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DEFINING THE ROLE OF TRPS1 IN PHOSPHATE MEDIATED 
MINERALIZATION 

 

MARIA C. KUZYNSKI 
 

CELL BIOLOGY 
 

ABSTRACT 
 

Mineralization is a tightly controlled bi-phasic process that occurs when 

crystals of calcium and phosphate (Pi) are laid down within the extracellular 

matrix. However, the molecular networks regulating the initiation and progression 

of this process have not been well characterized. Pi, as one of the components of 

mineral crystals and a signaling molecule that regulates expression of 

mineralization-related genes, is essential to the mineralization process. In our 

studies, we discovered a novel function for Pi in this process: Pi is sufficient to 

induce secretion of matrix vesicles, which support the initiation of mineralization. 

Furthermore, we determined that this induction is dependent on Pi-induced 

ERK1/2-activaiton. In our studies, we discovered that the Trps1 transcription 

factor is involved in Pi signaling. Trps1 has previously been implicated in the 

development and homeostasis of mineralizing tissues; however its role in the 

mineralization process is not well understood. Here, we uncovered a context-

dependent function for Trps1 in mineralization. Trps1 is important for the initiation 

of mineralization as it is involved in the secretion of matrix vesicles and 

expression of key osteogenic proteins such as TNAP and PHOSPHO1 
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phosphatases and major osteogenic transcription factors Runx2 and Sp7. During 

the propagation of mineralization, Trps1 must be downregulated for proper 

expression of Pi regulating genes: Phex, Vdr, Enpp1, and Fam20C. Importantly, 

we determined that expression of many genes involved in Pi homeostasis and 

expression of genes regulated by Pi is affected by Trps1, implicating Trps1 in the 

regulation of Pi and in the Pi signaling pathway. We determined that Trps1 

regulates the Pi-induced bi-phasic signaling cascade. Specifically, deficiency of 

Trps1 caused an absent second activation of ERK1/2 and decreased 

upregulation of several Pi-responsive genes. In contrast, overexpression of Trps1 

resulted in an enhanced and accelerated second activation of ERK1/2 and an 

increased downregulation of Pi-responsive genes. Furthermore, Trps1 affected 

expression of the ERK1/2 phosphatase, Dusp6, upon stimulation with Pi. This 

suggests a function for Trps1 in the ERK1/2 negative feedback loop. Altogether, 

these studies have found a novel function for Pi in mineralizing cells and have 

further delineated the role of Trps1 in the mineralization process. 
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INTRODUCTION 

 

The molecular network, particularly the transcriptional regulation, of 

mineralization is not fully understood. The transcription factor Trps1 has been 

suggested to be involved in the mineralization of skeletal and dental tissues, 

however little is known about its function and molecular interactions [1-8]. In our 

studies, we discovered that Trps1 has a context-dependent role in mineralization 

and that its transcriptional network is closely related to phosphate (Pi) regulation 

[2, 4-7]. Furthermore, we uncovered that Trps1 is required for secretion of matrix 

vesicles (MV) which support the initiation of mineralization [7]. Further analyses 

led us to the discovery that Pi is sufficient to induce secretion of MV that contain 

proteins important for the mineralization process and this production is ERK1/2-

dependent [9]. Finally, when we investigated the involvement of Trps1 in the Pi 

signaling cascade, we uncovered that Trps1 alters Pi signaling and likely has a 

role in the ERK1/2 negative feedback loop. 

Mineralization occurs when crystals of calcium-phosphate are laid down 

within the extracellular matrix (ECM) [10]. This process is highly regulated and 

depends upon several factors: the availability of calcium (Ca+2) and Pi (PO4
3-) 

ions; the presence of mineralization inhibitors, such as osteopontin (Opn), matrix 

Gla protein (MGP), and inorganic pyrophosphate (PPi); pH; matrix composition; 

and proper modifications of matrix proteins [11-15]. Physiologic mineralization 
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occurs in skeletal and dental tissues (bone, hypertrophic cartilage, dentin, 

cementum, and enamel). Pathologic mineralization refers to abnormal 

mineralization and can occur ectopically in soft tissues, such as in joints during 

the late stages of osteoarthritis or in blood vessels. 

 MV have been shown to be involved in the initiation of both physiologic 

and pathologic mineralization [16-20]. MV are a sub-group of extracellular 

vesicles. Extracellular vesicles are sub-micron size, spherical, membrane-

enclosed particles that are released from cells to the extracellular environment. 

Studies have uncovered that virtually all cell types release vesicles. Vesicle origin 

and function can be inferred by analyzing which cell surface receptors are 

expressed and which biologically active proteins, lipids, and nucleic acids are 

carried. By coming into contact with other cells and/or releasing their 

intravesicular content, vesicles can modify the function of other cells and/or 

modify the extracellular environment [21-23]. MV formed by mineralizing cells 

have been shown to contain proteins critical for supporting the mineralization 

process [9, 24-28]. For example, these MV are enriched in tissue-nonspecific 

alkaline phosphatase (TNAP) and PHOSPHO1 phosphatase, that provide Pi [28-

30]. While both TNAP and PHOSPHO1 are phosphatases, they have 

nonredundant functions in supporting mineralization. Specifically, PHOSPHO1 

acts upon phospholipids inside MV to initiate deposition of calcium-phosphate 

crystals, and TNAP is a membrane anchored phosphatase that cleaves the 

mineralization inhibitor PPi to Pi, thus regulating mineralization by increasing 

extracellular Pi availability and decreasing the concentration of a mineralization 
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inhibitor [15, 24-28]. This influx of Pi and Ca+2 inside MV facilitates formation of 

calcium-phosphate crystals, which are then released to the ECM and promote 

the progression of mineralization.  

Although Pi homeostasis is controlled at the systemic level, many of the 

proteins involved in this process are highly expressed in cells producing a 

mineralized matrix. This suggests that they participate in the regulation of local Pi 

availability at the sites of mineralization [31-34]. In humans, mutations in genes 

involved in Pi metabolism result in skeletal and dental defects, underscoring the 

critical role of Pi homeostasis for tissue mineralization. For example, a genetically 

heterogeneous disorder, hypophosphatemic rickets, manifests as defective 

mineralization of skeletal and dental tissues due to dysregulated Pi homeostasis 

[35, 36]. TNAP deficiency (hypophosphatasia) also results in impaired 

mineralization and is associated with increased levels of mineralization inhibitors 

[37]. 

Pi participates in mineralization in a variety of ways. As one of the 

components of calcium-phosphate crystals, Pi is considered a structural 

component of the mineralized ECM and thus its availability affects the rate of 

mineralization. Additionally, Pi moieties can be added and removed from proteins 

involved in mineralization to regulate their function [38, 39]. Lastly, Pi has been 

shown to act as a signaling molecule and regulate expression of genes involved 

in osteogenic differentiation and the mineralization process [33, 34, 40-42]. 

However, little is known about the Pi-induced signaling cascade as it has not 

been well studied or characterized.  
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Previous studies have identified that certain cell types respond to changes 

of Pi concentrations in their local environment and that this response is 

independent of systemic Pi levels. Specifically in mineralizing cells, Pi signaling is 

dependent upon the transport of Pi into the cell via Na/Pi co-transporters, PiT1 or 

PiT2, and is mediated by ERK1/2, not via p38 or c-jun kinases [32, 43, 44]. 

However, Pi receptors are unknown. One study suggested that FGF receptors 

may be involved in transducing the signal and activating ERK1/2 in response to 

Pi [32]. Another study suggested that PiT1 may be acting as a Pi receptor and 

that this function is independent of Pi transport [45].  

Pi-induced activation of ERK1/2 is bi-phasic. The first activation happens 

quickly within the first 15-30 minutes of Pi treatment. This is followed by the 

dephosphorylation of ERK1/2 allowing for a second activation, which typically 

occurs around 6-8 hours following Pi treatment [31, 32]. This bi-phasic induction 

results in the regulation of two different sets of genes: early and late response 

genes [33, 34]. Of particular interest are the late response genes as many of 

these play a role in mineralization. Also of interest, the promoters of many of 

these genes are enriched in GATA consensus elements, suggesting that GATA 

transcription factors are involved in the regulation of gene expression in response 

to Pi [46]. ERK1/2 activation in response to Pi has been shown to regulate 

transcription factors in the AP1 family. Interestingly, it was shown that this 

regulation is not at the transcriptional or translational level, but rather by post-

translational modifications which prevent degradation of the protein [41]. The Pi-

induced signaling cascade ultimately leads to changes in gene expression. 
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Studies have identified a number of Pi-responsive genes including: Spp1, MGP, 

Slc20a1, Ankh, Dmp1, Alpl, and Ibsp [32-34, 41, 47].  However, how these genes 

are regulated by Pi at the transcriptional level currently remains unknown. 

Interestingly, many of these mineralization-related, Pi-responsive genes 

have promoters enriched in GATA binding sites, which suggests that our GATA-

type transcription factor of interest, Trps1, may also be involved in the regulation 

of these genes and thereby, the Pi signaling cascade. Several lines of evidence 

coming from human and mouse genetic studies, and in vitro experiments 

implicate Trps1 in mineralization. Mutations in the TRPS1 gene cause tricho-

rhino-phalangeal syndrome (TRPS; OMIM#190350) or Ambras syndrome 

(OMIM#145701) [48, 49]. The entirety of abnormalities observed in these 

patients is indicative of a role of TRPS1 in the development of craniofacial 

elements, endochondral bones, dental tissues, and hair [48-50]. TRPS patients 

typically have decreased bone mass and TRPS1 was identified as one of bone 

mineral density quantitative trait loci, suggesting a role for TRPS1 in bone 

formation and/or homeostasis [8, 49, 51, 52]. Little is known about Trps1 and its 

molecular interactions in mineralizing tissues, but the majority of studies have 

identified Trps1 as a transcriptional repressor [1, 5-7, 50, 53, 54].  

It has been shown that in skeletal and dental tissues, Trps1 is highly 

expressed prior to mineralization, and the onset of mineralization coincides with 

the downregulation of Trps1 [4, 7, 55]. This expression pattern suggests that 

Trps1 is involved in the maturation of cells destined to produce a mineralizing 

matrix or that it prevents premature mineralization. The latter function has been 
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demonstrated in our previous studies of a mouse model of TRPS (Trps1ΔGT mice, 

in which the DNA binding domain has been deleted), where we uncovered that 

Trps1 deficiency leads to premature mineralization of the perichondrium of 

developing endochondral bones [4]. Due to this phenotype, expression of Runx2, 

a major osteogenic transcription factor, was analyzed and found to be 

upregulated in perichondrial cells of Trps1ΔGT mice. Importantly, the expression 

of Runx2 co-localized with the expression of Trps1 in endochondral bones and 

teeth implicating an interaction between these transcription factors. Through 

further analyses, we determined that these two proteins form a complex and that 

Trps1 represses Runx2-mediated trans-activation [4, 5].  

To address the role of Trps1 upregulation in mineralizing cells in vivo, we 

generated transgenic mice that have sustained high expression of Trps1 in 

mature odontoblasts and osteoblasts (Col1a1-Trps1 mice) [2, 3, 6, 56]. In this 

study, we discovered that overexpression of Trps1 resulted in impaired dentin 

secretion and mineralization. Furthermore, we uncovered decreased expression 

of the major dentin matrix gene, Dspp, in Col1a1-Trps1 mice in comparison with 

wild type littermates. Using chromatin immunoprecipitation and reporter 

analyses, we found that Trps1 directly regulates Dspp expression by binding to 

GATA elements in its promoter. However, we noticed that the phenotype of 

Col1a1-Trps1 mice is more severe than the phenotype of Dspp null mice 

suggesting that the repression of mineralized matrix formation is not solely 

mediated through Dspp downregulation, but that other genes regulated by Trps1 

contribute to this phenotype as well [3]. To address what other genes are 
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contributing to this defective mineralization, we crossed Col1a-Trps1 mice with 

Col1a1-Dspp mice to restore Dspp expression and uncover Dspp-independent 

consequences of Trps1 upregulation in mature odontoblasts. We determined that 

restoring Dspp only partially rescued the mineralization defects observed in 

Col1a1-Trps1 mice. Additionally, we observed downregulation of Pi homeostasis 

proteins Phex, Vdr, and Fam20C in odontoblasts of both Col1a1-Trps1 and 

Col1a1-Trps1;Col1a1-Dspp mice, which suggests that deficiency of these 

proteins may be contributing to the defective dentin mineralization of these mice 

[6]. 

To uncover the mechanistic roles of Trps1 in phosphate-mediated 

mineralization, we took an in vitro approach and employed an immortalized 

mouse pre-odontoblastic cell line, 17IIA11 (“17A” cells) [57]. 17A cells are an 

excellent model for studying mineralization because they express the key 

transcription factors, enzymes, and ECM proteins required for mineralization. 

These cells rapidly undergo mineralization (mineralization nodules are visible by 

day 5/6 of osteogenic differentiation via alizarin red staining) when treated with 

standard osteogenic medium containing a Pi source (β-glycerophosphate, βGP, 

or Na-Pi) and ascorbic acid [7, 9, 57, 58]. Furthermore, the Trps1 expression 

pattern over the course of differentiation is similar to the pattern observed in vivo, 

i.e. Trps1 expression is highest prior to the onset of mineralization (days 0-3) and 

then is decreased and maintained at a steady level (days 4-9) [4, 7, 59]. 
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CHAPTER 1 

DUAL ROLE OF THE TRPS1 TRANSCRIPTION FACTOR IN DENTIN 
MINERALIZATION 

 

 

Abstract 

 

TRPS1 (tricho-rhino-phalangeal syndrome) is a unique GATA-type 

transcription factor that acts as a transcriptional repressor. TRPS1 deficiency and 

dysregulated TRPS1 expression result in skeletal and dental abnormalities 

implicating TRPS1 in endochondral bone formation and tooth development. 

Moreover, patients with tricho-rhino-phalangeal syndrome frequently present with 

low bone mass indicating TRPS1 involvement in bone homeostasis. In addition, 

our previous data demonstrated accelerated mineralization of the perichondrium 

in Trps1 mutant mice and impaired dentin mineralization in Col1a1-Trps1 

transgenic mice, implicating Trps1 in the mineralization process. To understand 

the role of Trps1 in the differentiation and function of cells producing mineralized 

matrix, we used a preodontoblastic cell line as a model of dentin mineralization. 

We generated both Trps1-deficient and Trps1-overexpressing stable cell lines 

and analyzed the progression of mineralization by alkaline phosphatase and 

alizarin red staining. As predicted, based on our previous in vivo data, delayed 

and decreased mineralization of Trps1-overexpressing odontoblastic cells was 
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observed when compared with control cells. This was associated with down-

regulation of genes regulating phosphate homeostasis. Interestingly, Trps1-

deficient cells lost the ability to mineralize and demonstrated decreased 

expression of several genes critical for initiating the mineralization process, 

including Alpl and Phospho1. Based on these data, we have concluded that 

Trps1 serves two critical and context-dependent functions in odontoblast-

regulated mineralization as follows: 1) Trps1 is required for odontoblast 

maturation by supporting expression of genes crucial for initiating the 

mineralization process, and 2) Trps1 represses the function of mature cells and, 

consequently, restricts the extent of extracellular matrix mineralization. 

 

 

Introduction 

 

Mineralization is an orchestrated process in which crystals of calcium 

phosphate, termed hydroxyapatite (HA),2 are laid down in precise amounts within 

the fibrous extracellular matrix (ECM) (1). Physiological mineralization occurs in 

skeletal tissues (bone and hypertrophic cartilage) and dental tissues (dentin, 

cementum, and enamel). Dentin, the most abundant component of the tooth, is 

very similar to bone in its matrix protein composition. However, unlike bone, 

dentin does not undergo remodeling and does not participate in calcium 

homeostasis (2). Cells that produce dentin, odontoblasts, differentiate from 

cranial neural crest-derived mesenchyme in a process that requires sequential 
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and reciprocal mesenchymal-epithelial interactions. Mature odontoblasts secrete 

organic and mineral components of the dentin ECM; however, the transcriptional 

regulation of this process is not well understood (2). 

Initiation of mineralization takes place within matrix vesicles (MVs), which 

bud off from the plasma membrane of cells producing the mineralizing matrix (3–

5). The unique protein and lipid composition of MVs supports accumulation of 

high concentrations of Ca2+ and PO4
3- (Pi) ions facilitating initial HA crystal 

formation (6). In particular, mineralization-competent MVs are enriched in tissue-

nonspecific alkaline phosphatase (TNAP) and PHOSPHO1 phosphatase that 

provide Pi (7, 8). A series of genetic experiments with knock-out and transgenic 

mice demonstrated that TNAP and PHOSPHO1 have nonredundant functions in 

supporting mineralization (9, 10). PHOSPHO1 acts inside MVs to initiate 

deposition of HA in this compartment, whereas TNAP regulates mineralization by 

modifying the ECM environment (9, 11–13). The release of HA from MVs to the 

ECM supports further tissue mineralization. The extent of tissue mineralization 

depends on the composition and modifications of ECM proteins, the availability of 

Ca2+ and Pi, and concentration of mineralization inhibitors, such as osteopontin 

(Opn), matrix Gla protein (MGP), and inorganic pyrophosphate (PPi) (14–16). 

Activity of TNAP and transporters of Pi (PiT1 and PiT2) and PPi (Ank) establishes 

a Pi/PPi ratio that either supports or represses mineralization (11). Although 

phosphate homeostasis is controlled at the systemic level, many of the proteins 

involved in this process are highly expressed in cells producing mineralizing 

matrix, suggesting that they participate in the locally regulated phosphate 
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availability at the sites of mineralization (17–21). In humans, mutations in genes 

coding for major matrix proteins as well as in genes involved in phosphate 

metabolism result in skeletal and dental defects, underscoring the critical role of 

matrix composition and phosphate homeostasis for tissue mineralization (17, 22–

26). For example, a genetically heterogeneous disorder, hypophosphatemic 

rickets, manifests as defective mineralization of skeletal and dental tissues due to 

dysregulated phosphate homeostasis (27, 28). TNAP deficiency 

(hypophosphatasia) also results in impaired mineralization associated with 

increased levels of mineralization inhibitors (29, 30). 

A growing body of evidence implicates the Trps1 transcription factor in 

mineralization, although its role in this process and the mechanism whereby 

Trps1 regulates mineralization are not well understood. Trps1 is a unique zinc 

finger protein that belongs to the GATA family of transcription factors (31). 

Although a majority of studies have demonstrated that Trps1 is a transcriptional 

repressor, recently it has been shown that during hair formation Trps1 can 

activate expression of Wnt pathway genes (32–36). Mutations of the TRPS1 

gene in humans cause the craniofacial and skeletal dysplasia tricho-rhino-

phalangeal syndrome (TRPS) and Ambras syndrome (37, 38). Although these 

two diseases have distinct clinical presentations, abnormalities observed in 

patients with TRPS and Ambras indicate that TRPS1 is involved in the 

development of endochondral bones and teeth. We and others have shown that 

in perichondrial cells of endochondral bones, as well as in developing 

odontoblasts, Trps1 is highly expressed prior to mineralization, and the onset of 
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mineralization coincides with down-regulation of Trps1 (32, 39, 40). This 

expression pattern suggests that Trps1 is involved in the maturation of cells 

destined to produce mineralizing matrix or that it prevents premature 

mineralization. The latter function has been demonstrated in our previous studies 

of a mouse model of TRPS (Trps1ΔGT mice), where we uncovered that Trps1 

deficiency leads to premature mineralization of the perichondrium of developing 

endochondral bones (32). In those studies, we did not address mineralization of 

dentin, because this occurs postnatally and Trps1ΔGT/ΔGT mice die at birth. To 

determine whether Trps1 is sufficient to inhibit osteoblast and/or odontoblast-

driven mineralization, we generated Col1a1-Trps1 transgenic mice expressing 

Trps1 from a cell type-specific 2.3-kb fragment of the Col1a1 promoter. Analyses 

of Col1a1-Trps1 mice demonstrated that Trps1 has a strong dominant negative 

effect on dentin but little effect on bone mineralization. The impairment in dentin 

formation in Col1a1-Trps1 mice is associated with repression of the Dspp gene, 

coding for major dentin matrix proteins required for dentin formation (41). 

Collectively, results of the studies of Trps1-deficient mice and mice 

overexpressing Trps1 in osteoblasts and odontoblasts suggest a context- 

dependent function of Trps1 in the mineralization process. This context may be 

determined by the type of cell that is driving mineralization or by the cell 

differentiation stage. 

The dental phenotype of TRPS and Ambras patients clearly indicates that 

TRPS1 is involved in tooth development. On the molecular level, the dynamic 

and specific expression pattern of Trps1 in developing odontoblasts suggests its 
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role in dentinogenesis. In these studies, we address the role of Trps1 in 

odontoblast-driven mineralization. We analyzed the consequences of both Trps1 

deficiency and up-regulation on the mineralization process and the expression of 

genes involved in it. Results of these studies demonstrate for the first time that 

Trps1 regulates mineralization through different mechanisms in preodontoblasts 

and mature odontoblasts, and thus the role of Trps1 in the mineralization process 

depends on the odontoblast differentiation stage. 

 

 

Experimental Procedures 

 

Cell Culture 

Preodontoblastic 17IIA11 cells (42, 43) were maintained in standard 

DMEM (Invitrogen) with 5% FBS (Thermo Fisher Scientific, Logan, UT) and 100 

units/ml penicillin and 100 μg/ml streptomycin (Cellgro, Manassas, VA) at 37 °C 

and 8% CO2. For the osteo-odontogenic differentiation experiments, cells were 

plated at 5x105 cells per well of a 6-well plate. Once cells reached 85–95% 

confluency, osteo-odontogenic differentiation was induced by osteogenic medium 

(standard medium supplemented with 7 mM β–glycerophosphate and 50 μg/ml 

ascorbic acid). Osteogenic medium was changed every 48 h. Trps1-deficient, 

Trps1-overexpressing, and control stable cell lines were generated as described 

previously (41). 
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RNA Extraction, cDNA Synthesis, and Quantitative RT-PCR (qRT-PCR)  

Total RNA was extracted using GenElute Mammalian Total RNA 

miniprep kit (Sigma). Total RNA (1 μg), after DNase I treatment (Invitrogen), was 

converted to cDNA with SuperScript III reverse transcriptase kit (Invitrogen). 

Gene expression analyses were performed using AB Biosystems 7500 fast real 

time PCR system and Fast SYBR Green reaction mix (Roche Applied Science). 

Primer sequences are as follows: Gapdh F, GCAAGAGAGGCCCTATCCCAA, 

and R, CTCCCTAGGCCCCTCCTGTTATT; Actb F, 

GACGTTGACATCCGTAAAGACC, and R, CAGGAGGAGCAATGATCTTGATC; 

Trps1 F, ACAACGGCGAGCAGATTATTAG, and R, 

TAGTCAATGAACCCTGGGCTTCGTA; Phex F, 

CAGAAAGCCAAAATCCTCTACTCA, and R, TCCAGTCTAAGCACCGACTTCA; 

Vdr F, GCCTCCAATTCGTGCAGACGTAAGTACA, and R, 

GAGCCTTCTTCATTCAGATCCATCGTG; Fam20C F, 

AACCCATGAAGCAGACGAGAG, and R, GGAGGGACTCTGCGGAAATC; Alpl 

F, CAGTGGGAGTGAGC GCAGCC, and R, GCACTGGGTGTGGCGTGGTT; 

Phospho1 F, CCTGGGAAACAGCCGCCGATGTG, and R, 

CCCGGAGGAGCATAGCAAAGCGAAG; Runx2 F, 

TGGCCGGGAATGATGAGAAC, and R, TGAAACTCTTGCCTCGTCCG; Sp7 F, 

GGGCGTTCTACCTGCGACTG, and R, ATCGGGGCGGCTGATTG; ATF4 F, 

GTGGCCAAGCACTTGAAACC, and R, GGAAAAGGCATCCTCCTTGC;MGPF, 

AAGCCCAAAAGAGAGTCCAGG, and R, AAGTAGCGGTTGTAGGCAGC; Opn 

F, ATGAGGCTGCAGTTCTCCTGG, and R, 
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AAAGCTTCTTCTCCTCTGAGCTGCC; Ank F, 

CACCCTGATAGCCTACAGTGAC, and R, GGAAGGCAGCGAGATACAGG; 

PiT1 F, AGCACCGTTGCTGGGCTTT, and R, GGCCCAGTGGCACACACTACC; 

and PiT2 F, CGCGGTTTCCGGAGGGAACG, and R, 

AGGTTGCTAACTTCGGGAGGCCA. Dspp primer sequences are described in 

Ref. 44. 

 

Microarray and Data Processing 

RNA was isolated as described above, and its purity was assessed by gel 

electrophoresis (Agilent 2100 Bioanalyzer). Transcriptional profiling was carried 

out using the Affymetrix Mouse Gene ST 1.0 array at the University of Alabama 

at Birmingham Heflin Center for Genomic Science using standard methods 

(Affymetrix GeneChip Expression Technical Manual). The Mouse Gene ST 1.0 

chip consists of 24,582 well annotated genes. Briefly, 300 ng of total RNA from 

each sample was used to generate double strand cDNA by linear amplification 

using T7-linked random primers and reverse transcriptase. Subsequently, cRNA 

was generated by standard methods (Affymetrix) followed by single-stranded 

DNA fragmentation, end label biotinylation, and preparation of hybridization 

mixture. The arrays were hybridized overnight at 45 °C and then washed, 

stained, and scanned the next day. Data acquisition software (Affymetrix 

GeneChip Command Console Software) was used to generate a cell intensity 

(CEL) file from the stored images containing a single intensity value for each 

probe cell on the array. The CEL files were imported into GeneSpring GX 11.5.1 
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(Agilent Technologies, Santa Clara, CA). Using the RMA16 summarization 

algorithm, GeneSpring GX summarized the CEL data files. Expression values for 

each mRNA were obtained by the robust multiarray analysis method of Irizarry et 

al. (45). This protocol adjusts for the background on the raw intensity scale, 

carries out a nonlinear quantile normalization of the perfect match values, log-

transforms the background-adjusted perfect match values, and carries out a 

robust multi-chip analysis of the quantile normalized log-transformed values (45). 

Each sample underwent baseline transformation to the mean of the control 

samples. Entities were filtered based on their signal intensity values by satisfying 

the upper and lower percentile cutoffs 20–100%. Filtered data were further 

processed in GeneSpring GX by using a one-way analysis of variance and the 

multiple testing correction method of Benjamini Hochberg. A fold change cutoff of 

2 was used to generate downstream datasets (45). To control for the occurrence 

of false discoveries in the datasets, a corrected p value (q value) ≤ 0.05 was 

used.  

 

Western Blot 

Whole protein extracts were prepared by cell lysis in RIPA buffer 

supplemented with 1 mM NaF, 2 mM Na2VO4, 2 mM leupeptin, 2 mM pepstatin, 

and 2 mM PMSF. Protein concentration was determined by micro BCA protein 

assay kit (Thermo Scientific, Rockford, IL). Protein (15 μg) was subjected to 

electrophoresis on 4–12% precast BisTris gels (Invitrogen) and transferred onto 

a nitrocellulose membrane. Specific proteins were detected by fluorescence (Li-
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Cor Odyssey Infrared Imaging System, LI-COR Biosciences, Lincoln, NE). 

Primary antibodies against Trps1 (ProteinTech, Chicago) were used at 1:1500 

dilution; Vdr (Thermo Scientific, Rockford, IL) and Gapdh (Cell Signaling, 

Danvers, MA) were used at 1:1000; Runx2 (MBL International, Woburn, MA) was 

used at 1:250 dilution; Sp7 (Abcam, Cambridge,MA)was used at 1:200; and 

tubulin (Sigma) was used at 1:10,000. All fluorescent secondary antibodies (LI-

COR Biosciences, Lincoln, NE) were used at 1:20,000. 

 

Alizarin Red Staining and Quantification of Mineralization 

Cells were fixed in 4% paraformaldehyde and stained with 40 mM alizarin 

red-S (Sigma) for 10 min. Excess dye was removed by washing with deionized 

water. To quantify calcium deposits, alizarin red was extracted from stained cells 

with 10% acetic acid, neutralized with 10% NH4OH to pH 4.1–4.3, and quantified 

by colorimetric detection by spectrophotometry at 405 nm. 

 

TNAP Activity Assay 

To detect TNAP activity, cells were fixed in 4% paraformaldehyde, and the 

alkaline phosphatase substrate naphthol AS-MX phosphate (0.1 mg/ml) was 

added in reaction buffer containing 0.5% N,N-dimethylformamide, 2 mM MgCl2, 

0.6 mg/ml Fast blue BB salt, and 0.1 M Tris-HCl, pH 8.5. The reaction was 

stopped by washing in water, and stained cells were imaged. Densitometry of 

TNAP activity staining was performed using ImageJ software. Images were 

formatted to the same size; image background was subtracted, a circular area 
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was defined to ensure measurements were taken of the same location and size, 

and the selected area was analyzed for each image. Measurement values were 

normalized by taking the inverse and multiplying by 50,000 so that the larger 

numbers correspond to darker staining (46). Statistics were calculated using the 

raw, untransformed values. 

 

Isolation of Matrix Vesicles 

MVs were isolated by collagenase digestion as described previously (13). 

Briefly, cells were plated at a density of 7x105 cells per 10-cm plate in 10 ml of 

osteogenic differentiation medium. An equal number of cells was used for each 

cell line. Plates were incubated at 37 °C with 5% CO2 for 9 days with media 

change every 3 days. On day 9, cells were washed and digested for 1.5 h with 

2.5 mg/ml collagenase (Worthington). After collagenase digestion, cells were 

centrifuged at 3000 rpm for 10 min. Supernatant was collected and centrifuged at 

19,000 rpm for 10 min. Supernatant was again centrifuged at 42,000 rpm for 45 

min to get the MV pellet. The pellet was then resuspended in Tris-buffered saline 

(20mM Tris, 0.15 mM NaCl). 

 

AFM Images of MVs 

Five microliters of MV solution was dropped onto a freshly cleaved mica 

substrate (Ted Pella, Redding, CA) and allowed to stand for a couple of minutes. 

Next, 5 μl of glutaraldehyde solution (8% in H2O) (Sigma) was spotted onto the 

sample drop and dried at room temperature overnight. Samples were imaged by 
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noncontact (AAC) mode in air using a 5500 AFM (Agilent Technologies). Silicon-

nitride cantilevers with a nominal resonance frequency of 190 kHz 

(Nanosensors™, Neuchatel, Switzerland) were employed. Tridimensional AFM 

images were generated by PicoView software (Agilent Technologies). 

 

Calculation of MV Diameter and Number 

AFM imaging was used to investigate the morphology (diameter) and 

number of MVs isolated from cells. MV diameters were calculated as the peak 

value of the cross-sections of n=100 vesicles for each cell line. Mean and 

standard deviation values for the diameter distributions were obtained through 

Gaussian fit. The number of MVs isolated from cells was calculated by counting 

the globular features in AFM images (scan size 5 x5 μm). 

 

Statistics 

All experiments were performed on three control and three Trps1-modified 

stable cell lines. Data are presented as the mean ±S.D. Probability values were 

calculated using the Student’s t test. p ≤ 0.05 (*) and 0.005 (**) were considered 

to be statistically significant and highly significant, respectively. 
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Results 

 

Trps1 Expression during Osteo-odontogenic Differentiation of 17IIA11 Cells 

To gain mechanistic insights into the role of Trps1 in the physiology and 

pathology of odontoblast-regulated mineralization, we employed the 17IIA11 cell 

line (17A cells) derived from mouse odontoblasts (42, 43). 17A cells are a good 

model to study molecular mechanisms of odontoblast-mediated mineralization, 

because they express key transcription factors as well as enzymes and matrix 

proteins required for mineralization (42). Importantly, when induced by 

osteogenic medium, 17A cells secrete the ECM that rapidly undergoes 

mineralization (Fig. 1A). Thus, 17A cells maintained in standard cell culture 

medium represent preodontoblasts, and when cultured in osteogenic medium, 

they differentiate into odontoblast-like cells (42, 43). However, because in in vitro 

systems odontoblastic cells do not polarize, the ECM produced by these cells 

lacks the characteristic tubular structure of dentin and resembles osteodentin. To 

indicate this difference between in vivo and in vitro odontoblast differentiation, we 

use the term “osteo-odontogenic differentiation” for the in vitro differentiation of 

17A cells. 

Trps1 expression was compared in 17A cells at the preodontoblastic stage 

and upon induction of osteo-odontogenic differentiation by analyzing mRNA and 

protein levels every 24 h starting from day 0 through day 9 of differentiation, 

when the mineralization of 17A cells plateaus. Trps1 mRNA and protein were 

detected in preodontoblastic cells as well as during osteoodontogenic  
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FIGURE 1. Trps1 expression during osteo-odontogenic differentiation of 
17A cells. A, representative images of alizarin red staining showing the 
progression of 17A-regulated mineralization. B, qRT-PCR results 
demonstrating Trps1 expression in 17A cells. Data are presented as the mean 
relative levels of Trps1 mRNA (normalized to Gapdh) ±S.D. from three 
independent differentiation experiments. Trps1 levels in undifferentiated 17A 
cells (day 0 of differentiation) were arbitrarily set at 1 and used as a reference 
for the remaining time points. C, Western blot analyses of Trps1 protein levels. 
Results of densitometric analyses (top) of Western blots (bottom) 
demonstrating relative Trps1 protein levels. Data are represented as the mean 
relative density of Trps1 normalized to tubulin (a protein loading control)±S.D. 
from three independent differentiation experiments. Normalized Trps1 levels in 
undifferentiated 17A cells were arbitrarily set at 1 and used as a reference for 
the remaining time points. Asterisks denote statistically significant differences 
compared with day 0 of differentiation (*, p≤0.05; **, p≤0.005). 



23 
 

differentiation and mineralization of 17A cells. At the mRNA level, the highest 

Trps1 expression was observed in 17A preodontoblastic cells (Fig. 1B). Upon 

induction of differentiation with osteogenic medium, Trps1 expression transiently 

decreases, reaching the lowest level prior to formation of mineralization nodules. 

From days 6 to 9, when differentiated 17A cells support the growth of 

mineralization nodules, Trps1 expression is maintained at a steady level. At the 

protein level, the changes of Trps1 in general follow the mRNA, except from day 

1 of differentiation, when transient up-regulation of Trps1 is detected (Fig. 1, B 

and C). Although the changes of Trps1 expression during osteo-odontogenic 

differentiation of 17A cells are not as dramatic as during odontoblast 

differentiation in vivo (39), the overall Trps1 expression pattern in 17A 

odontoblastic cells and odontoblasts in vivo are similar, with the highest Trps1 

expression in progenitor cells and the lowest expression in newly differentiated 

cells. 

 

Up-regulation of Trps1 in Differentiated Odontoblastic Cells Impairs 
Mineralization 

We have recently demonstrated that increased Trps1 expression in 

mature odontoblasts in vivo results in severe impairment in dentin formation and 

repression of the Dspp gene (41). Although there is a significant overlap in dental 

phenotypes of Col1a1-Trps1 and Dspp-/- mice, the onset of dentin abnormalities 

and extent of mineralization defects in Col1a1-Trps1 mice are more severe than 

the phenotype of Dspp-/- mice (41, 47). This suggests that Trps1-dependent 

repression of dentin formation reflects dysregulation of a number of genes 
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involved in mineralization. 17A cells were used as a model of odontoblast-

regulated mineralization to identify additional genes that contribute to impaired 

mineralization caused by Trps1 up-regulation in mature odontoblasts.  

To generate a cellular model of Trps1 up-regulation throughout 

odontoblastic differentiation, a transposon-mediated genomic integration 

approach was used. We generated three clonal stable cell lines with 3.0-, 3.5-, 

and 4.5-fold overexpression of V5-tagged Trps1 (Trps1-OE cells) and three 

control clonal cell lines generated with a “no insert” transposon (Cntr cells). Trps1 

overexpression in clonal cell lines was confirmed on both the mRNA and protein 

level (Fig. 2A). The progress of mineralization in Trps1-OE and Cntr cells was 

compared using quantification of alizarin red-stained calcium deposits. These 

analyses demonstrated that mineralization nodules are first detected at day 5 of 

osteo-odontogenic differentiation of Cntr cells and 2 days later in Trps1-OE cells. 

Moreover, overexpression of Trps1 in odontoblastic cells results in decreased 

mineral formation by Trps1-OE cells in comparison with Cntr (Fig. 2B). All three 

clonal Trps1-OE cell lines demonstrated delayed and decreased mineralization in 

comparison with control cell lines. This mineralization defect of Trps1-OE cells is 

consistent with our previous data from Col1a1-Trps1 transgenic mice (41), 

indicating that overexpression of Trps1 in odontoblasts impairs odontoblast-

regulated mineralization in vitro and in vivo. This impaired mineralization is not 

caused by TNAP deficiency, because no significant differences in TNAP activity 

were detected in preodontoblastic and odontoblastic Trps1-OE and control cells 

(Fig. 2C). 
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FIGURE 2. Delayed and decreased mineralization of 17A odontoblastic 
cells overexpressing Trps1. A, qRT-PCR (top panel) and Western blot 
(bottom panel) results demonstrating overexpression of Trps1 in three clonal 
stable cell lines (Trps1-OE) and controls (Cntr, undifferentiated cells). qRT-
PCR data are presented as the mean relative levels of Trps1 mRNA 
normalized to Gapdh±S.D. from three independent RNA preparations per cell 
line. Relative Trps1 levels in one of the Cntr analyses were arbitrarily set at 1 
and used as a reference for the remaining control and Trps1-OE cell lines. On 
the Western blot analyses, tubulin was used as a protein loading control. B, 
representative images of alizarin red staining (top panel) and quantification 
(bottom panel) of Trps1-OE and Cntr cell lines during osteo-odontogenic 
differentiation. Quantification of alizarin red staining is presented as the 
mean±S.D. from differentiation of three stable cell lines. Asterisks denote 
statistically significant differences (*, p≤0.05; **, p≤0.005). C, representative 
images of TNAP activity assay in Trps1-OE and Cntr undifferentiated (day 0) 
and differentiated (day 9) cells (left panel) and results of densitometric 
quantification of TNAP activity (right panel). Data are presented as the 
mean±S.D. from differentiation of three stable cell lines. No statistically 
significant difference was detected. D, qRT-PCR results demonstrating 
dynamic Dspp expression during osteogenic differentiation of Trps1-OE and 
Cntr cell lines. Data are presented as the mean relative levels of Dspp mRNA 
(normalized to Gapdh)±S.D. from three stable cell lines. Dspp expression was 
not detected in undifferentiated controls; therefore, values for day 1 of Cntr 
cells were arbitrarily set at 1 and used as a reference for the remaining time 
points. 
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In Col1a1-Trps1 transgenic mice, dentin mineralization defects are 

associated with repression of the Dspp gene; therefore, expression of Dspp was 

compared during the differentiation of Trps1-OE and control cell lines. qRT-PCR 

analyses did not detect Dspp expression in undifferentiated cells. Upon initiation 

of osteogenic differentiation, Dspp is transiently up-regulated shortly before 

formation of mineralization nodules in control cells. Consistent with the 

mineralization defects caused by Trps1 overexpression, Dspp up-regulation is 

delayed and less profound in Trps1-OE cells in comparison with controls (Fig. 

2D). However, it is important to note that even at the peak of expression in 

control cell lines, the levels of Dspp mRNA are very low. Furthermore, we were 

unable to detect Dsp protein by Western blot analyses (data not shown). This 

suggests that other mineralization-related genes are involved in the 

mineralization defects observed in Trps1-OE cells. 

 

Trps1 Represses Phex and Vdr during Later Stages of Mineralization 

After confirming that Trps1 up-regulation in 17A odontoblastic cells results 

in similar mineralization defects to those observed in the dentin of Col1a1-Trps1 

mice, we used Trps1-OE cells to identify mineralization-related genes that are 

dysregulated by Trps1-overexpression in mature odontoblasts. The Affymetrix 

Mouse Gene ST 1.0 array was used to compare global gene expression in 

Trps1-OE and Cntr cells at day 6 of differentiation. At this time point, 

mineralization nodules are clearly visible in Cntr but not in Trps1-OE cells, 

indicating delayed propagation of HA in the ECM. These analyses identified 158 
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TABLE 1. Ten most up-
regulated and down-
regulated genes in 17A 
odontoblastic cells 
overexpressing Trps1 
(day 6 of osteogenic 
differentiation) 
Microarray (Affymetrix 
Mouse Exon 1.0 ST array) 
was performed with total 
RNA isolated from Trps1-
OE and Cntr clonal cell 
lines. 

genes significantly (over 2-fold) down-regulated and 188 genes significantly up-

regulated in Trps1-OE cells in comparison with Cntr. Interestingly, the group of 

most down-regulated genes in Trps1-OE cells is enriched in mineralization 

related genes that are associated with hypophosphatemic rickets and 

mineralization defects in dentin (Table 1). Therefore, the subsequent analyses 

were focused on determining the changes in Enpp1, Phex, and Vdr expression 

upon up-regulation of Trps1. 

Results of qRT-PCR analyses demonstrated that Phex and Vdr are 

expressed at low levels in Cntr preodontoblastic cells and during the initiation 

phase of mineralization (Fig. 3A). Phex expression increases shortly before 

mineralization nodules are detectable by alizarin red staining and reaches the 

highest level at day 6 of osteo-odontogenic differentiation, when mineralization 

nodules are clearly visible (Fig. 3A). As in Cntr cells, the highest Phex mRNA 

levels are detected on day 6 of differentiation of Trps1-OE cells; however, the 

magnitude of Phex up-regulation is significantly lower in Trps1-OE cells then in 

Cntr cells. Western blot analyses of protein extracts isolated on day 8 of 
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differentiation confirmed decreased levels of Phex in Trps1-OE cells (Fig. 3B). 

The effects of Trps1 overexpression on Vdr were similar to those observed for 

Phex. In Cntr cells, Vdr expression increases after day 2 of osteo-odontogenic 

differentiation and is further up-regulated during the mineralization phase. In 

contrast to up-regulation of Vdr during osteo-odontogenic differentiation of Cntr 

FIGURE 3. Decreased expression of genes involved in phosphate 
homeostasis in Trps1-OE cells. A, qRT-PCR graphs depicting Phex, Vdr, 
and Fam20C mRNA expression during osteo-odontogenic differentiation in 
Trps1-OE cells in comparison with Cntr cells. Data are presented as the mean 
relative levels of Phex, Vdr, and Fam20C mRNA (normalized to β-actin)±S.D. 
from three stable cell lines. Day 0 values for each cell line were arbitrarily set 
to 1 and used as a reference for remainder of days of differentiation. B, top 
panel, Western blots of Phex, Vdr, and Fam20C expression on day 6 and 
Phex expression on day 8 of differentiation on protein extracts isolated from 
Trps1-OE and Cntr cell lines. Bottom panel, results of densitometric 
quantification of the Western blot images. Protein levels were normalized to 
tubulin or Gapdh as depicted in the top panel. Asterisks denote statistically 
significant differences (*, p≤0.05; **, p≤0.005). 
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cells, Trps1-OE cells express Vdr at a steady level. As a result, Vdr is down-

regulated during the mineralization nodule formation phase in Trps1-

overexpressing cells (Fig. 3A). Although the differences between expression of 

Vdr in Cntr and Trps1-OE cells were statistically significant on the mRNA level, 

we did not detect a difference on the protein level by Western blot analyses (Fig. 

3B). 

During osteo-odontogenic differentiation of Cntr cells, Enpp1 expression 

follows the same pattern as Phex and Vdr; however, Enpp1 is expressed at very 

low levels. Overexpression of Trps1 resulted in a further decrease of Enpp1 

expression, and we were unable to detect Enpp1 mRNA at any day of 

osteoodontogenic differentiation in Trps1-OE cells (data not shown). 

For comparison, we performed similar expression analyses for the 

Fam20C gene which, like Phex, Vdr, and Enpp1, is associated with 

hypophosphatemia and abnormal mineralization in humans (48). Microarray 

analyses did not detect significant differences in Fam20C expression between 

Cntr and Trps1-OE cells (data not shown), and this was confirmed by qRT-PCR 

and Western blot on day 6 of osteo-odontogenic differentiation (Fig. 3). 

Interestingly, the pattern of Fam20C expression during differentiation and 

mineralization of Cntr cells is different from the pattern observed for Phex and 

Vdr (Fig. 3A). Unlike Phex and Vdr, which are strongly up-regulated during 

mineralization nodule formation, expression of Fam20C increases only 

transiently on day 6 of osteo-odontogenic differentiation, suggesting different 

roles of Fam20C versus Phex and Vdr in the mineralization process. In summary, 
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overexpression of Trps1 in odontoblastic cells results in decreased expression of 

Phex and Vdr specifically during the later phase of mineralization when the 

growth of nodules is observed. 

 

Trps1-deficient Odontoblastic Cells Do Not Support Mineralization 

As shown, overexpression of Trps1 results in decreased and delayed 

mineralization. Therefore, it would be expected that Trps1-deficient cells have 

enhanced and/or accelerated mineralization. To test this hypothesis, we 

generated stable cell lines deficient for Trps1 (Trps1-KD) using lentivirus-

delivered shRNAs targeting the Trps1 transcript. Control cell lines were 

generated using lentivirus-delivered scrambled shRNA (shScr cells). Trps1 

knockdown was confirmed at the mRNA level by qRT-PCR and the protein level 

by Western blot (Fig. 4A). To characterize the consequences of Trps1 deficiency 

on mineralization, we selected three stable cell lines with the most efficient 

knockdown of Trps1 as follows: 70, 80, and 85% decreased Trps1 mRNA levels 

in comparison with shScr cell lines. 

The osteo-odontogenic differentiation of Trps1-KD and shScr cell lines 

was carried out as before, and progression of mineralization was monitored by 

alizarin red staining. Surprisingly, even after 9 days of culture in osteogenic 

medium, there was no evidence of mineralization nodule formation in any of 

Trps1-KD stable cell lines, whereas in shScr cells abundant mineralization 

nodules were present already at day 6 of differentiation (Fig. 4B). Considering 

that 17A cells are already committed to odontoblastic lineage, as demonstrated 
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previously by high TNAP activity and expression of osteogenic markers (42, 43), 

this indicates that Trps1 deficiency results in loss of the mineralization potential. 

To identify the underlying cause of this loss, we first analyzed TNAP activity, 

which is a characteristic feature of mineralizing cells and is required for mineral 

formation. Comparison of Trps1-KD and shScr cell lines demonstrated that Trps1 

FIGURE 4. Loss of mineralization potential in Trps1-deficient cells. A, 
qRT-PCR (top panel) and Western blot (bottom panel) results demonstrating 
depletion of Trps1 in 3 clonal stable cell lines (Trps1-KD) in comparison with 
controls (shScr). qRT-PCR data are presented as the mean relative levels of 

Trps1 mRNA normalized to Gapdh±S.D. from 3 independent RNA 

preparations per cell line. Relative Trps1 levels in one of the shScr analyses 
was arbitrarily set to 1 and used as a reference for the remaining control and 
Trps1-KD cell lines. On the Western blot analyses of Trps1 protein, tubulin 
was used as a protein loading control. B, representative images of alizarin red 
staining (top panel) and quantification (bottom panel) of undifferentiated (day 
0) Trps1-KD and control cells, and on day 6 and 9 of osteo-odontogenic 
differentiation. Quantification of alizarin red staining is presented as the 
mean±S.D. from the differentiation experiments of three stable cell lines. C, 
representative images of TNAP activity staining (left panel) and quantification 
of the staining (right panel) in Trps1-KD and shScr cells demonstrate 
decreased TNAP activity in Trps1-deficient cells. Asterisks denote statistically 
significant differences (*, p≤0.05; **, p≤0.005). 
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deficiency in odontoblastic cells results in significant decrease of TNAP activity 

(Fig. 4C). Furthermore, undifferentiated Trps1-KD cells had dramatically reduced 

levels of TNAP mRNA (Alpl) in comparison with controls as demonstrated by 

qRT-PCR (Fig. 5A). This indicates that the loss of TNAP activity is due to 

decreased expression of the Alpl gene. Considering that Trps1-KD cells do not 

form mineralization nodules at all, we also analyzed expression of Phospho1, 

which codes for a phosphatase involved in the initiation of HA crystal formation. It 

has been demonstrated that expression of this gene is induced in odontoblasts 

prior to mineralization of the dentin (12, 13, 49). qRT-PCR and Western analyses 

show that Phospho1 is also significantly down-regulated in all Trps1-deficient 

odontoblastic cell lines in comparison with shScr control cells (Fig. 5, A and C). 

 

Trps1 Is Required for Expression of Genes Initiating Mineralization 

To investigate whether the effects of Trps1 deficiency are restricted to 

down-regulation of phosphatases that support HA formation or whether Trps1 is 

required for expression of mineralization-related genes in general, we compared 

global gene expression between preodontoblastic shScr and Trps1-KD cells (day 

0 of differentiation). These analyses revealed a total of 204 genes that were 

significantly (over 2-fold) down-regulated in Trps1-deficient preodontoblastic cells 

in comparison with controls, including Alpl and Phospho1 genes that were among 

the most down-regulated genes in Trps1-KD cells (Table 2). The group of 10 

most down-regulated genes in Trps1-KD cells also included other mineralization- 
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FIGURE 5. Down-regulation of mineralization-supporting genes in 
undifferentiated Trps1-deficient cells. A, qRT-PCR results for TNAP and 
Phospho1 (phosphatases).B, qRT-PCR results for Runx2, Sp7, and ATF4 
(osteogenic transcription factors). C, top panel, Western blot results 
confirming down-regulation of Phospho1, Sp7, and Runx2 in Trps1-KD cell 
lines. Tubulin was used as a protein loading control. Bottom panel, results of 
densitometric analyses of the Western blots. Protein levels were normalized to 
tubulin. D, qRT-PCR results for MGP and Opn (matrix proteins, mineralization 
inhibitors). E, qRT-PCR results for Ank, PiT1, and PiT2 (PPi and Pi 
transporters, respectively). qRT-PCR data were normalized to Gapdh and the 
average of shScr controls for each gene was arbitrarily set at 1 and used as a 
reference for all samples. The mean±S.D. is shown for Trps1-KD and shScr. 
Asterisks denote statistically significant differences (*, p≤0.05; **, p≤0.005). 
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related genes, such as Ibsp, Smpd3, and Galnt3, suggesting that Trps1 is 

required for expression of multiple genes that support mineralization. 

It has already been demonstrated that undifferentiated 17A cells are 

positive for osteogenic transcription factors (42, 43). Runx2 and its downstream 

target Osx (coded by the Sp7 gene) are the key transcription factors that control 

development of cells producing mineralizing matrix and directly regulate 

expression of osteogenic genes. From the group of osteogenic transcription 

factors, only expression of the Sp7 gene was significantly decreased in Trps1-KD 

cells in the gene array experiment (data not shown). This was confirmed by qRT-

PCR on mRNA isolated from three stable Trps1-KD cell lines (Fig. 5B). qRT-PCR 

analyses also demonstrated significant down-regulation of Runx2 mRNA in 

Trps1-KD cell lines (Fig. 5B). Western blot analyses demonstrated a more 

dramatic decrease of both Sp7 and Runx2 at the protein level (Fig. 5C). There 

was no significant change in expression of the Atf4 gene, which codes for a 

transcription factor that regulates function of more mature osteogenic cells (Fig. 

5B). These results suggest that in preodontoblastic cells Trps1 supports 

TABLE 2. Ten most up-
regulated and down-
regulated genes in 
undifferentiated 17A 
preodontoblastic cells 
deficient for Trps1. 
Microarray (Affymetrix 
Mouse Exon 1.0 ST 
array) was performed 
with total RNA isolated 
from Trps1-KD and shScr 
clonal cell lines. 
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expression of genes involved in the early stages of osteo-odontogenic 

differentiation. 

To follow up on this hypothesis, we analyzed expression of matrix proteins 

osteopontin (Opn, coded by the Spp1 gene) and matrix Gla protein (MGP) that 

are activated along with TNAP during early osteo-odontogenic differentiation. 

However, unlike TNAP, Opn and MGP are inhibitors of mineralization. We found 

that expression of Opn and Mgp in undifferentiated Trps1-KD cells is higher than 

in shScr (Fig. 5D). It has been reported that Opn is up-regulated upon TNAP 

deficiency and by increased PPi levels (14, 50); therefore, we analyzed 

expression of a PPi transporter Ank but detected no significant difference in Ank 

expression between Trps1-KD cells and controls (Fig. 5E). Similarly, there were 

no changes in expression of Pi transporters PiT1 and PiT2 (Fig. 5E). In summary, 

depletion of Trps1 in preodontoblastic cells results in the loss of the 

mineralization potential associated with significant down-regulation of 

phosphatases specifically involved in HA formation, as well as decreased 

expression of transcription factors essential for the osteogenic program. 

 

Trps1 Deficiency Affects Matrix Vesicles 

The inability of Trps1-deficient cells to initiate the mineralization process 

and the significant down-regulation of phosphatases associated with MV function 

suggest defects in MVs. AFM imaging was employed to investigate the size and 

number of MVs isolated from Trps1-KD cell lines with respect to control cell lines 

(Fig. 6). MVs from both Trps1-KD and shScr cells had an average diameter of 
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≈70 nm. However, from the same number of cells, ≈10-fold fewer MVs were 

isolated from Trps1-KD cell lines in comparison with shScr cells, suggesting that 

fewer MVs are made by Trps1-KD cells. This implicates Trps1 in MV biogenesis 

and suggests that Trps1 is required for MV-dependent initiation of the 

mineralization process. 

 

 

Disscussion 

 

Trps1 demonstrates a dynamic and specific expression pattern during 

odontoblast development. It is highly expressed in preodontoblasts and then is 

down-regulated upon odontoblast maturation suggesting a Trps1 role in 

FIGURE 6. Trps1 deficiency affects matrix vesicles. A, representative AFM 
images (scan size 10×10 μm) of MVs isolated from Trps1-KD and shScr cell 
lines. Topography (top panel) and three-dimensional surface rendering 
(bottom panel) are shown. B, number of MVs (mean±S.D.) isolated from 
Trps1-KD and shScr cell lines. Asterisks denote statistically significant 
differences (**, p≤0.005). C, diameter distributions for MVs (n=100 for each 
cell line) isolated from Trps1-KD and shScr cells. 
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odontoblast differentiation (39). Trps1 expression in secretory odontoblasts is 

maintained at much lower levels than in progenitors (41). This, in turn, suggests 

that formation of dentin by mature odontoblasts does not require Trps1 or that 

Trps1 may have a negative effect on their function. We have recently 

demonstrated that sustained high Trps1 expression in secretory odontoblasts 

has deleterious effects on dentin formation (41); however, the role of Trps1 in 

odontoblast differentiation and function is unknown. In these studies, using the 

17A odontoblastic cell line, we delineated the consequences of Trps1 deficiency 

and up-regulation on the odontoblast-regulated mineralization process. Based on 

our findings, we propose the following model of the Trps1 role in odontoblasts 

(Fig. 7). The function of Trps1 in odontoblasts is context-dependent and is 

specified by the odontoblast differentiation stage. In preodontoblasts, Trps1 is 

required for MV dependent initiation of the mineralization process by supporting 

expression of major MV-associated phosphatases involved in HA formation and 

for expression of key osteogenic transcription factors. However, in the mature 

cells, which actively produce mineralizing matrix, Trps1 acts as a repressor by 

FIGURE 7. Proposed model of the 
Trps1 role in the odontoblast-
regulated mineralization process. The 
role of Trps1 in mineralization is context-
dependent and differs at the initiation 
and propagation stages. Trps1 is 
required for the MV-dependent initiation 
of mineralization by supporting 
expression of major phosphatases and 
transcription factors required for this 
process. During the later stages of the 
mineralization process, Trps1 acts as a 
mineralization inhibitor by repressing 
expression of genes involved in the 
mineral propagation within the ECM. 
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suppressing expression of genes involved in propagating HA within the ECM. We 

propose that down-regulated expression of the genes involved in the initiation of 

mineralization is an indirect effect of Trps1 deficiency and may be due to up-

regulation of another factor that directly represses these genes. This mechanism 

incorporates the findings from our in vitro studies into the well established 

molecular function of Trps1 as a transcriptional repressor (31–35). We cannot 

definitively rule out the possibility that in preodontoblasts Trps1 directly activates 

a subset of mineralization genes, as it has been demonstrated for Wnt pathway 

genes in hair follicle progenitor cells (36). However, thus far, there is no evidence 

that Trps1 can act as a transcriptional activator in cells other than hair follicle 

progenitors. 

In these studies, we determined that in preodontoblastic cells expression 

of major osteogenic transcription factors Runx2 and Sp7 is decreased upon 

Trps1 depletion. This contradicts our earlier data from analyses of Trps1ΔGT/ΔGT 

endochondral bones where we demonstrated up-regulation of Runx2 in 

perichondrium and cartilage of Trps1 mutant mice (32). This may reflect a 

combination of cell autonomous and nonautonomous mechanisms regulating 

mineralization of the perichondrium versus effects of only cell autonomous 

mechanisms in the in vitro system. For example, Ihh signaling, which is known to 

up-regulate Runx2 in endochondral bones, is increased in the perichondrium of 

Trps1ΔGT/ΔGT mice, implicating cell nonautonomous mechanisms in the 

accelerated perichondrial mineralization in Trps1-deficient mice (32). 

Alternatively, this may indicate that different molecular networks regulate 
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mineralization of dentin and perichondrium. This possibility is supported by 

studies, which discovered distinct pools of Runx2-dependent genes in bone and 

dental mesenchyme (51). Similarly, the upstream regulation of Runx2 may be 

different in bones and teeth. In developing endochondral bones, the loss of Trps1 

is sufficient to up-regulate Runx2 (32), although in preodontoblastic cells this 

effect may be counteracted by simultaneous up-regulation of another repressor 

of Runx2. The same mechanism involving another repressor may underlie the 

observed down-regulation of Alpl and Phospho1 in Trps1-KD cells. Therefore, we 

propose that the observed down-regulation of Alpl, Phospho1, Runx2, and Sp7 in 

Trps1-KD cells is an indirect consequence of Trps1 deficiency and results from 

the released inhibition of a yet unidentified repressor. 

Results of our in vitro studies, considered together with the Trps1 

expression pattern in odontoblasts, provide first insights into the Trps1 function in 

dentinogenesis in vivo. We have shown here that Trps1 depletion from 

preodontoblastic cells results in the loss of the mineralization potential and 

downregulation of multiple mineralization-related genes. This supports the 

hypothesis that Trps1 is required for odontoblast maturation. Interestingly, the 

genes most affected by Trps1 deficiency are those associated with MVs, cellular 

structures that initiate the mineralization process (Table 2). In vivo, a combined 

deficiency of TNAP and PHOSPHO1 (Phospho1-/-; Alpl+/- mice), two 

phosphatases that are significantly downregulated in Trps1-KD cells, resulted in 

a significant decrease of dentin mineralization and was sufficient to almost 

completely deplete MVs from the mantle dentin (49). Consistent with these data 
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from animal models, loss of TNAP and PHOSPHO1 in Trps1-deficient 

odontoblastic cells is associated with a decreased number of MVs. Considering 

that MVs are abundant in mantle dentin, the first dentin layer formed by newly 

differentiated odontoblasts, but not in the remaining (circumpulpal) dentin formed 

by mature odontoblasts (2, 52–56), this suggests that Trps1 is involved in the 

formation of mantle dentin. The role of Trps1 in the biogenesis of mineralization-

competent MVs remains to be determined. 

Mineralization of circumpulpal dentin relies on molecular mechanisms 

different from those that drive mantle dentin formation (57), as underscored by 

analyses of human conditions associated with dentin defects. In 

hypophosphatemia caused by either PHEX or VDR mutations, formation of 

circumpulpal dentin is severely disrupted, although mantle dentin is unaffected, 

demonstrating the crucial role of phosphate homeostasis genes in the later 

stages of dentin formation (28, 58–62). Consistent with their role in the function 

of mature odontoblasts, expression of Phex and Vdr is low in 17A cells prior to 

mineralization nodule formation and then increases during the propagation of 

mineralization. This up-regulation of Phex and Vdr in the later phase of 

mineralization is hindered by Trps1 overexpression, whereas Trps1 has no effect 

on expression of these genes during the mineralization initiation phase. Our 

studies demonstrate that Trps1 specifically represses genes that are required for 

circumpulpal dentin mineralization, and this function is restricted to mature cells 

that actively support propagation of mineralization in the ECM. This agrees with 

our recent in vivo studies demonstrating that sustained high Trps1 expression in 
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secretory odontoblasts results in severely abnormal dentin and direct repression 

of the Dspp gene. However, TNAP levels remain unchanged. 

In summary, our studies of an in vitro model of odontoblast differentiation 

and mineralization provide an understanding of the biological significance of the 

dynamic changes of Trps1 expression during dentinogenesis. We uncovered that 

although Trps1 is required for the initiation of odontoblast-regulated 

mineralization, down-regulation of Trps1 in secretory odontoblasts is necessary 

to allow for the formation of circumpulpal dentin.  
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CHAPTER 2 

 

PHOSPHATE INDUCES FORMATION OF MATRIX VESICLES DURING 
ODONTOBLAST-INITIATED MIENRALIZAITON IN VITRO 

 

 

Abstract 

 

Mineralization is a process of deposition of calcium phosphate crystals 

within a fibrous extracellular matrix (ECM). In mineralizing tissues, such as 

dentin, bone and hypertrophic cartilage, this process is initiated by a specific 

population of extracellular vesicles (EV), called matrix vesicles (MV). Although it 

has been proposed that MV are formed by shedding of the plasma membrane, 

the cellular and molecular mechanisms regulating formation of mineralization-

competent MV are not fully elucidated. In these studies, 17IIA11, ST2, and 

MC3T3-E1 osteogenic cell lines were used to determine how formation of MV is 

regulated during initiation of the mineralization process. In addition, the molecular 

composition of MV secreted by 17IIA11 cells and exosomes from blood and B16-

F10 melanoma cell line was compared to identify the molecular characteristics 

distinguishing MV from other EV. Western blot analyses demonstrated that MV 

released from 17IIA11 cells are characterized by high levels of proteins engaged 

in calcium and phosphate regulation, but do not express the exosomal markers 
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CD81 and HSP70. Furthermore, we uncovered that the molecular composition of 

MV released by 17IIA11 cells changes upon exposure to the classical inducers of 

osteogenic differentiation, namely ascorbic acid and phosphate. Specifically, 

lysosomal proteins Lamp1 and Lamp2a were only detected in MV secreted by 

cells stimulated with osteogenic factors. Quantitative nanoparticle tracking 

analyses of MV secreted by osteogenic cells determined that standard 

osteogenic factors stimulate MV secretion and that phosphate is the main driver 

of their secretion. On the molecular level, phosphate-induced MV secretion is 

mediated through activation of extracellular signal-regulated kinases Erk1/2 and 

is accompanied by re-organization of filamentous actin. In summary, we 

determined that mineralization-competent MV are distinct from exosomes, and 

we identified a new role of phosphate in the process of ECM mineralization. 

These data provide novel insights into the mechanisms of MV formation during 

initiation of the mineralization process. 

 

 

Introduction 

 

Extracellular vesicles (EV) is a broad term describing sub-micron size, 

spherical, membrane-enclosed particles released from cells to the extracellular 

milieu. EV are secreted from cells in various physiological and pathological 

conditions and can be detected in virtually all biological fluids [1,2]. They express 

cell surface receptors and carry biologically active proteins, lipids, and nucleic 



50 
 

acids. It has been shown that EV have the capacity to modulate the function of 

target cells in an autocrine or paracrine manner, therefore they have been 

recognized as an integral component of the intercellular communication [2,3]. EV 

are highly heterogeneous and dynamic in nature. Their molecular composition 

reflects their cell-type of origin, pathophysiological cell state, biogenesis pathway, 

and biological function [2,3]. Mineralization is a biological process by which 

crystals of calcium phosphate (hydroxyapatite, HA) are laid down within the 

fibrous extracellular matrix (ECM). Physiological mineralization occurs in skeletal 

and dental tissues (bone, terminal hypertrophic cartilage, dentin, cementum, and 

enamel). Mineralization can also occur ectopically (pathologic mineralization) in 

soft tissues, for example in the blood vessels (arterial calcification) or in joints 

during the late stages of osteoarthritis. The progression and extent of both 

physiologic and pathologic mineralization are regulated locally and systemically. 

Mineralization depends upon the availability of Ca2+ and PO4
3− (Pi), concentration 

of mineralization inhibitors, and ECM composition [4–13]. 

Pi participates in the mineralization process in multiple ways. First, Pi is a 

structural component of the inorganic phase of the mineralized ECM, thus its 

local availability affects the rate of HA formation. Second, addition or removal of 

Pi to/from various ECM proteins regulates their function in mineralization [14,15]. 

Finally, it has been shown that Pi regulates expression of multiple genes involved 

in osteogenic differentiation and the mineralization process [16–20]. The Pi-

induced signaling pathway is not well delineated and its mediators are largely 

unknown. However, it has been demonstrated that Pi signaling in mineralizing 
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cells depends on the activity of Pi transporters and is mediated by Erk1/2, but not 

p38 or c-jun kinases [21–23]. Pi-induced activation of Erk1/2 is bi-phasic with the 

first activation happening quickly, within 15–30 min of Pi treatment, and the 

second activation occurring approximately 6–8 h later [23,24]. 

Initiation of physiologic mineralization of cartilage, mantle dentin, and 

woven bone is facilitated by a specific population of EV, called matrix vesicles 

(MV). There is evidence suggesting that ectopic mineralization of arteries is also 

associated with increased secretion of EV from vascular smooth muscle cells 

with a presumptive role in supporting pathologic vascular mineralization [25]. 

Electron microscopy demonstrated that mineralizing cells, such as hypertrophic 

chondrocytes and newly differentiated odontoblasts and osteoblasts, shed 

numerous sub-micron size (80–200 nm) vesicles from their plasma membrane 

[26–30]. Therefore, it has been proposed that MV are formed by budding off the 

plasma membrane. The plasma membrane origin of MV has been further 

supported by comparative analyses of lipids and proteins, in which it was 

demonstrated that there are significant similarities in the molecular composition 

of MV and the plasma membrane of the cell of origin [31,32]. However, in two 

more recent studies, vesicles containing electron-dense material composed of 

calcium and phosphorus were detected in the cytoplasm of mouse calvarial 

osteoblasts, suggesting that intracellular processes may play a role in initial HA 

formation [33,34]. 

MV have a discrete intravesicular environment as well as protein and lipid 

composition that together support the accumulation of high concentrations of Pi 
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and Ca2+, and subsequent HA formation. In particular, MV are enriched in tissue-

nonspecific alkaline phosphatase (TNAP) and 

phosphoethanolamine/phosphocholine phosphatase (PHOSPHO1), whose 

catalytic activities provide Pi for HA formation, but have non-redundant functions 

in skeletal mineralization [4,35–39]. Proteomic analyses of vesicles produced by 

chondrocytes, osteoblast cell lines, and bone marrow stromal cells undergoing 

osteogenic differentiation consistently detect numerous proteins that are involved 

in the mineralization process and matrix remodeling. This agrees with the notion 

that the biological function of MV is to support mineralization [32,40–43]. Of note, 

MV are also enriched in Ca2+ transporters (annexins) which are commonly 

detected in many different types of EV [26,38,40,43–47]. 

It is now recognized that cells utilize various cellular mechanisms to 

secrete EV of diverse biological functions. With the rising interest in using EV as 

diagnostic markers and therapeutic targets, it is critical to understand the 

differences between various populations of EV and the mechanisms regulating 

their secretion. In this study, we use cellular models of mineralization to gain 

mechanistic insights into the regulation of secretion of a specific group of EV with 

the biological function to promote mineralization. The goals of our study are to 

increase our understanding of how the mineralization process is initiated and to 

delineate characteristic features of mineralization-competent MV. 
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Results 

 

Stimulation of osteogenic differentiation increases secretion of matrix vesicles in 
cellular models of mineralization  

In studies using cellular models of mineralization, differentiation of 

progenitor cells and deposition of a mineralizing matrix is most commonly 

stimulated by treatment of cells with ascorbic acid and phosphate. Under these 

conditions, the calcium phosphate deposits in ECM are detected around day 21 

of culture in most of the mineralizing cells. In our previous studies, we have 

shown that these standard osteogenic conditions induce rapid (within 6–8 days) 

mineralization of 17IIA11 cells, which is accompanied by production of MV [48–

50]. Therefore, we selected 17IIA11 cells as an in vitro model for studies of 

mineralization-competent MV biogenesis. First, to determine whether 17IIA11 

cells are a representative in vitro model for MV formation under osteogenic 

conditions, we compared secretion of vesicles from 17IIA11 cells with other 

murine osteogenic cell lines derived from cells of different developmental origin. 

Preodontoblast-derived 17IIA11 cell line, bone marrow stromal cell-derived ST2 

cell line, and calvarium osteoblast precursor-derived MC3T3-E1 cell line were 

grown to confluency. In all experiments, cells were cultured in vesicle-depleted 

medium to eliminate contamination of MV preparations by vesicles from FBS. 

Standard osteogenic conditions were used to induce mineralization. To ensure 

that all secreted vesicles were accounted for in these analyses, both ECM and 

conditioned media from tested cells were collected for vesicle isolation. Vesicles 

produced by unstimulated cells at the time of confluency (0 h; base line) were 
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compared with vesicles produced by cells within 24 h, 48 h, and 72 h of culture in 

osteogenic conditions (Fig. 1). Nanoparticle tracking analyses (NTA) were used 

to quantify purified vesicles and determine their size. 

NTA revealed that all compared cell lines secrete vesicles when cultured 

under standard growth conditions. However, the secretion of vesicles significantly 

increases upon addition of ascorbic acid and Pi (Fig. 1A and C). For 17IIA11 and 

ST2 cells, a significant increase in the number of secreted vesicles per cell is 

detected within the first 24 h of growth under osteogenic conditions, while for 

MC3T3-E1 cells this occurs at 72 h. During the first 24 h of osteogenic 

differentiation, MV release is the highest in 17IIA11 cells (8 fold) as compared to 

3.1 fold in ST2 cells and 1.9 fold in MC3T3-E1 cells (Fig. 1B). In conditioned 

medium, the number of vesicles increased robustly between 48 h and 72 h for all 

cell lines. At 24 h, 280.8 ± 68 vesicles/cell were detected in conditioned media of 

17IIA11 cells, whereas 26,500 ± 6630 vesicles/cell were detected in ECM. Thus, 

the ECM vesicle fraction constitutes 98.9% of all vesicles released by 17IIA11 

cells. The percentage of vesicles released to media was increased to 11.1% at 

72 h of 17IIA11 osteogenic differentiation. The increased contribution of vesicles 

in media at 72 h was consistent for all analyzed cell lines (Fig. 1D). Thus, for all 

cell lines, the contribution of vesicles in medium to the total number of vesicles 

produced per cell increases with time. However, even after 72 h of osteogenic 

differentiation, ECM vesicles (MV) constitute the vast majority of all EV secreted 

during the early stage of osteogenic differentiation (Fig. 1D). 
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Fig. 1. Osteogenic medium stimulates secretion of EV from mineralizing cell 
lines. The number of vesicles (A–D) and size distribution (E) were measured 
using nanoparticle tracking analysis. Secretion of vesicles was stimulated by 
standard osteogenic conditions (ascorbic acid and Pi) for 24 h, 48 h, or 72 h 
and compared to unstimulated cells (0 h). Vesicles were collected from the 
media or extracellular matrix (ECM). (A) Number of vesicles in ECM 
normalized to the number of cells. Statistical analyses were performed to 
assess differences between mean values of unstimulated cells and the same 
cells at different time points of osteogenic treatment. (B) Fold changes in the 
number of vesicles in ECM compared to 0 h of each cell line. (C) Number of 
vesicles secreted to medium normalized to the number of cells. (D) 
Distribution of vesicles between ECM and medium. (E) Size distribution of 
vesicles in ECM. Dotted lines indicate the size range of vesicles for each cell 
line. Data are represented as the mean values of three independent 
experiments ± SD, *p < 0.05 and **p < 0.005. 
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The size of MV produced by 17IIA11, ST2, and MC3T3-E1 cells under 

osteogenic conditions was measured using NTA. These analyses showed that 

the size distribution of MV does not change during osteogenic differentiation and 

does not vary between cell lines (Fig. 1E). In all compared cells lines, MV size 

distribution is in the same range of 50–220 nm, which is consistent with the 

reported size of MV produced by osteogenic cells [51]. 

In summary, supplementation of growth medium with standard 

mineralization-inducing factors (ascorbic acid and Pi) stimulates release of MV 

from all tested osteogenic cell lines in as early as 24 h. Furthermore, these data 

show that MV secretion from 17IIA11 cells is comparable to other osteogenic cell 

lines. Therefore, the 17IIA11 cell line is used in subsequent experiments 

addressing the regulation of MV formation. 

 

High cell density is required for induction of matrix vesicles secretion in response 
to mineralization-inducing factors 

To determine the key factors regulating secretion of MV at the initiation of 

the mineralization process, we measured the concentration of vesicles formed by 

17IIA11 cells and their size distribution under different culture conditions. First, 

we compared MV secretion from cells at different cellular confluency states, 

since cell–cell interactions play a role in the differentiation process [52]. In 

standard osteogenic differentiation experiments, osteogenic factors are added at 

high cell density, since the cessation of proliferation is required to enter 

differentiation pathways. Furthermore, 17IIA11 cells cultured at high density, 

even without addition of ascorbic acid that stimulates collagen production, 
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produce ECM containing collagen (Supplemental Fig. 1). Therefore, we sought to 

determine how cell density affects the secretion of MV. MV release was 

compared from untreated (control) and stimulated (ascorbic acid and Pi) 17IIA11 

cells cultured at high (100% confluent) or low (70% confluent) cell densities. 

Results of this experiment showed no differences in the concentration of ECM-

fraction MV at high or low cell density when cultured for 24 h in standard growth 

medium (Fig. 2A). As expected, the comparison of MV concentration in ECM of 

cells grown at high density in standard versus osteogenic conditions shows 

significantly higher MV secretion under osteogenic conditions. However, there is 

no difference in the concentration of MV in ECM of stimulated and unstimulated 

cells grown at low density. Thus, osteogenic factors stimulate MV secretion from 

confluent cells only. At the same time, there is no difference in the size of MV 

secreted by cells grown under different cell densities and osteogenic conditions, 

with the majority of MV in the size range of 50–220 nm in all analyzed groups 

(Fig. 2B). In summary, high cell density is required for induction of MV secretion 

by osteogenic factors, but does not affect MV secretion during standard growth. 

 

Osteogenic medium induces secretion of matrix vesicles from 17IIA11 cells 

Our comparative analyses of vesicle secretion show that 17IIA11 cells 

respond to osteogenic stimuli by significantly increasing secretion of vesicles to 

ECM within 24 h (Fig. 1A). As the next step, we compared the number of MV 

secreted per cell within 6 h, 12 h, 18 h, and 24 h of treatment with standard 

osteogenic medium (Fig. 3). These analyses revealed that there is no increase of 
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MV number within the first 6 h of treatment. Then, the number of MV secreted 

per cell rapidly and significantly increases within 6 h–12 h of osteogenic 

stimulation. Although MV continue to accumulate in ECM within the next 12 h of 

osteogenic stimulation, the increase in the MV number per cell at 12–24 h of 

osteogenic stimulation is lower than the 6–12 h time frame (Fig. 3). These data 

show that the highest increase in MV secretion by 17IIA11 cells takes place 

between 6 h and 12 h of treatment, suggesting that MV formation is an early 

event occurring at the onset of the osteogenic differentiation program. 

Fig. 2. MV secretion upon induction of osteogenic differentiation depends on 
cell density. 100% confluent (high) and 70% confluent (low) 17IIA11 cells were 
treated with standard osteogenic conditions (ascorbic acid and Pi) to stimulate 
vesicle secretion. Control high and low density cells were grown without 
osteogenic supplements. After 24 h, vesicles were isolated and the number 
and size distribution were measured using nanoparticle tracking analysis. (A) 
Concentration of MV isolated from ECM of 100% confluent (high) and 70% 
confluent (low) cells treated with ascorbic acid and Pi, and cells cultured in 
standard growth medium. (B) Graphs showing MV size distribution in all 
culture conditions. Dotted lines indicate the size range of vesicles for each cell 
line. Data are represented as the mean values of three independent 
experiments ± SD, *p < 0.05 and **p < 0.005. 
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Matrix vesicles are positive for proteins supporting mineralization 

To determine if MV secreted by 17IIA11 cells have a role in mineralization 

and to compare MV with other EV of similar size (specifically exosomes), we 

analyzed their molecular composition by Western blot. For comparison, we used 

exosomes isolated from mouse plasma and exosomes produced by melanoma 

cells (B16-F10). Since there is no common molecular standard for various EV 

that can be used to confirm equal vesicular protein loading in Western blot 

analyses, we used silver staining of proteins separated by PAGE to confirm 

equal protein loading (Fig. 4A). This method also revealed a distinct protein 

banding pattern of each EV protein extract, suggesting substantial differences in 

molecular composition of EV from different sources. Interestingly, although the 

protein banding pattern of MV isolated from 17IIA11 cells cultured in standard 

growth medium is similar to MV isolated from cells stimulated with osteogenic 

Fig. 3. Osteogenic medium induces rapid 
secretion of MV from 17IIA11 cells. 
Comparison of MV concentration in ECM of 
17IIA11 cells grown in standard growth 
conditions (0 h, baseline) and in osteogenic 
conditions (ascorbic acid and Pi; AA + Pi) for 
6 h, 12 h, 18 h, and 24 h. The number of MV 
secreted per cell was determined using 
nanoparticle tracking analysis. Data are 
represented as the mean values of three 
independent experiments ± SD, *p < 0.05 
and **p < 0.005. 
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factors, clear differences are detected with several bands unique for each group 

(Fig. 4A). 

Western blot analyses demonstrated that two key mineralization 

supporting phosphatases, TNAP and PHOSPHO1, are detected only in vesicles 

secreted by 17IIA11 cells and not in plasma or melanoma exosomes (Fig. 4B). 

Interestingly, in MV from cells stimulated with osteogenic factors, three isoforms 

of TNAP were detected, while only two TNAP isoforms were detected in MV from 

unstimulated cells. Similarly, MV from stimulated cells contained an additional 

isoform of PHOSPHO1, while only one PHOSPHO1 isoform was detected in MV 

from unstimulated cells. Both PHOSPHO1 isoforms were detected in 17IIA11 

cells cultured either in standard growth conditions or with osteogenic factors. MV 

from both stimulated and unstimulated 17IIA11 cells were highly positive for 

calcium channel protein annexin V. Consistent with published molecular 

phenotyping studies, which demonstrated that annexins are commonly detected 

in different types of EV [44], annexin V was also detected in exosomes from the 

melanoma cell line. However, unlike melanoma exosomes, MV were negative for 

exosomal markers HSP70 and CD81. A low but detectable amount of the early 

endosomal marker Rab5 was present in vesicles from 17IIA11 and melanoma 

cells. A distinguishing feature of MV from 17IIA11 cells stimulated with 

osteogenic factors, which contrasts them from MV from unstimulated cells and 

exosomes, is high expression of lysosomal membrane glycoproteins Lamp1 and 

Lamp2a. Of note, while MV from stimulated cells are highly positive for Lamp2a, 

in 17IIA11 cells this protein was barely detectable, which suggests that Lamp2a  
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Fig. 4. Osteogenic medium induces formation of mineralization-competent MV. 
17IIA11 cells were treated with standard osteogenic conditions (ascorbic acid 
and Pi; AA + Pi). Proteins from MV and 17IIA11 cells were isolated after 24 h of 
ascorbic acid and Pi treatment. Proteins from MV and 17IIA11 cells cultured in 
standard growth medium were used as control (Cntrl). For comparison of 
molecular composition of MV with other types of EV, EV from murine plasma 
(Plasma) and B16-F10 melanoma cell line (Mel) were used. (A) Silver stained 
gel showing protein loading for Western blot analyses and banding pattern of 
proteins from MV, 17IIA11 cells, and EV from plasma and melanoma cells. 
Asterisk indicates protein bands that are differentially expressed between MV 
from treated and untreated cells; pound sign indicates a protein equally 
expressed in MV from both treated and untreated cells. (B) Western blot 
analyses of proteins supporting mineralization: TNAP, PHOSPHO1, and 
annexin V (AnxV); exosomal markers: HSP70 and CD81; cytosolic and cell 
organelle proteins: α-tubulin, GAPDH, Rab5, GM130, Grp78, cytochrome c 
(CytoC), Lamp1, Lamp2a, histone 1 (H1), and histone 3a (H3a). 
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is distributed specifically to MV. Cytochrome c was also detected specifically in 

MV from stimulated 17IIA11 cells, while Grp78 was detected only in exosomes 

from melanoma cells. Antibodies against histone 3a detected three smaller-sized 

proteins, presumptive products of histone 3a proteolysis, in MV but not in 

exosomes. GAPDH and organelle proteins GM130 and histone 1 were not 

detected in MV. GAPDH was present only in EV from melanoma cells, which is 

consistent with previous reports showing GAPDH in exosomes [44]. 

In summary, comparative analyses of the molecular composition of MV 

from 17IIA11 cells stimulated with osteogenic factors, MV from unstimulated 

cells, and exosomes identified a distinct molecular signature of each EV sub-

population (Fig. 4). MV from induced cells are specifically enriched in lysosomal 

proteins. Furthermore, MV from both unstimulated and induced 17IIA11 cells are 

negative for exosomal markers and positive for proteins providing Ca2+ and Pi. 

This suggests their function in supporting formation of HA, and hence 

mineralization. 

 

Matrix vesicles from 17IIA11 cells are mineralization-competent 

In order to determine, if MV secreted by 17IIA11 cells support formation of 

hydroxyapatite, we used two different approaches. First, the in vitro calcification 

assay was used [37,53]. MV isolated from 17IIA11 cells grown for 24 h in 

standard growth medium, osteogenic medium or in standard growth medium 

supplemented with 10 mM Pi were incubated with varying concentrations of Ca2+ 

and 1 mM ATP as a source of phosphate. Results of this assay demonstrated 
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that all three groups of MV accumulated Ca2+ from the extravesicular 

environment in a dose-dependent fashion (Fig. 5A). Of note, the Ca2+ content in 

MV incubated with 1 mM Ca2+ was under the detection limit. 

To further confirm that the MV secreted by 17IIA11 cells are 

mineralization-competent, we used transmission electron microscopy (TEM) with 

electron diffraction [54,55] and atomic force microscopy (AFM) phase analyses 

[56]. In our previous studies we determined that the ECM mineralization of 

17IIA11 cells is visible around day 5 of culture under osteogenic conditions [48–

50]. Thus, to identify the mineral phase in MV, we compared MV isolated from 

ECM of 17IIA11 cells cultured either in standard growth medium or in osteogenic 

medium for 1 day (when there is no detectable ECM mineralization) and 8 days 

(when ECM mineralization reaches the plateau). TEM with selected area electron 

diffraction (SAED) detected no crystalline material in day 1 MV (Fig. 5B). Based 

on the presence of a very weak diffuse ring with d-spacing around 3 Å, it is 

possible that some amorphous mineral was present in the MV collected from 

cells grown in osteogenic medium for 1 day (Fig. 5B). In contrast, crystalline 

material was detected by SAED in MV from both groups on day 8. However, in 

the sample derived from the cells grown in the standard growth medium only very 

few particles with very weak diffraction patterns were identified (Fig. 5B). 

Analysis of the diffraction patterns revealed weak reflections with d-spacings of 

3.4 and 2.6 Å, corresponding to (002) and (011) planes of HA reflections, 

respectively [54,55]. In contrast, particles producing strong reflections with d- 
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spacings of 3.4 Å corresponding to (002) planes of HA were found in the sample 

prepared from cells grown for 8 days in osteogenic medium (Fig. 5B). 

The presence of HA in MV isolated from 17IIA11 cells grown under 

osteogenic conditions for 8 days was further confirmed by examining MV 

Fig. 5. MV secreted by 17IIA11 cells are able to mineralize. (A) Bar graphs 
showing Ca2+ concentration-dependent accumulation of Ca2+ in MV isolated 
from 17IIA11 cells grown for 24 h in standard growth medium (Cntrl), in 
osteogenic medium (AA + Pi), or in standard growth medium supplemented 
with 10 mM Pi (Pi). Under conditions of 1 mM Ca2+ in the calcification buffer, 
there was no detectable Ca2+ in MV. (B) Bright field TEM micrographs (left 
columns) and corresponding electron diffraction patterns (right columns) of MV 
preparations collected from cells grown either in standard growth medium 
(Cntrl) or in osteogenic medium (AA + Pi) for 1 day and 8 days. All 
micrographs were acquired at the same magnification. The scale bar 
corresponds to 200 nm. (C) AFM images of MV collected from cells grown 
either in standard growth medium (Cntrl) or in osteogenic medium (AA + Pi) for 
8 days. From left to right: 2D topography, 3D topography, 2D phase and 3D 
phase images. Scan size of the control sample: 600 nm × 600 nm. Scan size 
of the AA + Pi sample: 250 nm × 250 nm. 
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dropped onto a mica substrate and imaged by means of AFM, followed by 

qualitative evaluations of their internal composition by AFM phase analysis [56]. 

MV AFM phase images showed the presence of internal spots with high phase 

angle (φ) values surrounded by regions with very low φ values (Fig. 5C). The 

spots at high φ values were interpreted to be caused by the presence of HA 

crystals under the MV membrane. HA crystals were surrounded by less crowded 

media, which made the membrane deformable and able to dampen AFM tip 

vibrations, which explains the large variations in φ values between the spots and 

the surrounding regions. Control MV had different topographic and phase 

properties compared to MV isolated from cells grown under osteogenic 

conditions. Control MV appeared smaller than MV isolated from cells grown 

under osteogenic conditions and had either a smooth surface (not shown) or a 

non-uniform surface with several irregularities that were a few to several Å tall 

(Fig. 5C). AFM phase images showed that these irregularities corresponded to 

spots with high phase surrounded by regions with lower phase values. However, 

the variation in φ values between the spots and the surrounding regions were 

much smaller for control MV than for MV isolated from cells grown under 

osteogenic conditions, thus suggesting that control MV were filled with mineral 

aggregates at an early mineralization stage, i.e. a nucleation core. 

In summary, these results together with the Western blot data detecting 

Ca2+ and Pi providing proteins in MV (Fig. 4B), suggest that MV from 17IIA11 

cells are competent to support mineralization. 
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Phosphate is the key inducer of matrix vesicle production by osteogenic cells 

 Ascorbic acid and phosphate (either in the organic form as β-

glycerophosphate or in the inorganic form as Na–Pi buffer) are routinely used to 

stimulate osteogenic differentiation in vitro [24,57]. Ascorbic acid enhances the 

secretion of type I collagen, a major organic component of the mineralizing ECM 

[57], while phosphate is a structural component of the inorganic phase of the 

mineralizing ECM as well as a signaling molecule that regulates expression of 

multiple genes involved in mineralization [24,57]. Here we determined that 

treatment of osteogenic cells with ascorbic acid and Pi stimulates secretion of 

mineralization-competent MV (Figs. 1, 4 and 5). Therefore, we next compared 

secretion of MV by 17IIA11 cells stimulated with: i) both ascorbic acid and Pi; ii) 

Pi only; and iii) ascorbic acid only. As a control, MV from untreated 17IIA11 cells 

were also analyzed. Quantitation of MV secreted by cells within 24 h was done 

using NTA. These comparative analyses showed that there are no significant 

differences in the number of MV secreted per cell from cells treated with either 

both osteogenic factors or Pi only. Furthermore, there is no significant difference 

in the number of MV secreted per cell from untreated cells and cells treated only 

with ascorbic acid (Fig. 6A). These results demonstrate that extracellular Pi is the 

major factor driving MV production from 17IIA11 cells, as ascorbic acid alone is 

not able to stimulate MV secretion from these cells within 24 h. In all treatment 

conditions, the size distribution of secreted vesicles was similar (range of 50–220 

nm, Fig. 6B). 
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Fig. 6. Inorganic phosphate (Pi) alone is sufficient to induce MV secretion from 
17IIA11 cells. (A) Comparison of the number of MV released by cells within 24 
h of stimulation with standard osteogenic medium (ascorbic acid and Pi; AA + 
Pi), 10 mM Na–Pi buffer (Pi), or ascorbic acid (AA), with cells cultured in 
standard growth medium (Cntrl). Data are represented as the mean values of 
three independent experiments ± SD, *p < 0.05 and **p < 0.005. (B) 
Representative graphs showing MV size distribution in all culture conditions. 
Dotted lines indicate the size range of vesicles for each cell line. (C) 
Representative cryo-electron microscopy images of MV secreted by cells 
cultured for 24 h in standard growth medium (control) or in standard 
osteogenic medium (AA + Pi), or in the presence of 10 mM Na–Pi buffer (Pi). 
Scale bar = 100 nm. 
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We confirmed by cryo-electron microscopy imaging that the nano-particles 

secreted by 17IIA11 cells were indeed membrane vesicles. MV secreted by cells 

in all treatment conditions appeared to be translucent with a round shape and 

clear lipid bilayer (Fig. 6C). These analyses show that MV secreted by untreated 

17IIA11 cells, cells treated either with ascorbic acid and Pi, or treated with Pi only 

have a similar morphology. 

 

Erk1/2 activation is required for matrix vesicle production in response to 
phosphate 

It has been shown that Pi-regulated gene expression in osteogenic cells is 

mediated through Erk1/2 [24,58,59]. Therefore, the role of Erk1/2 activation in Pi-

induced formation of mineralization-competent MV was analyzed. First, to 

determine the dynamics of Erk1/2 activation in response to Pi in 17IIA11 cells, 

cells were treated with 2, 5, and 10 mM Na–Pi buffer, and the activation of Erk1/2 

was assessed by Western blot at 15 min, 30 min, 45 min, 1 h, 2 h, 4 h, 6 h, and 8 

h after addition of Pi (Fig. 7A). Comparison of the levels of phosphorylated 

(active) Erk1/2 to total Erk1/2 showed that Erk1/2 phosphorylation is highest at 

the initial 15 min to 1 h after P treatment and is then reduced. We did not detect 

the second Erk1/2 activation within 8 h of Pi treatment of 17IIA11 cells and this 

activation pattern was consistent at all three Pi concentrations (Fig. 7A). Next, to 

address whether Erk1/2 is mediating the release of MV upon Pi treatment, we 

analyzed MV production when Erk1/2 signaling is inhibited. To do this, 17IIA11 

cells were treated with 10 mM Na–Pi for 12 h with or without an Erk1/2 inhibitor 

(U0126, 10 μM). Because we determined that the most robust MV production  
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Fig. 7. Phosphate-induced Erk1/2 activation mediates MV secretion from 
17IIA11 cells. (A) Western blot analyses of total Erk1/2 (t-Erk1/2) and activated 
Erk1/2 (p-Erk1/2) in 17IIA11 cells treated with 2, 5, and 10 mM Na–Pi (Pi) for 0 
min, 15 min, 30 min, 45 min, 1 h, 2 h, 4 h, 6 h, and 8 h. (B) Comparison of MV 
secretion from 17IIA11 cells treated with 10 mM Na–Pi in the presence and 
absence of Erk1/2 inhibitor U0126 (10 μM). U0126 was added to growth 
medium either together with Pi (0 h) or 4 h, 6 h, or 8 h after Pi. MV were 
isolated 12 h after Pi treatment and quantified using nanoparticle tracking 
analysis. Graphs depict fold changes in the number of MV secreted per cell in 
comparison to untreated cells. Data are represented as the mean values of 
three independent experiments ± SD, *p < 0.05 and **p < 0.005. (C) 
Representative microscopic images of filamentous actin (F-actin; red 
fluorescent staining) showing changes in F-actin organization induced by the 
treatment of 17IIA11 cells with 10 mM Na–Pi. F-actin was analyzed at 30 min, 
1 h, 6 h, and 12 h after Pi treatment. Blue DAPI staining: nuclei. (D) 
Representative images showing F-actin organization in 17IIA11 cells treated 
with 10 mM Na–Pi for 12 h in the presence or absence of Erk1/2 inhibitor 
U0126 (10 μM). U0126 was added to growth medium either together with Pi (0 
h) or 4 h, 6 h, or 8 h after Pi. Arrows indicate elongated and condensed F-actin 
fibers in 17IIA11 cells treated with Pi, arrowheads indicate perinuclear 
localization of actin in untreated cells. 
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occurs within the initial 12 h of osteogenic treatment (Fig. 3), and Erk1/2 

activation is highest within the first 4 h of P treatment, we added the Erk1/2 

inhibitor either together with Pi or after 4 h, 6 h, or 8 h of Pi treatment. NTA 

showed that MV production was significantly disrupted by Erk1/2 inhibition at 0 h, 

4 h, and 6 h, but not when the Erk1/2 inhibitor was added 8 h after Pi (Fig. 7B). A 

maximum decrease (65%) in the production of MV was observed when the 

Erk1/2 inhibitor was added at the same time as Pi. These results demonstrate 

that MV release in response to Pi is dependent upon Erk1/2 activation. 

Recent studies identified mineral-containing vesicles inside osteoblasts, 

which suggest that MV are formed inside cells [33,34]. Considering this, the 

involvement of the cytoskeleton in the trafficking of intracellular vesicles and the 

role of the actin filament assembly in MV secretion [60–62], we analyzed the role 

of the actin cytoskeleton in the release of MV in response to Pi. First, we 

analyzed whether Pi influences the organization of the cytoskeleton. To do this, 

we assessed the filamentous actin (F-actin) cytoskeleton arrangement upon Pi 

treatment of 17IIA11 cells in a time-dependent manner (Fig. 7C). F-actin fibers 

were detected using fluorescent phalloidin staining. In untreated cells (0 h), F-

actin fibers were oriented randomly and resided close to the nucleus. P treatment 

resulted in more condensed and elongated F-actin fibers that were distributed 

throughout the cytoplasm. The changes in F-actin organization were apparent at 

30 min of P treatment and became more prominent at 1 h, 3 h, 6 h, and 12 h. To 

examine if Erk1/2 is involved in the Pi-induced cytoskeleton reorganization, we 

compared changes in F-actin organization following Pi treatment in the absence 
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and presence of the Erk1/2 inhibitor. The experimental design was the same as 

for the MV analyses (Fig. 7B), namely, 17IIA11 cells were treated with Pi for 12 h, 

and the Erk1/2 inhibitor (U0126, 10 μM) was added either at the same time as Pi 

(0 h) or 4 h, 6 h, or 8 h after Pi treatment (Fig. 7D). We did not observe any 

changes in F-actin reorganization in cells treated with the Erk1/2 inhibitor at any 

time points in comparison with cells treated with Pi without the Erk1/2 inhibitor. 

This data suggests that while Pi alters the cytoskeletal organization of the cell, 

this is independent of Erk1/2 activation. However, Erk1/2 is an important 

mediator of MV secretion by Pi. 

 

 

Discussion 

 

Initiation of both physiologic and pathologic (ectopic) mineralization is 

supported by mineralization-competent MV secreted locally by cells with an 

active osteogenic program. Here, we presented data showing that secretion of 

MV from osteogenic cells is induced by Pi through Erk1/2-mediated signaling. 

Furthermore, we determined that molecular characteristics of mineralization-

competent MV distinguish this group of EV from exosomes not only by the 

presence of proteins specific for their biological function, but also intracellular 

proteins that may be indicative of the biogenesis pathway specific for 

mineralization-competent MV. 
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The constitutive and induced secretion of bioactive EV is now recognized 

as a common biological process of cell–cell communication [63–65]. In this 

respect, MV are unique among other EV, as they do not transfer their bioactive 

cargo to other cells, but rather release it to the ECM. Our results show that the 

vast majority of vesicles produced by osteogenic cells during the early stage of 

osteogenic differentiation reside in ECM (Fig. 1), which is consistent with the 

biological function of MV in changing the properties of ECM and is in agreement 

with studies by Anderson et al. [66]. However, it is not known whether the 

retention of MV in the ECM is a passive entrapment of vesicles in the ECM or an 

active process facilitated by molecular interactions between MV and ECM 

proteins. Although the collagenous network formed by 17IIA11 cells in our 

experimental conditions is not well developed (Supplemental Fig. 1), the 17IIA11 

ECM composition and structure may be sufficient to retain MV. The small 

percentage of vesicles detected in conditioned medium may simply be MV that 

escaped from ECM. However, studies by Anderson et al. detected differences in 

the protein banding pattern of PAGE-separated vesicle proteins isolated from 

matrix and medium fractions, suggesting a different molecular composition [66]. 

Thus, a more detailed comparison of the molecular composition and the 

functional assays of vesicles isolated from ECM and conditioned medium of 

osteogenic cells is required to determine if these are the same or different 

populations of EV. Nonetheless, our data from quantitative analyses of vesicles 

in ECM and medium indicate that measuring vesicles only in medium may 
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grossly underestimate the magnitude of MV production during osteogenic 

differentiation. 

Out of the variety of available cell lines that undergo mineralization when 

stimulated with osteogenic factors, we selected three mouse cell lines of different 

embryonic origins to study secretion of MV. What distinguishes 17IIA11 cells 

from other osteogenic cell lines is that even under standard growth conditions, 

17IIA11 cells express high mRNA levels of multiple genes involved in the 

mineralization process, including osteogenic transcription factors, ion channels, 

and ECM proteins [48–50]. Consistent with their commitment to mineralization, 

17IIA11 cells respond to stimulation with osteogenic factors with a rapid increase 

of MV secretion, whereas the secretion of MV from MC3T3-E1 and ST2 cells was 

delayed (Fig. 1). Furthermore, we showed that both stimulated and unstimulated 

17IIA11 cells secrete MV expressing high levels of Pi-providing enzymes, TNAP 

and PHOSPHO1, and Ca2+ channel protein annexin V, which is in agreement 

with a biological function of supporting HA formation (Fig. 4B) [38,39,67,68]. 

Consistently, MV produced by 17IIA11 cells, regardless of their growth 

conditions, are able to accumulate Ca2+ from the extravesicular environment (Fig. 

5A). The ability of MV to mineralize was further supported by detection of 

hydroxyapatite in MV isolated from cells grown in the presence of osteogenic 

factors for 8 days (Fig. 5B and C). Considering that 5 days of culture under 

osteogenic conditions is required to detect mineral depositions in ECM of 17IIA11 

cells [48,49], it is not unexpected that MV isolated at day 1 do not contain 

crystalline material. While we do not have data on the rate of the HA crystal 
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formation in MV from 17IIA11 cells, detection of only the amorphous mineral in 

MV at day 1 suggests that more than 24 h under osteogenic conditions is 

required to form crystals. This, in turn, suggests that the lifespan of MV is longer 

than 24 h. Thus, the quantitative analyses of MV at this time point provide 

reliable assessment of their number, while at the later time points, such 

quantitative analyses may be inaccurate as they do not capture MV that have 

already ruptured from the growth of HA crystals. Although we have not analyzed 

formation of crystals at 48 h and 72 h MV, this may explain the lower number of 

MV from 17IIA11 cells at 48 h and 72 h in comparison with 24 h (Fig. 1). 

Interestingly, MV secreted by 17IIA11 cells stimulated with ascorbic acid 

and Pi express different isoforms of TNAP and PHOSPHO1 than MV secreted by 

cells cultured under standard growth conditions. Although the differences in 

function of these isoforms are unknown, these data indicate that the osteogenic 

extracellular environment not only stimulates the secretion of MV, but also 

changes their molecular composition. 

The size and morphology of MV are similar to exosomes, which are 

currently the most studied EV sub-type. These two groups of EV share 

similarities on the molecular level, therefore it has been suggested that MV are 

membrane-anchored exosomes [47,69]. In our studies, histone 3a, which has 

been reported to be present in exosomes [70,71], was also detected in MV (Fig. 

4B). However, MV secreted by 17IIA11 cells are negative for CD81 and HSP70 

proteins, which are considered typical exosomal markers [44]. Therefore, the 

results of our studies do not support this concept of MV identity as exosomes, as 



75 
 

their molecular profile is distinct from that of exosomes. Interestingly, we 

uncovered that MV released upon stimulation with osteogenic factors are 

enriched in the lysosomal markers Lamp1 and Lamp2a, yet these proteins are 

not detected in MV from untreated cells or exosomes (Fig. 4B). Of note, there is 

no difference in Lamp1 and Lamp2a protein levels in unstimulated and stimulated 

cells, thus osteogenic factors affect only the subcellular distribution of these 

proteins and not expression. Considering that the EV molecular composition 

reflects their biological function, this suggests that Lamp1 and Lamp2a are 

involved in mineralization. Such a role for Lamp1 has already been suggested by 

studies demonstrating that Lamp1 can localize on the cell surface and bind 

amelogenin, a major protein of organic dental enamel matrix [72,73]. 

Alternatively, the presence of these lysosomal markers in MV may be a footprint 

of their biogenesis pathway. This, in turn, supports the model of the intracellular 

formation of mineralization-competent MV. However, now, when it is known that 

multiple cellular mechanisms of vesicle formation exist, it is worth to consider that 

the biogenesis pathway of EV may be determined by extracellular stimuli or by 

the pathophysiological state of the cells, and not by the biological function of EV. 

In these studies, we found that MV secretion from 17IIA11 cells can be 

induced by Pi alone (Fig. 5). Thus, we uncovered a new function of Pi in the 

mineralization process. Similar to Pi-induced expression of mineralization-related 

genes, this new Pi function is also mediated through Erk1/2. However, in 

comparison with transcriptional regulation, the secretion of MV in response to P 

is faster, as it occurs within 6–12 h of treatment, while changes in osteogenic 
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gene expression have been reported after 24 h [23]. This suggests that induction 

of MV secretion in response to Pi does not require changes in transcription, or at 

least not in 17IIA11 cells, in which osteogenic factors are already expressed at 

high levels [48–50]. This finding is relevant to physiologic mineralization of 

skeletal and dental tissues and may also provide a better understanding of the 

mechanisms of pathologic mineralization. For instance, elevated serum 

phosphate levels are the major factor contributing to vascular calcification, which 

is a common complication of chronic renal failure [74]. In addition, it has been 

recently shown that, akin to physiologic mineralization, increased secretion of EV 

by vascular smooth muscle cells can be detected during pathologic 

mineralization [25]. 

We also detected that Pi induces changes in subcellular organization of F-

actin. This was an intriguing finding, because secretion of MV has previously 

been shown to be dependent on reorganization of actin filaments [61,62]. Here, 

we have shown that similar to Erk1/2 activation, F-actin reorganization in 

response to Pi occurs rapidly, and the elongation of actin fibers and changes in 

their intracellular distribution can be detected as early as 30 min after Pi 

treatment. However, inhibition of Erk1/2 activation had no effect on 

reorganization of F-actin in response to Pi. This suggests that these are two 

parallel events that occur in response to Pi independently to regulate MV 

secretion. Discovering that both MV secretion and reorganization of F-actin are 

regulated by Pi provides new insights into the molecular mechanisms of MV 

secretion. 
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Although these mechanisms still remain poorly deciphered, two recent 

studies have identified proteins critical for MV formation in odontoblasts: mouse 

genetic studies uncovered a significantly reduced number of MV in mantle dentin 

and chondrocytes of Phospho1−/−;Alpl+/− mice [36,56], and our group 

demonstrated that the Trps1 transcription factor is required for MV secretion from 

17IIA11 cells as well as for expression of Phospho1 and Alpl [48]. While the 

mechanism by which these phosphatases support secretion of MV is unknown, 

we speculate that PHOSPHO1, which uses phospholipids as substrates [75,76], 

may affect MV secretion by affecting the fluidity of the plasma membrane. In 

contrast, TNAP, which is a major enzyme generating Pi and, thus, increasing Pi 

concentrations in the local cellular microenvironment [77], may support secretion 

of MV by providing Pi. 

It is well recognized that EV present in bodily fluids are a mixed population 

of vesicles of different origins and functions, both of which are reflected in their 

molecular composition [44,78]. Therefore, there is a growing interest in using EV 

as biomarkers, as well as therapeutic targets. The former requires identification 

of the molecular hallmarks of specific biological functions or pathology, while the 

latter requires understanding the mechanisms of the formation of EV with specific 

biological functions or under specific pathophysiological conditions. Results of 

these studies provide mechanistic insights into the regulation of MV secretion in 

response to Pi, specifically in the context of osteogenic cells. Furthermore, we 

determined differences in the molecular composition of MV and exosomes that 

can be used to distinguish mineralization-competent vesicles from other EV. 
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Experimental procedures 

 

Cell lines and cell culture conditions 

Mouse preodontoblast-derived 17IIA11 cell line was maintained in 

standard Dulbecco's Modified Eagle's Medium (DMEM, Gibco; Thermo Fisher 

Scientific, Logan, UT) with 5% FBS (Thermo Fisher Scientific, Logan, UT) and 

100 units/ml penicillin and 100 μg/ml streptomycin (Cellgro, Manassas, VA) at 37 

°C and 8% CO2 as described before [48–50]. Mouse melanoma B16-F10 cell line 

(ATCC; Manassas, VA) was grown in DMEM supplemented with 10% FBS and 

penicillin/streptomycin at 37 °C and 8% CO2. Bone marrow stromal cell-derived 

ST2 cell line (generous gift from Dr. Steven Teitelbaum, Washington University, 

St. Louis) and calvarium osteoblast precursor-derived MC3T3-E1 cell line 

(ATCC; Manassas, VA) were maintained in α-MEM (Hyclone, Logan, UT) with 

10% FBS, penicillin/streptomycin, and 2 mM L-glutamine. For osteogenic 

differentiation, cells were plated at 2 × 106 cells per 10 cm dish and grown to 

confluency. Osteogenic differentiation was induced by supplementing the growth 

medium with 10 mM Na–Pi buffer (pH 7.4) and 50 μg/ml ascorbic acid 

(osteogenic medium). For MV analyses, cells were grown in standard medium 

depleted of exosomes. Exosome-depleted medium was made by centrifuging 

20% FBS (diluted in DMEM or α-MEM) at 100,000 ×g for 24 h to remove serum-

derived exosomes [79]. To analyze Erk1/2 activation, cells were plated at 5 × 105 
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cells per well of a 6-well plate. After 24 h, the growth medium was replaced with 

low-serum (0.5% FBS) medium. Cells were serum-starved overnight, followed by 

treatment with 2, 5, or 10 mM Na–Pi buffer (pH 7.4). 

 

Isolation and purification of vesicles 

Vesicles from ECM and media (MV and EV, respectively) were purified 

using a differential ultracentrifugation method as previously described [46,48,79]. 

Briefly, cells were washed twice with PBS. MV were released from ECM by 

enzymatic digestion with 2.5 mg/ml collagenase IA (Sigma, St. Louis, MO) and 2 

mM CaCl2 for 2 h at 37 °C and 8% CO2. The whole digestion mix containing 

fragmented ECM, vesicles, and cells was collected and centrifuged at 500 ×g for 

5 min to pellet the cells. The supernatant was transferred to a separate tube and 

centrifuged at 2000 ×g for 10 min to remove dead cells. The supernatant was 

again centrifuged at 10,000 ×g for 30 min to remove cell debris then at 100,000 

×g for 70 min to obtain the MV pellet. MV pellets were resuspended in PBS and 

centrifuged at 100,000 ×g for 60 min. Finally, the pellet was resuspended in 100 

μl PBS and stored at −80 °C until further use. For isolation of EV from 

conditioned medium, medium was collected from cells grown under experimental 

conditions and centrifuged as described above. Cells remaining on a dish were 

trypsinized at 37 °C for 10 min and combined with the cell pellet collected after 

the 1st centrifugation. The total number of cells was counted using a 

hemocytometer (Hausser Scientific, Horsham, PA). EV from conditioned media 

of B16-F10 melanoma cells were collected after 48 h of culture. EV from blood 
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plasma and B16-F10 cells were purified using the ultracentrifugation method as 

described above. 

 

Nanoparticle tracking analyses 

Size and concentration of purified vesicles were determined by 

Nanoparticle Tracking Analysis (NTA) using NanoSight NS300 (Malvern 

Instruments Ltd., Worcestershire, UK). Data acquisition and analysis was 

performed using NTA 2.3 Analytical Software. Five video files of 60 s at camera 

level 10 from each sample were recorded. Detection threshold limit 10 was used 

to analyze size and concentration of vesicles. Resultant concentration of MV was 

divided by the total number of cells to calculate the production of MV per cell. 

 

Cryo-electron microscopy 

MV suspended in TBS buffer (50 mM Tris–HCl, pH 7.4 and 154 mM NaCl) 

were applied to holey carbon film (Quantifoil Micro Tools) and vitrified in liquid 

ethane using an FEI Vitrobot Mark IV. The grids were transferred to a Gatan 626 

cryo-sample holder and imaged in an FEI Tecnai F20 electron microscope 

operated at 200 kV and nominal magnifications ranging from 32,750× to 65,500×. 

Low-dose images were captured with a Gatan Ultrascan 4000 CCD camera. 

 

Transmission electron microscopy 

 Suspensions of MV in 70% ethanol were placed on carbon coated Ni grids 

and air dried. The samples were analyzed using a Joel 2100 TEM (Peabody, 
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MA) at 200 kV in bright field and selected area electron diffraction (SAED) 

modes. Images were acquired using a Gatan CCD camera (Warrendale, PA). 

 

Atomic force microscopy 

 Five microliters of MV solution was dropped onto a freshly cleaved mica 

substrate (Ted Pella, Redding, CA) and allowed to stand for a couple of minutes. 

Next, the substrate was rinsed with ddH2O and dried at room temperature 

overnight. Samples were imaged by non-contact (AAC) mode in air using a 5500 

AFM (Agilent Technologies). Silicon-nitride cantilevers with a nominal resonance 

frequency of ~190 kHz (Nanosensors™, Neuchatel, Switzerland) were employed. 

Topography, amplitude and phase images were recorded for each scanned field 

and three-dimensional AFM images were generated by PicoView software 

(Agilent Technologies). 

 

In vitro mineralization assay 

 MV isolated from 17IIA11 cells were assessed in vitro for their ability to 

mineralize as described earlier [37,53]. Briefly, 1 × 1010 MV were incubated with 

CaCl2 (1 mM, 2 mM, or 4 mM) and 1 mM ATP as a phosphodiester substrate in a 

calcifying solution (1.6 mM KH2PO4, 1mM MgCl2, 85mM NaCl, 15 mM KCl, 10 

mM NaHCO3, 50 mM PBS, pH 7.6) at 37 °C for 5.5 h. The reaction was stopped 

by centrifugation at 8800 ×g for 30 min to pellet MV. The pellet was solubilized by 

adding 0.6 N HCl for 24 h. The Ca2+ content in the MV pellet was determined by 
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the O-cresolpthalein complexone method (calcium colorimetric assay kit, Sigma-

Aldrich, St. Luis, MO). 

 

Western blot analysis 

 Whole protein extracts from cells and vesicles were prepared in RIPA lysis 

buffer supplemented with phosphatases and protease inhibitors: 1 mM NaF, 2 

mM Na2VO4, 2 mM leupeptin, 2 mM pepstatin, 2 mM PMSF, and 10 μM MG132. 

Protein concentration was determined by a micro BCA protein assay kit (Thermo 

Scientific, Rockford, IL). Protein (10 μg) was subjected to electrophoresis on 4–

12% precast BisTris gels (Invitrogen) and transferred onto a nitrocellulose 

membrane. Specific proteins were detected by fluorescence (Li-Cor Odyssey 

Infrared Imaging System, LI-COR Biosciences, Lincoln, NE). Primary antibodies 

against tissue-nonspecific alkaline phosphatase (1:1000; R&D Systems), 

PHOSPHO1 (1:500; Abd Serotec), annexin V (1:2000; Abcam), α-tubulin 

(1:10,000; Sigma), Rab5 (1:1000; Abcam), GM130 (1:1000; Abcam), Grp78 

(1:500; Santa Cruz), GAPDH (1:1000; Cell Signaling), Hsp70 (1:1000; System 

Biosciences), CD81 (1:500; Santa Cruz), Lamp1 (1:1000; Abcam), Lamp2a 

(1:1000; Abcam), cytochrome c (1:500; Santa Cruz), histone 1 (1:1000; Abcam), 

histone 3a (1:5000; Abcam), Col1a1 (1:5000; Abcam), phospho-Erk1/2 (1:2000; 

Cell Signaling), and Erk1/2 (1:1000; Cell Signaling) were used. All fluorescent 

secondary antibodies (LI-COR Biosciences; Lincoln; NE) were used at 1:20,000 

dilution. Proteins separated by gel electrophoresis were visualized using Pierce 

Silver Stain Kit (Thermo Scientific, MA) according to the manufacturer's protocol. 
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F-actin staining 

 Cells (2 × 105/well) were plated on a poly-L-lysine-coated cover slip 

(Fischer Scientific, MA) in a 24-well plate. After 24 h, cells were treated with 10 

mM Na–Pi with or without 10 μM Erk1/2 inhibitor U0126 (Cell signaling, MA). For 

filamentous actin (F-actin) detection, cells were fixed with 4% paraformaldehyde 

and stained with phalloidin (1:50, Life Technologies, Carlsbad, CA) for 30 min at 

room temperature. Finally, cells were mounted with Prolong Gold antifade 

reagent with DAPI (Life Technologies, Carlsbad, CA). F-actin organization was 

imaged under a Nikon A1 High Speed Confocal Laser Microscope. 

 

Statistical analysis 

 All experiments were performed at least three times. Data are presented 

as the mean ± SD. Probability values were calculated using the Student's t test. p 

< 0.05 (*) and <0.005 (**) were considered to be statistically significant and highly 

significant, respectively. 

 

Supplementary data to this article can be found online at 

http://dx.doi.org/10.1016/j.matbio.2016.02.003. 
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CHAPTER 3 

TRPS1 IS INVOLVED IN PHOSPHATE SIGNALING IN A CELLULAR MODEL 
OF MINERALIZATION 

 

 

Abstract 

 
The process of mineralization is highly controlled and depends upon 

several factors, including the availability of phosphate (Pi). Pi has several roles in 

the mineralization process, including the induction of a Pi signaling cascade 

which results in bi-phasic activation of ERK1/2 and changes in expression of 

mineralization-related genes. The transcription factor, Trps1, has also been 

implicated in the mineralization process. Previously, we identified a context-

dependent role for Trps1 in mineralization, where loss of Trps1 results in 

decreased expression of phosphatases Alpl and Phospho1 and upregulation of 

Trps1 causes impaired upregulation of Pi regulating genes Phex, Vdr, Enpp1, 

and Fam20C. The involvement of Trps1 in the expression of Pi regulating 

proteins caused us to analyze whether Trps1 plays a role in Pi signaling. Using a 

cellular model of mineralization, the odontoblastic 17IIA11 cell line, we uncovered 

several novel Pi-responsive genes: Phex, Bglap2, Phospho1, ATF4, Sp7, Runx2, 

Vdr, and Dusp6. Furthermore, in cells modified to either overexpress Trps1 or be 

deficient for Trps1, we discovered Trps1 affects the second activation of ERK1/2 

and expression of Pi-responsive genes: Spp1, Dmp1, Phex, Alpl, Sp7, and 
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Dusp6. Furthermore the dysregulation of Dusp6, an ERK1/2 phosphatase 

involved in the ERK1/2 negative feedback loop, in Trps1-modified cell lines 

suggests a role for Trps1 in the ERK1/2 negative feedback loop. 

 

 

Introduction 

 

Mineralization is a tightly regulated process in which crystals of calcium-

phosphate, called hydroxyapatite (HA), are laid down within the extracellular 

matrix (ECM) [1]. The rate of mineralization depends upon: pH, the presence of 

mineralization inhibitors, matrix composition, proper modifications of matrix 

proteins, and the availability of calcium (Ca+2) and Pi (PO4
3-) ions [2-5]. Both 

systemic and local Pi levels are critical for proper mineralization, as demonstrated 

by impaired bone and dentin mineralization in patients with hypophosphatemic 

rickets or hypophosphatasia [6-8]. 

Pi participates in mineralization in a variety of ways. As one of the 

components of HA, Pi is considered a structural component of the mineralized 

ECM. Furthermore, addition or removal of Pi moieties regulates the function of 

several proteins involved in mineralization [9, 10]. Lastly, Pi has been shown to 

act as a signaling molecule that affects expression of genes involved in 

osteogenic differentiation and the mineralization process [11-15]. Recently, we 

have shown that Pi signaling induces formation of matrix vesicles (MV), 

containing TNAP, Phospho1, and AnxV; which initiate and support mineralization 
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[16]. However, little is known about the Pi-induced signaling cascade as it has not 

been well studied or characterized. Previous studies have identified that certain 

cell types respond to changes of Pi concentrations in their local environment and 

that this response is independent of systemic Pi regulation. In mineralizing cells, 

Pi signaling is dependent upon the activity of Pi transporters and is mediated by 

ERK1/2, not p38 or c-jun kinases [17-19]. Pi-induced activation of ERK1/2 is bi-

phasic. This bi-phasic induction results in the regulation of two different sets of 

genes: early and late response genes [14, 15]. Of particular interest are the late 

response genes as many of these, such as Spp1, MGP, Slc20a1, Ankh, Dmp1, 

Alpl, and Ibsp, play a role in mineralization. Also of interest, the promoters of 

many of these genes are enriched in GATA consensus elements, suggesting that 

GATA transcription factors are involved in the regulation of gene expression in 

response to Pi [19].  

Trps1 is a GATA-type transcription factor. Mutations in the TRPS1 gene 

cause tricho-rhino-phalangeal syndrome (TRPS; OMIM#190350) or Ambras 

syndrome (OMIM#145701) [20, 21]. The abnormalities observed in these 

patients indicate a role for TRPS1 in the development of craniofacial elements, 

endochondral bones, dental tissues, and hair [20-22]. TRPS patients typically 

have decreased bone mass and TRPS1 was identified as one of bone mineral 

density quantitative trait loci, suggesting a role for TRPS1 in bone formation 

and/or homeostasis [21, 23-25]. Trps1 has primarily been described as a 

transcriptional repressor, however one study found Trps1 to act as a 

transcriptional activator in hair follicles [22, 26-31].  
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In our previous in vivo studies using Trps1ΔGT mutant mice (functional 

knock out allele) and mice that overexpress Trps1 in osteoblasts and 

odontoblasts (Col1a1-Trps1 transgenic mice), as well as in in vitro studies using 

cells lines that are either deficient for or overexpress Trps1, we identified a 

number of mineralization-related genes that are regulated by Trps1 [27-29, 32, 

33]. Interestingly, the majority of genes that are affected by Trps1 are involved in 

Pi homeostasis, suggesting a role for Trps1 in Pi regulation. Furthermore, we 

have determined that Pi signaling induces secretion of mineralization competent 

MV, and in Trps1-deficient cells secretion of MV is significantly impaired [16, 29]. 

Based on these findings, we hypothesized that Trps1 is involved in the cellular 

response to Pi during the mineralization process. 

 

 

Experimental Procedures 

 

Cell Culture 

Preodontoblastic 17IIA11 (17A) cells [16, 29, 34, 35] were maintained in 

standard DMEM (Life Technologies, Grand Island, NY, USA) with 5% FBS 

(Thermo Fisher Scientific, Waltham, MA, USA) and 100 units/ml penicillin and 

100 µg/ml streptomycin (Cellgro, Manassas, VA, USA) at 37°C and 8% CO2. 

Trps1-deficient, Trps1-overexpressing, and control stable cell lines were 

generated as previously described [29, 32].To analyze Pi signaling, cells were 

plated at 5x105 cells per well of a 6-well plate. After 24 hours, cells were serum 
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starved (0.5%FBS) overnight and then treated with Pi (7 mM βGP or 5 mM Na-Pi 

buffer).  

 

Protein Isolation and Western blot 

Whole protein extracts were prepared by cell lysis in RIPA buffer 

supplemented with 1 mM NaF, 2 mM Na2VO4, 2 mM leupeptin, 2 mM pepstatin, 

and 2 mM PMSF. Protein concentration was determined by Micro BCA Protein 

Assay Kit (Thermo Scientific, Rockford, IL, USA). Protein (15 µg) was subjected 

to electrophoresis on 4-12% precast Bis-Tris gels (Life Technologies Grand 

Island, NY, USA) and transferred on a nitrocellulose membrane.  Specific 

proteins were detected by fluorescence (Li-Cor Odyssey Infrared Imaging 

System, LI-COR Biosciences, Lincoln, NE, USA). Primary antibodies against 

Phospho-ERK1/2 (Cell Signaling, Danvers, MA, USA) were used at 1:2000 

dilution, Total-ERK1/2 (Cell Signaling) were used at 1:1000 dilution, Dusp6 

(Abcam, Cambridge, UK) were used at 1:500 dilution. All fluorescent secondary 

antibodies (LI-COR Biosciences, Lincoln, NE, USA) were used at 1:20,000. 

 

RNA Isolation and qRT-PCR 

Total RNA was extracted using GenElute Mammalian Total RNA Miniprep 

Kit (Sigma Aldrich, St. Louis, MO, USA). Total RNA (1 µg), after DNase I 

treatment (Life Technologies, Grand Island, NY, USA), was converted to cDNA 

with SuperScript III Reverse Transcriptase kit (Life Technologies, Grand Island, 

NY, USA). Gene expression analyses were performed using AB Biosystems 
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7500 Fast Real-Time PCR System and Fast SYBR Green reaction mix (Roche, 

Indianapolis, IN, USA). Primer sequences are: Dmp1 

F:GCTGGGTCACCACCACCACC and R: GGAGGGTCCTCCCCACTGTCC, 

Ibsp F: ACGAACAAACAGGCAACGAAT and R: 

GGGCTTCACTGATGGTAGTAATAA, Bglap2 F: GCACACCTAGCAGACACCAT 

and R: GCTTGGACATGAAGGCTTTGT, Dusp6 F: 

ACGAGAATAGCAGCGACTGG and R: TTACTGAAGCCACCTTCCAGG. 

Gapdh, Spp1, Ankh, Slc20a1, Phex, Alpl, Phospho1, Sp7, Runx2, ATF4, Vdr, 

MGP, Slc20a2 primer sequences were described in [29]. For RNA-seq 

experiment, cells were treated with 10mM Na-Pi and RNA was isolated with 

Trizol (Thermo Fisher Scientific) according to the manufacturer’s protocol. RNA 

sequencing and statistical analyses of the data was carried out at the Genomics 

Core Laboratories at the University of Alabama at Birmingham Heflin Center for 

Genomic Science. 

 

Statistical analyses 

All experiments were performed on three control and three Trps1-modified 

stable cell lines. Data are presented as the mean ±S.D. Probability values were 

calculated using the Student’s t test. p≤0.05 (*) and 0.005 (**) were considered to 

be statistically significant and highly significant, respectively. 
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Results 

 

Delineating the Pi signaling cascade in 17A cells. 

Previous studies have shown that Pi signaling is dependent upon Na/Pi 

co-transporters PiT1 and PiT2, is mediated via ERK1/2, and causes changes in 

gene expression [11-15, 36]. To elucidate the role of Trps1 in the Pi signaling 

cascade, we first analyzed Pi signaling in the 17A cell line. To do this, we 

assessed ERK1/2 activation in response to Pi. Cells were serum starved 

overnight and then treated with 7 mM βGP for 15min, 30min, 45min, 1h, 2h, 4h, 

and 6h. As reported in other cell lines, 17A cells have a biphasic induction of 

ERK1/2 activation, with the initial activation happening quickly, within 15 minutes 

of treatment, and the second activation occurring around 4-6 hours [19, 37]. 

Furthermore, this activation appeared to be specific to ERK1/2 as we were 

unable to detect activation of the p38 and Akt pathways (Fig 1A). To identify P i-

responsive genes, 17A cells were treated with 10 mM Na-Pi for 24h and RNA-

seq was performed. We uncovered 20 genes that are significantly altered upon 

treatment with Pi (Table 1). Interestingly, 2 of the top 10 genes most upregulated 

are involved in ERK1/2 activation/deactivation: Dusp6 and Sema7a. To confirm 

changes in gene expression discovered by RNA-seq as well as analyze 

expression of other mineralization-related genes of interest, we treated cells with 

5 mM Na-Pi and isolated RNA 12h and 48h later. Results from qRT-PCR 

analyses found that classic Pi-responsive genes Spp1, Dmp1, and Ankh were 

significantly upregulated at 12h and further upregulated at 48h (Fig 1B) [14, 15]. 
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Additionally, Phex and Bglap2 were significantly upregulated at 48h following Pi 

treatment, which has not been previously described (Fig 1B). Alpl and Ibsp are 

Pi-responsive genes, but these genes have been shown to be downregulated 

upon Pi treatment [14, 15]. Our findings were in agreement with previous studies 

Figure 1. Characterization of the 17A cell response to phosphate. A. 
Biphasic ERK1/2-activation. Following overnight serum starvation, 17A cells 
were treated with 7 mM βGP for 15min, 30min, 45min, 1h, 2h, 4h, and 6h.  
Activation of ERK1/2, p38, and Akt proteins was assessed by Western blot. 
Total ERK1/2, total p38, and total Akt were used as loading controls. B-D. 
Effect of P

i
 on gene expression. 17A cells were treated with 5mM Na-P

i
 buffer 

and changes in gene expression at 12h and 48h were analyzed by qRT-PCR. 
B. Spp1, Dmp1, and Ankh were found to be significantly upregulated 12h and 
48h after P

i
 treatment. Phex and Bglap2 were upregulated at 48h following P

i
 

treatment. C. Alpl, Ibsp, Phospho1, Sp7, Runx2, ATF4, and Vdr were 
significantly downregulated 12h and 48h after treatment with P

i
. D. No 

significant changes in MGP, Slc20a1, or Slc20a2 expression were observed at 
12h or 48h after P

i
 treatment. Relative expression was calculated by 

comparing each time point to its untreated control (12h P
i
 treatment versus 

12h untreated). Data are represented as the mean values of three 
experiments ± SD, *p≤0.05 and **p≤0.005.  
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and we also identified Phospho1, Sp7, Runx2, ATF4, and Vdr as additional 

genes that are downregulated upon Pi treatment (Fig 1C). Lastly, we found no 

changes in MGP, Slc20a1, or Slc20a2 expression following Pi treatment (Fig 1D). 

 

Trps1 affects the second activation of ERK1/2 in response to Pi. 

Now that we have assessed the Pi signaling cascade in 17A cells, we 

wanted in investigate how Trps1 affects the 17A cell response to Pi. We used 

Trps1-deficient (Trps1-KD) and Trps1-overexpressing (Trps1-OE) cell lines. 

These cell lines were previously generated and described [29, 32]. Briefly, clonal 

Trps1-deficient (70-85% of Trps1 knocked-down) cell lines were generated using 

lentivirus-delivered short hairpin RNA-expression vectors (shRNAs). Control cell 

lines (shScr or Cntr) were generated in the same fashion using scrambled 

shRNA. To generate Trps1-overexpressing cell lines, we used a transposon-

mediated genomic integration approach. We generated 3 clonal, stable cell lines 

with 2.5-4.5 fold overexpression of Trps1. Control cell lines (Cntr) were 

Table 1. Top 10 genes most 
up/downregulated upon P

i
 treatment in 

17A cells. RNA-seq was performed with total 
RNA isolated from 17A cells treated with 10 
mM Na-P

i
 for 24h. 
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generated in the same way using a “no insert” transposon. To analyze changes 

caused by Trps1 in the Pi signaling cascade, Trps1-deficient and Trps1-

overexpressing cells were treated with Pi (βGP or Na-Pi) and ERK1/2 activation 

was assessed by Western blot. As predicted, bi-phasic ERK1/2 activation was 

observed in control cell lines (shScr and Cntr; Fig. 2A-B) [19, 37]. In contrast, 

Trps1-deficient cells failed to have a second activation of ERK1/2 in response to 

Pi (Fig. 3A), whereas Trps1-overexpressing cells displayed an accelerated 

second activation of ERK1/2 (Fig. 2B). These data support involvement of Trps1 

in the Pi signaling cascade.  

 

Trps1 affects expression of Pi-responsive genes. 

To determine how Trps1 affects the transcriptional program of Pi siganling, 

we analyzed changes in expression of Pi-responsive genes. Trps1-deficient cells 

had a decreased ability to upregulate Spp1, Phex, and Dmp1 in response to Pi 

(Fig 3A) whereas Trps1-overexpressing cells displayed enhanced 

downregulation of Alpl and Sp7 (Fig 3B). 

To summarize, Trps1-deficient cells had a delayed and decreased second 

activation of ERK1/2 which was accompanied with a decreased upregulation of 

Pi-responsive genes, while Trps1-overexpressing cells had an enhanced and 

accelerated second activation of ERK1/2 and increased downregulation of P i-

responsive genes.  
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Figure 2. ERK1/2 activation upon phosphate treatment is altered in 
Trps1-deficient and Trps1-overexpressing cells. ERK1/2 activation was 
assessed from 0 to 6 hours after P

i
 treatment in shScr vs. Trps1-deficient 

(Trps1-KD) cells and Cntr vs. Trps1-overexpressing (Trps1-OE) cells. A. Upon 
treatment with 2 mM Na-P

i
, shScr cells have an initial ERK1/2 activation at 15’ 

and a second activation at 6h. Trps1-KD cells have an initial ERK1/2 activation 
at time 15’ comparable to shScr, but the second ERK1/2 activation at 6h is 
undetectable in Trps1-KD cells. B. Treatment with 7 mM βGP results in an 
initial ERK1/2 activation in Cntr cells around 30’ and a second activation at 4h. 
Trps1-OE cells have an initial activation of ERK1/2 30’ after treatment, similar 
to control cell lines. However, the second ERK1/2 activation occurs more 
rapidly, around 1h, in Trps1-OE cells. 
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Figure 3. Trps1 affects the expression of phosphate responsive genes. 
qRT-PCR was performed to identify the effect of Trps1 deficiency and 
upregulation on P

i
-responsive gene expression. A. Trps1-deficient cells 

(Trps1-KD) had a decreased ability to upregulate Spp1 and Dmp1 at 12h and 
48h and Phex at 48h after P

i
 treatment. B. Trps1-overexpressing (Trps1-OE) 

cells had an enhanced downregulation of Alpl and Sp7 48h following treatment 
with P

i
. Relative expression was calculated by comparing each time-point to its 

respective untreated control for each cell line (Trps1-KD1 12h untreated 
versus Trps1-KD1 12h P

i
 treatment). Statistical differences were calculated by 

comparing changes in control cell lines upon P
i 
treatment to changes in Trps1-

KD and Trps1-OE cell lines upon P
i
 treatment for each time-point. Data are 

represented as the mean values of experiments performed in three clonal cell 
lines ± SD, *p≤0.05 and **p≤0.005. 
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Trps1 may be involved in the ERK1/2 negative feedback loop. 

 Taking these data into consideration, it appears that Trps1 is involved in 

the Pi signaling cascade. To determine how this regulation is occurring, we 

analyzed RNA-seq data on control cells treated with Pi for 24h and found that 

one of the genes most upregulated is dual specificity phosphatase 6 (Dusp6), an 

ERK1/2 specific phosphatase that is involved in the negative feedback loop. We 

compared Dusp6 expression in Trps1-deficient and Trps1-overexpressing cells 

with controls. Cells grown in standard growth medium (without additional Pi) 

express Dusp6 at a low level, and there are no significant differences in Dusp6 

expression in Trps1-deficient, Trps1-overexpressing, and control cells (Fig 4A). 

Upon treatment with Pi, Dusp6 is significantly upregulated in control cells 12h 

and 48h after treatment. However, Trps1-deficient cells were unable to 

upregulate Dusp6 at 12h or 48h and Trps1-overexpressing cells had a decreased 

ability to upregulate Dusp6 at 48h in response to Pi (Fig 4B). This effect was 

confirmed at the protein level in Trps1-deficient cells (Fig 4C). Altogether, this 

data suggests that Trps1 is involved in Pi signaling by altering the second 

activation of ERK1/2 and modifying expression of Pi-responsive genes, including 

expression of the ERK1/2 phosphatase, Dusp6. 
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Discussion 

 

These studies uncovered several novelties about Pi signaling. First, we 

discovered additional Pi-responsive genes that have not been previously 

Figure 4. Trps1 affects Dusp6 expression in response to phosphate. A. 
Trps1-deficient (Trps1-KD) and Trps1-overexpressing (Trps1-OE) cells have 
comparable Dusp6 expression to controls at 0h. B. Dusp6 expression does 
not increase upon P

i
 treatment in Trps1-KD cells. Trps1-OE cells displayed 

decreased upregulation of Dusp6 at 48h compared to controls C. Western blot 
of Dusp6. Dusp6 protein level increases after 48h of P

i
 treatment in control 

cells. There is no change in Dusp6 protein level in Trps1-KD cells upon P
i
 

treatment.  Relative expression was calculated by comparing each time-point 
to its respective untreated control for each cell line (ex: Trps1-KD1 12h 
untreated versus Trps1-KD1 12h P

i
 treatment). Statistical differences were 

calculated by comparing changes in control cell lines upon P
i 
treatment to 

changes in Trps1-KD and Trps1-OE cell lines at the same time-point. Data are 
represented as the mean values of experiments performed in three clonal cell 
lines ± SD, *p≤0.05 and **p≤0.005. 
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described (Phex, Bglap2, Phospho1, Sp7, Runx2, ATF4, Vdr, and Dusp6). 

Overall, 17A cells responded as expected/predicted upon Pi signaling, i.e. the 

upregulation of Spp1, Dmp1, and Ankh and downregulation of Alpl and Ibsp. On 

the other hand, the 17A cell line did display some differences in the Pi signaling 

cascade in comparison with results of other in vitro models of osteogenic 

differentiation. Specifically, expression of MGP and Slc20a1 was not changed in 

response to Pi in 17A cells, whereas a 2.5-3 fold increase in Slc20a1 expression 

24h after 10mM Na-Pi treatment was reported previously [19]. We did detect 

significant changes in Slc20a1 expression (2.36 fold increase, p<0.005) at 24h by 

RNA-seq, but we only observed a non-significant upregulation at 48h by qRT-

PCR (1.6 fold increase, p=0.052). This may be the result of stimulation with a 

higher concentration of Pi (10mM Na-Pi for RNA-seq and 5 mM Na-Pi for qRT-

PCR). Alternatively, this may indicate a transient upregulation of Slc20a1 at 24h, 

but not 12h or 48h. These differences stress the importance of validating and 

confirming signaling pathways in different cellular models.  

The downregulation of phosphatases (Alpl and Phospho1) upon Pi 

treatment is likely part of a feedback mechanism in the regulation of Pi availability 

and mineralization; as the Pi levels increase in the extracellular environment, 

phosphatases, which provide Pi and remove mineralization inhibitor PPi (TNAP), 

are decreased. The downregulation of osteogenic transcription factors Runx2 

and Sp7 was a surprising finding. We have previously shown that Pi increases 

MV secretion which support the initiation of mineralization; therefore we would 

expect the expression of transcription factors, which are critical for osteogenic 
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differentiation, to be upregulated [16]. However, it is possible that these 

transcription factors may be regulated at the post-transcriptional level. This 

becomes an even greater possibility for Runx2, as it is post-translationally 

modified (phosphorylated) via ERK1/2, which is activated upon Pi treatment [38]. 

Alternatively, there may be other transcription factors mediating this response. 

Additionally, we identified that the transcription factor Trps1 is involved in 

the Pi signaling cascade.  Either upregulation or deficiency of Trps1 affects the 

dynamics of Erk1/2 activation by Pi and the expression of Pi-responsive genes, 

including Dusp6, which is an ERK1/2-specific phosphatase. This suggests that 

Trps1 is one of the transcription factors regulating gene expression in response 

to Pi. In addition, Trps1 may indirectly affect the dynamics of ERK1/2 activation 

through regulation of Dusp6 expression.  

In our studies, we used two different sources of Pi to activate Pi signaling. 

βGP is commonly used as a Pi source in osteogenic differentiation studies. 

However, in our analyses on the consequences of Trps1-deficiency in vitro, we 

discovered that decreased Trps1 levels resulted in a significant decrease in 

TNAP activity, which is required for cleaving the Pi moiety from the βGP 

molecule. Therefore, we used Na-Pi, as Pi in this form does not require TNAP 

activity to be taken up by cells. Importantly, use of either Pi source (Na-Pi or 

βGP) results in bi-phasic ERK1/2 activation.  

Lastly, there still remain several questions about the Pi signaling cascade. 

Currently, the receptors for this pathway are unknown. One study has suggested 

that FGF receptors (FGFR) may be mediating the signal, as FGFR activate 
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ERK1/2 and have been implicated in this process by a previous study [19]. A 

different study suggested that the Na/Pi co-transporter PiT1 may act as a Pi 

receptor and that this function is independent of Pi transport [36]. Furthermore, 

while the identification of Pi-responsive genes has been fairly well studied, the 

transcriptional factors regulating expression of these genes in response to Pi still 

remain unknown. It is possible that Trps1 is one the transcription factors involved 

in this regulation, as promoters of these genes are enriched in GATA consensus 

elements [39]. Furthermore, Trps1 has been shown to repress Runx2 and 

suggested to repress Vdr (both of which are downregulated upon Pi treatment) 

[29, 33]. However, further studies would need to be performed to validate this 

idea. 
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DISCUSSION 

 

The transcriptional regulation of mineralization has not been well studied. 

Mineralization is a tightly regulated process, and various disorders result from 

insufficient, disorganized, or increased mineralization as well as ectopic 

mineralization in non-mineralizing tissues. Pi has been shown to be important in 

mineralization in a variety of ways, including regulation of expression of 

mineralization-related genes [32-34, 41, 47]. Disturbances in systemic and local 

Pi homeostasis result in defective mineralization [31-37] . In these studies, we 

identified the role of the transcription factor Trps1 in the mineralization process 

and discovered its involvement in Pi signaling [7]. Furthermore, we identified a 

novel function of Pi in mineralization: stimulation of secretion of MV that support 

initiation of the mineralization process [9]. 

Altogether, our data suggest that Trps1 has a context dependent function 

in the bi-phasic process of mineralization. Trps1 is required to initiate 

mineralization and must then be downregulated for proper propagation of 

mineralization in the ECM. During the initiation of mineralization, Trps1 is 

important for the expression of phosphatases (TNAP and PHOSPHO1) and 

major osteogenic transcription factors (Runx2 and Sp7), as well as the 

production of MV. Thereafter, during propagation of mineralization in the ECM, 

Trps1 must be downregulated to allow for the expression of Pi regulating proteins 
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(Phex, Vdr, Enpp1, and Fam20C) [4-7]. Furthermore, we determined that Trps1 

is involved in the Pi signaling cascade. Specifically, Trps1 affects the second 

activation of ERK1/2 and expression of Pi-responsive genes (Spp1, Phex, Dmp1, 

Alpl, and Sp7). In addition, the dysregulation of Dusp6, which is part of the 

ERK1/2 negative feedback loop, in Trps1-modified cell lines suggests that the 

function of Trps1 in the Pi signaling cascade is by its involvement in the 

activation/deactivation of ERK1/2.  

The majority of studies have identified Trps1 as a transcriptional repressor 

[1, 2, 4-7, 50, 54, 60]. Therefore we predict that the downregulation of genes 

(Alpl, Phospho1, Runx2, and Sp7) in Trps1-deficient cells is mediated by the 

released inhibition of another repressor, and thus these genes are not direct 

targets of Trps1. Currently, little is known about the direct interactions of Trps1 in 

mineralizing cells. Our group has previously identified that Trps1 can inhibit Dspp 

and Runx2 transcription, as well as interact with Runx2 to block Runx2-mediated 

trans-activation [2, 4, 5]. Another group discovered Trps1 regulates Bglap2 

transcription [1]. To further identify genes which are transcriptionally regulated by 

Trps1, we plan to perform chromatin immunoprecipitation-sequencing analyses. 

This will be the next step in deciphering the molecular network of Trps1 in 

mineralizing cells. 

Our results from Trps1-deficient odontoblast-derived cell lines in 

comparison with in vivo studies of endochondral bones suggest a context-

dependent function for Trps1, i.e. Trps1 has a different role in the developing 

skeleton than in the developing tooth. In preodontoblastic cells deficient for 
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Trps1, we found reduced expression of osteogenic transcription factors Runx2 

and Sp7. In the endochondral bones of Trps1ΔGT/ΔGT mice, we observed 

upregulation of Runx2 in the perichondrium and cartilage [4, 5, 7]. We predict this 

difference may be the effect of cell autonomous and non-autonomous 

mechanisms within the perichondrium, such as Ihh signaling, versus cell 

autonomous effects in a cellular model of mineralization. However, this may also 

be the result of different molecular networks that regulate the mineralization of 

perichondrium and dentin, as has been described by various studies. For 

instance, one study identified distinct sets of genes regulated by Runx2 in bone 

and dental mesenchyme [61]. This is further supported by a recent study on the 

Runx2 function in these tissues which uncovered different roles of this key 

osteogenic transcription factor in bone and tooth. In these experiments, mice 

deficient for Runx2 (2.3kb Col1a1-Cre;Runx2Δ8/Δ8) displayed skeletal defects with 

no apparent dental abnormalities [62-64]. 

It is important to note that while both Trps1-deficient and Trps1-

overexpressing cells demonstrate impaired mineralization, the changes in gene 

expression and the role of the affected genes in the mineralization process 

suggest different underling molecular mechanisms and an additional context-

dependent function of Trps1. Trps1-deficient cells displayed a complete loss of 

mineralization potential that was associated with a lack of MV production and 

decreased expression of osteogenic transcription factors and phosphatases. This 

suggests Trps1 is required to initiate mineralization [7]. In contrast, sustained 

upregulation of Trps1 in mature cells has deleterious effects on dentin 
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mineralization in vivo as well as in odontoblastic-mediated mineralization in vitro. 

Trps1 overexpression results in an inability to upregulate genes involved in Pi 

regulation in the propagation phase of mineralization (Phex, Vdr, Enpp1, and 

Fam20C), which suggests that Trps1 has a negative effect on the function of 

differentiated cells [2, 6, 7]. This correlates well with the dynamic Trps1 

expression pattern observed both in vivo in developing endochondral bones and 

teeth as well as in in vitro cellular models of mineralization: Trps1 is highly 

expressed in progenitor cells and is downregulated upon maturation [4, 7, 55, 

59]. Based on these results, we propose that Trps1 is involved in the maturation 

of cells destined to produce a mineralizing matrix. 

The initiation of mineralization is supported by MV which accumulate Ca+2 

and Pi ions to facilitate formation of hydroxyapatite crystals, which are then 

released to the ECM to promote mineralization [28-30]. In our studies, we found 

that Pi alone induces secretion of MV and this secretion is dependent upon Pi-

induced ERK1/2 activation. Of note, 17A cells secrete MV containing TNAP, 

PHOSPHO1, and AnxV even without osteogenic stimulation [9]. This indicates 

that these cells are already primed to secrete a mineralized matrix, which is in 

agreement with the high expression of osteogenic genes (Col1a1, Runx2, Sp7, 

Alpl, Phospho1, Bglap2, Ibsp) under standard growth conditions [58, 65]. 

Interestingly, 17A cells stimulated with ascorbic acid and Pi produce MV 

containing different isoforms of TNAP and PHOSHPO1 than MV secreted by 

unstimulated cells. This indicates that stimulating cells with osteogenic factors 

not only induces secretion of MV, but also affects the MV molecular composition 
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[9]. Also of note, no MV were detected in mice deficient for TNAP and 

PHOSPHO1 [25, 26, 66]. This suggests that decreased expression of TNAP and 

PHOSPHO1 in Trps1-deficient cells is an underlying cause of impaired MV 

secretion [7]. While it is still unclear how these phosphatases contribute to MV 

formation, based on their function and our results demonstrating that Pi is 

sufficient to induce MV secretion, we predict that TNAP may support MV 

formation by increasing concentrations of available Pi in the local environment 

and that PHOSPHO1 activity on the phospholipid bilayer may modulate the 

fluidity of the cell membrane.  

The biogenesis of MV is yet unclear. The current proposed model of MV 

formation is that they are formed by budding off of the plasma membrane. This 

model is supported by studies which have identified similar lipid and protein 

composition of MV to the cell membrane of origin; however, the mechanisms 

regulating MV formation are not known [16, 67, 68]. Intracellular processes have 

previously been identified in the biogenesis of extracellular vesicles, such as the 

endocytic pathway in the production of exosomes. Interestingly, recent studies 

have found vesicles in the cytoplasm of mineralizing cells that contain calcium-

phosphate crystals, suggesting intracellular processes are involved in MV 

biogenesis [69, 70]. We discovered that MV produced by cells stimulated with 

osteogenic factors are enriched in lysosomal proteins, Lamp1 and Lamp2a [9]. 

This suggests that that these proteins may be involved in the mineralization 

process or may be a footprint of the biogenesis pathway of MV. A role for Lamp1 

in mineralization has already been proposed by a previous study which detected 
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Lamp1 localizing to the cell surface and binding a major enamel matrix protein, 

amelogenin [71-74]. Lamp1 may have a similar function in dentin mineralization 

by binding and/or recruiting dentin matrix proteins to the ECM. Alternatively, as it 

has been proposed by other studies, intracellular processes may be involved in 

the generation of MV [69, 70]. In such case, our results suggest lysosomes may 

be playing a role in this process. However, more experiments need to be 

performed to definitively say lysosomes are involved in MV biogenesis. 

Pi is essential in the mineralization process. In these studies, we 

discovered a novel function of Pi: Pi can induce secretion of MV, and we 

determined that this secretion is dependent upon Pi-induced ERK1/2 activation 

[9]. Following Pi treatment, ERK1/2 is activated and results in secretion of MV 

and changes in expression of Pi-responsive genes [32-34, 41, 47]. Interestingly, 

the release of MV happens quickly, within 6-12h. This suggests the production of 

MV is not dependent on the activation of the transcriptional program, or at least 

not in 17A cells which are already primed/committed to mineralization [7, 58, 65]. 

For instance, high expression of TNAP and PHOSPHO1 are required for MV 

production in vivo and may explain why 17A cells secrete MV more rapidly than 

other mineralizing cell lines, such as MC3T3-E1 and ST2 [9, 25].  

Through our experiments comparing gene expression in cells treated with 

Pi and untreated cells, we identified new genes that are Pi-responsive (Phex, 

Bglap2, Phospho1, Sp7, Runx2, ATF4, and Vdr). Also worth noting, the 17A cell 

line displayed some differences in expression of previously identified Pi-

responsive genes. For example, MGP and Slc20a1 have been characterized as 
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Pi-responsive genes [32-34, 41, 47]. However, we did not detect significant 

differences in the expression of either of these genes upon Pi treatment in 17A 

cells. Previous studies have reported a 2.5-3 upregulation of Slc20a1 after 24h of 

treatment with 10mM Na-Pi [32]. We observed a slight upregulation at 48h upon 

treatment with 5mM Na-Pi (fold increase=1.6, p-value=0.052) by qRT-PCR and a 

significant upregulation (2.36 fold increase, p<0.005) at 24h after treatment with 

10mM Na-Pi by RNA-seq.  This variance in gene regulation and transcriptional 

output indicates a cell type specific response to Pi, and stresses the importance 

of analyzing pathways of interest in new models prior to use. 

Furthermore, we identified Trps1 is involved in Pi signaling. Trps1 affected 

the dynamics of ERK1/2 activation in response to Pi and the expression of Pi-

responsive genes. More specifically, Trps1-deficient cells displayed an absent 

second activation of ERK1/2, decreased upregulation of Spp1, Phex, and Dmp1, 

and an inability to upregulate Dusp6 in response to Pi. Trps1-overexpressing 

cells had an enhanced and accelerated second activation of ERK1/2, increased 

downregulation of Alpl and Sp7, and a decreased upregulation of Dusp6 in 

response to Pi. The precise role of Trps1 in Pi signaling is still unknown, but we 

predict Trps1 is one of the transcription factors that regulates gene expression in 

response to Pi. However, which of the Pi-responsive genes are directly regulated 

by Trps1 remains to be determined.  

It is still unknown how the Pi signal is transduced. Na/Pi co-transporters 

has been shown to be critical for initiating Pi signaling, but Pi receptors and the 

transcriptional regulators of Pi-responsive genes remain unknown [41].  Two 



119 
 

mechanisms of Pi sensing have been proposed. The first one implicates FGF 

receptors (FGFR) in this response, as FGF signaling also results in ERK1/2 

activation and one study has reported FGFR involvement in Pi signaling [32]. The 

second one is that the Na/Pi co-transporter PiT1 is acting as a Pi receptor and 

that this function is independent of Pi transport [45]. However, additional studies 

need to be performed to determine if either of these is involved in mediating Pi 

signaling in 17A cells. Several studies, including this one, have identified several 

Pi-regulated genes, but how this regulation is occurring remains unknown [32, 

41]. Trps1 may be a transcriptional regulator of some of the genes that are 

downregulated; other potential candidates are those involved in mineralization, 

such as mineralization-related transcription factors: Runx2, Sp7, and ATF4. 

These genes are downregulated upon Pi signaling, so they may be acting as part 

of the negative feedback loop or their expression may be regulated at the 

translational or post-translational level. This is a more-likely possibility for Runx2, 

as its activity is modulated upon phosphorylation by ERK1/2 [75]. However, the 

role of these transcription factors in regulating Pi-responsive genes has yet to be 

addressed. 

In conclusion, our studies determined that Trps1 is necessary for the 

initiation of mineralization by supporting expression of osteogenic transcription 

factors (Runx2 and Sp7) and phosphatases (TNAP and PHOSPHO1), as well as 

the production of MV [4, 5, 7]. The secretion of MV, which support the initiation of 

mineralization, is induced by Pi signaling and is dependent upon Pi-induced 

ERK1/2 activation [9]. In mature mineralizing cells, Trps1 must be downregulated 
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to allow for the upregulation of Pi regulating proteins (Phex, Vdr, and Fam20C) 

and proper propagation of mineralization in the ECM [2, 6, 7].  Lastly, Trps1 is 

involved in Pi signaling by affecting the second activation of ERK1/2 and the 

expression of Pi-responsive genes (Spp1, Phex, Dmp1, Alpl, and Sp7), as well 

as expression of the ERK1/2 phosphatase, Dusp6, which is involved in the 

ERK1/2 negative feedback loop and thus suggests a role for Trps1 in this 

regulatory loop.  

Additional future directions include deciphering whether FGFR are 

involved in the Pi signaling pathway. This can be addressed by analyzing how 

inhibition of FGFR affects cellular response to Pi. Additionally, ERK1/2 has been 

described to act as a transcription factor for several mineralization-related genes 

[76]. We will test whether Pi signaling modifies ERK1/2 occupancy of these 

promoters as well as how that is affected by Trps1 deficiency and 

overexpression. We will also analyze whether Trps1 directly regulates expression 

of Pi-responsive genes. Lastly, we plan to determine how Trps1 is involved in the 

ERK1/2 negative feedback loop. To assess this, we will focus on Dusp6 as a Pi-

responsive gene whose expression is affected by Trps1. 
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