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Fig. 4. cAMP-induced inhibition of autocrine PP; accumulation in VSMC: pharmacology, kinetics, and reversibility. A: extracellular levels of PP; generation after
transfer of VSMC to basal saline assay medium that were treated for 24 h in the absence (Con) or presence of 1 wM FSK. B: time course of VSMC treated with
1 uM FSK; data represent the extracellular levels of PP; generation at the 2 h time point after transfer of VSMC to basal saline assay medium. C: FSK dose
response of VSMC treated for 24 h; data represent the extracellular levels of PP; generation at the 2 h time point after transfer of VSMC to basal saline assay
medium. D: extracellular levels of PP; generation at the 2 h time point after transfer of VSMC to basal saline assay medium that were treated in the absence (Con)
or presence of 1 uM FSK for 1 day (FSK-1d), 2 days (FSK-2d), or 1 day followed by the removal of FSK and incubated for an additional day (FSK-1d, no
FSK-1d). E: extracellular levels of PP; generation as % of control at the 2 h time point after transfer of VSMC to basal saline assay medium that were treated
for 24 h in the absence (Con) or presence of 1 wM FSK, 200 uM 3-isobutyl-1-methylxanthine (IBMX), or 100 uM 8-(4-chlorophenylthio)adenosine-3',5"-cyclic
monophosphate (CPT-cAMP). F: extracellular levels of PP; generation at the 2 h time point in the absence or presence of 5 mM levamisole (Lev) after transfer
of VSMC to basal saline assay medium that were treated in the absence (Con) or presence of 1 wM FSK for 24 h. Data represent means = SE; n = 3. *P <

0.05 vs. control.

TNAP (Figs. 2C and 4F) and decreased ENPP1 (Fig. 5B)
activity are unlikely mechanisms for this further reduction in
PP; accumulation rate. We therefore compared the abilities of
the variously stimulated VSMC cultures to release ATP as the
autocrine substrate for ENPP1-catalyzed production of extra-
cellular PP;. As we previously reported, autocrine ATP release
from cultured VSMC is efficiently coupled to the ENPP1
ecto-ATPase such that only minor accumulation of ATP can be
measured in the extracellular culture medium (38). Thus we
utilized the ENPP1 competitive substrate MeATP (Fig. 5B) as
a pharmacological tool to spare hydrolysis of endogenously
released ATP and stabilize its extracellular accumulation. We
observed a significant and progressive reduction in the ability
of VSMC to release ATP when costimulated with FSK and
elevated P; for 4 and 10 days (Fig. 6). In contrast, ATP release
was not significantly changed in cells treated with only FSK.
VSMC exhibited a threefold increase in autocrine ATP release
capacity when stimulated with high P; alone for 1 day, fol-
lowed by a return to control ATP release rates as the P;
stimulus was extended to 4 or 10 days. This latter pattern of
ATP release was well correlated with the biphasic change in
PP; accumulation rates observed in VSMC stimulated with
elevated extracellular P; (Fig. 2D). Notably, no changes in total
intracellular ATP content were observed in VSMC grown
under any of the culture conditions (data not shown).

Matrix mineralization of VSMC costimulated by cAMP and
elevated extracellular P; is suppressed by exogenous ATP. The
above experiments suggested that the ability of cAMP and
high-phosphate costimulation to synergistically attenuate ATP

release by VSMC reduces their capacity for extracellular PP;
generation and may thereby contribute to robust mineraliza-
tion. To test this hypothesis, we compared extracellular Ca®*
deposition (by Alizarin Red S staining) in VSMC costimulated
with FSK and elevated P; for 10 days in the absence or
presence of exogenously added PP;, ATP, CTP, or Ado (each
at 50 pM) (Fig. 7). As expected (37), exogenous PP; com-
pletely suppressed the matrix mineralization induced by cAMP
and high P; costimulation. Notably, exogenous ATP similarly
suppressed this mineralization phenotype. To assess the possi-
ble contribution of P, receptor signaling in ATP-induced res-
cue of VSMC from matrix mineralization, the VSMC cultures
were alternatively supplemented with CTP, a nucleotide
triphosphate that does not activate P, receptors but can serve as
a substrate for ENPP1-mediated hydrolysis and PP; generation.
CTP mimicked the abilities of exogenous ATP or PP; to
suppress VSMC mineralization. Inhibition of mineralization by
exogenous ATP could also reflect a contribution of Ado, a
metabolite of extracellular ATP hydrolysis that signals through
various G protein-coupled Ado receptors. However, exogenous
Ado did not reverse the VSMC matrix mineralization induced
by cAMP + high-P; treatment.

DISCUSSION

This study describes novel mechanisms by which cAMP and
elevated extracellular P; act synergistically to induce VSMC
calcification. Our experiments suggest that the synergy be-
tween these stimuli in driving matrix mineralization is medi-
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Fig. 5. ENPP1 ectonucleotidase activity is maintained at control levels in VSMC stimulated by cAMP or elevated extracellular P;. A: ENPP1 Western blot of
VSMC cell extracts treated for the indicated days in culture in the absence or presence of 1 uM FSK, 5 mM P;, or FSK + Pi. HEK-293 cells stably expressing
green fluorescent protein (GFP) or ENPP1 were used as controls (last 2 lanes on right). B: representative HPLC chromatogram of extracellular medium from
intact control VSMC pulsed with 300 wM exogenous 3,y-methylene ATP (MeATP) and incubated for the indicated times. Ado, adenosine. Inset: cumulative
time course data of MeATP (300 wM) hydrolysis in control VSMC based on calibrated peak heights detected by absorbance from the HPLC chromatograms;
control half-life (¢12) = 12.425 = 0.19 min. Table shows #1,> of 300 uM MeATP hydrolysis based on HPLC analysis of VSMC treated for the indicated days
(d) in culture in the presence of 1 pM FSK, 5 mM P;, or P; + FSK. C and D: extracellular levels of PP; after transfer of VSMC to basal saline assay medium
incubated in the absence (autocrine) or presence of 500 nM ATP after treatment of VSMC for 24 h in the absence (C) or presence (D) of 1 uM FSK.
E: extracellular levels of ATP after transfer to basal saline assay medium incubated in the presence of 500 nM ATP after treatment of VSMC in the absence
(control) or presence of 1 wM FSK for 24 h. Data represent the range = SD from a representative experiment repeated 3 times.

ated in part by suppression of two autocrine pathways for
extracellular PP; accumulation: /) the ANK-dependent efflux
of cytosolic PP; and 2) a molecularly undefined ATP release
pathway coupled to ENPP1-catalyzed ATP hydrolysis and PP;
generation. The decreased activities of these two mechanisms
by which VSMC increase extracellular PP; levels are coordi-
nated with the increased activity of TNAP, a PP;-degrading
ectoenzyme and well-characterized inducer/marker of physio-
logical calcification in bone and pathological mineralization in
arteries. These observations support a model in which ANK-
and ATP release-dependent mechanisms serve as critical reg-
ulators of extracellular PP; generation and perturbation in their
expression or function facilitates VSMC calcification. These
findings also raise significant questions regarding the intracel-
lular signaling pathways by which cAMP and elevated P; act
separately and convergently to regulate the expression and
activity of the multiple gene products involved in extracellular
PP; homeostasis. It will also be important to determine whether
modulation of these two pathways for PP; accumulation does,
or does not, occur in human VSMC and human disease states
characterized by vascular calcification.

Our finding that stimulation of cAMP signaling for <24 h
induced an ~50% decrease in the rate of extracellular PP;
accumulation was well correlated with a similar rapid decrease
in ANK mRNA levels. In contrast, there were no significant
changes in the expression or activity of the other major PP;
homeostatic proteins or functions—autocrine ATP release,
ENPP1, or TNAP—during this early response to cAMP stim-
ulation. Importantly, we previously reported (38) that a probe-
necid-sensitive mechanism provided ~50% of the extracellular
PP;-generating capacity of noncalcified VSMC. Together, our
previous and new data suggest that reduced expression/traf-
ficking of ANK to plasma membrane is the major mechanism
underlying the rapid attenuation of extracellular PP; generation
in cAMP-stimulated VSMC. Unequivocal support for this
conclusion will require quantification of ANK protein levels
and localization in cultured VSMC. However, pilot studies
with commercially available ANK antibodies failed to detect
specific signals in whole cell lysates of these cells.

ANK is a 50-kDa plasma membrane protein with §—12
predicted transmembrane domains that functions as either a
direct PP; transporter or a regulator of an as-yet unidentified
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PP; transport protein (41, 53). The identification of ANK as a
major target for rapid suppression by cAMP signaling is
significant given previous findings that increased cAMP facil-
itates in vitro mineralization by osteoblasts and VSMC (15, 48,
49). However, these earlier studies emphasized the stimulatory
effects of cAMP on induction/activity of proosteogenic tran-
scription factors, such as Runx2/Cbfa-1 and osterix, which
secondarily elicit—after several days—increased expression of
effector proteins such as TNAP, matrix Gla protein (MGP),
and osteospontin that directly modulate calcification. We also
observed a gradual increase in TNAP mRNA (Fig. 2B) and
enzyme activity (Fig. 2C) over 10 days of stimulation of
VSMC by FSK. Analysis of Runx2 mRNA levels in the same
extracts of FSK-stimulated VSMC showed a similar temporal
trend of gradual (although not statistically significant) eleva-
tion (Fig. 2B). VSMC treated with elevated P; + FSK (or P;
alone) exhibited a transient increase in Runx2 expression that
returned to baseline levels before the robust matrix calcifica-
tion. This transient increase is similar to the findings of Speer
et al. (46), who recently reported that Runx2 expression within
the in situ aortic VSMC of MGP-knockout mice is maximal at
2 wk before the massive vascular calcification that character-

izes 4-wk-old MGP-null animals. Transient elevation of Runx2
is likely sufficient to increase the levels of osterix, a transcrip-
tion factor that regulates expression of multiple gene products
involved in matrix mineralization (23). In our VSMC model,
ANK transcript levels were maximally decreased within 24 h
after FSK treatment and this was temporally correlated with an
at least twofold decrease in autocrine accumulation of extra-
cellular PP; that was insensitive to the TNAP inhibitor levami-
sole. Thus decreased expression of ANK and reduced PP;
generation precede increased expression of TNAP and Runx2
in cAMP-stimulated VSMC.

Another consequence of sustained cAMP stimulation on PP;
homeostasis was observed only when VSMC were costimu-
lated by high extracellular P;, and this involved a progressive
decrease in autocrine ATP release. These changes in autocrine
ATP release observed in cAMP- and P;-treated VSMC likely
reflect chronic modulation of the expression or activity of a
molecularly undefined ATP release pathway (26). How this
autocrine pool of ATP is exported from VSMC and how this
export is attenuated by the combined phosphate and cAMP
stimuli remain as key questions. Recent studies have focused
on a variety of ATP-permeable channels or channel-like activ-
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Fig. 7. Matrix mineralization of VSMC costimulated by cAMP and elevated
extracellular P; is suppressed by exogenous ATP. Quantification of Alizarin
Red S staining after treatment of VSMC for 10 days in culture in the absence
or presence of 1 wM FSK and 5 mM P; and in the absence or presence of
exogenous PP;, ATP, CTP, or Ado (each at 50 wM). Fresh growth medium
supplemented with FSK + Pj, exogenous PP;, or nucleotides was added every
3 days. Data represent means + SE; n = 3. *P < 0.05 vs. control; *P < 0.05
vs. 10-day FSK + Pi.

Exogenous Addition PPi

ities as the major pathways for ATP export in multiple cell
types (16, 17, 25, 26, 29, 42). Attenuated expression or activity
of such channels likely underlies the decreased ATP release
rate observed in calcifying VSMC. Regardless of the molecular
basis for autocrine ATP release by VSMC, our experiments
support the functional significance of this endogenous pool of
ATP by showing that exogenous ATP can suppress the calci-
fication of VSMC costimulated with cAMP and high Pi. A
similar action of exogenous nucleotides in inhibiting mineral-
ization has been described in primary rat osteoblasts (37).

Increases in extracellular P; potentiate vascular calcification
in two ways: /) by depositing within the extracellular matrix
surrounding VSMC in the form of poorly soluble calcium
phosphate crystals that include HA and other forms and 2) by
triggering intracellular signaling pathways as secondary re-
sponse to enhanced influx via P; transporters. HA crystal
formation requires several days, and these crystals, when
deposited adjacent to cells, have the potential to trigger addi-
tional modulation of cell function including inflammation,
cellular damage, and apoptosis (6). However, high extracellu-
lar P; can also elicit rapid changes in VSMC and other cell
types that precede the obvious deposition of extracellular
Pi-based crystals. Elevated extracellular P; rapidly (within
minutes to hours) stimulates MAP kinase and inhibits Akt
kinase cascades in various cells (including VSMC), which, in
turn, can induce transcriptional or posttranscriptional responses
that impact cellular functions involved in the suppression or
potentiation of mineralization (1, 2, 45). These latter responses
to high extracellular P; likely involve elevated influx of P; via
the type III Na-dependent P; cotransporter Pit-1 to increase
cytosolic P; concentration (normally 0.5-1 mM) (28, 46). Our
data indicate that elevated extracellular P; also rapidly induces
increased accumulation of extracellular PP; in noncalcified
VSMC via upregulation of an autocrine ATP release pathway.
However, these increased rates of ATP release and PP; accu-
mulation were not sustained and returned to control values as
the P; stimulus was extended to 4 or 10 days.

Although there was a transient and modest increase in
Runx2 expression in VSMC stimulated by high P; alone (Fig.
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2B), this was insufficient to induce a calcifying phenotype even
after 10 days of sustained treatment. Other investigators have
reported that elevated P; alone can induce calcification in
different VSMC models (33, 44). Notably, ex vivo organ
cultures of freshly isolated aortic rings, which maintain VSMC
in a physiological contractile phenotype, are remarkably resis-
tant to high P;-induced calcification in the absence of either
deliberate mechanical damage or supplementation with exog-
enous alkaline phosphatase (30). Our VSMC cultures main-
tained high expression of multiple contractile marker proteins
even when induced to calcify by costimulation with high
phosphate and cAMP. Together, these observations in aortic
rings and early-passage VSMC cultures suggest that contractile
phenotype VSMC may support ectopic calcification reactions
when subjected to stimuli that both suppress extracellular PP;
levels and induce cellular damage. It is also important to note
that changes in expression of smooth muscle versus osteogenic
marker genes in VSMC cultures during procalcification stim-
ulation are often multiphasic because of changes in the relative
fractions of VSMC at different phenotypic states. Previous
studies in osteoblasts and chondrocytes have additionally in-
dicated that changes in extracellular PP; per se can modulate
the expression of ANK, ENPP1, and TNAP via complex
negative and positive feedback loops (10, 11, 19, 22). Thus the
very early reduction in extracellular PP; accumulation and
ANK expression observed in FSK-treated VSMC may elicit
feedback pathways that favor increased expression of ANK
and ENPPI1; the time course analyses of ANK and ENPP1
mRNA in Fig. 2B suggest such trends. Moreover, Huang et al.
(15) observed that ANK and ENPP1 mRNA levels were
increased in murine VSMC cultured for 7 days with 25 pM
FSK + 5 mM glycerophosphate as an organic P; donor.

It is noteworthy that extracellular PP; homeostasis in VSMC
and its perturbation by elevated phosphate involve the coordi-
nated activities of at least three plasma membrane transport
proteins, ANK, Pit-1, and the undefined ATP release channels,
as well as two plasma membrane ectoenzymes, ENPP1 and
TNAP. These proteins may be organized in functionally or
structurally defined signaling complexes. Indeed, Wang et al.
recently reported (51) that Pit-1 and ANK can be reciprocally
coimmunoprecipitated from the plasma membrane extracts of
chondrocytes, suggesting that the expression and function of
these integral membrane proteins are linked. Given that de-
creased expression of ANK in cAMP-stimulated VSMC is
correlated with suppression of the early high phosphate-in-
duced increase in autocrine ATP release, it is tempting to
speculate that ANK may also act as a direct or indirect positive
regulator of ATP release channels.
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