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A B S T R A C T

Bone growth is dependent upon the presence of self-renewing progenitor cell populations. While the contribu-
tion of Tissue Nonspecific Alkaline Phosphatase (TNAP) enzyme activity in promoting bone mineralization when
expressed in differentiated bone forming cells is well understood, little is known regarding the role of TNAP in
bone progenitor cells. We previously found diminished proliferation in the calvarial MC3T3E1 cell line upon
suppression of TNAP by shRNA, and in calvarial cells and tissues of TNAP−/− mice. These findings indicate that
TNAP promotes cell proliferation. Here we investigate how TNAP mediates this effect. Results show that TNAP is
essential for calvarial progenitor cell cycle progression and cytokinesis, and that these effects are mediated by
inorganic phosphate and Erk1/2. Levels of active Erk1/2 are significantly diminished in TNAP deficient cranial
cells and tissues even in the presence of inorganic phosphate. Moreover, in the absence of TNAP, FGFR2 ex-
pression levels are high and FGF2 rescues phospho-Erk1/2 levels and cell cycle abnormalities to a significantly
greater extent than inorganic phosphate. Based upon the data we propose a model in which TNAP stimulates
Erk1/2 activity via both phosphate dependent and independent mechanisms to promote cell cycle progression
and cytokinesis in calvarial bone progenitor cells. Concomitantly, TNAP feeds back to inhibit FGFR2 expression.
These results identify a novel mechanism by which TNAP promotes calvarial progenitor cell renewal and in-
dicate that converging pathways exist downstream of FGF signaling and TNAP activity to control craniofacial
skeletal development.

1. Introduction

TNAP is highly expressed in and commonly used as a marker of
differentiated bone forming cells. TNAP deficiency causes poor bone
mineralization because an essential function of TNAP in osteoblasts is
to hydrolyze pyrophosphate (PPi, an inhibitor of tissue mineralization)
to phosphate (Pi, a substrate for tissue mineralization) [1–6]. While the
contribution of TNAP in promoting bone mineralization when ex-
pressed in differentiated bone forming cells is well understood, little is
known regarding the role of TNAP in bone progenitor cells. We pre-
viously observed decreased proliferation in the MC3T3E1 calvarial
progenitor cell line upon suppression of TNAP by shRNA, and in cal-
varial cells and tissues of TNAP−/− mice [7,8]. Therefore, we hy-
pothesized that TNAP must have an additional essential function in
promoting bone progenitor cell proliferation that is also critical to
skeletal development. Additional evidence for a role of TNAP in pro-
genitor cells includes the fact that TNAP is expressed in pluripotent

migratory primordial germ cells during early embryonic development
[9–11] in neural progenitor cell populations before and after birth [12],
and in calvarial rudiments several days prior to the onset of matrix
mineralization [13,14]. How TNAP influences calvarial progenitor cell
proliferation is unknown. It is tempting to speculate that TNAP func-
tions in progenitor cells to increase cellular Pi levels because TNAP
enzyme activity produces Pi, and because Pi is known to be essential for
numerous metabolic and biochemical pathways [15]. The goal of this
study was to establish mechanisms by which TNAP promotes the pro-
liferation of calvarial progenitor cells.

2. Materials and methods

2.1. Mouse strain and genotyping

TNAP+/− mice on a 12.5% C57Bl/6–87.5% 129SF2/J background
were bred and utilized for cell isolation and in vivo analyses. Genotypes
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of the Alpl allele were established by PCR analysis of DNA isolated from
tail biopsies utilizing TNAP+/+ primers TGCTGCTCCACTCACGTCGAT
and ATCTACCAGGGGTGCTAACC, and TNAP−/− primers GAGCTCTT
CCAGGTGTGTGG and CAAGACCGACCTGTCCGGTG, as previously de-
scribed [5,7]. TNAP is essential for vitamin B6 metabolism [16].
Therefore, all mice were provided with a modified rodent diet con-
taining pyridoxine at 325 ppm to suppress seizures and extend life span
in TNAP−/− mice. Genders were combined for analyses because pre-
vious results showed no differences between genders [7,8]. Animal use
followed federal guidelines and were performed in accordance with the
University of Michigan's Institutional Animal Care and Use Committee.

2.2. Cell lines and primary cells

The MC3T3E1 calvarial pre-osteoblast cell line was generously
provided by Dr. Renny Franceschi (University of Michigan, Ann Arbor,
MI) and is available through the American Type Culture Collection
(ATCC; Gaithersbug, MD). MC3T3E1 cells were transduced with lenti-
viral particles expressing a puromycin resistance gene and TNAP spe-
cific shRNA (Sigma Mission, SHCLNV_NM_007431) or non-target
shRNA (Sigma Mission, SHC002V) in the presence of 8 μg/ml hex-
adimethrine bromide. Puromycin resistant colonies were expanded,
tested for expression of TNAP then utilized for experiments [7]. Pri-
mary calvarial cells were isolated from dissected calvaria by col-
lagenase digestion, as previously described [8]. Briefly, bones were
rinsed with media then serially digested in a solution containing 2mg/
ml collagenase P and 2.5mg/ml trypsin. Cells from the third digestion
were utilized for experiments.

2.3. Cell culture

Cells were cultured in custom formulated alpha MEM media con-
taining no ascorbate, supplemented with 10% fetal bovine serum (FBS)
and penicillin/streptomycin (10,000 μg/ml). For experiments in which
cells were treated with inorganic phosphate, cells were cultured in
DMEM containing no phosphate (Thermo Fisher, 11,971,025). Where
indicated, cells were treated with 5mM (immunoblots) or 2.5mM (cell
counts and Fluorescent Cell Cycle Analyses) sodium phosphate, 50 ng/
ml (cell counting and Fluorescent Cell Cycle Analyses) or 10 ng/ml
(immunoblots) FGF2 (PeproTech), 10 μM U0126 MEK inhibitor (Cell
Signaling), 50 μM levamisole (Sigma-Aldrich) and/or 50 μM
MLS0038949 (EMD Millipore) TNAP inhibitor.

2.4. Micro array

RNA expression of cell cycle proteins in MC3T3E1 cells stably ex-
pressing TNAP or non-target shRNA was quantified using the RT2
Profiler PCR Array Mouse Cell Cycle (Qiagen, # PAMM-020Z). After
establishing control genes as invariant, RNA was normalized using an
average of five housekeeping genes Actb (actin beta), B2m (beta-2
microglobulin), Gapd (GAPDH), Gusb (glucuronidase, beta), Hsp90ab1
(heat shock protein 90 alpha cytosolic, class B member 1), Ct data was
analyzed using linear models and p values were adjusted for multiple
comparisons using the false discovery rate [17,18].

2.5. Real time PCR

Undifferentiated MC3T3E1 cells were seeded at 2×105 cells/well
in 6 well culture plates and RNA was isolated upon cell confluence
(three days after seeding) using Trizol reagent (Invitrogen) following
manufacturer protocols. mRNA levels were assayed by reverse tran-
scription and real time PCR. Real time PCR was performed for murine
Gapd, Hus1, E2F2, Aurora B, Cyclin D1 and Fgfr2IIIc using Taman
primer sets and Taqman Universal PCR Master Mix (Applied
Biosystems). Real-time PCR was performed on a GeneAmp 7700 ther-
mocyler (Applied Biosystems) and quantified by comparison to a

standard curve. mRNA levels are reported after normalization to Gapd
mRNA levels.

2.6. Protein immunoblotting

Preparation of cell lysate was achieved by solubilization in RIPA
buffer (50mM Tris-Cl pH 7.4, 150mM NaCl, 1% NaDeoxycholate, 1%
Triton-X 100, 0.1% SDS) containing protease inhibitor cocktail (Cell
Signaling), followed by removal of insoluble material by centrifugation.
Samples were separated by SDS polyacrylamide gel electrophoresis and
transferred onto Immobilon. Immunoreactive protein bands were vi-
sualized by incubation with primary and HRP conjugated secondary
antibodies (Promega, W402B; Sigma-Aldrich, A0545), and enhanced
chemiluminescence (Thermo Fisher). The primary antibodies utilized
include total and/or phospho-specific antibodies for Cyclin E1 (Cell
Signaling, 20808), Cyclin A2 (Abcam, ab38), Cyclin B1 (Cell Signaling,
4138), Cyclin D1 (Cell Signaling, 2978), CDK1 (Cell Signaling, 77055;
Cell Signaling, 4539), CDK2 (Cell Signaling, 2546), Aurora B (Cell
Signaling, 3094; Cell Signaling, 2914), Histone H3 (Cell Signaling,
9715; Cell Signaling, 3377), Erk1/2 (Cell Signaling, 4695; Cell
Signaling, 9101), FGFR2 (Santa Cruz, sc-122) and βtubulin (Cell
Signaling, 5346).

2.7. Fluorescent cell cycle analyses

The distribution of cells at specific cell cycle stages was evaluated by
fluorescence activated flow cytometry (FACS). Cells were seeded
1×105 per well in 6 well plates and grown for two days in media
containing 10% fetal bovine serum. 48 h after seeding, cells were serum
starved for 24 h then serum stimulated for 24 h. Cells were then col-
lected, counted, fixed and stained for FACS. Briefly, trypsin-EDTA
treated cells were neutralized with 10% fetal bovine serum containing
media and then centrifuged. After centrifugation, cell pellets were
rinsed with PBS and fixed in 70% cold ethanol at 4 °C overnight.
Subsequently, cells were stained with a propidium iodide-RNAse solu-
tion (50 μg/ml propidium iodide +100 μg/ml RNAse A in phosphate
buffered saline) and subjected to FACS analysis based on DNA content.
The samples (1× 104 cells) were analyzed by cell cycle distribution
using LSR Fortessa (BD Bioscience) and ModFit LT software (version
4.1.7, Verity Software House).

2.8. Cell morphology, nucleation and cytokinesis assays

MC3T3E1 cells stably expressing TNAP or non-target shRNA, and
calvarial cells isolated from TNAP−/− or wild type littermates were
seeded at 5×104 cells/well onto 4-well chamber slides (Lab-Tek). 24 h
later, the cells were stained with hematoxylin and eosin. Stained slides
were imaged using an Olympus BX 51 microscope. Total and bi/multi-
nuclear cell counts were quantified (n=35 cells per genotype or
shRNA type). Cytoplasmic area and perimeter were also measured using
Image J software (NIH) in triplicate (n=75 cells per genotype or
shRNA type). For in vivo analysis, the left liver lobes of 20-day-old mice
were fixed and paraffin embedded. Fresh 4 μm sections were stained
with hematoxylin and eosin. Total and bi/multi-nuclear cells were
counted and averaged from several sections from each animal (n≥ 250
cells per section, n=3 sections per animal, n=3 animals per geno-
type). For enhanced visualization of binucleation (Fig. 2H,I), cells cul-
tured on chamber slides were stained by immunofluorescence using
Alexa Fluor 488 conjugated anti-phalloidin antibody for F-Actin (In-
vitrogen, A12379), a primary anti-GM130 golgi marker (Abcam
ab52649) with Alexa Fluor 555 secondary antibody and dapi (Sigma-
Aldrich, D8417). For enhanced visualization of cytokinesis, cells cul-
tured on chamber slides were stained by immunofluorescence using
Alexa Fluor 555 conjugated anti-beta tubulin antibody and dapi. Cells
undergoing normal and abnormal cytokinesis were also quantified
(n=130 cells per shRNA type).
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2.9. Cell number assays

To assay for increases in cell number, cells were seeded and grown
in media containing 10% fetal bovine serum for indicated number of
days. Cells were stained with trypan blue and counted in sixtuplet at
each time point.

2.10. Immunohistochemistry

Skulls of five-day-old mice were fixed and paraffin embedded. Fresh
8 μm sagittal sections of the coronal suture and surrounding bones were
immunostained using Erk1/2, and phospho-Erk1/2 primary antibodies
(Cell Signaling, 4695; Cell Signaling, 9101), HRP-conjugated anti-
rabbit secondary antibody (Sigma-Aldrich, A0545), an antigen un-
masking solution (Vector Labs) and 3,3′‑diaminobenzidine (DAB) col-
orimetric detection (Abcam) plus counter staining with hematoxylin.
The number of brown stained cells and the number of total cells present
were counted. Three sections per mouse were calculated and an average
value per mouse was utilized to calculate means and standard devia-
tions per genotype (n=4 mice per genotype).

2.11. Immunofluorescence

Skulls of five-day-old mice were fixed and paraffin embedded. Fresh
8 μm sagittal sections of the coronal suture and surrounding bones were
immunostained using FGFR2 primary antibody (Abcam, ab10648) and
fluorescence conjugated secondary antibody (Invitrogen A21428).
Sections were mounted with ProLong Gold antifade reagent with DAPI
(Invitrogen, P36931) and images were taken on Nikon C2 confocal
microscope with 40× objective. Staining was quantified using Image J
software. Two sections per mouse were calculated and an average value
per mouse was utilized to calculate means and standard deviations per
genotype (n=3 mice per genotype).

2.12. Statistics

Statistical differences were established using the two-tailed
Student's test. All data are reported as mean ± standard deviation. t-
test values of p≤ .05 were considered significantly different.

3. Results

3.1. TNAP deficiency inhibits cell cycle progression

We previously showed that TNAP deficiency diminishes calvarial
cell proliferation [7,8], yet a functional role for TNAP in osteoblast
progenitor cells has yet to be fully established. As a first step towards
understanding how TNAP stimulates progenitor cell proliferation, we
performed a micro array RNA analysis of cell cycle proteins (Supple-
mental Fig. 1A) in TNAP deficient vs. control cells under standard cell
culture conditions (media containing 10% fetal bovine serum). Results
indicated significant differences for two cell cycle checkpoint proteins
(Hus1 and Sfn), plus diminished RNA levels for the E2F2 transcription
factor (promotes transcription of genes that are essential for cell cycle
progression), Cyclin D1 (promotes transition from G0 to G1 and G1 to S
phase transitions) and Aurora kinase B (essential for mitotic chromo-
some condensation and for cytokinesis). We confirmed these results by
real time PCR, which showed increased expression of Hus1 and de-
creased expression of E2F2, Aurora B and Cyclin D1 in both MC3T3E1
TNAP shRNA cells and in cells isolated from calvarial tissues of TNAP−/

− mice (Supplemental Fig. 1B–E).
We next performed immunoblotting for cell cycle proteins in

MC3T3E1 cells expressing TNAP or control shRNA after synchroniza-
tion by serum starvation followed by serum stimulation. Results
(Fig. 1A) showed decreased expression of cyclin B1, which normally
increases during G2 and functions to promote transition from G2 phase

to mitosis [19] and decreased expression of Cyclin D1 which, as stated
above, functions to promote transition from G0 to G1 and G1 to S phase
transitions. In addition, Cyclin E1 expression appeared to be poorly
regulated in the TNAP shRNA MC3T3E1 cells, in that Cyclin E1 was
expressed at all time points in these cells. Cyclin E1 expression normally
peaks during G1 to facilitate the transition from G1 to S phase, along
with Cyclin D1 [20–22].

In addition to abnormal cyclin expression, phosphorylated forms of
both Aurora B and Histone 3 were diminished in TNAP deficient cells.
Activated forms of these proteins are important for chromosome re-
modeling and condensation during mitosis [23,24], as well as cyto-
kinesis [25,26]. Subsequent analysis of synchronized propidium iodine
stained cells by fluorescence activated cell sorting showed significantly
more cells in the G2/M phase of the cell cycle before and after serum
stimulation in both TNAP shRNA expressing MC3T3E1 cells (Fig. 1E)
and in TNAP−/− primary cells (Fig. 1H). Results also showed that fewer
TNAP deficient cells entered S phase than control cells, based upon the
slope of percentage change after serum stimulation (Fig. 1F,I). To-
gether, these results indicate that TNAP deficient cells appear to be
primarily arrested during the G2 and/or M phase. We also confirmed
that the TNAP deficient cells showed diminished proliferation com-
pared to control cells during these experiments (Fig. 1B,C).

3.2. TNAP deficiency leads to cytokinesis defect

During experimental culture, we noted that TNAP deficient cells
were increased in cell size and exhibited binucleation much more often
compared to control cells. To establish consistency of these findings, we
quantified cell size by perimeter and area, and quantified the percen-
tage of binuclear cells after 24 h of culture in standard growth media.
Results demonstrated that MC3T3E1 TNAP shRNA expressing cells ex-
hibited significantly increased cell perimeter and cell area as compared
to control cells (Fig. 2A,B). Concordantly, primary calvarial cells iso-
lated from TNAP−/− mice also exhibited significantly increased cell
perimeter and cell area, as compared to cells isolated from wild type
littermates (Fig. 2C,D). In addition, TNAP deficient cells exhibited
significantly higher percentages of binucleation when compared to
control cells (Fig. 2E,F). To better visualize the increase in cell size and
binucleation in TNAP shRNA cells, we also stained cultured cells by
immunofluorescence (Fig. 2H,I).

To confirm that the increased incidence of binucleation was not an
artifact of cell culture, we also looked for evidence of increased binu-
cleation in the TNAP−/− mice. Under normal physiologic conditions, it
is expected that polyploid cells will be cleared by apoptosis in most
tissues [27]. Polyploidy in the liver, in contrast, is found during normal
homeostasis [28]. TNAP is highly expressed in liver tissue [29].
Therefore, to demonstrate increased binucleation in TNAP deficient
cells in vivo, we quantified the percentage of binuclear cells in hepatic
tissue isolated from twenty-day-old mice. We found a significant in-
crease in binuclear cells in livers of TNAP−/− mice, as compared to
TNAP+/+ mice (Fig. 2G). Because cell mass must increase during the
cell cycle so that the daughter cells contain the same cell mass as the
mother cell [30], the combination of increased cell size and polyploidy
suggests that TNAP deficiency leads to a defect in cytokinesis. Sub-
sequent nuclear dapi combined with βtubulin immunofluorescent
staining of the mitotic spindle revealed significantly more instances of
abnormal chromosome polarization and separation during cytokinesis
as compared to control cells (Fig. 2J–M). Control cells exhibited
19 ± 6% of cells with abnormal cytokinesis while TNAP shRNA cells
exhibited 42 ± 3% of cells with abnormal cytokinesis (p < .009). This
data is consistent with our results showing that levels of the active
forms of Aurora B kinase and Histone H3 are diminished in TNAP de-
ficient cells (Fig. 1A), as these protein forms are essential for chromo-
some condensation and cytokinesis [24,31].
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3.3. TNAP increases Erk1/2 activity

Erk1/2 stimulates downstream pathways to elicit changes including
cell proliferation in response to extracellular mitogens [32,33]. Pre-
vious studies showed that inorganic phosphate (Pi) stimulates gene
expression by inducing Erk1/2 activity [34–36]. Because TNAP cata-
lytic activity generates Pi which could promote cell proliferation via
increased Erk1/2 activity, we next sought to determine if Erk1/2 ac-
tivity was reduced in TNAP deficient cells and tissues. Consistent with
previously published results [34], our data shows that treatment with Pi
induces phosphorylation of Erk1/2 in a bi-phasic pattern. Erk1/2 ac-
tivity increased within 3min of Pi stimulation and was lost by 10min
after stimulation. A second and more sustained wave of Erk1/2 activity

then occurred starting at approximately 30min after Pi stimulation. In
addition, when cells were cultured in media that did not contain Pi,
MC3T3E1 TNAP shRNA cell (Fig. 3A) and calvarial cells isolated from
TNAP−/− mice (Fig. 3B) exhibited lower Erk1/2 phosphorylation levels
when compared to control cells, indicating that TNAP stimulates Erk1/
2 activity. Surprisingly, when cells cultured in medium without Pi were
treated with Pi, TNAP deficient cells continued to exhibit diminished
levels of phosphorylated Erk1/2 as compared to control cells, indicating
that TNAP stimulates Erk1/2 activity via both Pi dependent and in-
dependent pathways. Total Erk1/2 protein levels were not different
between experimental and controls cells, with or without Pi stimula-
tion. Next, we utilized chemical inhibitors of TNAP to determine if
TNAP activity promotes Erk1/2 activity (Fig. 3C). Two inhibitors of

Fig. 1. TNAP Deficient Cells Exhibit Aberrant Cyclin and Cytokinesis Protein Expression plus G2/M Arrest. (A) Cell cycle proteins cyclin B1 and cyclin D1 are reduced
and cyclin E1 expression appears at all time points in synchronized MC3T3E1 TNAP shRNA expressing cells, as compared to control cells. Phosphorylation of
cytokinesis related proteins AuroraB and Histone3 are also reduced in synchronized TNAP shRNA expressing cells. (B) MC3T3E1 TNAP shRNA expressing cells and
(D) TNAP−/− primary cells show diminished proliferation compared to control cells after synchronization by serum starvation followed by serum stimulation. (D–F)
MC3T3E1 TNAP shRNA expressing cells show more cells entering G2/M phase and fewer cells entering S phase after serum stimulation. (G–I) TNAP−/− primary cells
show more cells in the G2/M phase and fewer cells entering S phase after serum stimulation. Solid black lines= controls cells. Dashed black lines=TNAP shRNA
expressing or TNAP−/− cells. Data are represented as mean ± SD.
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TNAP enzyme activity diminished Erk1/2 phosphorylation. Ad-
ditionally, we stained for total Erk1/2 and phosphorylated Erk1/2 in
mouse cranial tissues. Results showed diminished levels of phos-
phorylated Erk1/2 in periosteum and cranial suture cells of TNAP−/−

mice (Fig. 4). Together, these results demonstrate that TNAP promotes
Erk1/2 activity in calvarial progenitor cells.

3.4. Diminished proliferation of TNAP deficient cells is mediated by Erk1/2
activity

Our results show that TNAP promotes cell cycle progression, and
that the active forms of Erk1/2 are expressed at lower levels in TNAP
deficient calvarial cells with/without exogenous Pi stimulation.
Therefore, we next sought to determine if other known inducers of
Erk1/2 activity were limited in their ability to stimulate phosphoryla-
tion of Erk1/2 in TNAP deficient cells. Results showed that, in contrast
to the lower induction of Erk1/2 phosphorylation seen upon stimula-
tion with Pi, FGF2 stimulates Erk1/2 phosphorylation in a more sus-
tained manner in MC3T3E1C4 TNAP shRNA cells when compared to
control cells (Fig. 5A). This data shows that pathways other than those
induced by Pi are able to fully stimulate Erk1/2 activity and perhaps to
an even greater extent in TNAP deficient cells.

We next performed experiments to determine if Erk1/2 activity

mediates the decreased proliferation of TNAP deficient cells. Assays
revealed that treatment of MC3T3E1 TNAP shRNA cells with FGF2 in-
creased rates of proliferation to that of control cells (Fig. 5B). In addi-
tion, while treatment of TNAP deficient cells with Pi increased the
proliferation of these cells, co-treatment with MEK inhibitor U0126
prevented this increase in proliferation (Fig. 5C). Together, these results
indicate that Erk1/2 activity is an essential downstream mechanism by
which TNAP stimulates cell proliferation. The results also show that Pi-
induced proliferation of TNAP deficient progenitor cells is dependent
upon Erk1/2 activity.

3.5. FGF2, but not Pi, rescues cell cycle arrest in TNAP deficient cells

Because FGF2 and Pi are able to stimulate Erk1/2 phosphorylation
and increase proliferation of TNAP deficient cells, we next sought to
determine if FGF2 and/or Pi could rescue the cell cycle progression
abnormalities seen in TNAP deficient cells. Results from cells grown in
serum and Pi free media show that both Pi and FGF2 can stimulate
proliferation of TNAP shRNA expressing cells, although FGF2 does this
to a significantly stronger extent than Pi (Fig. 5D). Only FGF2 strongly
promoted cell cycle progression (Fig. 5E–F). FGF2 but not Pi stimulated
cells to exit G1 and enter G2/M. Pi and FGF2 both stimulated entry of
the cells into S phase, though FGF2 did this to a significantly greater

Fig. 2. TNAP Deficient Cells are Defective in Cytokinesis. (A,B) MC3T3E1 TNAP shRNA expressing cells are increased in cell size and perimeter (p < 005). (C,D)
Primary calvarial cells isolated from TNAP−/− mice are increased in cell size and perimeter (p < 005). (E,F) MC3T3E1 TNAP shRNA expressing cells and primary
calvarial cells isolated from TNAP−/− mice exhibit a greater incidence of binucleation (p < 005). (G) Liver tissue of TNAP−/− mice has a greater incidence of
binucleated cells as compared to liver tissue of TNAP+/+ mice (p < 005). Quantified cell data are represented as mean ± SD. (H,I) MC3T3E1 cells expressing
control or TNAP shRNA were stained for F-actin (green), golgi (red) and nuclei (blue) for better visualization of increased cell size and binucleation. Yellow arrows
point to binucleation. (J) To visualize the mitotic spindle and chromosomes during cytokinesis, the cells were stained for beta tubulin (red) and dapi (blue).
Immunofluorescent staining of control cells shows normal compaction, polarization and migration of chromosomes during cytokinesis. (K-M) TNAP shRNA ex-
pressing cells exhibit abnormal compaction, polarization and migration of chromosomes during cytokinesis. The incidence of abnormal cytokinesis in MC3T3E1
TNAP shRNA vs. control cells was also quantified. Control cells exhibited 19 ± 6% of cells with abnormal cytokinesis while TNAP shRNA cells exhibited 42 ± 3% of
cells with abnormal cytokinesis (p < .009).
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Fig. 3. TNAP Mediates Erk1/2 Activity in Vitro. (A) MC3T3E1 TNAP shRNA cells exhibit diminished phosphorylation of Erk1/2 as compared to control shRNA cells.
(B) TNAP−/− primary calvarial cells exhibit diminished phosphorylation of Erk1/2 as compared to TNAP+/+ cells. (C) MC3T3E1 cells treated with chemical
inhibitors of TNAP (levamasole and MLS0038949) exhibit diminished phosphorylation of Erk1/2 with and without Pi stimulation. Quantified data are represented as
mean ± SD.

Fig. 4. TNAP Mediates Erk1/2 Activity in vivo. Immunohistochemical stains of frontal and parietal calvarial bones surrounding the coronal suture demonstrate
similar total Erk1/2 but diminished phosphorylated Erk1/2 levels in periosteum, calvarial osteogenic fronts and suture tissues of TNAP−/− as compared to TNAP+/+

mice. (A) Representative phospho-Erk1/2 stain of TNAP+/+cranial tissues. (B) Representative phospho-Erk1/2 stain of TNAP−/− cranial tissues. (C) Representative
total Erk1/2 stain of TNAP+/+ cranial tissues. (D) Representative total Erk1/2 stain of TNAP−/− cranial tissues. (E) Quantification of phospho-Erk1/2 positive cells
(n=4 per genotype). *p < .05 between genotypes. Quantified cell data are represented as mean ± SD.
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extent than Pi. These results indicate that FGF2 is more efficacious than
Pi for rescuing cell proliferation and cycle progression defects of TNAP
deficient cells.

3.6. TNAP regulates FGFR2 expression via Erk1/2 activity

Both FGFR2 [37,38] and TNAP are known to regulate skeletal de-
velopment. Additionally, mutations in FGFR2 and in TNAP enzyme are
both associated with craniosynostosis (the premature fusion of cranial
bones that limits skull growth and causes high intracranial pressure)
[6,39–42]. Because both FGF signaling [43] and TNAP expression in-
fluence Erk1/2 activity and because abnormalities in either FGFR sig-
naling or TNAP levels result in similar craniofacial skeletal phenotypes,
we next sought to determine if and how pathways downstream of FGF
signaling and TNAP activity might interact. Thus, we next tested for
protein expression of the mesenchyme-specific isoforms FGFR1IIIc and
FGFR2IIIc in MC3T3E1 TNAP shRNA cells and in calvarial cells isolated
from TNAP−/− mice, both before and after osteoblast differentiation.
Expression of FGFR1 and FGFR2 was not different in TNAP deficient vs.
control cells after osteoblast differentiation, and FGFR1 expression was
not different in TNAP deficient vs. control cells prior to differentiation
(data not shown). In contrast, FGFR2 expression was strongly increased
in both TNAP shRNA and TNAP−/− cells prior to differentiation
(Fig. 6A). Concordantly, transduction of cells with a TNAP expression
adenovirus decreased FGFR2 expression in TNAP deficient cells
(Fig. 6B). Together this data indicates that FGFR2 is expressed at higher
levels in TNAP deficient cells and that TNAP downregulates FGFR2
expression. Subsequent treatment of cells with the transcription in-
hibitor actinomycin for 6 h lowered both protein and mRNA levels of
FGFR2 (Fig. 6C,D), suggesting that the regulation of FGFR2 by TNAP
occurs at the transcriptional, as opposed to translational level.

Because both Pi and FGF2 can stimulate Erk1/2 and the prolifera-
tion of TNAP deficient calvarial cells, we tested if Pi and/or FGF2
treatment could influence FGFR2 expression in TNAP deficient cells.
FGF2 but not Pi decreased FGFR2 expression in TNAP deficient and
control cells (Fig. 6E). Finally, we stained for FGFR2 protein in mouse
cranial tissues. Results showed higher levels of FGFR2 expression in
coronal suture tissue of TNAP−/− mice (Fig. 7). Together this data
indicates that TNAP deficiency increases FGFR2 expression in calvarial
bone progenitor cells, and that the process by which this occurs is not
mediated by Pi.

4. Discussion

Current understanding of the role of TNAP in bone development is
limited to its known function in differentiated bone forming cells. TNAP
is highly expressed in the extracellular membrane of osteoblasts and
their matrix vesicles where it hydrolyzes PPi (inhibitor of mineraliza-
tion) to Pi (substrate for mineralization) [44]. Because PPi to Pi ratios
determine if a tissue will be mineralized, conversion of PPi to Pi by
TNAP is essential for promoting bone matrix mineralization [45]. Here
we show that TNAP expression is also essential for calvarial progenitor
cell cycle progression and cytokinesis. Overall our data indicates that
TNAP is essential for proper chromosome condensation, migration and
cytokinesis. Immunoblot data demonstrated diminished expression of
cyclin B1 and cyclin D1, and unregulated expression of cyclin E1 in
synchronized MC3T3E1 TNAP shRNA cells, which indicated a potential

defect in cell cycle progression. Cyclin B1 is known to increase during
G2 and functions to promote transition from G2 phase to mitosis, while
cyclins D1 and E1 are known to peak during G1 to promote transition
from G1 to S phase. In addition, we found diminished levels of the
active forms of Aurora B and Histone 3, which are known to be essential
for chromosome condensation, chromosome migration and cytokinesis
[46,47].

Subsequent cell sorting data showed that TNAP deficient calvarial
cells are primarily blocked in the G2/M phase of the cell cycle. This
data, combined with the fact that the TNAP deficient cells exhibited
increased cell size and incidence of binucleation suggests abnormalities
in cytokinesis. Immunofluorescent staining of chromosomes and the
mitotic spindle subsequently confirmed that TNAP deficient cells ex-
hibited significantly more instances of abnormal chromosome con-
densation and migration than that seen in control cells. It is worth
noting that significantly more, but not all of the TNAP deficient cells
exhibited increased cell size, binucleation and abnormal cytokinesis.
TNAP appears to promote cell cycle progression and cytokinesis, but
not be essential for it. Together, the data presented here indicates that
TNAP has a cell cycle function in calvarial bone progenitor cells that is
in addition to its previously established function of promoting tissue
mineralization when expressed in differentiated osteoblasts. Additional
support for the concept that TNAP plays a critical role in progenitor
cells comes from studies of pluripotency and embryonic stem cells.
TNAP is a marker of migrating primordial germs cells in humans [11],
monkey embryonic stem cells [48], and pluripotent cells in embryonic
carcinoma [49]. Future studies in which TNAP is conditionally deleted
only in calvarial and/or long bone progenitor cells should provide ad-
ditional insight into how TNAP influences chromosome dynamics and
cytokinesis to promote progenitor cell renewal in bone development.

TNAP generates inorganic phosphate (Pi), which was previously
shown to stimulate Erk1/2 activity in bone progenitor cells [34,35].
Therefore, we also sought to determine if the effects of TNAP on cell
cycle progression were mediated by Erk1/2 activity. As expected, we
found that Erk1/2 phosphorylation levels were diminished in TNAP
deficient cells when cultured in phosphate-free media. Yet while levels
of active Erk1/2 did increase in both wild type and TNAP deficient cells
upon Pi treatment, we were surprised to also find Pi induced Erk1/2
phosphorylation levels to be diminished in TNAP deficient as compared
to control cells. This data indicates that TNAP stimulates Erk1/2 ac-
tivity via both Pi dependent and Pi independent mechanisms. The data
also suggests that TNAP is involved in or in some manner influences the
mammalian sensor for Pi. Cellular systems for sensing and responding
to Pi levels are well delineated in bacteria and yeast [50] but remain
unknown in mammalian cells. Pi is essential for numerous biochemical
and cell signaling pathways [15]. This fact plus the fact that Pi stimu-
lates Erk1/2 activity in mammalian cells suggests that a system for
sensing Pi likely exists in mammalian cells. It is possible that TNAP
directly interacts with other membrane proteins such as Pi channels, to
mediate a Pi response. GPI-anchored alkaline phosphatases are also
known to localize to membrane lipid rafts and to alter the solubility of
lipid rafts [51–53]. Therefore, it is also possible that TNAP alters so-
lubility of lipid rafts to indirectly influence the mammalian cell sig-
naling response to Pi. Importantly, we also found consistently dimin-
ished levels of active Erk1/2 in TNAP−/− developing calvarial tissues.
Regardless of the mechanism, TNAP appears to increase levels of active
Erk1/2 in calvarial bone progenitor cells.

Fig. 5. Erk1/2 Mediates the Diminished Proliferation and Cell Cycle Lag of TNAP Deficient Cells. (A) MC3T3E1 TNAP shRNA expressing cells exhibit more sustained
levels of phosphorylated Erk1/2 as compared to control cells upon stimulation with FGF2. (B) FGF2 treatment stimulates TNAP deficient cells to proliferate at levels
similar to that seen in control cells. (C) Treatment with the MEK inhibitor U0126 prevents the increased proliferation seen in TNAP deficient cells upon treatment
with Pi. (D-G) MC3T3E1 TNAP shRNA cells were serum starved to synchronize and then stimulated with FGF2 or Pi. (D) TNAP shRNA cells are stimulated to
proliferate upon treatment with FGF2 to a greater degree than with Pi. (E) FGF2 but not Pi promotes G1 phase exit of TNAP shRNA cells. (F) FGF2 but not Pi promotes
G2/M phase entrance of TNAP shRNA cells. (G) TNAP shRNA cells are stimulated to enter S phase to a significantly greater extent than Pi. Quantified cell data are
represented as mean ± SD.
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Because we found diminished induction of Erk1/2 phosphorylation
in TNAP deficient cells upon treatment with Pi, we next sought to de-
termine if other known inducers of Erk1/2 signaling could stimulate
Erk1/2 phosphorylation in TNAP deficient cells to the same level as that
seen in control cells. Results show that FGF2 was able to stimulate
Erk1/2 phosphorylation, and in a more sustained manner in TNAP
deficient as compared to control cells. Subsequent experiments showed
that FGF2 stimulated proliferation of TNAP deficient cells to levels si-
milar to that of control cells. Moreover, FGF2 but not Pi, stimulated

TNAP deficient cells to exit G1 and enter G2/M phases. FGF2 also sti-
mulated the cells to enter S phase to a significantly greater extent than
Pi. It is worth noting the Pi was able to stimulate cell proliferation and
entry into the S phase, but not to stimulate progression through G1 and
G2/M. These results together indicate that the influence of TNAP on cell
cycle progression and proliferation is mediated by Erk1/2 activity and
that FGF stimulation can rescue the abnormalities seen in TNAP defi-
cient cells.

The sustained Erk1/2 signaling upon FGF2 treatment of TNAP

Fig. 6. TNAP Deficiency Promotes FGFR2 Expression via FGF Signaling. (A) Immunoblotting shows diminished FGFR2 expression in MC3T3E1 cells expressing TNAP
shRNA and in calvarial progenitor cells isolated from TNAP−/− mice, as compared to control cells. (B) Transduction of MC3T3E1 cells with a TNAP expression
adenovirus diminishes FGFR2 expression in both TNAP shRNA and nontarget shRNA expressing cells. (C) Treatment with the actinomycin D inhibitor of transcription
decreases FGFR2 protein expression in both TNAP deficient and control cells. (D) Treatment with the actinomycin D inhibitor of transcription decreases FGFR2
mRNA expression in both TNAP deficient and control cells. (E) FGF2 but not Pi treatment decreases FGFR2 expression in both TNAP deficient and control cells.
Quantified cell data are represented as mean ± SD.
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deficient cells suggested that TNAP deficiency makes cells more re-
sponsive to FGFs. Therefore, we next investigated expression of FGFR1
and FGFR2 in TNAP deficient and control cells before and after osteo-
blast differentiation. We found that FGFR2 expression was upregulated
in TNAP deficient calvarial progenitor cells in culture, and that over-
expression of TNAP diminished FGFR2 expression. We also found

increased FGFR2 expression in coronal suture tissue of young TNAP−/−

mice. From a developmental perspective, it is worth noting that mu-
tations in FGFR2 and mutations in TNAP enzyme both cause cranio-
synostosis [39–42, 54, 55]. Mechanisms behind craniosynostosis in
hypophosphosphatasia remain unknown. Our data suggests that cra-
niosynostosis downstream of TNAP activity could be mediated by

Fig. 7. TNAP Deficiency Increases FGFR2
Expression in in vivo. Immunofluorescent stains
of frontal and parietal calvarial bones sur-
rounding the coronal suture demonstrate in-
creased FGFR2 levels in the coronal suture tissue
of TNAP−/− as compared to TNAP+/+ mice.
(A) TNAP+/+ FGFR2 signal (red). (B) TNAP+/+

FGFR2 signal combined with dapi nuclear stain
(blue/red merge). (C) TNAP−/− FGFR2 signal.
(D) TNAP−/− FGFR2 signal combined with
dapi. (E) Quantification of FGFR2 immuno-
fluorescent stain (n=3 per genotype).
*p < .05 between genotypes. Quantified cell
data are represented as mean ± SD.

Fig. 8. Model of TNAP Function in Bone Progenitor Cells. TNAP is an enzymatic generator of inorganic phosphate (Pi). Our data shows that TNAP stimulates Erk1/2
activity via both Pi dependent and independent pathways. Erk1/2 activity promotes cell cycle progression, cytokinesis and bone progenitor cell renewal, which we
hypothesize helps to maintain cranial suture mesenchyme tissue between growing calvarials, promote bone growth and prevent craniosynostosis. Erk1/2 activity also
feeds back to inhibit FGFR2 expression.
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diminished renewal of calvarial progenitor cells causing premature loss
of the mesenchymal cranial suture tissue that is normally present be-
tween growing calvarials, leading to bone fusion. Based upon our data
it is tempting to speculate that changes in FGF signaling mediate the
abnormal craniofacial skeletal development seen in humans and mice
with TNAP deficiency. We are currently pursuing studies to determine if
stimulation of FGF signaling can rescue the abnormal craniofacial and/
or long bone phenotypes seen in TNAP−/− mice.

5. Conclusions

In summary, here we report a novel role for TNAP in skeletal de-
velopment (Fig. 8). In calvarial bone progenitor cells, TNAP promotes
cell cycle progression and cytokinesis via Erk1/2 signaling. Notably, the
stimulation of Erk1/2 signaling by TNAP occurs via both inorganic
phosphate dependent and independent mechanisms. In addition, FGFR2
expression is increased in TNAP deficient progenitor cells, making these
cells more responsive to FGF stimulation. Together, this data establishes
a previously unidentified and essential mechanism by which TNAP in-
fluences skeletal development by promoting bone progenitor cell re-
newal. The data also suggests that pathways downstream of FGF sig-
naling and TNAP activity converge in their influence on craniofacial
skeletal development.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bone.2018.10.013.
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