on the receptor. Collectively, our 
study reveals a new role of GPR173 and its agonist phoenixin 20 in osteoblastic differentiation. 
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The direction of MSC differentiation depends on 

specific regulatory factors. RUNX-2 acts as a key 

transcriptional modulator that mediates the conversion 

of MSCs to osteoblasts [3]. Runx2 is a bone-related 

transcription factor homologous to the Drosophila 

protein, Runt [4]. Runx2 is post-translationally modified 

(PTM) downstream of a diverse set of signaling pathways 

whose coordinated action controls osteoblast 

differentiation and bone development [5]. Genes 

associated with matric formation, remodeling, and 

mineralization have been reported  to be regulated by 

RUNX2 [6]. Runx2 is regulated by the p38 MAPK 

pathway, which plays an important role in osteoblast 

differentiation and bone formation [7]. As osteoblasts 

mature, they begin producing the bone extracellular 

matrix by secreting bone matrix proteins, including 

collagen type 1 alpha 1 (Col-I), osteocalcin (OCN), and 

alkaline phosphatase (ALP). Type I collagen is the main 

constituent of bone, comprising the non-mineralized bone 

matrix. The accumulation of calcium phosphate in the 

bone matrix by ALP leads to the mineralization of bone. 

Mature osteoblasts express ALP, Col-I, osteocalcin, and 

osterix [8]. It has been recognized that the normal 

differentiation capacity of MSCs is altered in 

osteoporosis, thereby hindering osteoblast formation [9].  

 

GPR173 belongs to a subfamily of G protein-coupled 

receptors and is also referred to as super 

conserved receptor expressed in brain (SREB). These 

receptors are highly conserved and uniquely expressed in 

central neural systems. GPR173, originally termed 

SREB3, is the most conserved receptor in this family as 

human GPR173 and rodent GPR173 share 99% of the 

same amino acids [10]. GPR173 has been found to be 

present in various tissues and organs and possesses a 

diverse range of biological functions. Now, several 

studies have linked GPR173 as the receptor of phoenixin, 

a newly identified hormone. Phoenixin has been reported 

to be involved in the modulation of memory formation, 

depression, reproduction, and food intake [11, 12]. Two 

members of the phoenixin family, phoenixin-14 amide 

and phoenixin-20 amide, which are comprised of 14 or 

20 amino acid chains, respectively, have been isolated 

and identified. It has been shown that the hypothalamus 

is the tissue with the greatest expression of phoenixin, 

and phoenixin 20 is the predominant isoform of 

phoenixin [11]. Previous studies have reported 

pleiotropic roles of phoenixin in regulating sensory 

perception, body weight, reproduction, and the 

cardiovascular system [13]. For example, phoenixin plays 

an important role in the release of luteinizing hormone 

(LH) by augmenting the release of gonadotropin-

releasing hormone (GnRH), which is mediated by 

GPR173 [14]. Although this peptide has been linked 

with the development of obesity, diabetes, 

cardiovascular diseases, anxiety, and depression, further 

investigations are helpful in specifying the physiological 

functions of phoenixin, and especially peripheral 

phoenixin. In this study, we aimed to investigate the 

biological function of GPR173 and its agonist phoenixin 

20 in osteogenic differentiation. Our results indicate that 

the GPR173 agonist phoenixin 20 promotes osteoblastic 

differentiation mediated by the p38/RUNX-2 pathway.  

 

RESULTS 
 

GPR173 is expressed in osteoblast cells 

 

To clarify the function of GPR173 in 

osteogenic differentiation, we first assessed its expression 

profile in osteoblastic precursor cells MC3T3-E1. 

MC3T3-E1 cells are a pre-osteoblast cell line and possess 

the ability to differentiate into osteoblasts, which have 

been widely used for an ideal model for the 

differentiation, matrix deposition, and mineralization of 

osteoblastic cells [15]. We used mouse brain lysate as the 

reference, which is known to express GPR173. By RT-

PCR, we revealed that the relative mRNA expression of 

GPR173 in MC3T3-E1 is comparable to its expression in 

brain tissue (Figure 1A). By western blot, we further 

confirmed the abundant expression of GPR173 as 

compared to its level in mouse brain (Figure 1B).  

 

GPR173 is induced for osteoblast differentiation 

 

Next, we monitored the expression profile of GPR173 

during osteoblastic differentiation of MC3T3-E1 cells. 

In our experiment, the cells were fed with osteogenic

 

 
 

Figure 1. GPR173 is expressed in MC3T3-E1 cells. The expression of GPR173 was measured using mouse brain as a reference. (A) RT-

PCR of GPR173; (B) Western blot of GPR173. Experiments were repeated for 3 times.  
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medium (OM) to induce osteoblastic differentiation. 

Our time-course experiment showed that the mRNA 

level of GPR173 was gradually induced up to about 4-

fold after 3, 7, and 14 days of induction (Figure 2A). 

Meanwhile, the western blot experiment confirmed a 

similar trend of time-dependent induction of GPR173 

over the same periods of time (Figure 2B).  

 

GPR173 agonist phoenixin 20 promotes osteoblastic 

differentiation  

 

The responsive induction of GPR173 suggests its 

potential role in osteoblastic differentiation. We then 

treated MC3T3-E1 cells with GPR173 selective 

agonist phoenixin 20 while they were fed with the 

osteogenic medium. We assessed the expression of 

four osteoblastic signature genes, including ALP, Col-

I, Osx, and OCN. Compared to the non-treatment 

control group at day 14, the mRNA expression of 

ALP, OCN, Osx, and Col-I in the cells growing in 

osteogenic media plus phoenixin 20 were all several-

fold higher than the cells maintained in osteogenic 

media alone (Figure 3A). We stained cells with 

Alizarin Red S to evaluate matrix mineralization in 

the differentiated MC3T3-E1 cells. Compared to the 

control group, the cells with phoenixin 20-

supplemented osteogenic media at day 14 had a 

significant increase in matrix mineralization as 

compared to the cells without phoenixin 20 (Figure 

3B). These data suggested that phoenixin accelerated 

the osteoblastic differentiation of MC3T3-E1 cells. 

 

Phoenixin 20 increases RUNX-2 expression for 

osteoblastic differentiation  

 

To explore the molecular mechanism of GPR173-

mediated osteoblastic differentiation, we examined 

several key regulators involved in this process. RUNX-

2 is a critical transcription factor for modulating 

osteoblast differentiation, and thus, we assessed the 

expression of RUNX-2 during osteoblastic 

differentiation. In the same treatment experiment and 

compared to non-treated cells, 14 days of osteogenic 

medium induced about 3-fold RUNX-2 mRNA, but the 

presence of phoenixin 20 in the osteogenic medium 

increased RUNX-2 mRNA about 4.5-fold (Figure 4A). 

At the protein level, osteogenic medium induced about 

2.7-fold RUNX-2 expression, but the presence of 

phoenixin 20 resulted in about 3.6-fold RUNX-2 

(Figure 4B). 

 

 
 

Figure 2. Expression of GPR173 was elevated during osteoblast differentiation. Cells were cultured with osteogenic medium for 
various times. (A) mRNA levels of GPR173; (B) Protein levels of GPR173 (*, #, $, P<0.01, n=4-5).  

 

 
 

Figure 3. Agonism of GPR173 with phoenixin 20 promoted osteoblast differentiation. Cells were cultured with osteogenic medium 
(OM) with or without phoenixin 20 (15 nM) for 14 days. (A) Gene levels of ALP, OCN, Osx, and Col-I; (B) ALP activity; (C). Alizarin Red S 
staining (*, #, P<0.01, n=5). 
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Phoenixin 20 activates p38 for osteoblastic 

differentiation  

 

The p38 MAPK kinase is important for osteoblastic 

differentiation. Compared to non-treated cells, two 

hours in the osteogenic media with phoenixin 20 

induced a significantly greater increase in the amount of 

p-p38 (Figure 5). To verify the involvement of p38 in 

phoenixin 20-mediated osteoblast differentiation, we 

added the p38-specific inhibitor SB203580 in our 14-

day differentiation experiment. The experimental results 

show that as compared to normal media, the induction 

of RUNX-2 transcripts was reduced by about 50% when 

SB203580 (10 µM) [16] was added to the media 

supplemented with phoenixin 20 (Figure 6A). Alizarin 

Red S staining demonstrated that matrix mineralization 

from the cells in media with SB203580 was less than 

half of that observed in the normal media (Figure 6B). 

The cells treated with SB203580 had about 505% ALP 

activity (Figure 6C). 

 

Phoenixin 20-mediated osteoblastic differentiation is 

dependent on GPR173 

 

Finally, we silenced GPR173 in MC3T3-E1 cells and 

evaluated the effects of its loss of function on phoenixin 

20-mediated osteoblastic differentiation. Our western 

blot experiment confirmed that GPR173 was silenced  

 

 
 

Figure 4. Agonism of GPR173 with phoenixin 20 increased RUNX-2. Cells were stimulated osteogenic medium with or without 
phoenixin 20 (15 nM) for 14 days. (A) mRNA of RUNX-2; (B) Protein of RUNX-2 (*, #, P<0.01, n=4). 

 

 
 

Figure 5. Phoenixin 20 activates p38. Cells were stimulated with osteogenic medium with or without phoenixin 20 (15 nM) 
for 2 h. Phosphorylated and total p38 were detected (*, #, P<0.01, n=4). 
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by more than 60% after transfection with specific 

siRNA (Figure 7A). Compared to scramble cells, 

phoenixin 20-mediated osteoblastic differentiation was 

significantly weakened in GPR173-silent cells. RUNX-

2 induction (Figure 7B), matrix mineralization (Figure 

7C), and ALP activity (Figure 7D) were each reduced 

by about half in knockdown cells as compared to 

scramble cells.  

 

DISCUSSION 
 

Osteoblasts are bone-building cells, and the fine 

regulation of osteogenic differentiation is critical to the 

process of bone formation, modeling, and remodeling. 

The understanding of signaling pathways involved in 

osteogenic differentiation may result in the discovery of 

potential targets of osteoporosis. The most common risk 

factors for osteoporosis include age, menopause-

associated hormone changes in women, changes in 

physical activity, drugs, and other diseases [17, 18]. It is 

widely accepted that age-associated growth hormone, 

estrogens, and other hormones play a key role in the 

maintenance of bone homeostasis and the development 

of osteoporosis [19, 20]. Phoenixin represents a class of 

newly identified secreted peptides which influence 

neural and reproductive function in mammals [11, 12]. 

In 2013, a Stanford group successfully identified this 

peptide and dubbed it phoenixin [14]. Since then, 

collaborative efforts have led to the discovery of two 

major cleavage isoforms of phoenixin: a 20 amino acid 

peptide named phoenixin-20 and an N-terminally 

truncated form with 14 amino acid named phoenixin-14. 

The same group also reports that phoenixin 20 and 

phoenixin 14 have very similar biological actions [21]. 

However, both phoenixin 20 and phoenixin 14 were 

recently isolated from diverse tissues, including the 

brain, heart, lung, and stomach, suggesting that this 

class of peptides could have diverse functions [22].  

 

 
 

Figure 6. The effects of Phoenixin 20 in osteoblast differentiation is mediated by p38. Cells were cultured in osteogenic medium 
containing phoenixin 20 (15 nM) with or without SB203580 (10μM) for 14 days. (A) Protein of RUNX-2; (B) Alizarin Red S staining; (C) ALP 
activity (*, #, P<0.01, n=4). 
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In our effort to study the role of GPR173 in 

osteoblastic differentiation, we first noticed that mouse 

osteoblastic precursor MC3T3-E1 cells expressed 

abundant GPR173 transcripts and protein. This 

expression level is comparable to that in brain tissue, 

which is known to be high. Most intriguingly, our 

temporal assessment of GPR173 expression during 

osteoblast differentiation revealed that GPR173 could 

be induced in a time-dependent manner. These 

observations raised our interest to explore the possible 

role of this receptor in osteoblastic differentiation. 

Indeed, our study of GPR173 demonstrated that 

altering the expression of this receptor could influence 

multiple osteoblastic markers as well as their biological 

functions. We utilized the newly identified GPR173 

agonist phoenixin 20 to raise the expression of GPR173 

during osteoblastic differentiation. This peptide 

promoted the secretion of several osteoblastic signature 

genes, including ALP, Col-I, Osx, and OCN. Phoenixin 

20 also promoted bone matrix formation as evidenced 

by increased matrix mineralization and ALP activity. 

These findings suggest that the activation of GPR173 

promotes osteogenic differentiation. On the other hand, 

silencing of GPR173 largely reduces phoenixin 20-

mediated osteoblastic differentiation. These findings 

suggest that phoenixin 20-mediated GPR173 signaling 

promotes osteogenic differentiation. Mechanistically, 

we show that the function of phoenixin 20 requires 

p38, as blockage of p38 by its inhibitor SB203580 

attenuated much of its influence. Also, our knockdown 

experiment showed that the expression of GPR173 is 

required for the action of phoenixin 20, suggesting 

phoenixin 20 activity is strongly dependent on its 

receptor. Our finding is in agreement with a 

contemporary study showing that p38 mediates 

GPR173 signaling in immortalized neuron cells [23]. 

Therefore, the MAPK kinase pathway may serve as a 

common mediator of GPR173 signaling in different 

types of cells. p38 MAPK has been reported to play an 

essential role in different steps of osteoblast 

differentiation. In vivo experiments have shown that 

deficiency of p38 hampers osteoblast terminal 

differentiation and the appearance of osteocytes, which 

directly affects bone composition and maintenance 

[24]. As a matter of fact, p38 has been considered as a 

central hub for signaling convergence toward 

osteoblastogenesis due to its key action in bone 

development and homeostasis [25]. 

 

 
 

Figure 7. The effects of phoenixin 20 in osteoblast differentiation are dependent on GPR173. Cells were transfected with 
siGPR173 or non-specific siRNA; then cultured in osteogenic medium containing phoenixin 20 (15 nM) with for 14 days. (A) Successful 
knockdown of GPR173; (B) Levels of RUNX-2; (C) Alizarin Red S staining; (D) ALP activity (*, #, P<0.01, n=4-5). 
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Metabolic control of bone remodeling is influenced by 

systematic hormonal regulation and local factors. The 

rate of remodeling is determined by loading and 

endocrine influences. Endocrine hormones, neural 

transmitters, and peptides produced by the CNS deliver 

signaling molecules to the environment surrounding 

bone cell surface receptors and thus influence bone 

remodeling [26]. Our study indicates that phoenixin 20, 

a newly recognized reproductive or neuronal hormone, 

could be another candidate for a neuronal regulator of 

bone metabolism.  

 

So far, the signaling mediators of phoenixin 20 and its 

receptor GPR173 remain largely unknown, and our 

finding demonstrates that phoenixin 20-GPR173 

signaling could play important roles in the regulation of 

bone remodeling. The main challenge in stem cell-based 

osteoporosis therapy is the direction of differentiation. 

How this ligand and receptor achieve regulatory 

function in bone metabolism and how they may interact 

with other signaling pathways to fine tune specific 

biological event would be of great interest for future 

studies, as they are potentially druggable molecular 

targets for treating various physiological diseases. 

Additionally, we only used an in vitro cell model in the 

current study. Future study using animal models will 

shed light on its potential therapeutic implications for 

osteoporosis.  

 

MATERIALS AND METHODS  
 

Cell culture  

 

Mouse preosteoblast cell line MC3T3-E1 cells 

(Subclone 4) were from ATCC. Cells were maintained 

with DMEM (Gibco, USA) supplemented with 10% 

FBS (Gibco, USA), 10 mM HEPES (Sigma-Aldrich, 

USA), and 0.1% penicillin-streptomycin (Sigma 

Aldrich, USA) [27].   

 

Osteogenic differentiation 

 

The differentiation of cultured MC3T3-E1 cells was 

induced by incubating osteogenic medium containing 

BMP-2, FBS (5%), β-glycerophosphate (3 mM), and 

ascorbic acid (50 μg/mL) for 3, 7, 14 days [28]. Cells 

maintained in normal growth media were used as the 

control. 

 

RT-PCR and real-time PCR 

 

Cells were collected for gene expression profiling 

related to osteogenic differentiation. To perform qRT-

PCR, RNA was isolated using Trizol (Invitrogen, USA) 

[29]. cDNA was produced from 2 μg RNA with reverse 

transcriptase as described by the M-MLV manual (New 

England Biolabs). For RT-PCR, GPR173 primers were 

used. The relative quantity of GPR173 was normalized 

to GAPDH. The expression of RUNX-2, ALP, Col-I, 

Osx, and OCN was detected using qPCR with SYBR 

Green Mix Kits (Applied Biosystems, USA). All results 

were quantitated using the 2-ΔΔCt relative quantification 

method. The primer sequences were included in Table 1.  

 

Western blot analysis 

 

The whole-cell lysates were made by lysing MC3T3-E1 

cells with RIPA buffer. The samples were subjected to 

10% SDS PAGE gel and transferred to a PVDF 

membrane [30]. The membranes were blocked and 

probed with primary antibodies and a secondary 

antibody. The following antibodies were used in this 

study: GPR173 (Cat#PA5-102093, Invitrogen, 1:1000), 

RUNX2 (Cat# ab76956, Abcam, 1: 2000), β-actin 

(Cat#4967, Cell Signaling Technology, 1:10000), p38 

MAPK (Cat #9212, Cell Signaling Technology, 

1:2000), Phospho-p38 MAPK (Thr180/Tyr182) (Cat 

#9211, Cell signaling Technology, 1:1000), goat anti-

mouse IgG-HRP (Cat#sc-2005, Santa Cruz 

Biotechnology, 1:5000), mouse anti-rabbit IgG-HRP 

(Cat# sc-2357, Santa Cruz Biotechnology, 1:5000). 

After washing 3 times, the membrane was visualized to 

determine the activation response using HRP substrates 

(Thermo Fisher Scientific, USA). The membrane was 

exposed to X-ray film in a cassette (Kodak, USA).  

 

GPR173 knockdown 

 

The siRNA target sequence was designed against mouse 

GPR173. For the knockdown experiment, 50% confluent 

MC3T3-E1 cells were transfected using Scrambled 

siRNA and designed GPR173-specific siRNAs using 

Lipofectamine RNAiMAX reagent (Invitrogen, USA). 

The efficiency of knockdown of GPR173 was confirmed 

2 days after siRNA transfection.  

 

Alkaline phosphatase (ALP) activity 
 

After reaching full confluence, the cells were 

equilibrated with ALPL buffer and incubated with 0.2 

mg/mL nitro blue tetrazolium and 5-bromo-4-chloro-3-

indolyl-phosphate (Sigma-Aldrich, USA). Cells were 

stained with ALPL buffer at room temperature for 2 

hours. The fluorescent signal was measured using a 

microplate reader (405 nm). 

 

Alizarin Red S staining 
 

Matrix mineralization was assessed through staining 
with Alizarin Red S. After stimulation, the cells were 

washed, followed by fixation with ethanol (70%) for 45 

minutes. Cells were then stained with the dye Alizarin 
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Table 1. Primer sequences. 

 Upstream Sequence (5’-3’) Downstream Sequence (5’-3’) 

GAPDH ACTGGCGTC TTCACCACCAT AAG GCC ATG CCA GTG AGCTT 

GPR173 CTTGACCTCCTCGGAAGACACTC CGCCCACCACCTTGTAGCC 

ALP  CTTGACCTCCTCGGAAGACACTC CGCCCACCACCTTGTAGCC 

RUNX-2 CACTGGCGGTGCAACAAGA  TTTCATAACAGCGGAGGCATTTC 

OCN GAGTCTGACAAAGCCTTCATGTCC TGATAGCTCGTCACAAGCAGGGTTA 

Osx ATGGCGTCCTCTCTGCTTG TGAAAGGTCAGCGTATGGCTT 

Col-I CCCAGAGTGGAACAGCGATT  ATGAGTTCTTCGCTGGGGTG 

 

Red S. Fluorescence signals were visualized using a 

fluorescence microscope. 

 

Statistical analysis 

 

Experiments were repeated for 3 times. Results are 

presented as means ± Standard Deviation (S.D.). The 

multiple group differences were assessed by analysis of 

variance (ANOVA) using the SPSS software (version 

22.0), followed by the Bonferroni’s post-hoc test. A p-

value < 0.05 was considered to be statistically significant.  
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