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Background: ENPP1 is expressed in precursor cells, but the role of ENPP1 in these cells is unknown.
Results: High cellular ENPP1 expression promotes osteoblast (bone cell) differentiation, whereas low ENPP1 expression pre-
vents osteoblast differentiation. Pyrophosphate and phosphate do not mediate this effect.
Conclusion: ENPP1 promotes osteoblast differentiation.
Significance: ENPP1 promotes osteoblast differentiation in precursor cells, which is a critical component of anabolic bone
activity.

ENPP1 (ectonucleotide pyrophosphatase/phosphodiester-
ase-1) is an established regulator of tissue mineralization. Pre-
vious studies demonstrated that ENPP1 is expressed in differ-
entiated osteoblasts and that ENPP1 influences matrix
mineralization by increasing extracellular levels of inorganic
pyrophosphate. ENPP1 is also expressed in osteoblastic precur-
sor cells when stimulated with FGF2, but the role of ENPP1 in
preosteoblastic and other precursor cells is unknown. Here we
investigate the function of ENPP1 in preosteoblasts. We find
that ENPP1 expression is critical for osteoblastic differentiation
and that this effect is not mediated by changes in extracellular
concentration levels of phosphate or pyrophosphate or ENPP1
catalytic activity. MC3T3E1(C4) preosteoblastic cells, in which
ENPP1 expression was suppressed by ENPP1-specific shRNA,
and calvarial cells isolated from Enpp1 knock-out mice show
defective osteoblastic differentiation upon stimulation with
ascorbate, as indicated by a lack of cellular morphological
change, a lack of osteoblast marker gene expression, and an
inability to mineralize matrix. Additionally, MC3T3E1(C4)
cells, in which wild type or catalytic inactive ENPP1 expression
was increased, exhibited an increased tendency to differentiate,
as evidenced by increased osteoblast marker gene expression
and increased mineralization. Notably, treatment of cells with
inorganic phosphate or pyrophosphate inhibited, as opposed to
enhanced, expression of multiple genes that are expressed in
association with osteoblast differentiation, matrix deposition,
andmineralization. Our results indicate that ENPP1 plays mul-
tiple anddistinct roles in thedevelopment ofmineralized tissues
and that the influence of ENPP1 on osteoblast differentiation
and gene expressionmay include amechanism that is independ-
ent of its catalytic activity.

ENPP1 (ectonucleotide pyrophosphatase/phosphodiester-
ase-1) is a membrane-bound, nucleoside triphosphate pyro-

phosphohydrolase (NTPPPH)2 that generates pyrophosphate
through the hydrolysis of nucleotides and nucleotide sugars (1).
ENPP1 is the primary enzymatic generator of extracellular
inorganic pyrophosphate by mature osteoblasts and chondro-
cytes (3–5), and substantial data exist indicating that ENPP1-
generated pyrophosphate plays an essential role in both hard
and soft tissue mineralization. Pyrophosphate is a well estab-
lished inhibitor of hydroxyapatite crystal deposition and
growth (6, 7), yet pyrophosphate can also serve as an essential
source of phosphate to enhance mineralization when it is
hydrolyzed by TNAP (tissue-nonspecific alkaline phosphatase/
Alpl/Akp2), which is co-expressed with ENPP1 in matrix vesi-
cles and plasma membranes of mineralizing cells (5, 8). Addi-
tionally, whereas physiologic inorganic pyrophosphate levels
inhibit soft tissue hydroxyapatite calcification, excessive pyro-
phosphate can promote the pathologic calcification of non-
bony tissues in the form of calcium pyrophosphate dihydrate
crystals (2, 9–12).
Threemousemodels of ENPP1 deficiency exist, and all show

a phenotype of decreased eutopic and increased ectopic tissue
mineralization. The “tiptoewalking”mouse (ttwmouse) carries
a naturally occurring truncation mutation in the Enpp1 gene,
resulting in deficient ENPP1 expression and enzyme activity
(13, 14). This mouse exhibits abnormal calcium deposition in
cartilage and ligaments, with significantly diminished cortical
bone thickness and trabecular bone volume compared with
wild type littermates (14–18). The gene-targeted, global
ENPP1 knock-out mouse (ENPP1�/� mouse) also exhibits
diminished bone density with ectopic calcification of joints and
vertebrae (19–21). Finally, a recent genome-wide chemical
mutagenesis screen to identify genes associatedwith bonemass
demonstrated that mice with a C392Smutation in ENPP1 have
deficient ENPP1 protein expression with calcification in joints
and blood vessels, in combinationwith significantly diminished
long bone mineral density and content (22).
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Importantly, a cross of the TNAP�/� mouse with the
ENPP1�/� mouse generates a double knock-out mouse with
significantly greater bone mineralization than the TNAP�/�

mouse (23). This result clearly supports the idea that ENPP1
and TNAP work together to produce normally mineralized
bone matrix via the generation and hydrolysis of pyrophos-
phate. Importantly, however, closer inspection of the ENPP1�/

�/TNAP�/� mice revealed that the low bone mass phenotype
of the double knock-outmice is incompletely rescued (24). This
finding suggests that ENPP1 may also play a role in bone for-
mation that is independent from that of generating inorganic
pyrophosphate for hydrolysis by TNAP.
Because patients andmice who carry activatingmutations in

fibroblast growth factor receptors (FGFRs) show evidence of
abnormal eutopic and ectopic tissue mineralization (25–29)
and because ENPP1 is an essential mediator of hard and soft
tissue mineralization, we became interested in the ability of
FGF signaling to regulate expression of this enzyme. We ini-
tially showed that FGF2 induces ENPP1 expression in predif-
ferentiated but not in differentiated calvarial osteoblasts (30).
Subsequently, we showed that FGF signaling induces ENPP1
expression in a direct and cell type-specific manner that is
dependent upon RUNX2 and MSX2 transcriptional activity
(31, 32). That FGF signaling induces ENPP1 expression in
preosteoblasts but not in differentiated osteoblasts suggests
that the primary function of ENPP1 in preosteoblasts may be
distinct from that in differentiated cells. Significantly, ENPP1 is
also highly expressed in mesenchymal precursor cells of devel-
oping molars several days prior to the onset of tooth mineral-
ization in a RUNX2-dependent manner (33). This result also
supports the idea that ENPP1 has cellular functions in premin-
eralizing cells that are distinct from that of generating extracel-
lular pyrophosphate for control of matrixmineralization in dif-
ferentiated cells.
To elucidate the cellular function of ENPP1 in preosteo-

blasts, we inhibited Enpp1 expression by transduction with
Enpp1-specific shRNA and by isolation of calvarial cells from
ENPP1�/� mice. We also enhanced wild type and catalytic
inactive ENPP1 expression by transduction in calvarial preos-
teoblastic MC3T3E1(C4) cells. Here we show that ENPP1
expression is a necessary stimulator of osteoblast differentia-
tion and that this effect is independent of extracellular inor-
ganic phosphate and pyrophosphate generation and independ-
ent of ENPP1 enzymatic activity.

EXPERIMENTAL PROCEDURES

Cell Culture—ENPP1 knock-out mice were generously pro-
vided by Dr. Jose Millan (Sanford Burnham Medical Research
Institute, La Jolla, CA). Thesemice were created by insertion of
a neomycin cassette into exon nine of the gene for Enpp1 to
disruptEnpp1 gene expression (19). Primary calvarial cells were
isolated from ENPP1�/� and wild type mice by collagenase
digestion, as described previously (31). MC3T3E1(C4) preos-
teoblastic calvarial cells and primary calvarial cells were cul-
tured in custom formulated �-minimum essential medium
containing no ascorbate, supplemented with 10% fetal bovine
serum (FBS) and 10,000 �g/ml penicillin/streptomycin. Cells
were differentiated by the addition of 50 �g/ml ascorbate. Hek

293 Phoenix cells were cultured in DMEM supplemented with
10% FBS and penicillin/streptomycin. For stimulation of
ENPP1 expression, recombinant FGF2 (Peprotech) was added
to a final concentration of 50 ng/ml inmedium containing 0.5%
FBS. Inorganic phosphate was added at a final concentration of
5 mM, and inorganic pyrophosphate was added at a final con-
centration of 0.5 mM, based upon previously published reports
showing that extracellular inorganic pyrophosphate and phos-
phate can regulate osteoblastic gene expression (34, 35).
DNA Constructs—Full-length murine Enpp1 cDNA (Gen-

BankTM NM_008813) in the pcDNA3 mammalian expression
vector (Invitrogen) was a generous gift fromDr. Robert Terkel-
taub (University of California, San Diego, La Jolla, CA). Enpp1
cDNA was subcloned into the pPGS-NEO-CITE-3HA retrovi-
ral expression vector, which was a generous gift from Dr. Kun-
Liang Guan (University of California, San Diego, Medical Cen-
ter, La Jolla, CA).
Mutagenesis—The catalytic site of ENPP1 was inactivated by

conversion of the critical threonine at position 238 to alanine,
via PCR-based in vitro mutagenesis using the primer 5�-
ATTGGGAAACGTCTTAGCAGGGTACATAGGCCTCAT-
3�. This mutation was previously shown to abolish ENPP1 cat-
alytic activity (36).
Transfections—Superfect transfection reagent (Qiagen) was

utilized for all transfection experiments, following the manu-
facturer’s recommended protocol. Briefly, cells were incubated
with DNA-Superfect complexes for 4 h, in medium containing
10% FBS and penicillin/streptomycin. Cells were then washed
with phosphate-buffered saline (PBS), and medium was
replaced. Cells were incubated for an additional 24 h prior to
cytokine treatment or cell lysis.
mRNA Quantification—RNA was isolated using TRIzol rea-

gent (Invitrogen) following the manufacturer’s protocols.
mRNA levels were assayed by reverse transcription and real-
time PCR. Real-time PCR was performed utilizing the murine
Enpp1 primer/probe set Mm01193752_m1, the murine
GAPDH primer/probe set Mm9999915_g1, the murine osteo-
calcin (OCN)Mm03413826_mH primer/probe set, the murine
bone sialoprotein (BSP) primer/probe set Mm00492555_m1,
the murine tissue-nonspecific alkaline phosphatase (TNAP)
primer/probe set Mm00475834_m1, the murine osteopontin
(OPN) primer/probe set Mm01204014_m1, the murine colla-
gen type 1, �1 (Col1a1) primer/probe setMm00801666_g1, the
murine Runx2 primer/probe set Mm00501578_m1, and Taq-
man Universal PCR Master Mix (Applied Biosystems). Real-
time PCR was performed on a GeneAmp 7700 thermocyler
(Applied Biosystems) and quantified by comparison with a
standard curve. Experiments were performed in triplicate.
mRNA levels are reported after normalization to GAPDH
mRNA levels.
ENPP1 Enzyme Activity Assay—ENPP1 enzyme activity was

assayed using the colorimetric substrate, p-nitrophenyl thymi-
dine 5�-monophosphate (Sigma). Cells were lysed in 1%Triton,
200 mMTris, pH 8.0. Equivalent amounts of protein were incu-
bated with 1 mg/ml p-nitrophenyl thymidine 5�-monophos-
phate for 1 h. 100 mM NaOH was added after 1 h to stop the
reaction, and absorbance was measured at 405 nm.
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Alkaline Phosphatase Enzyme Activity Assay—TNAP
enzyme activity was assayed using the colorimetric substrate,
nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate
(Sigma). Cells were fixed in 70% ethanol for 10 min at room
temperature, air-dried, and incubated with substrate for 1 h at
37 ºC. Cells were then rinsed with distilled H2O, air-dried, and
visualizedmacroscopically for evidence of staining. For quanti-
fication, wells were scanned, and densitometry was measured
using NIH Image software.
Collagen Stain—Collagenous matrix was stained with Sirius

Red. Cells were fixed in Bouin’s fixative, washed, and air-dried.
Cells and matrix were then incubated with 100 mg/ml Sirius
Red for 1 h. Cells and matrix were rinsed with 0.01 N HCl and
visualized macroscopically for evidence of staining.
MineralizationAssay—Cellswere grown for 5 days in�-min-

imum essential medium containing 50 �g/ml ascorbate. Min-
eralization was induced by supplementation of medium with 5
mM NaPO4 or 10 mM �-glycerophosphate, with medium
replacement every day. For Von Kossa staining, cells were
rinsed with phosphate-buffered saline, fixed with 100% ethanol
for 30min, and rehydrated in a graded ethanol series. Cells were
rinsed with distilled H2O, incubated at 37 ºC for 1 h in 5%
AgNO3, rinsed again with distilled H2O, and exposed to light
for 1 h. For Alizarin Red staining, cells were rinsed with phos-
phate-buffered saline, fixed with 100% ethanol for 30 min, and
air-dried. Cells were then incubated with 0.5% Alizarin Red-S
for 30 min. Cells were washed with 70% ethanol and air dried.
For Alizarin quantification, stained calcium was solubilized in
10% cetylpyridinium chloride for 1 h, and absorbance was read
at 562 nm.
Establishment of ENPP1-deficient Cells—MC3T3E1(C4)

cells were transduced with lentiviral particles expressing a
puromycin resistance gene and Enpp1-specific shRNA (Sigma
Mission, SHCLNV-NM_008813) or non-target shRNA (Sigma
Mission, SHC002V) in the presence of 8�g/ml hexadimethrine
bromide. 48 h after transduction, cells were selected inmedium
containing 10 �g/ml puromycin. Puromycin-resistant colonies
were expanded and tested for expression of ENPP1.
Establishment of ENPP1-overexpressing Cells—Hek 293

Phoenix cells were transfected with pPGS empty vector or
pPGS vector containing full-length murine Enpp1 cDNA
(pPGS/Enpp1) or a catalytic inactive version of murine Enpp1
cDNA (pPGS/Enpp1/T238A). 48 h after transfection, medium
containing virus was collected, filtered through a 0.45-�m fil-
ter, and transferred to culture plates containingMC3T3E1(C4)
cells at a 70% confluence. Stably transduced cells were selected
by growth in medium containing 500 �g/ml neomycin.
Immunoblots—Preparation of cell lysate was achieved by sol-

ubilization in radioimmune precipitation buffer (50 mM Tris-
Cl, pH 7.4, 150 mM NaCl, 1% sodium deoxycholate, 1% Triton
X-100, 0.1% SDS) containing 1� protease inhibitor mixture
(Sigma), followed by removal of insoluble material by centrifu-
gation at 12,000 rpm for 10 min. Prior to loading, 5� Laemmli
loading buffer was added to a final 1� concentration, and sam-
ples were boiled for 3 min and then iced. Samples were sepa-
rated by SDS-PAGE and transferred onto Immobilon (Milli-
pore). Immunoreactive protein bands were visualized by
enhanced chemiluminescence (Pierce).

Chromatin Immunoprecipitation (ChIP) Assays—ChIP
assays were conducted as described previously (31). 10 �g of
chromatin (input DNA) and 2 �g of RUNX2 or control IgG
antibodywere used for each reaction. PCRwas performedusing
primers generated to detect the established RUNX2 binding
site found within the BSP gene promoter. PCR bands were
quantified with Scion Image version 4.0.3 software. RUNX2
ChIP results are presented as normalized to control IgG ChIP
results.

RESULTS

shRNA for Enpp1 Suppresses Enpp1 Expression—We previ-
ously showed that FGF2 induces Enpp1 gene expression in
preosteoblastic cells via MAPK signaling (30, 31). To investi-
gate the function of ENPP1 in preosteoblasts, we suppressed
ENPP1 expression in calvarial preosteoblastic MC3T3E1(C4)
cells by transducing with a lentivirus expressing Enpp1-specific
or non-target shRNA. To substantiate our data, two distinct
MC3T3E1(C4) cell clones expressing Enpp1 shRNAwere com-
pared with an MC3T3E1(C4) cell clone expressing non-target
shRNA and with wild type cells. To establish strong suppres-
sion of ENPP1 expression by Enpp1 shRNA, we treated cells
with FGF2, which stimulates ENPP1 expression (30–32). Here
we demonstrate that FGF2 treatment significantly increases
NTPPPH enzyme activity, which is indicative of ENPP1
enzyme activity, in wild type MC3T3E1(C4) cells and
MC3T3E1(C4) cells stably expressing non-target shRNA, but
not in the two MC3T3E1(C4) clones stably expressing Enpp1-
specific shRNA (Fig. 1A). Further results demonstrate that
FGF2 treatment induces Enpp1 mRNA expression in non-tar-
get shRNA MC3T3E1(C4) cells but not in Enpp1 shRNA
MC3T3E1(C4) cells (Fig. 1B). Because FGF2 treatment should
stimulate cellular expression of ENPP1, these results demon-
strate that Enpp1 gene expressionwas effectively suppressed by
Enpp1-specific shRNA.
ENPP1-deficient MC3T3E1(C4) Cells Are Defective in Osteo-

blast Differentiation—Because ENPP1 generates extracellular
pyrophosphate, which inhibits extracellular matrix mineraliza-
tion, we expected ENPP1-deficient cells to exhibit an enhanced
ability to produce mineralized matrix in the presence of inor-
ganic phosphate. To test this hypothesis, we performed an ini-
tial mineralization assay with our ENPP1-deficient cells using
�-glycerophosphate as a source of phosphate. To our surprise,
we found that multiple Enpp1 shRNA-expressing clones
showed dramatically diminished mineralized nodule forma-
tion, as comparedwithwild type or non-target shRNA-express-
ing cells (Fig. 1C). To better comprehend this result, we next
examined the cells over time as they were induced to undergo
osteoblast differentiation by culture in ascorbate. We found
that wild type and non-target shRNA-expressing cells under-
went typical osteoblastic morphological changes resulting in
primarily spindle-shaped cells after 14 days of culture, whereas
Enpp1 shRNA-expressing cells did not (Fig. 1D). This result
indicated that ENPP1-deficient cells may have a primary defect
in osteoblast differentiation.
To substantiate these results, we measured the expression of

genes associated with osteoblast maturation, including OCN,
BSP, TNAP, and Col1a1 in non-target shRNA-expressing cells
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and in two clones expressing Enpp1 shRNA. Results demon-
strated that non-target shRNA cells express significantly more
OCN, BSP, and TNAP mRNA after 6 days of culture in ascor-
bate, compared with Enpp1 shRNA-expressing cells. Although
stimulationwith ascorbate did increase expression of OCN and
BSP in Enpp1 shRNA cells, the increase was dramatically
reduced compared with non-target shRNA cells (2, A and B).
Notably, stimulationwith ascorbate did not increase expression
of TNAP in ENPP1-deficient cells, whereas it did so in non-
target shRNA cells (Fig. 2C). In accordance with this, TNAP
enzyme activity was also significantly diminished in Enpp1
shRNAcells comparedwith non-target shRNAcells after 6 days
of culture in ascorbate (Fig. 2E).
Ascorbate stimulates the production of a functional collage-

nous extracellularmatrix, which is essential for the induction of
osteoblastic gene expression in differentiating cells (37), so we
also examined Col1a1 mRNA expression in the Enpp1 shRNA-
expressing cells. Results show that the ENPP1-deficient cells
express significantly more Col1a1 mRNA than non-target
shRNA-expressing cells, which is diminished to levels similar to
that of non-target shRNA-expressing cells upon culture in
ascorbate. This indicates that the inability of Enpp1 shRNA
cells to produced mineralized nodules was not due to dimin-
ishedCol1a1 expression (Fig. 2D). Similarly, Sirius Red collagen
staining revealed relatively similar levels of collagen deposition
by ENPP1-deficient and control cells after induction of osteo-
blast differentiation by culture in ascorbate, again indicating
that the defective mineralization was not likely to be due to
inadequate collagen production.

�-Glycerophosphate is a TNAP enzyme-dependent source
of inorganic phosphate for hydroxyapatite deposition in cul-

ture. ENPP1-deficient cells do not increase expression levels of
TNAP in response to treatment with ascorbate; therefore, their
inability to produce mineralized matrix in the presence of
�-glycerophosphate could be due to a lack of �-glycerophos-
phate hydrolysis. To eliminate this possibility, we compared
mineralized nodule formation of ENPP1-deficient and control
cells in the presence of NaH2PO4 as a source of inorganic phos-
phate. Von Kossa staining formineral deposition demonstrates
that the ENPP1-deficient cells were unable to formmineralized
nodules even upon direct medium supplementation with inor-
ganic phosphate (Fig. 2G). This result indicates that the lack of
matrix mineralization by these cells is not simply due to insuf-
ficient TNAP expression. Taken together, these results demon-
strate that ENPP1-deficient cells have a primary defect in osteo-
blast differentiation.
ENPP1-overexpressing Cells Show Enhanced Osteoblastic

Gene Expression—To further investigate ENPP1 as a regulator
of osteoblast differentiation, we transduced MC3T3E1(C4)
cells with Enpp1 cDNA and selected for stable transductants.
Results demonstrate that cells stably transduced with Enpp1
cDNA (pPGS/Enpp1 cells) show significantly increased NTP-
PPH enzyme activity as compared with cells stably transduced
with the empty vector (pPGS cells), reflective of increased
ENPP1 enzyme activity (Fig. 3A). pPGS/Enpp1 cells also
express significantlymoreEnpp1mRNA than control cells (Fig.
3B), and pPGS/Enpp1 cells but not pPGS cells express the exog-
enous �105-kDa HA-tagged ENPP1 protein, confirming that
pPGS/Enpp1-stable transductants express exogenous ENPP1
(Fig. 3C).
To determine if overexpression of ENPP1 affects osteoblast

differentiation, we next compared the expression of genes asso-

FIGURE 1. ENPP1 expression is required for ascorbate induced mineralization and cellular morphological changes. A, Enpp1 shRNA suppresses FGF2-
induced ENPP1 enzyme activity. NTPPPH enzyme activity (indicative of ENPP1 enzyme activity) was analyzed in wild type MC3T3E1(C4) calvarial preosteoblasts,
MC3T3E1(C4) cells expressing non-target shRNA, and two MC3T3E1(C4) cell clones expressing Enpp1-specific shRNA. Cells were treated with FGF2 to induce
ENPP1 expression. NTPPPH activity was measured by incubation of cell lysate with a colorimetric substrate. *, p � 0.05 versus no FGF2. B, Enpp1 shRNA
suppresses FGF2-induced Enpp1 mRNA expression. Cells expressing non-target or Enpp1-specific shRNA were treated with FGF2 to induce ENPP1 expression.
Enpp1 mRNA was measured by real-time PCR. Results are presented as normalized to GAPDH. *, p � 0.05 versus no FGF2. C, ENPP1-deficient cells have a defect
in matrix mineralization. Wild type, non-target shRNA and Enpp1-specific shRNA-expressing cells were cultured in medium with ascorbate and �-glycerophos-
phate. Mineralized matrix was stained with Alizarin Red. D, ascorbate does not induce cellular morphological changes in ENPP1-deficient cells. Wild type,
non-target shRNA and Enpp1-specific shRNA-expressing cells were cultured in medium with or without ascorbate. Live cells were photographed at �20
magnification. Error bars, S.D.
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ciatedwith osteoblastmaturation, includingOCN, BSP, TNAP,
andCol1a1, in control and ENPP1-overexpressing cells. Results
show that overexpression of ENPP1 in preosteoblasts leads to
significantly higher expression levels of OCN and BSP com-
pared with control cells upon stimulation to differentiate by
treatment with ascorbate (Fig. 3,D and E). Ascorbate treatment
also increased TNAP mRNA levels in pPGS/Enpp1 cells to a
greater extent than in pPGS cells, although this difference was
not as dramatic (Fig. 3F). Ascorbate treatment did increase
TNAP enzyme activity levels in pPGS/Enpp1 cells to almost
twice that seen in pPGS cells (Fig. 3, H and I). This result is
consistent with a previous report that demonstrated that
ENPP1 expression in calvarial osteoblastic cells influenced
TNAP enzyme activity to a greater extent than TNAP mRNA
expression upon treatment of cells with ascorbate (38).
Because production of a collagenous matrix is essential for

expression of osteoblast marker genes, we also examined
Col1a1 mRNA expression in the ENPP1-overexpressing cells.
In accordance with our results for ENPP1-deficient cells,
Col1a1 mRNA levels were significantly lower in pPGS/Enpp1
cells with no treatment, when compared with control pPGS
cells (Fig. 3G). Additionally, Col1a1 mRNA levels were not
higher in ascorbate-treated pPGS/Enpp1 cells than in ascor-
bate-treated pPGS cells. These results indicate that the
increased levels of osteoblastic gene expression seen in pPGS/
Enpp1 cells upon ascorbate treatment are not due to increased
collagen expression in the pPGS/Enpp1 cells. That Col1a1

mRNA expression is increased in Enpp1 shRNA-expressing
cells and decreased in Enpp1 cDNA-expressing cells is consist-
ent with the previous report that type I collagen expression and
synthesis is increased in calvarial osteoblasts isolated from
Enpp1�/� mice (38). In support of our findings that Enpp1
enhances osteoblast differentiation, pPGS control and ENPP1-
overexpressing cells were generated on two separate occasions,
and results were similar with both sets of cells (data not shown).
Calvarial Cells of ENPP1�/�Mice Exhibit DiminishedOsteo-

blast Differentiation—To establish that ENPP1 effects upon
osteoblast differentiation are not specific to theMC3T3E1(C4)
calvarial cell line, we isolated calvarial osteoblastic cells from
ENPP1 knock-out mice and wild type littermates. To confirm
that ENPP1 expression is absent in ENPP1�/� mice, we treated
cells with FGF2 to stimulate ENPP1 expression. FGF2 treat-
ment significantly increased NTPPPH enzyme activity (indica-
tive of ENPP1 enzyme activity) in cells isolated from wild type
mice but not in cells isolated from ENPP1�/� mice (Fig. 4A).
Furthermore, Enpp1mRNAexpressionwas evident in cells iso-
lated from wild type mice but was not evident in cells isolated
from ENPP1�/� mice (Fig. 4B).

We next measured the expression of genes associated with
osteoblastmaturation, includingOCN, BSP, andTNAP, in cells
isolated from wild type and ENPP1�/� mice. Results demon-
strate that wild type cells express significantly more OCN, BSP,
and TNAP mRNA after 6 days of culture in ascorbate, com-
pared with ENPP1�/� cells. Although stimulation with ascor-

FIGURE 2. Enpp1 shRNA-expressing cells do not undergo osteoblast differentiation upon stimulation with ascorbate. A–D, ascorbate treatment does not
stimulate osteoblastic gene expression in ENPP1-deficient cells. MC3T3E1(C4) cells expressing non-target shRNA and two MC3T3E1(C4) cell clones expressing
Enpp1-specific shRNA were cultured with or without ascorbate to induce osteoblast differentiation. OCN, BSP, TNAP, and Col1a1 mRNA levels were measured
by real-time PCR. Results are presented as normalized to GAPDH. *, p � 0.05 between the indicated groups. E, ascorbate treatment does not stimulate TNAP
enzyme activity in ENPP1-deficient cells. Cells expressing non-target or Enpp1-specific shRNA were cultured with ascorbate, and TNAP enzyme activity was
assayed by incubation with a colorimetric substrate. F, ENPP1-deficient cells produce similar amounts of collagenous matrix. MC3T3E1(C4) cells expressing
non-target or Enpp1-specific shRNA were cultured with ascorbate, and collagen was stained with Sirius Red. G, ENPP1-deficient cells do not produce mineral-
ized nodules in the presence of inorganic phosphate. Non-target shRNA and Enpp1-specific shRNA expressing MC3T3E1(C4) cells were cultured in medium
containing ascorbate and Na2HPO4. Mineralized matrix was stained by Von Kossa. Error bars, S.D.
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bate did increase expression of OCN, BSP, and TNAP in
ENPP1�/� cells, the increase was reduced compared with that
seen in wild type cells (Fig. 4, C–E). TNAP enzyme activity was
also significantly diminished in ENPP1�/� cells compared with
wild type cells after 6 days of culture in ascorbate (Fig. 4,H and
I).
Because TNAP expression was low in ENPP1�/� cells and

because �-glycerophosphate is a TNAP-dependent source of
phosphate for mineralization, we compared mineralized
nodule formation by ENPP1�/� and wild type cells in the
presence of �-glycerophosphate and in the presence of
NaH2PO4 as a source of inorganic phosphate. Von Kossa

staining for mineral deposition clearly demonstrates that the
ENPP1�/� cells formed fewer mineralized nodules in the
presence of �-glycerophosphate or NaH2PO4 when com-
pared with wild type cells (Fig. 4, F and G). Together, these
results indicate that calvarial cells isolated from ENPP1�/�

mice are defective in both osteoblastic gene expression and
matrix mineralization.
Extracellular Inorganic Phosphate and Pyrophosphate Regu-

late Calvarial Osteoblastic Gene Expression—Osteopontin
expression is significantly diminished in calvarial cells and tis-
sues of ENPP1-deficient mice (20, 39), and treatment of pri-
mary ENPP1�/� calvarial cells or of MC3T3E1(C4) calvarial

FIGURE 3. Overexpression of ENPP1 promotes expression of genes associated with osteoblast differentiation. A, MC3T3E1(C4) cells transduced with
Enpp1 cDNA exhibit high ENPP1 enzyme activity. NTPPPH enzyme activity was analyzed in cells stably expressing a control vector (pPGS) or an Enpp1
expression vector (pPGS/Enpp1) by incubation of cell lysate with a colorimetric substrate. *, p � 0.05 versus pPGS cells. B, cells transduced with Enpp1 cDNA
express high levels of Enpp1 mRNA. Enpp1 mRNA was measured by real-time PCR. Results are presented as normalized to GAPDH. *, p � 0.05 versus pPGS cells.
C, cells transduced with Enpp1 cDNA express HA-tagged ENPP1. ENPP1 protein was assayed by immunoblotting for HA-tagged ENPP1. D–G, ENPP1-overex-
pressing cells show enhanced expression of osteoblastic genes. Cells were cultured with or without ascorbate to induce osteoblast differentiation. OCN, BSP,
TNAP, and Col1a1 mRNA levels were measured by real-time PCR. Results are presented as normalized to GAPDH. *, p � 0.05 between the indicated groups. H
and I, ENPP1-overexpressing MC3T3E1(C4) cells exhibit increased TNAP enzyme activity. Cells were cultured with or without ascorbate, and TNAP enzyme
activity was visualized by incubation of cells with a colorimetric substrate. TNAP enzyme activity was quantified by densitometry. Results are shown as means �
S.D. (error bars) of triplicate experiments. *, p � 0.05 between indicated groups.
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cells with pyrophosphate increases osteopontin expression,
indicating that ENPP1maymediate osteoblastic gene expres-
sion by increasing extracellular levels of inorganic pyrophos-
phate (20, 38). ENPP1-generated extracellular pyrophos-
phate can be hydrolyzed by enzymes in addition to TNAP
(34), and previous reports have also demonstrated that
extracellular inorganic phosphate can stimulate osteopontin
expression in MC3T3E1 calvarial cells, regardless of conflu-
ence or of differentiation state (35). Therefore, we next
sought to determine if changes in extracellular inorganic

pyrophosphate or phosphate levels mediated the differential
osteoblastic gene expression seen in our ENPP1-deficient
and -overexpressing cells.
Treatment of wild type MC3T3E1(C4) cells with phosphate

significantly increased OPN mRNA expression in both predif-
ferentiated and differentiated cells, whereas treatment with
inorganic pyrophosphate increased OPN gene expression in
only differentiated cells (Fig. 5A). This result is consistent with
previously reported results showing that the stimulation of
OPN gene expression by pyrophosphate is independent of

FIGURE 4. Calvarial cells isolated from ENPP1 knock-out mice exhibit diminished osteoblast differentiation. A, calvarial cells from ENPP1 knock-out mice
show diminished ENPP1 enzyme activity. Cells were treated with FGF2 to induce ENPP1 expression. NTPPPH activity was measured by incubation of cell lysate
with a colorimetric substrate. *, p � 0.05 versus no treatment. B, calvarial cells from ENPP1 knock-out mice show diminished Enpp1 mRNA expression. Enpp1
mRNA was measured by real-time PCR. Results are presented as normalized to GAPDH. *, p � 0.05 versus WT. C–E, calvarial cells from ENPP1 knock-out mice
show diminished osteoblastic gene expression. Primary calvarial cells were cultured with or without ascorbate. OCN, BSP, and TNAP mRNA levels were
measured by real-time PCR. Results are presented as normalized to GAPDH. *, p � 0.05 between the indicated groups. F and G, calvarial cells from ENPP1
knock-out mice show diminished mineralization. Mineralized nodule formation was induced by culture of cells in medium containing ascorbate and �-glyc-
erophosphate (F) or NaPO4 (G). Mineralized matrix was stained by Von Kossa. H and I, calvarial cells from ENPP1 knock-out mice show diminished TNAP enzyme
activity. Cells were cultured with or without ascorbate, and TNAP enzyme activity was visualized by incubation of cells with a colorimetric substrate. TNAP
enzyme activity was quantified by densitometry. Results are shown as means � S.D. (error bars) of triplicate experiments. *, p � 0.05 between the indicated
groups.
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hydrolysis and phosphate transport (39), indicating that the
mechanism by which extracellular pyrophosphate influences
osteoblastic gene expression is independent of phosphate.
Altogether, our results confirm previous results demonstrating
that extracellular pyrophosphate induces OPG gene
expression.
In direct contrast to the effect of inorganic phosphate

and pyrophosphate on OPN expression, treatment of
MC3T3E1(C4) cells with phosphate or pyrophosphate dimin-
ished BSP, TNAP, and OCN gene expression (Fig. 5, B–D).
Because pyrophosphate and phosphate inhibited, as opposed to
enhanced, expression of BSP, TNAP, and OCN, these results
indicate that the diminished BSP, TNAP, and OCN gene
expression seen in ENPP1-deficient cells and the enhanced
BSP, TNAP, and OCN gene expression seen in ENPP1-overex-
pressing cells are not mediated by ENPP1-generated extracel-
lular pyrophosphate or phosphate.
Enhanced Differentiation of ENPP1-overexpressing Cells Is

Not Mediated by Inorganic Pyrophosphate or Phosphate—We
find that ENPP1-overexpressing cells show enhanced expres-
sion of BSP, TNAP, andOCN (genes associated with osteoblast
differentiation) upon stimulation with ascorbate. ENPP1 activ-
ity is known to increase extracellular levels of pyrophosphate
and/or phosphate, yet we also find that pyrophosphate and
phosphate inhibit, as opposed to enhance, expression of these
genes in wild type osteoblastic cells. To confirm that the
enhanced expression of BSP, TNAP, and OCN in pPGS/Enpp1
cells is not due to increased extracellular levels of phosphate or
pyrophosphate, we next investigated phosphate and pyrophos-
phate treatment effects on gene expression in pPGS and pPGS/
Enpp1 cells. Similar to our resultswithwild typeMC3T3E1(C4)
cells, results show that treatment with inorganic pyrophos-
phate or phosphate increased OPN expression, whereas they
inhibited BSP expression in both pPGS and pPGS/Enpp1 cells
(Fig. 6, A–D). These results indicate that the enhanced BSP
gene expression seen in ENPP1-overexpressing cells is not
mediated by ENPP1-generated extracellular pyrophosphate or
phosphate.
DiminishedOsteoblastic Gene Expression by PrimaryCalvar-

ial Cells of ENPP1�/� Mice Is Not Mediated by Deficient Inor-

ganic Pyrophosphate or Phosphate—We find that primary cal-
varial osteoblastic cells isolated from ENPP1 knock-out mice
show significantly decreased expression of OCN, BSP, and
TNAP upon differentiation with ascorbate, as compared with
cells isolated from wild type mice. To determine if this effect is
due to diminished extracellular elaboration of phosphate or
pyrophosphate by the ENPP1�/� cells, we investigated phos-
phate and pyrophosphate treatment effects on gene expression
in primary calvarial osteoblastic cells isolated from ENPP1
knock-out mice. Similar to MC3T3E1(C4) cells, results show
that treatment with inorganic pyrophosphate or phosphate
increased OPN expression in primary calvarial cells isolated
from ENPP1 knock-out mice (Fig. 7A). Significantly, treatment
with inorganic pyrophosphate or phosphate decreased, as
opposed to increased, BSP, TNAP, andOCNgene expression in
ENPP1�/� primary cells (Fig. 7, B–D). These results are similar
to our results for MC3T3E1(C4) cells and confirm that the
diminished osteoblastic gene expression seen in ENPP1�/�

cells is not likely to be mediated by lower levels of extracellular
pyrophosphate or phosphate.
Catalytic InactiveENPP1EnhancesOsteoblastDifferentiation—

Because osteoblastic gene expression appears to be mediated
by ENPP1 in a phosphate- and pyrophosphate-independent
manner, we wanted to determine if ENPP1 catalytic activity is
required for its ability to regulate osteoblast differentiation. To
do this, we mutated a critical threonine within the catalytic
site of ENPP1, to create Enpp1/T238A, and transduced
MC3T3E1(C4) cells with Enpp1/T238A cDNA or a control
vector. Results demonstrate that cells stably transduced with
Enpp1/T238A cDNA (pPGS/Enpp1/T238A cells) show signif-
icantly increased Enpp1/T238AmRNA and protein expression
but not increased NTPPPH enzyme activity, as compared with
cells stably transduced with the empty vector (pPGS cells) (Fig.
8, A–C) or cells transfected with wild type ENPP1 (pPGS/
Enpp1 cells; Fig. 3,A–C). In addition, pPGS/Enpp1/T238A cells
but not pPGS cells express the exogenous �105-kDa
HA-tagged ENPP1 protein, confirming that pPGS/Enpp1/
T238A cells express full-length exogenous Enpp1/T238A pro-
tein (Fig. 8C).

FIGURE 5. Inorganic phosphate and pyrophosphate regulate osteoblastic gene expression. A–D, wild type MC3T3E1(C4) cells were cultured with or
without ascorbate and with or without inorganic phosphate (Pi) or inorganic pyrophosphate (PPi). OCN, BSP, TNAP, and Col1a1 mRNA levels were measured by
real-time PCR. Results are presented as normalized to GAPDH. *, p � 0.05 versus no phosphate or pyrophosphate treatment (no tx). Error bars, S.D.
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To determine if overexpression of catalytic inactive ENPP1
stimulates osteoblast differentiation, we next compared the
expression of OCN, BSP, and TNAP in control and Enpp1/
T238A-overexpressing cells. Results show that overexpression
of Enpp1/T238A in preosteoblasts leads to significantly higher
expression levels of OCN, BSP, and TNAP compared with con-
trol cells upon stimulation with ascorbate (Fig. 8, D–F). Ascor-
bate treatment did not increase TNAP enzyme activity levels in
pPGS/Enpp1/T238A cells as compared with pPGS cells (Fig.
8G). This result indicates that although TNAP mRNA expres-
sion can be stimulated by catalytic inactive ENPP1, stimulation
of TNAP enzyme active requires catalytic activity of the
enzyme.
We next compared mineralized nodule formation by pPGS/

Enpp1/T238A and pPGS cells in the presence of �-glycero-
phosphate or NaH2PO4 as source of inorganic phosphate. Von
Kossa staining of mineral deposition demonstrates that pPGS/

Enpp1/T238A cells formed more mineralized nodules in the
presence of �-glycerophosphate or NaH2PO4 when compared
with control pPGS cells (Fig. 8, H and I). Alizarin staining of
mineral deposition demonstrates that pPGS/Enpp1/T238A
cells exhibited significantly greatermatrixmineralization in the
presence of �-glycerophosphate or NaH2PO4, when compared
with control pPGS cells (Fig. 8J). These results together indicate
that overexpression of catalytically inactive ENPP1 can
enhance osteoblastic differentiation.
ENPP1Mediates RUNX2Association with the Bone Sialopro-

tein Gene Promoter—RUNX2 is an established mediator of
osteoblast differentiation (40); therefore, we hypothesized that
the increased osteoblastic gene expression seen in ENPP1-
overexpressing cells was mediated by RUNX2. To examine this
hypothesis, we performed ChIP assays to determine if RUNX2
associates with previously established RUNX2 binding sites
locatedwithin the BSP gene promoter (41) to a greater extent in

FIGURE 6. Inorganic phosphate and pyrophosphate regulate osteoblastic gene expression in control and ENPP1-overexpressing cells. A–D, control
cells (pPGS) or cells overexpressing ENPP1 (pPGS/Enpp1) were cultured in the absence (undifferentiated cells) or presence of ascorbate (differentiated cells) and
treated with or without inorganic phosphate (Pi) or inorganic pyrophosphate (PPi). OCN and BSP mRNA levels were measured by real-time PCR. Results are
presented as normalized to GAPDH. *, p � 0.05 versus no phosphate or pyrophosphate treatment (no tx). Error bars, S.D.

FIGURE 7. Inorganic phosphate and pyrophosphate do not increase osteoblastic gene expression in primary calvarial cells isolated from ENPP1
knock-out mice. A–D, wild type (WT) and ENPP1 knock-out cells (Enpp1 KO) were cultured in the presence of ascorbate and treated with or without inorganic
phosphate (Pi) or inorganic pyrophosphate (PPi). OPN, BSP, TNAP, and OCN mRNA levels were measured by real time PCR. Results are presented as normalized
to GAPDH. *, p � 0.05 versus no phosphate or pyrophosphate treatment (no tx). Error bars, S.D.
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ENPP1-overexpressing cells than in control cells. Results dem-
onstrate that RUNX2 associates with the BSP gene promoter to
a greater extent in ENPP1-overexpressing than in control cells
at base line and upon differentiation with ascorbate (Fig. 9A).
Increased association of RUNX2 with the BSP gene promoter
could be due to increased expression levels of RUNX2 or
increased activation of RUNX2 in ENPP1-overexpressing cells.
To distinguish between these two possibilities, we measured
Runx2mRNA levels in ENPP1-overexpressing and control cells
and found that Runx2 levels are not higher in ENPP1-overex-

pressing cells as compared with control cells (Fig. 9C). These
results indicate that the greater RUNX2 association with the
BSP gene promoter seen in ENPP1-overexpressing cells is not
likely to be due to higher overall expression levels of RUNX2.
Next, to determine if the decreased osteoblastic gene expres-

sion seen in ENPP1-deficient cells is also mediated by changes
in RUNX2 association with chromatin, we performed BSP pro-
moter RUNX2 ChIP in calvarial cells isolated from ENPP1�/�

and wild type mice. Results demonstrate that ascorbate treat-
ment promotes RUNX2 association with the BSP gene pro-

FIGURE 8. Overexpression of catalytic inactive ENPP1 (Enpp1/T238A) enhances osteoblast differentiation. A, MC3T3E1(C4) cells stably transduced with
a catalytic mutant version of Enpp1 cDNA exhibit no increase in ENPP1 enzyme activity. NTPPPH enzyme activity was analyzed in MC3T3E1(C4) cells stably
expressing a control vector (pPGS) or pPGS/Enpp1/T238A. NTPPPH activity was measured by incubation of cell lysate with a colorimetric substrate. B,
MC3T3E1(C4) cells transduced with Enpp1/T238A cDNA express high levels of Enpp1 mRNA. Enpp1 mRNA was measured in pPGS and pPGS/Enpp1/T238A cells
by real-time PCR. Results are presented as normalized to GAPDH. *, p � 0.05 versus pPGS cells. C, MC3T3E1(C4) cells transduced with Enpp1/T238A cDNA
express HA-tagged ENPP1. HA-tagged ENPP1 protein was assayed by immunoblotting for HA-tagged ENPP1 protein in cell lysate of pPGS and pPGS/Enpp1/
T238A cells. D–F, Enpp1/T238A-overexpressing cells show enhanced expression of osteoblastic genes. pPGS and pPGS/Enpp1/T238A cells were cultured with
or without ascorbate to induce osteoblast differentiation. OCN, BSP, and TNAP mRNA levels were measured by real-time PCR. Results are presented as
normalized to GAPDH. *, p � 0.05 between the indicated groups. G, cells overexpressing Enpp1/T238A do not show changes in TNAP enzyme activity. Cells
were cultured with or without ascorbate, and TNAP enzyme activity was visualized by incubation of cells with a colorimetric substrate. TNAP enzyme activity
was quantified by densitometry. Results are shown as means � S.D. (error bars) of triplicate experiments. H–J, Enpp1/T238A-overexpressing cells exhibit
increased matrix mineralization. pPGS- and pPGS/Enpp1/T238A-expressing cells were cultured in medium containing ascorbate and �-glycerophosphate (H
and J) or Na2HPO4 (I and J). Mineralized matrix was stained by Von Kossa (H and I) or Alizarin Red (J). Alizarin matrix staining was quantified by absorbance.
Results are shown as means � S.D. of triplicate experiments. *, p � 0.05 between the indicated groups.

ENPP1 Regulates Osteoblast Differentiation

39068 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 45 • NOVEMBER 11, 2011



moter in primary wild type calvarial cells but not in primary
ENPP1�/� calvarial cells (Fig. 9B). We also measured Runx2
mRNA levels in ENPP1�/� and wild type cells and found that
Runx2 levels are significantly higher in wild type cells than in
ENPP1�/� cells (Fig. 9D). This result indicates that the lower
RUNX2 association with the BSP promoter seen in ENPP1�/�

cells may be due to lower overall RUNX2 expression levels in
these cells. Altogether, our results indicate that RUNX2 associ-
ation with the bone sialoprotein gene promoter increases with
increased Enpp1 gene expression and decreases with decreased
Enpp1 gene expression. Future studies are required to deter-
mine if changes in RUNX2 expression, location, and/or activity
result directly from changes in ENPP1 expression or are sec-
ondary to the overall effects of ENPP1 on osteoblast
differentiation.

DISCUSSION

ENPP1 is an enzymatic generator of pyrophosphate in differ-
entiated osteoblasts and chondrocytes, and is an established
mediator of tissue mineralization. Three mouse models of
ENPP1 deficiency indicate that ENPP1 expression is essential
for inhibiting soft tissue mineralization (ectopic mineraliza-
tion) and for promoting hard tissue mineralization (eutopic
mineralization). ENPP1-deficient mice were originally
described as “tiptoe walking mice” due their abnormal gait
resulting from progressive calcification and fusion of multiple
joints, including those of the metatarsal bones and phalanges
(42). Subsequent studies have revealed that ENPP1-deficient
mice (ttw mice, ENPP1�/� mice, and ENPP1C392S mice)
develop ectopic mineralization in cartilaginous, ligamentous,

vascular, and hepatic tissues (13, 15, 22, 39, 43, 44). That ENPP1
functions to inhibit soft tissue calcification is also evidenced by
the fact that humanswith inactivatingmutations in the gene for
ENPP1 develop infantile arterial calcification (45, 46) and ossi-
fication of the posterior longitudinal ligament of the spine (47).
Pyrophosphate/phosphate tissue concentration ratios control
matrix mineralization, and humans andmice with ENPP1 defi-
ciency have low levels of serum pyrophosphate. Therefore, the
mechanism by which ENPP1 inhibits ectopic mineralization is
likely to be due to low tissue levels of pyrophosphate. Subse-
quent analysis of the ENPP1�/� mouse has also revealed a role
for the bone mineralization inhibitor OPN in mediating the
ectopic calcification defects seen in this mouse (20, 39). As
stated previously, ENPP1-generated pyrophosphate induces
OPN expression. OPN inhibits hydroxyapatite crystal growth;
therefore, ENPP1 may also inhibit ectopic mineralization by
promoting the expression of OPN (48, 49).
Althoughmuch of the previous work investigating the role of

Ennp1 in tissue mineralization has focused on the ability of
ENPP1 to inhibit ectopic soft tissue mineralization, it is clear
that ENPP1 also functions to promote eutopic bone mineral-
ization. As previously mentioned, ttw mice, ENPP1�/� mice,
and ENPP1C392S mice show diminished bone mass and bone
volume (18, 20, 22). Because ENPP1 and TNAP can function
together in differentiated chondrocytes and osteoblasts to
locally increase tissue concentration levels of phosphate, the
diminished mineralization seen in these mice has been pur-
ported to be due to insufficient locally generated inorganic
phosphate, yet ENPP1 is also expressed in precursor cells, and
the function of ENPP1 in these cells is unknown. Here we dem-
onstrate ENPP1 functions to enhance osteoblast differentia-
tion. MC3T3E1(C4) calvarial preosteoblasts and primary cal-
varial cells that do not express ENPP1 exhibit diminished
osteoblast differentiation upon stimulation with ascorbate, as
evidenced by a lack of morphological change, diminished
osteoblastic gene expression, an inability tomineralize a collag-
enous matrix, and diminished RUNX2 association with the
bone sialoprotein gene promoter. Although these results are
dramatic, it is important to recognize that the extremity of
these results may be due to experimental culture conditions.
ENPP1�/�mice, ttwmice, and ENPP1C392Smice have deficient
bone, but they do have bone and at least partially functional
osteoblasts (18, 20–22). It is therefore likely either that ENPP1
is essential for only a subpopulation of osteoblastic precursor
cells or that the effects of ENPP1 on osteoblast differentiation
are moderated by additional factors in vivo.
In accordance with results showing that decreased ENPP1

expression inhibits osteoblast differentiation, preosteoblastic
cells that overexpress ENPP1 show enhanced osteoblastic gene
expression and enhanced association of RUNX2 to the BSP
promoter upon differentiation with ascorbate. That ENPP1
expression can influence osteoblast differentiation is supported
by studies investigating the role of ENPP1 in diabetes and obe-
sity. Gene variants of ENPP1 are associated with insulin resist-
ance, glucose intolerance, and obesity in humans (50, 51), and
ENPP1 has been shown to control adipocyte differentiation
(52). In direct contrast to increasing expression patterns during
osteoblast differentiation, ENPP1 expression decreases with

FIGURE 9. ENPP1 expression influences RUNX2 association with the BSP
gene promoter. A, control transduced MC3T3E1(C4) cells (pPGS) or
MC3T3E1(C4) cells overexpressing ENPP1 (pPGS/Enpp1) were cultured with or
without ascorbate. Cross-linked chromatin was immunoprecipitated with
RUNX2 or control IgG antibody. PCR was performed using primers generated
to detect the RUNX2 binding site located within the BSP gene promoter. PCR
bands were quantified by densitometry, and RUNX2 ChIP results are shown as
normalized to control IgG ChIP results. *, p � 0.05 versus pPGS cells. B, wild
type and ENPP1�/� primary calvarial cells were cultured with or without
ascorbate, and RUNX2 ChIP was assayed as described above. *, p � 0.05 versus
ENPP1�/� cells. C, pPGS and pPGS/Enpp1 cells were cultured with or without
ascorbate, and Runx2 mRNA levels were measured by real-time PCR. Results
are shown as normalized to GAPDH mRNA levels. D, wild type and ENPP1�/�

primary cells were cultured with or without ascorbate, and Runx2 mRNA lev-
els were measured by real-time PCR. Results are shown as normalized to
GAPDH mRNA levels. *, p � 0.05 versus ENPP1�/� cells. Error bars, S.D.
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adipocyte differentiation in culture. Additionally, ENPP1 over-
expression inhibits adipocyte marker gene expression and adi-
pogenesis in 3T3-L1 preadipocytic cells. Mouse embryonic
fibroblasts from ENPP1�/� mice also show enhanced expres-
sion of adipocyte marker gene expression. Osteoblasts and adi-
pocytes derive from the same mesenchymal cell lineage, and
some mature osteoblasts may even maintain adipocytic poten-
tial (53). That ENPP1 functions inmesenchymal precursor cells
to control adipocytic versus osteoblastic differentiation is an
intriguing idea.
We find that inorganic pyrophosphate induces osteopontin

expression in osteoblastic cells. This finding is consistent with
previous studies and supports the hypothesis that one of the
mechanisms by which ENPP1 controls tissue mineralization is
via a pyrophosphate-mediated influence on osteopontin gene
expression (20, 34). However, we also find that pyrophosphate
inhibits the enhanced bone sialoprotein gene expression seen in
ENPP1-overexpressing cells and that treatment with inorganic
pyrophosphate or phosphate decreases, as opposed to
increases, expression of bone sialoprotein, tissue-nonspecific
alkaline phosphatase, and osteocalcin gene expression in
ENPP1�/� primary calvarial osteoblastic cells. In addition, here
we show that a catalytic inactive version of ENPP1 (Enpp1/
T238A) enhances osteoblastic gene expression andmatrixmin-
eralization. These findings indicate that ENPP1 also influences
osteoblastic gene expression through amechanism that is inde-
pendent of phosphate or pyrophosphate generation (Table 1
and Fig. 10). The inhibitory effect of ENPP1 on adipocytic gene
expression has been proposed to be mediated by cell-autono-
mous changes in insulin receptor signaling (52). ENPP1 over-
expression inhibits insulin receptor signaling andAkt phospho-
rylation in response to insulin in adipocytic 3T3-L1 cells.
Relevant to our finding that catalytically inactive ENPP1 pro-
motes osteoblast differentiation, the influence of ENPP1 on
insulin receptor activity was previously shown to also notT
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FIGURE 10. Model of ENPP1 regulation of osteoblastic gene expression.
ENPP1 colocalizes with TNAP in the plasma membrane of osteoblastic cells.
ENPP1 generates extracellular inorganic pyrophosphate (PPi) through the
hydrolysis of nucleotides. Inorganic pyrophosphate is hydrolyzed by TNAP to
inorganic phosphate (Pi). Inorganic pyrophosphate and inorganic phosphate
increase OPN gene expression but decrease BSP, OCN, and TNAP gene
expression. ENPP1 increases BSP, OCN, and TNAP gene expression via a
mechanism that is independent of its enzymatic generation of inorganic
pyrophosphate and phosphate.
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require ENPP1 catalytic activity (54). Although insulin receptor
signaling has long been known to play a critical role in glucose
homeostasis, diabetes, and obesity, recent results demonstrate
an additional essential role for insulin receptor signaling in
osteoblast maturation and bone formation (55, 56). Future
studies are required to determine if the mechanism by which
ENPP1 regulates osteoblast differentiation involves changes in
insulin receptor signaling.
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