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Abstract

Vascular calcification is associated with increased cardiovascular risk and occurs by
osteochondrogenic differentiation of vascular cells. Many of the same regulatory factors that control
skeletal mineralization, including the complex metabolic pathway controlling levels of the activator,
inorganic phosphate, and the potent inhibitor, pyrophosphate, also govern vascular calcification. We
previously found that cAMP/PKA signaling pathway mediates in vitro vascular cell calcification
induced by inflammatory factors including tumor necrosis factor-alpha 1 and oxidized phospholipids.
In this report, we tested whether this signaling pathway modulates phosphate and pyrophosphate
metabolism. Treatment of primary murine aortic cells with the PKA activator, forskolin, significantly
induced osteoblastic differentiation markers, including alkaline phosphatase (ALP), osteopontin,
osteocalcin as well as the pyrophosphate generator, ectonucleotide-pyrophosphatase/
phosphodiesterase-1 (Enppl) and the pyrophosphate transporter, ankylosis protein, but not the
sodium/phosphate cotransporter, Pit-1. In the presence of a substrate for ALP, beta-
glycerophosphate, which generates inorganic phosphate, forskolin also enhanced matrix
mineralization. Inhibitors of ALP or Pit-1 abrogated forskolin-induced osteopontin expression and
mineralization but not forskolin-induced osteocalcin or ALP. These results suggest that phosphate
is necessary for PKA-induced calcification of vascular cells and that the extent of PKA-induced
calcification is controlled by feedback induction of the inhibitor, pyrophosphate.
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Introduction

In clinical calcific vasculopathy and valvulopathy, calcium mineral is deposited in the artery
wall in the form of amorphous mineralized matrix or as cartilage or bone-like tissue within
atherosclerotic plague, vessel medial layers, and/or cardiac valves [1-3]. It is widespread in
patients with atherosclerosis, type 11 diabetes, and/or end-stage renal disease, although the
mechanism(s) may differ in each of these disease contexts [4-6]. Coronary artery calcification
correlates with coronary atherosclerotic burden and is an independent predictor of
cardiovascular morbidity and mortality [7]. As in skeletal mineralization, vascular calcification
is governed by both positive and negative regulators, and, under normal conditions, constitutive
inhibition prevails. Some of the key regulatory factors include alkaline phosphatase (ALP),
osteopontin, and levels of extracellular inorganic phosphate (Pi) and pyrophosphate (PPi) [8—
12].

The balance between levels of Pi and PPi determines whether hydroxyapatite mineral crystals
form and grow in cartilage and bone. Pi transport via type 111 sodium-phosphate cotransporters/
receptor for gibbon ape leukemia virus/solute carrier family 20A1 (Pit-1/Glvr-1/SLC20A1) is
a critical step in calcification [13,14]. However, under physiological conditions, calcification
is inhibited by extracellular PPi, elaborated by cellular export via the multipass transmembrane
protein, ankylosis (Ank), as well as by cleavage of nucleotide triphosphates by ectonucleotide
pyrophosphatase/phosphodiesterase 1 (Enppl/Nppl/PC-1)[8,15]. Enppl, one of the seven
members of NPP family, is localized both intracellularly on endoplasmic reticulum and
extracellularly on the plasma membrane of cells and matrix vesicles [16]. Under certain
pathological conditions, the extracellular PPi level is reduced, allowing for calcification to
proceed. In elegant studies, the group led by Terkeltaub showed that the serious human
disorder, idiopathic infantile arterial calcinosis, results from Enppl deficiency [17]. They
further demonstrated ectopic mineralization and cartilaginous metaplasia in Enppl~~ mice
and inhibition of in vitro chondrogenesis by exogenous PPi, thus demonstrating the critical
role of PPi production in prevention of ectopic mineralization [18,19]. Ectopic mineralization
was also found in ank/ank mice, demonstrating the role of transmembrane PPi transport in this
process [20]. Upregulation of ALP and reduced pyrophosphate levels have also been postulated
as a potential mechanism for uremic vascular calcification [21].

Bothin vitro and in vivo studies have established that protein kinase A (PKA) activators induce
vascular calcification. One PKA activator, parathyroid hormone-related protein (PTHrP), has
been demonstrated in calcified atherosclerotic lesions [22]. Another PKA activator, PTH, when
present at continuously high levels, induces vascular calcification in rats independently of
calcium and phosphorus levels or renal function [23,24]. Both primary and secondary
hyperparathyroidism induce aortic valve calcification [25,26]. Conversely, vascular
calcification resolves in parallel with normalization of PTH levels in these models [27].
Consistent with these findings, Chen et al. showed that the PKA pathway is involved in uremic
serum-induced vascular calcification [28]. Our previous work also supports a critical role for
the PKA pathway in vascular calcification, since PKA activation with tumor necrosis factor-
alpha (TNF-a) or directly with cAMP analogs, induces osteoblastic differentiation and
mineralization of bovine vascular cells in vitro [29,30]. However, it is not clear by what
mechanism the PKA pathway leads to osteogenic differentiation and mineralization.
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In this report, we tested the hypothesis that hyperparathyroidism-associated vascular
calcification involves the interaction of PKA activation with pyrophosphate and phosphate
metabolism. We modeled a hyperparathyroid state in the vasculature by prolonged exposure
of murine aortic cells to forskolin, an activator of adenylate cyclase, which activates PKA
through cAMP production. The findings support the hypothesis that PKA activation drives
vascular calcification via effects on phosphate transport proteins and pyrophosphate generating
enzymes.

Forskolin from Calbiochem, and levamisole hydrochloride, probenecid, H89,
phosphonoformic acid (PFA) and porcine kidney alkaline phosphatase were from Sigma.

Cell isolation

Culture

Primary aortic cells were isolated from the thoracic aortas of C57BL/6 mice by the explant
technique, as described previously [31]. Briefly, the thoracic aorta was gently cleaned of
periadventitial fat and connective tissues and cut into rings 3 mm in length. The aortic segments
of each mouse were placed in DMEM medium supplemented with 20% fetal bovine serum and
1% penicillin/streptomycin. The vessel segments were removed once cell outgrowth was
achieved. Passages 4-8 were used for experiments. Eighty-five to ninety percent of the cells
were positively immunoreactive for smooth muscle a-actin, (Dako) but none of the cells were
positively immunoreactive for the endothelial marker, von Willebrand factor (Dako).

Cells (10,000/cm?2) were treated with the indicated reagents in o-minimal essential medium
supplemented with 10% fetal bovine serum. Media with fresh agents was changed every 3—4
days.

Matrix Calcification

Ten days after the treatment, cells were incubated overnight in 0.6N HCI. Calcium levels were
analyzed by the o-cresolphthalein complexone method (Teco Diagnostics) in quintuplicate.
Values were normalized to total protein, as determined by the Bradford method.

Alkaline Phosphatase Activity

Four days after the treatment, whole cell lysate was incubated with Sigma 104 Phosphatase
Substrate (Sigma), and alkaline phosphatase activity was assayed in quintuplicate. Values were
normalized to total protein, as determined by the Bradford method.

One Step Real-time RT-PCR

After 10-11 days of treatment with the indicated reagents, total RNA was isolated using TRIzol
reagent (Invitrogen). Real-time RT-PCR was performed on 50 ng RNA using Qcell-Eva One-
step gRT-PCR SuperMix Kit (Biochain Institute, Inc.) in the Mx3005P (Stratagene). Sequences
for the primers are as follows: OPN: (forward) 5-CCCGGTGAAAGTGACTGATT-

3' (reverse) 5' - TTCTTCAGAGGACACAGCATTC- 3; Cbfal: (forward) 5'-
CTACCAGCCTCACCATAC-3' (reverse) 5-~AGGACAGCGACTTCATTC-3'; TAZ:
(forward) 5'-ATGAATCACCAACACCAG-3' (reverse) 5-CTTGACGCATCCTAATCC-3;
ALP (forward) 5'-TGAATCGGAACAACCTGAC-3' (reverse) 5'-
CCACCAGCAAGAAGAAGC-3'; ANK (forward) 5'-

GATGGCACTAGAGCGAGAAG-3' (reverse) 5-TCAGAAGTTACGAGACAAGACC-3;
OCN (forward) 5'-CCGGGAGCAGTGTGAGCTTAZ' (reverse) 5'-
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TAGATGCGTTTGTAGGCGGTC-3'; Pit-1 (forward) 5'-
ACGAGTGGGTAGAGAGTC-3' (reverse) 5-ATGGCGGATTAGAGAAAGG-3'; Enpp-1
(Forward) 5'-GCTAATCATCAGGAGGTCAAG-3' (Reverse) 5'-
CTGGTAGAATCCCGTCAATC-3'. B-actin was used as a normalizing gene.

Data Analysis

Results

Each experiment was performed in at least triplicate wells. Data are expressed as mean £ SEM
from all experiments where noted. Means were compared using one-way ANOVA, with
comparison of different groups by Fisher’s protected least significant difference test. A value
of p < 0.05 was considered significant.

Effects of forskolin on osteoblastic differentiation and calcification

Consistent with our previous findings in bovine aortic calcifying vascular cells [30,32],
treatment of murine aortic cells with forskolin for 4 days induced ALP activity (Figure 1A).
This forskolin-induced ALP activity did not require the presence of BGP (Figure 1A). In
contrast to bovine calcifying vascular cells, murine aortic cells require BGP for forskolin-
induced matrix calcification (Figure 1A). Forskolin treatment also induced expression of
osteoblastic differentiation markers, osteopontin, bone sialoprotein, and osteocalcin (Figure
1B), suggesting that this mineralization occurs as a result of osteoblastic differentiation. In
addition, forskolin induced expression of core binding factor alpha 1 (Cbfal) and its
coactivator, transcription adapter putative Zinc finger (TAZ) [33], upstream factors known to
drive osteogenic differentiation (Figure 1B). The mineralization induced by forskolin was
specific to PKA activation since both forskolin-induced ALP activity and calcification were
attenuated by the PKA inhibitor, H89 (Figure 1C).

Since the balance between extracellular levels of the activator, inorganic phosphate (Pi), and
the potent inhibitor, pyrophosphate (PPi), is a key determinant of mineralization, we next
assessed the effects of forskolin on expression of Pit-1, Enppl and Ank, which govern
phosphate intake, pyrophosphate generation, and pyrophosphate output to the extracellular
milieu, respectively. Treatment of cells with forskolin upregulated expression of Enppl and
Ank but not Pit-1 (Figure 1D), suggesting that forskolin induces extracellular PPi concentration
as a negative feedback mechanism to limit PKA-mediated calcification. Induction of Enppl
by PKA has been reported previously in osteosarcoma cells [34].

Effects of phosphate transport on forskolin-induced osteoblastic differentiation and
mineralization

To assess whether forskolin-induced osteogenic differentiation and mineralization depends on
cellular phosphate intake via Pit-1, cells were cotreated with forskolin and the Pit-1 inhibitor,
PFA. As shown in Figure 2A, PFA completely abrogated forskolin-induced mineralization,
suggesting that Pi transport is a necessary mediator of mineralization downstream of the PKA
pathway. Consistent with this finding, blocking of Pi generation by ALP using levamisole, an
ALP inhibitor, also abrogated forskolin-induced mineralization (Figure 2A). In contrast,
levamisole did not inhibit calcification induced by exogenous Pi (Figure 2B), suggesting that
Pi transport from extracellular to intracellular is downstream of ALP activity. Consistent with
this finding, exogenous Pi rescued the inhibitory effect of levamisole on calcification but not
that of PFA (Figure 2B). Cotreatment of cells with PFA or levamisole inhibited forskolin-
induced OPN expression, but not ALP or osteocalcin, suggesting that forskolin acts via both
phosphate dependent and independent mechanisms (Figure 2C).
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Forskolin-induced osteoblastic differentiation and mineralization depends on
pyrophosphate status

Toassess the role of ALP in cleaving the inhibitor, PPi, purified porcine kidney ALP was added
to mouse aortic cells, in the absence of BGP. As shown in Figure 3A, addition of exogenous
ALP further promoted calcification induced by Pi, suggesting that ALP cleavage of
pyrophosphate enhanced calcification. Addition of exogenous PPi to the cultures inhibited
forskolin-induced calcification (Figure 3B). Interestingly, inhibition of Ank by probenecid
attenuated forskolin-induced mineralization (Figure 3B). RT-gPCR analysis showed that in
the presence of probenecid, Enppl expression was further increased compared to forskolin
treatment alone (Figure 3C).

Discussion

Chronic hyperparathyroidism is known to induce medial calcification in animal models [23,
24,27]. Since PTH acts through its receptor to generate CAMP, we modeled
hyperparathyroidism by prolonged in vitro exposure of murine aortic cells to the PKA activator,
forskolin and found that PKA-induced matrix calcification of murine aortic cells appears to
depend on modulation of phosphate and pyrophosphate metabolism.

Our working model for the mechanism of forskolin-induced matrix calcification in vascular
cells is shown in Figure 4. Forskolin induces both positive and negative regulators of
calcification, ALP and Enppl. The former cleaves the inhibitor PPi to generate the activator
Pi while the latter generates the inhibitor PPi. Clearly, this system features tight feedback
regulatory mechanisms. When BGP is added to cells, ALP cleaves it to provide extracellular
inorganic phosphate (Pi-extra), which is transported by Pit-1 to the cell interior where it may
drive gene expression [35]. It is also postulated that intracellular Pi (Pi-intra) accumulates in
matrix vesicles, which bud off from the plasma membrane and initiate extracellular nucleation
of hydroxyapatite crystals [36]. Intracellular inorganic pyrophosphate PPi (PPi-intra), is
produced by endoplasmic reticulum-bound Enppl and is transported to the extracellular milieu
by Ank protein, where PPi acts as a matrix calcification inhibitor. The extracellular PPi (PPi-
extra) pool is also enriched by plasma membrane- and matrix vesicle-bound Enppl. Altering
the balance of PPi to Pi concentrations pathologically or with inhibitors regulates matrix
calcification.

Although ALP in matrix calcification produces Pi necessary for calcification, its key in vivo
regulatory action appears to be cleavage of extracellular PPi [37]. Poorly mineralized bones in
ALP-deficient mice are corrected by deletion of Enppl or Ank genes. The double knockout
mice (Enppl~~/alp™~ or ank/ank/alp™~) show normalization of extracellular PPi
concentrations and corrections at the skeletal sites [37]. This may be due to availability of Pi
from other sources for matrix calcification [37]. Interestingly, our findings show that, in the
absence of BGP, forskolin-induced ALP was not able to induce matrix calcification by cleaving
PPi, suggesting that matrix calcification in the in vitro cultures is also dependent on ALP
generation of Pi. It is important to note that PPi inhibits calcification in the micromolar range
whereas Pi needed for matrix calcification is in the millimolar range, suggesting that PPi
appears to be more potent than Pi in regulating calcification. In addition, Pi released from the
cleavage of PPi by ALP alone did not promote mineralization in cultures (Figure 3A), as also
demonstrated previously in aortic ring cultures [9,38]. The results also suggest that in addition
to regulating mineral deposition, Pi and PPi contribute to regulation of osteogenic gene
expression. Forskolin-induced expression of osteopontin is dependent on cell-mediated Pi
levels, consistent with the findings of Beck and colleagues[39,40], whereas ALP and
osteocalcin are not. Interestingly, inhibition of Ank-mediated PPi transport by probenecid
inhibited forskolin-induced calcification. This finding appears paradoxical since inhibition of
PPi export would likely reduce PPi levels in the extracellular milieu, and permit greater
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mineralization. However the findings are consistent with reports by Wang et al. in skeletal cells
[41]. Our findings suggest that the inhibitory effects may likely result from increased Enppl
expression by probenecid/forskolin compared to forskolin treatment alone. It is likely that
increased expression of Enppl may be to compensate for the drop in extracellular PPi caused
by probenecid.

Altogether, these findings suggest that vascular calcification induced by chronically elevated
PTH levels may result directly from persistent activation of the PKA pathway in vascular cells,
and that PKA drives calcification through changes in cell-mediated phosphate and
pyrophosphate metabolism.
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Figure 1. Effects of forskolin on osteoblastic differentiation and calcification

A) ALP activity and matrix calcium from mouse aortic cells treated for 4 days and 10 days,
respectively with or without forskolin (Fsk; 25 M) in normal or osteogenic medium (normal
medium supplemented with 5 mM BGP). Both ALP activity and matrix calcium were
normalized to total protein, as described in Methods. B) RT-qPCR analysis of osteopontin
(OPN), bone sialoprotein (BSP), osteocalcin (OCN), Cbfal and Taz expression from cells
treated with control or Fsk (25 pM) for 7 days in osteogenic medium. C) ALP activity and
matrix calcification of cells cotreated with control (DMSO) or Fsk (25 pM) and/or H89 (10
pM), as indicated, in the osteogenic medium. D) RT-gPCR analysis of Enpp1, Pit-1 and Ank
expression from cells treated with control or Fsk (25 uM) for 7 days in osteogenic medium.
*p < 0.05 compared to control; **p < 0.001 compared to control; #p < 0.0001 compared to
Fsk-treated.
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Figure 2. Effects of phosphate transport on forskolin-induced osteoblastic differentiation and

mineralization

Fsk

A) Matrix calcification of cells cotreated with control, Fsk (25 uM), PFA (0.5 mM) and/or Lev
(1074 M), as indicated, for 11 days in osteogenic medium. B) Matrix calcification of cells
cotreated with control, Pi (3 mM), PFA (0.5 mM), and/or Lev (10~ M), as indicated, for 11
days in osteogenic medium. C) RT-gPCR analysis of ALP, OPN and OCN expression from
cells treated with control or Fsk (25 pM), PFA (0.5 mM), and/or Lev (1074 M) for 12 days in
osteogenic medium. **p < 0.001 compared to non-Fsk-treated control; #p < 0.0001 compared

to Fsk-alone-treated.
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Figure 3. Effects of pyrophosphate on forskolin-induced osteoblastic differentiation and

mineralization

Matrix calcification of cells treated with control, Pi (2.6 or 3.0 mM), and/or purified porcine
ALP (1 unit/mL), as indicated, for 10 days in normal medium. B) Matrix calcification of cells
cotreated with control, Fsk (25 uM), PPi (0.1 mM), probenecid (Prob, 1 mM) as indicated in
osteogenic medium. C) RT-gPCR analysis of Enpp1 expression from cells treated with control
or Fsk (25 pM), or probenecid (1 mM) for 12 days in osteogenic medium. *p < 0.05 compared
to control; **p < 0.001 compared to control; #p < 0.0001 compared to Fsk-treated.
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Figure 4. Schematic illustration of forskolin-induced mineralization in murine aortic cells
CAMP/PKA activation by Fsk induces expression of ALP and Enppl, generating activator Pi
and inhibitor PPi, respectively. In vitro, ALP cleaves BGP to provide extracellular inorganic
phosphate (Pi-extra), which is transported by Pit-1 to the cell interior where it influences gene
expression. It has been postulated that intracellular Pi (Pi-intra) ultimately accumulates in
matrix vesicles that bud off and serve as initiators of hydroxyapatite crystals. Intracellular
inorganic PPi (PPi-intra), produced by endoplasmic reticulum (ER)-bound Enpp1, is
transported to the extracellular milieu by Ank protein, where it acts as a potent calcification
inhibitor. Extracellular PPi (PPi-extra) is also produced by plasma membrane-bound (memb)-
Enppl. Upregulation of ALP reduces the extracellular PPi level, causing calcification. The
exogenously added Pi, PPi, ALP as well as inhibitors at each step are shown; H89, levamisole
(Lev), probenecid (Prob) and PFA.
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