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Abstract
Recent studies have suggested that changes in serum phosphate levels influence pathological
states associated with aging such as cancer, bone metabolism, and cardiovascular function, even in
individuals with normal renal function. The causes are only beginning to be elucidated but are
likely a combination of endocrine, paracrine, autocrine, and cell autonomous effects. We have
used an integrated quantitative biology approach, combining transcriptomics and proteomics to
define a multi-phase, extracellular phosphate-induced, signaling network in pre-osteoblasts as well
as primary human and mouse mesenchymal stromal cells. We identified a rapid mitogenic
response stimulated by elevated phosphate that results in the induction of immediate early genes
including c-fos. The mechanism of activation requires FGF receptor signaling followed by
stimulation of N-ras and activation of AP-1 and serum response elements. A distinct long-term
response also requires FGF receptor signaling and results in N-ras activation and expression of
genes and secretion of proteins involved in matrix regulation, calcification, and angiogenesis. The
late response is synergistically enhanced by addition of FGF23 peptide. The intermediate phase
results in increased oxidative phosphorylation and ATP production and is necessary for the late
response providing a functional link between the phases. Collectively, the results define elevated
phosphate, as a mitogen and define specific mechanisms by which phosphate stimulates
proliferation and matrix regulation. Our approach provides a comprehensive understanding of the
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cellular response to elevated extracellular phosphate, functionally connecting temporally
coordinated signaling, transcriptional, and metabolic events with changes in long-term cell
behavior.
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INTRODUCTION
It is becoming increasingly apparent that diet can have profound effects on functional
genomics and represents an area of research that has yet to be exploited for potential health
benefits. Inorganic phosphate (Pi) represents a common dietary element that may directly
alter cell phenotype in just such a manner. Pi is critical to the human body on many levels.
At the cellular level it is required as a component of energy metabolism, kinase signaling
and in the formation and function of DNA and lipids. At the systemic level it is critical for
normal skeletal and dentin formation. Recent in vivo studies in rodents and humans have
suggested positive correlations between high serum Pi and cancer (Camalier et al., 2010; Jin
et al., 2009) and cardiovascular disease (Dhingra et al., 2007; Ferro et al., 2009; Mathew et
al., 2008; Onufrak et al., 2008; Tonelli et al., 2005), and a negative correlation with bone
quality (Huttunen et al., 2006; Huttunen et al., 2007; Koshihara et al., 2005a; Koshihara et
al., 2005b). In addition to diet a number of disease states cause changes in serum and
cellular phosphate levels including; end-stage renal disease, hyperparathyroidism, multiple
myeloma, oncogenic osteomalacia, and chronic alcoholism among others. The underlying
mechanisms by which elevated serum Pi influence cell behavior likely involve autocrine,
paracrine, and endocrine signaling as well as cell autonomous effects.

Cell culture studies have linked elevated Pi to changes in cell phenotype including;
osteoblast mineralization (Beck, 2003), chondrocytes differentiation (Fujita et al., 2001;
Julien et al., 2007; Mansfield et al., 2001), cementoblast formation (Foster et al., 2006),
odontoblast differentiation (Lundquist et al., 2002), osteoclast differentiation (Kanatani et
al., 2003; Mozar et al., 2007; Takeyama et al., 2001; Yates et al., 1991) as well as
pathological calcification of osteoarthritic cartilage (Cecil et al., 2005) and vascular smooth
muscle (Giachelli, 2003; Jono et al., 2000), and altered kinetics of transport in the kidney
(Kido et al., 1999). Pi has been identified as a limiting nutrient in the proliferation of Swiss
3T3 cells (Hilborn, 1976; Holley and Kiernan, 1974; Weber and Edlin, 1971), to alter cell
growth properties (Chang et al., 2006; Conrads et al., 2005; Cunningham and Pardee, 1969;
Engstrom and Zetterberg, 1983; Roussanne et al., 2001) and is required in the regulation and
stimulation of transformation (Rubin and Chu, 1984; Rubin and Sanui, 1977). The cellular
and molecular mechanism(s) by which elevated Pi alters cell behavior remains to be fully
elucidated, however, data suggest a complex temporally controlled series of specific events
likely as specific as many of the more traditional signaling molecules.

Certain effects of elevated Pi on cell behavior have been demonstrated to be cell
autonomous. It was noted almost four decades ago that contact inhibited 3T3 cells respond
to serum stimulation with a rapid increase in Pi transport (Barsh et al., 1977; Cunningham
and Pardee, 1969; de Asua et al., 1974). Pi transport is regulated by a family of sodium
dependent phosphate transporters (Collins et al., 2004; Tenenhouse, 2005; Werner et al.,
1998). Type II transporters (current nomenclature Slc34a1-3) are thought to be responsible
mainly for absorption in the intestine and resorption in the kidney (reviewed in
(Tenenhouse, 2007)) although recent data suggests the possibility of a more diverse function
(Lundquist et al., 2007). Type III transporters (current nomenclature Slc20a1-2) are
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expressed more ubiquitously but evidence suggest important roles in calcifying tissues
(reviewed in (Collins et al., 2004)). Recent studies have demonstrated the requirement of at
least one specific Pi co-transporter, Slc20a1 (Pit-1, Glvr-1), for Pi-induced changes in cell
behavior suggesting direct cell autonomous effects of elevated extracellular Pi (Kimata et
al., 2010; Li et al., 2006; Suzuki et al., 2006; Yoshiko et al., 2007). Slc20a1 has also recently
been linked to proliferation of tumor cells (Beck et al., 2009) and transformation of NIH3T3
cells (Byskov et al., 2012) emphasizing the role of Pi transport in the response.

In this study, transcriptomic, proteomic, and computational analyses were used to facilitate
an understanding of the coordinated temporal and spatial response of cells to elevated Pi
levels including prediction and validation of stimulated signaling pathways, transcriptional
regulation, changes in cell processes, and changes in cell phenotype. This approach has
allowed us to begin to comprehensively understand the cellular response functionally
connecting temporally coordinated membrane, signaling, transcriptional, metabolic events
with changes in long-term cell behavior in response to elevated Pi. The demonstration of a
universal Pi-induced signaling pathway in cell types from different developmental origins
suggest a common and conserved mechanism by which cells respond to changes in
extracellular Pi. Recent studies have suggested that serum Pi levels may influence initiation
and/or progression of pathological states associated with cardiovascular disease, bone
metabolism, kidney function, and cancer. Results presented herein provide insight into the
cell autonomous mechanism(s) involved and identify potential novel therapeutic targets to
modulate the response.

MATERIALS AND METHODS
Cell culture

The murine calvaria-derived osteoblast MC3T3-E1 cells (Beck et al., 1998; Sudo et al.,
1983) were grown in αMEM (Irvine Scientific, Santa Ana CA) and supplemented with 10%
fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville, GA), 50 U/ml penicillin, 50
μg/ml streptomycin, and 2 mM L-glutamine (Invitrogen Corp., Carlsbad, CA). αMEM
contains 1mM Pi and added Pi was in the form of NaPO4 (pH7.4). Unless otherwise noted,
all short time point experiments (<6hr) were performed on cells which had been serum
starved overnight (0.2% FBS) and all long term experiments (>6 hours) were performed on
cells cultured in medium containing 10% FBS. Inhibitors; FGFR (PD173074 and
PD166866), EGFR (Cyclopropanecarboxylic acid), IGFR (N-(2-Methoxy-5-chlorophenyl)-
N′-(2-methylquinolin-4-yl)-urea), VEGFR (KRN951), Rotenone, GDPβS (Guanosine 5′-O-
(2-Thiodiphosphate)) and U0126 were purchased from CalBiochem (Gibbstown, NJ) and
PDGFR (6,7-Dimethoxy-3-phenylquinoxaline (5μM)) from Sigma (St. Louis, MO). FGF2
was purchased from Sigma. hFGF23 (Prospec-Tany, East Brunswick, NJ: cyt-374) was
combined with mKlotho (R and D Systems: Minneapolis, MN 1819-KL) and heparin
(Sigma) at a 1:1:10 ratio. FGF23 was added at 500ng/ml simultaneously with the addition of
Pi.

Human bone marrow stromal cells
Human bone marrow was obtained from patients undergoing iliac crest bone graft to repair
traumatic mandible fracture at Emory University, Atlanta GA, 30322. All studies were
approved by the Emory Institutional Review Board. Samples from six patients were
analyzed, 4 males and 2 females ranging in age from 27–53. Bone marrow was diluted in
DMEM (1:20) with 10% FBS, penicillin, and streptomycin as described in (Beck et al.,
2012). After 10–14 days the adherent cells were sub-cultured twice before being treated with
Pi.
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Mouse bone marrow stromal cells
Bone marrow was obtained from iliac crest and femur by centrifugation after sacrifice. Bone
marrow cells were resuspended in DMEM+10%FBS and sub-cultured for multiple passages
to generate sufficient cell numbers similar to hBMSCs. Studies were approved by and
conducted in accordance with the Emory Institutional Animal Care and Use Committee.

Northern blotting and plasmids used for probes
Northern blots were performed as described previously (Camalier et al., 2010) using a 1%
formaldehyde-agarose gel. 32P-labelled probes were prepared using a random prime labeling
kit (Roche Diagnostics Corp., Indianapolis, IN). Between successive probes, blots were
stripped by treatment with boiling 0.1% SDS. Radiochemicals were obtained from Perkin
Elmer Life Sciences Inc. (Boston, MA).

Plasmids used for Northern probes
The murine osteopontin plasmid, mop3, was provided by Marian Young and described in
(Fisher et al., 1995). The actin, cox-2 (ptgs2), Nrf2 (nfe2l2), osteocalcin, and Egr1 probes
have been described previously (Beck et al., 2003; Beck et al., 1998; Camalier et al., 2010).
The c-fos plasmid was provided by R. Bravo (Bravo et al., 1986). The cDNA for Slc20a1
was purchased from OpenBiosystems (Huntsville, AL). Primers used for northern probes
were generated from Pi treated MC3T3-E1 cell cDNA and are listed in Table S5.

Quantitative real time PCR
RNA was isolated using TRizol (Invitrogen). cDNA was generated using First strand
synthesis kit (Invitrogen) according to manufacturer’s instruction. qRT-PCR was performed
using EvaGreen qPCR master mix (Biotium, Hayward CA) on an Applied Biosystems-7000
thermocycler. Primers were designed by website qPrimerDepot (http://
mouseprimerdepot.nci.nih.gov/), purchased from IDT (Coralville, IA), and sequences
detailed in Table S5. Analysis of hSOST RNA was performed using TAQMAN primers
(Life Technologies; Carlsbad, CA) according to manufacturer’s suggestion (Hs00228830).
All qRT-PCR results were calculated using the ΔΔCT method.

Transcriptomics
MC3T3-E1 cells in growth medium were treated with 10 mM Pi for times from 15 minutes
through 72 hours as indicated (Fig. S1). All Pi-induced time points were compared with
untreated control. Samples were harvested in parallel for proteomics analysis. Oligo
microarrays, printset Mm_MEEBO_ATC_VIP4_031405, were printed by the Laboratory of
Molecular Technology (Frederick, MD). Total RNA was labeled with either Cy3 or Cy5
Mono-Reactive Dye (Amersham Pharmacia Biotech, Inc., Piscataway, NJ). Probes were
purified using a Qiaquick PCR purification kit (Qiagen, Valencia, CA). cDNA was labeled
using Pronto dye (Corning, Corning NY) and hybridized in a 50% formamide buffer at 42°C
overnight. Arrays were washed and scanned using a GenePix microarray scanner (Axon
Instruments, Union City, CA) and data analyzed by GenePix Pro 4.0.

Clustering of transcriptomic results
Clustered transcriptomic results were based on the four peaks of transcriptional activation,
calculated as the percent of genes changed by greater than 2 fold. The four clusters
corresponded to Early (15, 30, 45, 60, and 90 min), Delayed early (90 min, 2, 4, and 8 h),
Intermediate (12, 16, 20, and 24 h) and Late (36, 48, and 72 h). Within each cluster of
transcriptional events genes were filtered by requirement of a greater than 2-fold change on
at least 3 arrays (2 of 3 for the late group) and a greater than 2-fold average change across
the cluster. The output identified generally 400 genes per cluster which are henceforth
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referred to as Pi responsive. For promoter analyses we further refined the early cluster to
include “Immediate” (15 and 30 min).

Proteomic analysis by cleavable Isotope-Coded Affinity Tags (cICAT)
The general methods used have been described previously (Conrads et al., 2004). Briefly,
MC3T3-E1 osteoblast cell proteins (~750 μg each) were labeled either with the light
(control, cICAT-12C9) or the heavy (phosphate-treated, cICAT-13C9) isotopic versions of
the cleavable isotope coded affinity tags (cICAT) reagent using a modified method from that
recommended by the manufacturer (Applied Biosystems, Inc. Foster City, CA). The samples
were digested with trypsin and labeled peptides isolated using avidin columns. The
lyophilized cICAT-labeled peptides were dissolved and injected onto a strong cation
exchange liquid chromatography (SCXLC) column (PolyLC Inc., Columbia, MD). A
multistep gradient was used to elute the cICAT-labeled peptides from the column. Each
SCXLC fraction was lyophilized and reconstituted prior to microcapillary reversed-phase
liquid chromatography (μRPLC). Ten cm long μRPLC-electrospray ionization columns
were coupled online with an ion-trap MS (LCQ Deca XP, ThermoElectron, San Jose, CA)
and the cICAT-labeled peptides were eluted using a linear step gradient. The MS was
operated in a data dependent tandem MS (MS/MS) mode in which each full MS scan was
followed by three MS/MS scans where the three most abundant peptide molecular ions were
dynamically selected for collision-induced dissociation (CID) using a normalized collision
energy of 35%. The MS spectrum for the molecular ions was acquired using 2 microscans
for the mass range of m/z 475–2000 and the CID spectrum for the fragment ions was
acquired using 3 microscans. The heated capillary temperature and electrospray voltage
were set at 160 °C and 1.7 kV, respectively.

Peptide identification and quantitation
The CID spectra were searched using SEQUESTagainst the Mus musculus proteome
database (27,612 entries) downloaded from the European Bioinformatics Institute (EBI)
(http://www.ebi.ac.uk/proteome/index.html). The Archaea-derived database (12,038 entries)
utilized in the false-positive bioinformatic analysis was constructed using genomic sequence
information from: Aeropyrum pernix, Archaeoglobus fulgidus, Pyrobaculum aerophilum,
Sulfolobus tokodaii, and Thermoplasma volcanium. Dynamic modifications for cysteinyl
(Cys) residues were set by mass additions of the cleaved cICAT labels (227.13 Da for the
light label, 236.16 Da for the heavy label) in a single search. SEQUEST criteria were set as
Xcorr ≥ 1.9 for [M+H]1+ ions, ≥2.2 for [M+2H]2+ ions and ≥ 2.9 for [M+3H]3+ ions, and
DeltaCn ≥ 0.08 for the identification of fully tryptic peptides within the cICAT-labeled
samples. The identified peptides were quantified using XPRESS (ThermoElectron), which
calculates the relative abundances of peptides based on the area of their mass
chromatograms.

Luciferase promoter reporter assay
The c-fos luciferase plasmid as well as mutant plasmids; delta SIE, mTCF, mCRE and
mSRE were provided by Brent Cochran (Kim et al., 1998). The mutant AP-1 (mAP-1)
plasmid was created using a site directed mutagenesis kit (Stratagene, La Jolla CA) with
primer 5′-TAGGACATCTGCGTTGGCAGGTTT-3′. Cells (1 × 105) were plated and
transfected with 500 ng of DNA and Fugene (Roche) according to manufacturer’s
recommendations. Medium was changed to serum starve (0.2% FBS) 24 h after transfection
and assay performed 24 h later. The same conditions were used for the Elk-1 reporting
system (Pathdetect-Stratagene). Firefly luciferase activity was measured according to
manufacturer’s recommendations (Promega, Madison, WI) using a Dynex Technologies
MLX microtiter plate luminometer. Results were statistically compared by student T test.
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Ras activation assay
Cells were serum starved overnight and supplemented with NaPO4 as indicated (in addition
to the 1 mM in the medium). Ras activity was measured using the Ras-Binding Domain of
Raf-1 to pulldown active ras according to manufacturer’s protocol (Cell BioLabs, San
Diego, CA). Blots of whole cell lysate (50 μg) from the input were probed with antibodies
to total ERK1/2 (Promega) and phospho-ERK1/2 and N-ras (Santa Cruz), Pan-ras antibody
was from Cell BioLabs.

Immunoblotting and Immunoprecipitations
MC3T3-E1 cells were cultured as above and nuclear isolation and immunoblotting
performed as described previously (Conrads et al., 2005) with 50μg of lysate. All antibodies
were purchased from Santa Cruz Biotechnologies Inc., (Santa Cruz, CA), except ERK1/2
from (Promega), and FRS2α and phospho-tyr-196 FRS2α from (Cell Signaling; Beverly,
MA). Immunoprecipitations were performed on cells that were serum starved overnight and
treated with Pi for indicated times. IgG (Santa Cruz) was used as a control. Cells were lysed
in IP Lysis Buffer with HaltTM Protease & Phosphatase Single-Use Inhibitor Cocktail
(Thermo Scientific, Rochford, IL). The lysate (1 mg) was pre-cleared and then incubated
with antibody and Protein A/G PLUS-Agarose (Santa Cruz) overnight with rotation. The
immunoprecipitates were washed with IP Lysis Buffer twice and analyzed by SDS-PAGE.

Electrophoretic mobility shift assay (EMSA)
EMSAs were performed as described previously (Meng et al., 2006). A consensus AP-1
oligonucleotide (Santa Cruz) was radio-labeled according to manufacturer’s protocol
(Promega). DNA binding reactions were performed using 5 μg of nuclear extract, 5X Gel
Shift Binding Buffer (Promega), labeled oligonucleotide, and nuclease-free water.

ATP assay
Cells were plated at a density of 5,000 cells per well in a 96 well white-walled, clear-bottom
plate in 100μL of medium. ATP was quantified in MC3T3-E1 cells 20 h after treatment with
Pi using Cell-Titer Glo kit (Promega) with background subtracted. Results were statistically
compared by student T test.

Angiogenesis blots of conditioned medium from Pi treated cells
MC3T3-E1 cells were grown in growth medium (1mM Pi) or in growth medium
supplemented with 10mM Pi for 96 hrs. The medium was removed and serum free and
phenol free DMEM (Mediatech, Manassas, VA) plus pen/strep and glutamine (1mM Pi) was
added for 20 hrs. The resulting conditioned medium from three 10cm plates/condition was
concentrated using Amicon Ultra centrifugal filters (Millipore, Billerica, MA). The resulting
conditioned medium (300μg) was used with the Proteome Profiler™ Mouse Angiogenesis
Array Kit (#ARY015) R&D Systems, Inc. (Minneapolis, MN) according to the
manufacturer’s protocol. Western blots were performed on additional samples derived
following the same procedure.

Tube formation Assay
Human Embryonic Vascular Endothelial Cells (HUVEC) were purchased from Invitrogen
(Catalogue is C-003-5C) and cultured in Medium 200 (m-200PRF-500) with Low Serum
Growth Supplement (S-003-10) at 37°C, 5% CO2 incubator according to manufacturer’s
suggestions (protocol-MAN0001687). Conditioned medium was generated from control E1
cells or cells treated with 10mM Pi for 7 days (the medium was changed every 2 or 3 days).
Cells were plated in serum free, phenol-free DMEM and concentrated as described above.
Condition medium (5ul) was added to HUVEC cultures (3×104 cells) in 96 well plates. The

Camalier et al. Page 6

J Cell Physiol. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cells were photographed after 6 hours. Tube formation results were quantified by Wimasis
GmbH (Munich, Germany) software.

Bioinformatic analyses of promoters
We have previously described an in-house software tool, WholePathwayScope (WPS) (Yi et
al., 2006) that displays HTP data in user-defined or stored gene groups or pathways and
offers statistical evaluation of global functional category (GO term, pathway, etc.)
enrichment in the user’s gene lists. We then used the newly developed PPEP method (Yi et
al., 2009) in WPS to perform pathway-level comparative analysis on the differential gene
lists derived for each of the time points across the 72 h time course (Fig. S1A). The
promoter regions within positions −1500 and +200 of transcription initiation sites of all
annotated genes in the mouse genome were searched using a perl script for regular
expression comparison for defined consensus binding sequences of all annotated
transcription factors from the TFD database (www.ifti.org). The obtained target genes with
the corresponding binding sequences for transcription factors having sequence frequency
smaller than cutoff value of 1 × 10−5 for binding sequence hit probability in the genome
were retrieved and incorporated into WPS program database. Transcription factor binding
profiles were generated either with complete profiles or profiles claimed as good quality
from locally installed BioBase (http://biobase.abcc.ncifcrf.gov; the original URL of
BioBase: www.biobase-international.com). MATCH program was used to search for
transcription binding sites within positions −1500 and +200 of transcription initiation sites
of all annotated genes in the mouse genome. Based on these predicted target genes of
transcription factors, comparative analysis of the enrichment levels of transcription factor
target genes within the differentiated lists obtained from the time-course experiments were
performed using PPEP method (Yi et al., 2009).

Bioinformatic analyses of signaling and function
Data was analyzed using Ingenuity Pathway Analysis software (www.Ingenuity.com). In
addition to transcriptomics, proteins with changes in abundance of >1.75 were also used for
this analysis (from Table S4). The software is also used to map and unify IDs of all the
genes including protein IDs, GenBank IDs from microarray or protein datasets. The
statistical significance of the results was validated using permutation analysis. Briefly, the
permutation analysis is done with a utility program for permutation of the data and R-
package for statistical calculation of correlation coefficients for data in each of the
permutated data files. To obtain permutated correlation coefficients for each candidate
pathway or GO group to be validated, each gene and its data in the pathway or GO group is
shuffled randomly within the data pool of the corresponding dataset to generate a
permutated file with the same number of genes as the original file but with permutated data.
This process is iterated for 1000 times to generate 1000 permutated files for each intended
pathway or GO group.

RESULTS
Transcriptomic analysis

To better understand the temporal cellular response to elevated extracellular Pi levels a
detailed time course of transcriptomic and proteomic results were combined. Fifteen time
points starting at 15 min and extending to 72 h were chosen for transcriptomic analysis (Fig.
S1A). All studies were performed in normal growth medium containing 1mM Pi with
additional Pi added for the indicated times. A partial list of some of the more interesting Pi
responsive genes is presented in Table S1. The entire data set is presented in Table S2.
Array results were validated using Northern blotting and revealed rapid, dramatic, and
dynamic changes in gene expression following cell exposure to elevated Pi levels (Fig.
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S1B). Multiple patterns of gene changes were detected with many of the earliest upregulated
genes following the pattern of previously defined immediate early genes (Cochran et al.,
1983; Greenberg et al., 1985; Herschman, 1991; Lau and Nathans, 1985). This gene
expression pattern is associated with cell growth and suggested that Pi behaves as a mitogen.

Proteomic analysis
Global changes in protein abundances were measured using cICAT labeling (Gygi et al.,
1999) at 1, 2, 8 and 24 h after Pi treatment. A total of 1716 (1078 ≥ 2 peptide hits), 1847
(1119 ≥ 2 peptide hits), 1063 (645 ≥ 2 peptide hits) and 1559 (1003 ≥ 2 peptide hits)
proteins were quantified at 1, 2, 8, and 24 h after Pi treatment, respectively. A partial list of
the most interesting Pi responsive proteins and the changes in abundance is presented in
Table S3 with the entire list detailed in Table S4. The increase in protein abundance and
RNA levels correlated well for genes such as Egr1, Cyr61 but a number of proteins,
including many associated with metabolism, did not show correlation between protein and
RNA levels (Fig S2). The overall correlation of transcriptomic data acquired at 15, 30, 45,
and 60 min after Pi treatment with the proteomic data acquired at 60 min after Pi treatment
was low (R2 < 0.003) over this temporally coordinated time frame (Fig. S3).

Bioinformatic prediction of Pi enhanced promoter elements and transcription factor
activation

To predict the complement of transcription factors involved in Pi response, we identified the
transcription factor binding elements that are enriched in the promoters of Pi responsive
genes. The Pathway Pattern Extraction Pipeline (PPEP) method (Yi et al., 2009) provided by
the in-house tool WholePathwayScope (Yi et al., 2006) was used to define and compare the
enrichment of transcription factor binding elements within the promoters of Pi-responsive
genes across the time course of experiments. Northern blotting suggested the “early” genes
(Fig. S1B) could actually be separated into a 15–30 minute subset “immediate” and we
therefore used these 5 time points as the basis for analysis of transcriptional regulatory
events. The results identified approximately 10 to 20 different statistically enriched
transcription factor binding elements that change over the 72 h time period. A list of the
most relevant predicted elements is presented in Table 1. The results identified the
enrichment of binding elements of a number of known immediate early gene and osteoblast
relevant transcription factors. Although these sites are enriched in the promoters of genes
induced by Pi, it does not necessarily suggest that they are activated, but in fact could be
negative regulators.

Pi stimulation of immediate early genes requires serum response and AP-1 binding
elements

Our transcriptomic analyses defined c-fos as one of the most highly responsive early Pi-
regulated genes (Fig. 1A and Table S2). To determine if the changes in RNA level were
reflective of an endogenous promoter, a previously defined luciferase reporter construct was
used (Kim et al., 1998). Mutant constructs of the c-fos promoter were used to determine the
functionally relevant elements in the promoter (Fig. 1B) and identified SRE and AP-1 sites
as necessary for the Pi-induced response. To further examine these specific elements
luciferase constructs containing a consensus serum response element (SRE) (Suzukawa et
al., 2002) or 4xAP-1 element (Rincon and Flavell, 1994) were used. Pi strongly stimulated
the promoter activity of these consensus reporter constructs (Fig. 1C). Activation of the
Serum Response Factor (SRF) has been demonstrated to require the Ets binding protein
Elk-1 (Murai and Treisman, 2002). We used an Elk-Gal reporter construct to ask if Elk-1
was Pi-responsive and in fact it was strongly stimulated by elevated Pi (Fig. 1C). The robust
stimulation of ERK1/2 phosphorylation by elevated Pi in various cell types (Beck and
Knecht, 2003; Camalier et al., 2010; Chang et al., 2006; Jin et al., 2006; Julien et al., 2007;
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Orfanidou et al., 2012; Wada et al., 2004; Yamazaki et al., 2010), including drosophila
(Bergwitz et al., 2012) suggests the conserved importance of these proteins in Pi signaling
and represents both an endpoint to study required upstream events as well as a link to
downstream events. We therefore used the upstream inhibitor of ERK1/2, U0126, to identify
the requirement of this signaling pathway as a critical intermediate from phosphate sensing
to the activation of early transcriptional events (Fig. 1C). No change was detected for the
empty luciferase control construct (not shown).

Pi increases AP-1 DNA binding and dynamic changes in AP-1 proteins
The predicted binding of AP-1 in response to elevated Pi (Table 1) was validated using
electrophoretic mobility shift assays (EMSA). MC3T3-E1 cells were treated with Pi for the
indicated times and EMSA’s performed using an AP-1 consensus oligo (Fig. 1D). The DNA
binding profile suggests a positive bi-phasic activation of AP-1 corresponding to a bi-phasic
ERK1/2 phosphorylation described previously (Beck and Knecht, 2003). The AP-1
transcription factor consists of 7 bzip family members that function as either homo or
heterodimers and include four FOS (c-fos, Fra-1, Fra-2, and fosB) and three JUN members
(c-jun, junB, and junD) (Curran and Franza, 1988). To determine the individual AP-1
proteins involved, specific AP-1 antibodies were used to supershift the DNA binding assays
at both early (75 min) and late (22 h) time points (Fig. S4A,B). Binding specificity was
confirmed using excess cold oligo (Fig. S4C). In agreement with the supershift results,
Western blotting revealed dynamic changes in AP-1 factors JunB, Fra-2, c-jun, and c-fos
early and Fra-1, Fra-2, JunB, and C-jun late in the Pi response (Fig. 1E,F). Results show that
early in the response Fra-2, c-fos, fosB, and JunB are bound to AP-1 sites and late in the
response the complex is dominated by Fra-1, c-jun and JunB.

Bioinformatic analyses of datasets; cell signaling and function
To determine the signal transduction pathways required for transcriptional regulation during
the temporal response to elevated Pi the transcriptomic and proteomic data were analyzed
using multiple approaches. Four different databases were analyzed including; Biocarta (B),
Gene Ontology/Biological Process (GB), and Ingenuity Pathway analysis of the
transcriptomic data (InM), and the proteomics data (InP). The analyses were performed on
the filtered genes clustered around the four transcriptionally active time points; 0–60 min, 75
min–2 hrs, 4–20 h, and 24–72 h defined as early, delayed early, mid, and late, respectively.
Pathways scored as significantly responsive are listed in Table 2. The results provide an
overall picture of the dynamic changes in signaling pathways, individual cell functions, and
ultimately changes in cell phenotype. The identification of GFR tyrosine kinase as well as G
protein signaling represented novel insights into the cellular response to elevated Pi.
Identified pathways such as ERK1/2, Akt (Chang et al., 2006), and Nitric oxide (NO)
(Teixeira et al., 2001; Zhong et al., 2010) have been previously demonstrated to respond to
Pi in cell types of ranging from keratinocytes to chondrocytes to lung cells highlighting the
applicability and validity of our analyses to cell types of different origins.

Pi stimulated signaling required G protein signaling and activates N-ras
The analyses predicted the involvement of ERK1/2, growth factors, and G protein signaling
early in the Pi response. To determine if GTP signaling is required upstream of ERK1/2,
cells were pretreated with GDPβS, a non-hydrolyzable GDP analog, followed by addition of
Pi for 15 min. Western blotting results demonstrated that inhibition of GTP signaling
reduced ERK1/2 phosphorylation (Fig. 2A), suggesting that the GTP required signaling
event is upstream of ERK1/2 phosphorylation. To determine the requirement of GTP
signaling in Pi-responsive gene expression, GDPβS-treated MC3T3-E1 cells were subjected
to RNA analysis. Northern blotting revealed that inhibition of GTP signaling completely
blocked expression of the early Pi marker genes Egr1, c-fos, and Nr4a1 (Fig. 2B,C). Using
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an electrophoretic shift mobility assay we determined that Pi-stimulated activation of AP-1
was blocked by pretreatment of cells with GDPβS, U0126 or foscarnet (Fig. 2D). The
requirement of G protein signaling was also determined for the expression of the late Pi
marker gene OPN as well as subsequent increase in OPN protein and phosphorylation of
ERK1/2 (Fig. 2E,F). Our previous results using keratinocytes showed that elevated Pi levels
activated N-Ras signaling (Camalier et al., 2010). To test the hypothesis that N-Ras is also
stimulated in mesenchyme derived cells, a pan-Ras activation assay was performed on cells
treated with Pi for 2.5, 5, or 10 min (Fig. 2G). The densitometry from four assays using
antibodies showed that N-Ras is activated in response to elevated Pi (Fig. 2H). The ras
activation assay was performed on cells treated with Pi for 24 h in standard growth medium
(10% FBS) (Fig. 2I). The results showed that N-Ras is activated by elevated Pi at both early
(min.) and late (after 24 h) time points. Taken together, these results suggest that activation
of N-ras is an important early and late signaling event in the cellular response to elevated Pi.

Pi induced gene expression requires FGF receptor signaling
The analyses also predicted the requirement of Pi regulated GFR signaling, which has not
previously been linked to the Pi response in osteoblasts. To validate the involvement of GFR
signaling in the Pi response, cells were treated with specific inhibitors of common GFRs at
concentrations within the previously reported range of specificity (Girnita et al., 2004; Ji et
al., 2007; Mulvihill et al., 2008; Nakamura et al., 2006; Panek et al., 1998; Stromberg et al.,
2006). Inhibition of FGFR with PD173074 blocked Pi-induced c-fos gene expression early
in the response (<1 h) as well as OPN (spp1) at 24 h and this inhibition was dose responsive.
(Fig. 3A,B,C). To determine if FGFR signaling was required specifically for the late
response the inhibitor was added at 3, 6, and 9 h after addition of Pi (Fig. 3D). Results
suggest that there is an FGFR initiated signaling event specifically required for the induction
of the late response genes occurring after the early response. These results illustrate the
requirement of FGFR as one of the earliest signaling events in Pi response as well as
generating a separate late response.

We next investigated the requirement of FGFR activation on downstream signaling proteins.
Phosphorylation of the adapter/scaffold protein FRS2α is one of the earliest events in the
defined FGFR signal transduction pathway (Gotoh, 2008). FRS2α was immunoprecipitated
from a time course of Pi treated cells and identified increased phosphorylation within 5
minutes of Pi addition (Fig. 3E). FGF2 was used as a positive control. The requirement of
the FGFR, GTP, and ERK1/2 signaling upstream of FRS2α phosphorylation were tested
using pharmacological inhibitors. Inhibition of FGFR activation predictably inhibited
phosphorylation of FRS2α and inhibition of ERK1/2, which is traditionally downstream of
FRSα, had no effect (Fig. 3F). Using the GDPβS we also unexpectedly identified the
requirement of GTP signaling upstream of FRS2α (Fig. 3F). The requirement of FGFR
signaling for the activation of N-ras was investigated and revealed that FGFR signaling is an
upstream event in the Pi-induced signaling pathway (Fig. 3G) as well as phosphorylation of
ERK1/2 (Fig. 3H). Using the c-fos promoter luciferase construct revealed that FGFR
signaling was required for Pi-induced gene expression as well as changes in the AP-1
proteins. (Fig. 3I,J). The results define a Pi-activated signaling pathway consisting of FGFR,
GTP signaling, FRS2α, N-ras, and ERK1/2 leading to changes in AP-1 proteins and
ultimately increased gene expression.

FGF23 is not regulated by Pi in MC3T3-E1 cells and is modestly synergistic for late Pi-
induced gene expression

To date FGF23 is the most closely linked FGF to Pi regulation and we therefore determined
if this particular FGF was regulated by Pi. Our transcriptomic study detected expression of
FGF23 RNA however our clustering analysis did not detect a significant change in FGF23
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levels (Fig. 4A) and this lack of response was confirmed using qRT-PCR, with c-fos
induced expression acting as a positive control for the Pi-response (Fig. 4B). To determine if
FGF23 was involved in the Pi response we added FGF23 peptide in combination with
Klotho and heparin alone or with elevated Pi and analyzed gene expression at early and late
time points. Although FGF23 alone stimulated gene expression and provided an additive
effect on baseline (not shown) when results were calculated as fold increase to Pi (FGF23
relative to FGF23 + Pi), the early genes were not synergistically activated or were modestly
decreased (Fig. 4C), however the late genes analyzed demonstrated a synergistic effect in
response to added Pi (Fig. 4D). The results suggest that under these in vitro conditions
FGF23 acts to enhance the late Pi-response.

Pi increases ATP production through oxidative phosphorylation
To predict changes in cell function, we used four different bioinformatics approaches as
described for the signaling analysis above. As predicted from the above results many of the
predicted changes in cell function were related to proliferation (Table 3). The analyses also
predicted a change in oxidative phosphorylation (OxPhos). A consequence of increased
OxPhos is an increase in ATP levels. Exposure of MC3T3-E1 cells to elevated Pi for 24 h
resulted in an approximate 20% increase in cellular ATP relative to control (Fig. 5A).
Pretreatment with the electron transport chain inhibitor Rotenone completely inhibited the
Pi-induced increase in ATP. Additionally, inhibition of MEK-ERK also completely blocked
this increase suggesting that ERK1/2 signaling is required event upstream of the response
(Fig. 5A). To determine if OxPhos is a required upstream event for the expression of late Pi-
responsive genes, cells were pretreated with the inhibitor Rotenone and RNA was analyzed
by Northern blotting. Results suggest that a functional electron transport chain is required
for Pi induced expression of all of the late genes examined (Fig. 5B). Pi-induced expression
of Egr1 and c-fos was not inhibited by Rotenone (Fig. 5C), defining the requirement of
OxPhos as a critical intermediate between early and late responses.

Elevated Pi promotes angiogenesis
Our transcriptomic analysis revealed the strong induction of Vascular Endothelial Growth
Factor alpha (Vegfα) and OPN, genes/proteins associated with vascularization as well as the
key transcriptional regulator Foxc2. To determine if elevated Pi stimulated an angiogenic
response we performed an angiogenesis protein array using conditioned medium from Pi-
treated cells. Results suggested a number of angiogenic proteins with increased levels in the
medium following long-term treatment (96 hours) with elevated Pi (Figure 6A,B). To
determine if our defined Pi signaling pathways were required for the response we chose to
analyze Foxc2 a Forkhead transcription factor demonstrated to be important in the
angiogenesis (Kume, 2008) (Table S1). Analysis of RNA after 2 h of Pi treatment revealed
that activation of FGFR, ERK1/2, and Pi-transport are all required events for pi-induced
Foxc2 expression (Figure 6C). To determine if in fact the secretion of these proteins alters
angiogenesis, the HUVEC tube formation assay was used. Tubes were generated in
differentiation medium supplemented with either control conditioned medium from
untreated MC3T3-E1 cells or conditioned medium from MC3T3-E1 cells treated with Pi for
7 days. The resulting images were analyzed and quantified using WIMASIS software.
Results revealed that conditioned medium from Pi treated pre-osteoblast cells increased tube
formation (Figure 6D,E) suggesting that Pi is capable of stimulating neovasculargenesis.

Pi induced signaling occurs in mouse and human bone marrow stromal cells
To determine if the response defined above was applicable to other cells types we tested
primary bone marrow stromal cells from both human (hBMSCs) and mouse (mBMSCs). A
number of representative endpoints were used. hBMSCs were serum starved overnight
(1mM Pi) and treated with 2mM Pi (3mM final). Western blotting revealed a similar
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increase in ERK1/2 and pAKT as demonstrated in the MC3T3-E1 cells (Fig. 7A) and qRT-
PCR detected increased expression of the early marker genes c-fos and SOST (Fig. 7B). Pre-
treatment with the FGFRi (PD173074) inhibited the induction of c-fos and Egr1 (Fig. 7C).
Our previous results have described an inverse relationship between the concentration of
extracellular Pi and time in regards to increased expression of “late” genes (Beck, 2003). To
determine the effects of relatively small changes in extracellular Pi that may be more
relevant to BMSCs than osteoblasts, RNA was obtained from hBMSCs and cultured in 1, 3,
or 5mM Pi for 11 days. Results revealed similar changes in gene expression as our studies in
MC3T3-E1 cells above (Fig. 7D). Representative studies using mBMSCs also revealed a
similar response in both signaling and RNA expression to elevated Pi (Fig. 7E,F,G,H).
These results confirm that the Pi-stimulated responses we have identified in the MC3T3-E1
cells are applicable to primary cultures with a range of concentrations of Pi.

DISCUSSION
We used an integrative biology approach to identify novel cellular and molecular links in the
Pi-response pathway and functionally connect these with previously identified Pi-events.
The results provide a a more complete understanding of upstream signaling events and
pathways required for the initiation of proliferation and identify Pi as a novel regulator of
immediate early genes (Cochran et al., 1983; Greenberg et al., 1985; Lau and Nathans,
1985). Many of the immediate early genes were initially identified as TPA inducible genes
(TIS) (Lim et al., 1987) and were subsequently demonstrated to be induced by other factors
including epidermal growth factor (EGF) and platelet derived growth factor (PDGF) among
others (Arenander et al., 1989). Several immediate early genes are regulated by SRF and the
promoters uniformly contain a SRE in addition to other regulatory elements. (Treisman,
1986; Treisman, 1987; Treisman et al., 1992). The c-fos promoter was used to determine
that elevated Pi functions like a traditional mitogen to potently induce the immediate and
delayed early genes requiring at least SRE and AP-1 elements. The stimulation of growth
responsive pathways provides additional insight into the results from two recent studies
which have linked elevated serum Pi to increased tumorigenesis (Camalier et al., 2010; Jin
et al., 2009). The propensity of high Pi to push cells to a proliferative state even under
normal growth conditions may influence the outcome of a transforming event relative to a
low Pi environment, tipping the balance towards a cancer phenotype.

A number of the genes/proteins identified herein may be relevant to both physiological
matrix mineralization as well as pathological calcification. These genes are generally
clustered with the “late” time points and represent the long-term cellular response to
elevated Pi which was predicted to be involved in matrix mineralization and Pi metabolism
(Fig. S5). The most responsive Pi-induced genes/proteins such as OPN, DMP1, and Ank
have been previously described to be both Pi responsive and to regulate mineralization.
Newly identified Pi-responsive genes/proteins such as calreticulin and calgizzarin
(S100A11) are intracellular and known to bind calcium at a high capacity and emphasize the
possible role of buffering against calcification within the cell. Annexin A1 and Scramblase 3
are calcium and phospholipid binding proteins that have been linked to membrane regulation
and matrix vesicle formation in osteoblasts (Golub, 2011; Xiao et al., 2007). A number of
Pi-downregulated genes are involved in controlling events in the extracellular matrix
including members of the small leucine-rich proteoglycan family such as decorin, asporin,
fibromodulin, osteoglycin, and osteoadherin as well as matrix assembly proteins periostin,
collagen, thrombospondin, and nephronectin, all of which were downregulated at the late
time points. Changes in serum Pi have been demonstrated to influence cells/tissues beyond
functionally mineralizing cells such as kidney and vascular smooth muscle (Giachelli, 2009)
and the dysfunction of these genes/proteins could lead to non-intended calcification.
Furthermore, the identification of genes more commonly associated with regulation of these
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cell types such as nephronectin, periostin, serpine1 (PAI-1), alpha-2-macroglobulin,
gremlin, serum/glucocorticoid regulated kinase-1 (Sgk1), among others, as Pi-responsive
suggest that our results may have implications beyond functionally mineralizing cells to
pathological calcification.

We also identified a number of novel Pi-responsive genes/proteins that show Pi’s role as a
signaling molecule in bone metabolism. Colony stimulating factor (csf), necessary for the
differentiation of osteoclasts, was upregulated at all time points however its receptor (csfr1)
was downregulated. Another gene defined as Pi-responsive in this study is SOST
(Sclerostin), an osteoblast/osteocyte secreted Wnt signaling regulator known to inhibit
mineralization (Winkler et al., 2003). The expression of this gene again may represent a
proactive response of the pre-osteoblast preventing the cell from differentiating too early in
the matrix mineralization process or it may represent a systemic response limiting
pathological calcification. Additionally, Pi-induced proteins such as HMGB1, CD40 ligand,
Slamf6, epiregulin (Ereg), HB-EGF stimulate osteoclast resorption or modulate immune
system function which may represent a communication link between mineralizing cells and
surrounding cell types, particularly in the bone marrow microenvironment. Interestingly,
most of these proteins were only identified as regulated by our proteomics analysis
emphasizing the increased insight provided by combining technologies.

Our analysis identified the specific requirement of FGFR signaling for both the early and
late Pi-response. The family of fibroblast growth factors (FGFs) functions by binding to one
of four different receptors (FGFR 1-4) and mediate a range of cellular functions in
developing organisms and adults (Ornitz and Itoh, 2001) including tissue repair, wound
healing, and tumor angiogenesis (Eswarakumar et al., 2005). FGF signaling and Pi-transport
were first linked in a study that demonstrated FGF2 stimulated Pi-transport (Suzuki et al.,
2000). A recent study has also linked the activation of FGFR1 signaling by FGF23 to Pi
transport, specifically Slc20a1, in kidney cells (Yamazaki et al., 2010) and another has
demonstrated the requirement of Pi-transport for the Pi-induced phosphorylation of FRS2α
in chondrocytes (Kimata et al., 2010). Our results agree with these findings and additionally
identify GTP related signaling for the Pi-induced phosphorylation of FRS2α. The results
suggest that a number of membrane events may be required for the Pi-induced signaling
response and these membrane events converge on specific signaling pathways.
Understanding the mechanisms(s) by which Pi alters cell function may provide novel
therapeutic targets in the control of high Pi altered cell function related to functional
mineralization and pathological calcification.

FGFs and FGFR signaling have been implicated in numerous disease processes (Beenken
and Mohammadi, 2009) as well as skeletal development and maintenance (Du et al., 2012).
FGF23 is widely accepted as a key phosphatonin which regulates systemic serum Pi levels
(Quarles, 2012) and changes in Pi are known to increase expression of FGF23 from bone
(Mirams et al., 2004; Sitara et al., 2004). We however did not detect a significant change in
FGF23 RNA levels either by our microarray analysis or qRT-PCR. MC3T3-E1 cells
represent an osteoblast precursor and it has been suggested that FGF23 is mainly regulated
by mature osteocytes and therefore our data support this notion. Although FGF23 levels
were not altered by elevated Pi we did identify a synergistic effect of added FGF23 peptide
with Pi-induced gene expression. Interestingly, this response was specific for the late genes
such as OPN and Ank with no synergism detected for the early genes. FGF23 is an
endocrine factor and therefore Pi-induced expression by osteocytes and possibly the kidney
(Ito et al., 2005) could represent a physiological response to either sustained elevated serum
Pi or local changes in the bone microenvironment.
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The identification of N-Ras activation in response to elevated Pi represents a novel potential
regulator of osteoblast function. There are four Ras isoforms that are associated with cell
growth signaling ((Malumbres and Pellicer, 1998) however, much less is known about
potential roles in differentiation and osteoblasts in particular. H-ras has been linked to cell
adhesion (Tanaka et al., 2002) and mechanical strain (Rubin et al., 2006) in osteoblasts but
other Ras isoforms have not been reported. Our results suggest a role for N-Ras in osteoblast
function and mineralization. The Pi-driven increase in proliferation may be relevant to the
bone-remodeling microenvironment. Osteoblasts originate from pluripotent mesenchymal
stromal cells that reside in the bone marrow. Elevated Pi generated from the byproduct of
osteoclast resorption or activity of the ecto-enzyme alkaline phosphatase in the early stages
of osteoblast differentiation may be required to drive proliferation of precursor cells
necessary to generate sufficient osteoblasts for bone formation.

We identified a number of transcription factors that are coordinately regulated in response to
Pi including AP-1 family members. Genetic manipulation of AP-1 genes through either
transgenic or knockout mice have revealed that most AP-1 family members play important
roles in osteoblast development and bone metabolism (reviewed in (Wagner, 2002). AP-1
proteins are differentially regulated during osteoblast differentiation (McCabe et al., 1996)
and numerous in vivo, in vitro and ex vivo studies have linked AP-1 transcriptional
regulation with various functional changes in osteoblast phenotype (Lian et al., 1991; Owen
et al., 1990). Although many of the AP-1 genes/proteins have been individually linked to
bone metabolism, less is known about the forces that regulate this family of transcription
factors during bone metabolism. Our results identify elevated extracellular Pi as a regulator
of AP-1 transcriptional regulation during osteoblast cell growth and differentiation.

The requirement of mitochondrial OxPhos for the Pi-induced expression of late genes, such
as OPN (spp1) and Ank, identifies an important and novel functional link in the Pi-response
pathway. OxPhos is the process by which respiratory enzymes in the mitochondria
synthesize ATP from ADP and Pi during the oxidation of NADH by molecular oxygen as
part of the electron transport chain. The products of increased metabolism include ATP,
inorganic pyrophosphate (PPi), and reactive oxygen species (ROS). We have previously
demonstrated the requirement of Pi-transport for expression of late response genes (Beck et
al., 2003) and the additional requirement of mitochondrial function identified here suggests
a dual regulatory mechanism. Whether this response is at the transcriptional or signal
transduction level has yet to be determined. One candidate is the generation of PPi which
has been demonstrated in a number of tissues to be an important inhibitor of mineralization
and to stimulate OPN expression (Addison et al., 2007; Johnson et al., 2003). It will be
interesting to determine if PPi represents a link between the OxPhos and Pi generated
signaling in the regulation of late genes.

The increase in angiogenic related genes and proteins suggest a potentially important
physiological and/or pathological consequence of elevated extracellular Pi.
Neovascularization is required by a number of processes associated with normal tissue
development and repair as well as pathological states such as tumorigenesis (Goel et al.,
2011). A number of the proteins such as VEGFα, Cyr61, F3 (coagulation factor III), and
OPN were detected as strongly induced at the RNA level, however, others such as PDGF,
proliferin, and SDF-1 were not, suggesting these proteins are regulated at the level of protein
stability and/or post-translational modification by elevated Pi. We also identified the strong
induction of Nr4a1 (nuclear receptor subfamily 4 group A member 1 and Nur77, NGFI-B)
an orphan receptor that has been linked to angiogenesis (Zeng et al., 2006) and osteopontin
expression (Lammi et al., 2004). These gene/proteins represent the early and late response to
Pi indicating a coordination of both signaling phases in the ultimate functional cell response
to elevated Pi emphasized by the requirement of FGFR, Pi-transport, and ERK1/2 signaling
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for FoxC2 and OPN expression. New vessel formation is also a critical component to
fracture repair (Hankenson et al., 2011) and the stimulation of angiogenesis by high Pi could
have implications for bone development and fracture repair. In this case, the high Pi
environment created during osteoblast mineralization of a fracture would represent a signal
for subsequent required vascularization. These results are also relevant to the cancer studies
in which mice on a high Pi diet had increased tumor number and size (Camalier et al., 2010;
Jin et al., 2009). The coordinated increase in angiogenesis in response to elevated Pi would
provide the growing cell mass with required blood flow. In fact, a high phosphate diet was
demonstrated to increase markers of angiogenesis such as MMP2, FGF2, CD31 and CD34
in the liver and lung of mice (Jin et al., 2007; Xu et al., 2008). A study describing a
knockout of the sodium dependent Pi-transporter Slc20A1 (Pit-1) identified yolk sacs that
appear anemic and lack mature vasculature relative to wild type (Festing et al., 2009)
supporting the relevance of Pi-signaling to angiogenesis in vivo.

Taken together, these results describe the temporally coordinated response of extracellular
ion sensing and growth factor receptor (GFR) signaling with cell growth, changes in the
matrix environment, angiogenesis, and mineralization/calcification. The results also suggest
that a short exposure to elevated Pi is sufficient to drive proliferation however a sustained
exposure is required for the stimulation of osteo-regulatory genes. Recent studies have
suggested that serum Pi levels may influence initiation and/or progression of a pathological
states associated with cardiovascular disease, bone metabolism, kidney function, and cancer
and results presented herein provide insight into cell autonomous and autocrine mechanisms
of the cellular response to high Pi and identify potential novel therapeutic targets to
modulate the Pi-response.
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Figure 1. Elevated Pi stimulates immediate early gene expression through AP-1 and Serum
response elements
(A) MC3T3-E1 cells grown in normal growth medium (1mM Pi and 10% FBS) and Pi
(10mM) was added for the indicated times. Samples were analyzed by Northern blotting and
the resulting membrane was probed as indicated. Egr1; early growth response-1, Vegfα;
Vascular endothelial growth factor alpha, Sgk; Serum glucocorticoid kinase. (B) Cells were
transiently transfected with a c-fos reporter construct or mutants as indicated, serum starved
overnight, and luciferase measured in response to Pi. Results are expressed as fold activation
to Pi. (Avg. 10 exp.) *P<0.01 relative to full length construct. (C) MC3T3-E1 cells were
transiently transfected with the indicated reporter plasmids. Cells were serum starved
overnight and pretreated with the MEK-ERK1/2 inhibitor U0126 (30μM) followed by
addition of 10mM Pi for 4 h (control medium contains 1mM Pi). Results are expressed as
fold activation relative to control for each construct. *p<0.01 compared to control (1mM),
#p<0.01 compared to Pi-stimulated (student T test). (D) Cells in growth medium were
treated with Pi for the indicated times. The resulting nuclear lysate was used for EMSA
using a specific AP-1 consensus oligo. (E) MC3T3-E1 cells were serum starved overnight
and cells harvested at indicated time points after addition of Pi. The resulting nuclear lysate

Camalier et al. Page 23

J Cell Physiol. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



was analyzed by Western blotting and probed for AP-1 proteins as indicated. TFIIB was
used as a loading control. (F) MC3T3-E1 cells in growth medium were treated with Pi for 18
h and nuclear lysate analyzed by Western blotting and the membrane probed as indicated.
Results are representative of multiple experiments.
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Figure 2. Pi-induced signaling requires GTP and activates N-ras
(A) MC3T3-E1 cells were serum starved overnight and pretreated with 3mM GDPβS (a
non-hydrolyzable GDP analog) followed by addition of Pi for 15 min and harvested for
Western blotting and probed with antibodies as indicated. (B) Cells were treated as in (A)
for 60 min and samples harvested for Northern blot analysis and probed for Egr1. (C) Cells
were treated as in (A) and resulting RNA analyzed by qRT-PCR for c-fos and Nr4a1
expression. (D) Electrophoretic mobility shift assay using an oligo for AP-1. Cells were
pretreated with indicated inhibitor for 60 min followed by addition of Pi for 60 min
(GDPβS:3mM, U0126:30μM, Fos:1mM). (E) Cells were pretreated with 3mM GDPβS in
growth medium followed by Pi for 24 h. The resulting Northern blot was probed as
indicated. (F) Cells were treated as in (E) and protein analyzed by Western blotting. (G)
Cells were serum starved overnight and supplemented with Pi for 2.5, 5, and 10 min and
total-ras activity measured with a pan-ras antibody. Parallel whole cell lysate samples were
used for Western blotting and probed with antibodies to phospho and total ERK1/2. Results
are representative of multiple experiments. (H) N-ras activity was quantified at 0, 2.5 and 5
min after Pi addition from 4 separate experiments. Results are expressed as arbitrary units
obtained from densitometry analysis. (I) Cells cultured in growth medium were treated with
Pi for 24 h and the resulting samples used to measure N-ras activity and parallel whole cell
lysate samples probed for phospho and total ERK1/2. *p<0.05 compared to control; #p<0.05
compared to Pi-stimulated (student T test).
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Figure 3. FGF receptor signaling is required for the Pi induced response
(A) Cells were serum starved overnight (1mM Pi) and pretreated with DMSO (vehicle) or
growth factor receptor inhibitors (μM) as indicated for 2 h followed by Pi for 45 min. The
resulting RNA was used to analyze c-fos levels by quantitative real time PCR. (B) Cells
were cultured in growth medium and pre-treated with inhibitors as indicated followed by Pi
for 24 h and resulting RNA was analyzed by Northern blotting and probed for osteopontin
(OPN) or actin. (C) Cells cultured in growth medium were pretreated with FGF receptor
inhibitor as indicated followed by 10mM Pi for 24 h. RNA was analyzed for OPN levels by
qRT-PCR. (D) FGFR inhibitor was added to cells cultured in growth medium at the
indicated times after Pi addition and resulting RNA analyzed by Northern blotting. (E) Cells
were serum starved overnight, treated with Pi as indicated, and resulting cell lysate was
immunoprecipitated with an antibody to FRS2α. (F) Cells were serum starved overnight and
pretreated with inhibitors as indicated followed by Pi for 10 min. The resulting samples were
analyzed by Western blotting. (G) Cells were serum starved overnight, pretreated with
FGFR inhibitor, and Pi added for 2.5 min. A ras activation assay and parallel whole cell
lysate blot were probed with antibodies for N-ras, phospo-ERK1/2 and ERK1/2 as indicated.
(H) Cells were treated as in (A) with inhibitors as indicated and treated with Pi for 15 min.

Camalier et al. Page 26

J Cell Physiol. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The resulting protein was used for Western blotting and probed as indicated. (I) Serum
starved cells were transfected with c-fos luciferase construct, pretreated with FGFR inhibitor
(300nM), and luciferase activity measured after 4 h of Pi. (J) Cells were treated as in (A) and
nuclear lysate analyzed by Western blotting as indicated. *p<0.01 compared to control
(1mM), #p<0.01 compared to Pi-stimulated (student T test).
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Figure 4. FGF23 RNA levels are not regulated by Pi but the peptide synergistically enhances late
gene expression
(A) FGF23 levels in response to a time course of Pi treatment as measured by microarray.
(B) The lack of FGF23 response to elevated Pi was confirmed by qRT-PCR in MC3T3-E1
cells treated for indicated times. C-fos is shown as a positive control. (C) Cells were serum
starved overnight and treated with FGF23 (500ng/ml) with Klotho (500ng/ml) and Heparin
(5ug) with or without Pi as indicated for 60 minutes and RNA analyzed by qRT-PCR.
Results are calculated as fold increase relative to the non-treated control for each pair. (D)
Cells were treated for 24 hours in growth medium with FGF23 and Pi as in (C) and RNA
analyzed by qRT-PCR. Results were calculated as in (C) for each pair. (n=3) *p<0.01
compared to control (1mM), #p<0.01 compared to Pi-stimulated (student T test).
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Figure 5. Elevated Pi increases oxidative phosphorylation
(A) MC3T3-E1 were cultured in growth medium and pretreated with the MEK-ERK1/2
inhibitor U0126 (30μM) or the OxPhos inhibitor Rotenone (1μM) as indicated followed by
addition of Pi (10mM) for 24 h. Cells were harvested and ATP quantified. (B) Northern Blot
analysis of cells cultured in growth medium and pretreated with Rotenone (1μM) before
addition of Pi for 24 hours. (C) Northern Blot analysis of serum starved cells pretreated with
Rotenone (1μM) before addition of Pi for 45 min. *p<0.01 compared to control (1mM),
#p<0.01 compared to Pi-stimulated (student T test).
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Figure 6. Elevated Pi stimulates angiogenesis
(A) MC3T3-E1 cells were cultured in growth medium (1mM Pi) (control) or with 10mM Pi
added for 96 hours and medium changed to serum free medium for 20 h. The conditioned
medium was concentrated by filter centrifugation and used for angiogenesis protein arrays.
The resulting blots were densitometrically quantitated and proteins with a > 3fold change in
response to Pi are shown. (B) A Western blot of samples derived as in (A) was probed as
indicated. NS=non-specific (C) MC3T3-E1 cells were serum starved overnight and
pretreated with inhibitors as indicated (μM) (Fos in mM). RNA was analyzed by qRT-PCR
for Foxc2 expression *p<0.01 compared to control (1mM), #p<0.01 compared to Pi-
stimulated (student T test). (D) Conditioned medium from control or Pi-treated E1 cells was
generated as in (A) added to the HUVEC tube formation assay. Results were quantified
using Wimasis software, a representative image is shown (D) and quantification data
presented in (E) (n=3).
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Figure 7. Similar effects of elevated Pi in human and mouse bone marrow stromal cells
(A) Human bone marrow stromal cells were serum starved overnight followed by addition
of Pi (2mM) for times as indicated. The resulting cell lysate was used for Western blotting
and probed as indicated (Rep. of 2 patients). (B) hBMSCs were serum starved overnight and
treated with Pi as indicated for 45 min. and cells harvested for RNA analysis by qRT-PCR
(Rep. of 3 patients). (C) Serum starved hBMSCs were pretreated with FGFR inhibitor
(300nM) followed by Pi as indicated for 45 min. and harvested for RNA analysis by qRT-
PCR. (D) hBMSCs were treated with the indicated concentrations of Pi and cells harvested
for qRT-PCR after 11 days (Rep. of 3 patients). (E) Mouse BMSCs were serum starved
overnight followed by addition of Pi (2mM or 4mM) for times as indicated and the resulting
cell lysate was used for Western blotting. (F) Serum starved mBMSCs were treated with Pi
as indicated for 45 min. and analyzed by qRT-PCR. (G) Serum starved mBMSCs were
pretreated with FGFR inhibitor (300nM) followed by Pi as indicated for 15 min. and
harvested for Western blotting analysis. (H) mBMSCs were pretreated with FGFR inhibitor
300nM followed by addition of 2mM Pi for 45 min and resulting RNA analyzed by qRT-
PCR. *p<0.05 compared to control or as indicated (student T test).
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Table 1

Predicted enriched elements in phosphate responsive genes

Immediate Early Delayed Intermediate Late

Creb/ATF/AP-1 Egr1 ATF E2F/E2F4,6/DP Myc/max

Egr1 (NGFI-A) Srf Ets/Elk Ets/Elk NF-E2

Srf NFκB Runx Runx GATA

Oct MyoD Ets-Erg Msx2 UBP1

SREBP C/EBPβ LEF1

T3R Oct C-abl

E box fact. LEF1 Oct

TFII-I Myb Hox1

Italicized factors: identified as altered by either transcriptomic or proteomic analyses.

J Cell Physiol. Author manuscript; available in PMC 2014 July 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Camalier et al. Page 33

Table 2

Predicted phosphate regulated changes in signaling pathways

Early

Growth Factor Receptor Tyrosine kinase B, InM, GB

Regulation of MAPK pathways B, InM

G-Protein signaling B, InM

IFN signaling B, InM

cAMP-Mediated signaling InM

Insulin signaling pathway B

IL-6 signaling B

Inactivation of Gsk3 by Akt * B

IL-7 signaling * B

Delayed Early

Regulation of MAPK by DUSP B, GB

Growth Factor Receptor Tyrosine kinase InP, InM

Regulation of MAPK pathways InM

NF-κB signaling B

B cell receptor signaling InP

Intermediate

ERK/MAPK signaling InP

Growth Factor Receptor Tyrosine kinase InP

Integrin signaling InP

E2F1 destruction pathway B

NF-κB signaling * B

CD40L signaling pathway * B

Late

NO mediated signaling GB, InM

Growth Factor Receptor Tyrosine kinase InP, InM

PI3K/AKT signaling InP

G protein coupled signaling InM

Ras protein signaling GB

ER signaling InP

B; Biocarta, InM; Ingenuity for microarrays, InP; Ingenuity for proteomics, GB; gene ontology/biological processes database.

*
=down regulated.
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Table 3

Predicted phosphate induced changes in cell functions

Early Intermediate

Role of MAL in Rho activation of SRF B Cell cycle, G2, M checkpoint B, GB, InP, InM

Negative regulation of transport GB Purine/Pyrimidine synthesis and metabol. GB, InM

Ectoderm development GB DNA metabolism/replication/repair/mod. GB, InM

Gliogenesis GB Basic sumoylation & ubiquitination B, InM

Cell cycle/cell growth/proliferation InP Glycolysis/gluconeogenesis InP, InM

Apoptosis InP Oxidative phosphorylation InM

Cellular metabolism InP Fatty acid metabolism InP

Parkinson’s signaling InM Citrate cycle InM

Delayed Early Late

Cell cycle, G2, M checkpoint B, GB, IP, InM Regulation of transcription GB, InM

Positive regulation of cell death GB, InP, InM Negative regulation of proliferation GB, InP

Negative regulation of apoptosis GB, InP Connective tissue dev. and function InP, InM

Cardiovasc. system dev. and function InP, InM Phosphorous metabolism GB

Influence of rho and ras on G1 to S B Ion homeostasis GB

Oxidative phosphorylation InP Inhibition of matrix metalloproteinases B

Reg. of lipid and fatty acid metabol. GB Apoptosis signaling GB

Protein biosynthesis GB Reg. of ossification and mineralization GB

Cell adhesion GB Myeloid/monocyte/cell differentiation GB

Anagen/hair follicle maturation GB Mesoderm development/Gastrulation GB

Odontogenesis GB Function of SLRP in bone * B

B; Biocarta, InM; Ingenuity for microarrays, InP; Ingenuity for proteomics, GB; gene ontology/biological processes database.

*
=down regulated.
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