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Abstract Previously, we reported that stearate, a saturated
fatty acid, promotes osteoblastic differentiation and min-
eralization of vascular smooth muscle cells (VSMC). In this
study, we examined the molecular mechanisms by which
stearate promotes vascular calcification. ATF4 is a pivotal
transcription factor in osteoblastogenesis and endoplasmic
reticulum (ER) stress. Increased stearate by either supple-
mentation of exogenous stearic acid or inhibition of stearoyl-
CoA desaturase (SCD) by CAY10566 induced ATF4 mRNA,
phosphorylated ATF4 protein, and total ATF4 protein. In-
duction occurred through activation of the PERK-elF2«
pathway, along with increased osteoblastic differentiation
and mineralization of VSMCs. Either stearate or the SCD
inhibitor but not oleate or other fatty acid treatments also
increased ER stress as determined by the expression of
p-elF2a, CHOP, and the spliced form of XBP-1, which were
directly correlated with ER stearate levels. ATF4 knockdown
by lentiviral ATF4 shRNA blocked osteoblastic differentia-
tion and mineralization induced by stearate and SCD inhibi-
tion. Conversely, treatment of VSMCs with an adenovirus
containing ATF4 induced vascular calcification.ll Our re-
sults demonstrated that activation of ATF4 mediates vascu-
lar calcification induced by stearate.—Masuda, M., T. C. Ting,
M. Levi, S. J. Saunders, S. Miyazaki-Anzai, and M. Miyazaki.
Activating transcription factor 4 regulates stearate-induced
vascular calcification. J. Lipid Res. 2012. 53: 1543-1552.
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Cardiovascular disease, such as vascular calcification, is the
leading cause of death in patients with chronic kidney dis-
ease, accounting for over 50% of deaths (1, 2). Vascular calci-
fication is frequently observed in advanced atherosclerotic
lesions and is a highly regulated process that recapitulates
osteogenesis in bone formation. Recent in vivo and in vitro
studies have implicated the involvement of numerous posi-
tive and negative regulators, including serum phosphate,
several lipid-derived molecules (saturated fatty acids, oxys-

This work was supported in part by American Heart Association Grant
10BGIA458005 and 12BGIA11380005 to Dr. Miyazaki.

Manuscript received 4 May 2012 and in revised form 18 May 2012.

Published, JLR Papers in Press, May 25, 2012
DOI 10.1194/jlr. M025981

Copyright © 2012 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org

+

terol, and oxidized phospholipids), and hormonal factors
(tumor necrosis factor-o, bone morphogenetic protein-2,
matrix gla protein, osteocalcin, fibroblast growth factors, and
Klotho) in the pathogenesis of vascular calcification (3-10).
Recently, we reported that bile acid nuclear receptor,
farnesoid X receptor (FXR), and oxysterol nuclear receptor,
liver X receptor (LXR), elicit opposite effects on vascular cal-
cification (11-13). We found that FXR activation attenuated
CKD-dependent atherosclerotic calcification in ApoE_/ N
mice with 5/6 nephrectomy. FXR activation by either VP16-
FXR overexpression or INT-747 (an FXR-=specific agonist)
treatment attenuated mineralization of vascular smooth mus-
cle cells (VSMGs) in culture. Conversely, FXR inhibition by
FXR shRNA and the dominant negative (DN) form of FXR
augmented vascular calcification (11). In contrast to FXR,
LXR activation by LXR agonists and adenovirus-mediated
LXR overexpression by VP16-LXRa and VP16-LXR{ pro-
moted mineralization of VSMGCs. Conversely, LXR inhibition
by dominant negative forms of LXRa and LXR attenuated
vascular calcification in VSMCs (12). The regulation of min-
eralization by FXR and LLXR agonists was highly correlated
with changes in lipid accumulation, fatty acid synthesis, and
the expression of sterol regulatory element binding protein-1
(SREBP-1). The rate of lipogenesis in VSMCs through the
SREBP-1c-dependent pathway was reduced by FXR activa-
tion but increased by LXR activation (11, 12). SREBP-1c
overexpression promoted mineralization in VSMCs, whereas
SREBP-1c DN inhibited alkaline phosphatase activity and
mineralization induced by LXR agonists. LXR and SREBP-1¢
activations increased, whereas FXR activation decreased
saturated and monounsaturated fatty acids derived from li-
pogenesis. Furthermore, we found that stearate markedly
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promoted mineralization of VSMCs compared with other
fatty acids. Inhibition of acetyl-CoA carboxylase or acyl-CoA
synthetase reduced mineralization of VSMCs, whereas inhibi-
tion of stearoyl-CoA desaturase (which converts stearate to
oleate) promoted mineralization and osteoblastic differen-
tiation (12). We also found that increased cholesterol synthe-
sis and uptake by LXR and SREBP-1c activations contributed
to vascular calcification (13). Therefore, we concluded that a
stearate metabolite derived from lipogenesis promotes vas-
cular calcification. However, the molecular mechanism by
which stearate metabolites promote osteoblastic differentia-
tion and mineralization of VSMCs remains elusive.

The endoplasmic reticulum (ER) is a major site for the
regulation of calcium and lipid homeostasis. ER stress (also
known as the unfolded protein response, UPR) is an inte-
grated signal transduction pathway involved in the localiza-
tion and folding of secreted and transmembrane proteins.
A number of cellular stress conditions lead to the accumula-
tion of unfolded or misfolded proteins in the ER lumen. The
UPR is initiated by activation of three molecules: PKR-like
endoplasmic reticulum kinase (PERK), inositol-requiring en-
zyme 1 (IREI), and activating transcription factor 6 (ATF6)
(14, 15). Activation of PERK leads to the phosphorylation of
the a-subunit of eukaryotic initiation factor 2 (elF2a), which
inhibits the assembly of the 80S ribosome and inhibits pro-
tein synthesis (16, 17). In contrast to most proteins, acti-
vating transcription factor 4 (ATF4) is not affected by the
translational attenuation of elF2a phosphorylation be-
cause ATF4 has two small upstream open reading frames
in its 5-untranslated region. These upstream open reading
frames, which prevent translation of the true ATF4 under
normal conditions, are bypassed only when elF2a is phos-
phorylated, and thereby permit ATF4 translation (16, 18).
ATF4 is a pivotal transcription factor that mediates not only
ER stress but also osteoblastic differentiation (18, 19). The
transcriptional activity of ATF4 is regulated through post-
translational phosphorylation by ribosomal S6 kinase 2
(RSK2) and PKA (18-20). In addition to ER stress markers,
such as ATF3 and C/EBP homologous protein (CHOP),
transcriptional targets of ATF4 include osteocalcin, an osteo-
blast-specific marker for the late stage of osteoblast differen-
tiation (18), and osterix, another essential transcription
factor in osteoblast differentiation (18, 20-22). ATF4 is also
required for preserving mature osteoblast functions, includ-
ing the synthesis of collagen, the most abundant extracellular
protein found in bones and calcified vasculatures (18). It has
recently been reported that ER stress mediated via the
PERK-elF20-ATF4 pathway is involved in osteoblast differen-
tiation induced by bone morphogenetic protein-2 (23).
However, the role of ATF4 in the regulation of vascular calci-
fication and vascular osteogenesis has yet to be determined.

MATERIALS AND METHODS

Cell culture studies

MOVAS-1 cells were kindly provided by Dr. Husain at the Univer-
sity of Toronto and cultured in DMEM containing 10% FBS with
either 3.0 mM phosphate or 5.0 mM glycerophosphate (24, 25).
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MOVAS-1 cells were treated with triacsin C (Enzo Life Sciences) and
free fatty acid-BSA complexes. The fatty acid-BSA complexes were
generated as previously described (12, 26). The medium was
changed every 2-3 days. Seven days after reaching confluence,
the cells were stained with Alizarin red to identify calcium deposits.

Calcium content in cultured cells

Calcium deposition in the plates was quantified as previously
described (11). Cells were decalcified using a 0.6 M HCI solution.
After collecting the supernatant, the cells were washed with PBS
and solubilized with a 0.1 N NaOH/0.1% SDS solution for protein
quantification. Calcium content was quantified calorimetrically
using the o-cresolphthalein method. Protein content was mea-
sured using a BCA protein assay Kkit.

RNA analysis

Total RNA was isolated using Tri reagent in conjunction with an
RNAeasy kit. Real-time quantitative PCR assays were performed by
using an Applied Biosystems StepOne qPCR instrument. In brief,
1 g of total RNA was reverse transcribed with random hexamers by
using the High Quality Reverse Transcription Reagents Kit (Applied
Biosystems). Each amplification mixture (10 pl) contained 25 ng
c¢DNA, 900 nM forward primer, 900 nM reverse primer, and 5 pl of
Universal Fast PCR Master Mix. The quantification of given genes
was expressed as the mRNA level normalized to a ribosomal house-
keeping gene (18S or 36B4) using the AACt method. Primer se-
quences are available upon request. The spliced form of X-box
binding protein-1 (XBP-1) was analyzed by RT-PCR coupled with
Pstl digestion, as described previously (27).

Adenoviral transduction for MOVAS-1 cells

MOVAS-1 cells were infected with recombinant adenoviruses
at a multiplicity of infection (MOI) of 40. An adenovirus express-
ing ATF4 was generated using the ViraPower Adenovirus Expres-
sion System (Invitrogen). MOVAS-1 cells were infected with the
adenovirus in DMEM with 10% FBS. After 6 h, the infected cells
were treated with fresh media for 7 days.

Generation of ATF4-, Elovl6-, and PERK-knockdown
MOVAS-1 cells

MOVAS-1 cells were infected with recombinant lentiviruses ex-
pressing control shRNA, five ATF4 shRNAs (Open Biosystems clone
IDs: TRCN0000071723, TRCN0000071724, TRCN0000071725,
TRCN0000071726, TRCN0000071727), or six PERK shRNAs (Open
Biosystems clone IDs: V2LMM_51300, V2LMM_46582, V2LMM_
41655, V3LMM_516599, VSLMM_478942, VBLMM_478941), or six
Elovl6 shRNAs (V2LMM_26975, V2LMM_23217, V3LMM_522399,
V3LMM_522398, V3LMM_453014, VBLMM_453017). Colonies
were selected by treatment with 5 pg/ml puromycin for 7 days.
A single colony was isolated from MOVAS-1 cells infected
with each lentivirus. MOVAS-1 cells infected with lentiviruses
expressing ATF4 shRNA (TRCN0000071723), PERK shRNA
(VBLMM_478941), and Elovl6 (V2LMM_23217) were used as
ATF4-knockdown VSMCs, PERK-knockdown VSMGCs, and Elovl6-
knockdown VSMCs, respectively, unless otherwise indicated.

Western blotting

Cell and tissue lysates were prepared using RIPA buffer (Cell
Signaling). The samples were separated by SDS-PAGE, transferred
to a nitrocellulose membrane, and immunoblotted with an ATF4
antibody (Santa Cruz Biotechnology), CHOP antibody and GAPDH
(Santa Cruz Biotechnology), and phospho-serine antibody (Milli-
pore). Samples were visualized using horseradish peroxidase cou-
pled to an anti-mouse secondary antibody, with enhancement by an
ECL detection kit. For phosphorylated (p-)ATF4 detection, the



lysates were immunoprecipitated with an ATF4 antibody and
immunoblotted using a phospho-serine antibody.

Stearate levels in ER

VSMC homogenate was centrifuged at 10,000 g twice to re-
move the large debris. The resulting supernatant was layered on
a discontinuous sucrose gradient (2 ml of 30% sucrose and 4 ml
of 38% sucrose prepared in 10 mM HEPES, pH 7.4) and sub-
jected to centrifugation at 100,000 g for 2 h to obtain the ER,
which precipitated. Total lipids from the ER fraction were iso-
lated by Bligh and Dyer’s method. Fatty acids were quantified
using gas chromatography as previously described (28). Protein
content was measured using a BCA protein assay kit.

Stearoyl-CoA desaturase activity

MOVAS-1 cells treated with CAY10566 were incubated with
200 pM stearate-BSA complex containing 1 pCi "Cstearate. To-
tal lipids were saponified with 3 M sodium hydroxide/ethanol.
The saponified fatty acids were separated by 10% silver nitrate-
coated thin-layer chromatography. The ratio of the cpm in the
band corresponding to oleic acid to the cpm in the band corre-
sponding to stearate was used to calculate stearoyl-CoA desatu-
rase (SCD) activity as previously described (28).

Alkaline phosphatase activity

Alkaline phosphatase (ALP) activity was measured using
pnitrophenyl phosphate as the substrate (29).

Statistical analysis

Data were collected from more than two independent experi-
ments and were reported as the means + SE. Statistical analysis
for two-group comparison was performed using the Student ttest
or one-way ANOVA with a Student-Newman posthoc test for mul-
tigroup comparison. Significance was accepted at P< 0.05.

RESULTS

Stearate treatment increases CHOP, phosphorylated
ATF4 protein, and total ATF4 protein, associated with
increased mineralization and osteoblastic differentiation
of VSMCs

Stearate and palmitate treatment induced mineraliza-
tion of mouse vascular smooth muscle cell line MOVAS-1,
an immortalized cell line recently described as an in vitro
model of vascular calcification (24). Similar to our previ-
ous observations, both stearate and palmitate increased
calcium content by 4.3-fold and 2.4-fold, respectively,
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Fig. 1. Stearate induces mineralization in MOVAS-1 cells. (A-C)

MOVAS-1 cells were treated with a fatty acid-BSA complex for 7
days in the presence of 5.0 mM glycerophosphate. (A) Calcium
content in MOVAS-1 cells treated with the indicated fatty acids
at 200 pM. (B) Calcium content in MOVAS-1 cells treated with
various concentrations of stearate for 7 days. (C) ALP activity in
MOVAS-1 cells treated with the indicated fatty acids at 200 uM.

compared with no treatment (Fig. 1A) (12). Other fatty
acids, such as palmitoleate, oleate, and vaccenate, did
not affect mineralization of MOVAS-I cells (Fig. 1A). The
procalcific effect of stearate showed dose dependency
(Fig. 1B). In addition, stearate treatment but not other
fatty acid treatments significantly induced osteoblastic
differentiation as assayed with ALP activity (Fig. 1C) and
osteocalcin (OCN) gene expression (Fig. 2B).

We next examined whether treatment of MOVAS-1
cells with stearate or other fatty acids increases the expres-
sion of ATF4, a pivotal transcription factor not only in
osteogenesis but also in ER stress. MOVAS-1 cells were
treated with either 200 wM of stearate or another fatty
acid, such as palmitate, palmitoleate, oleate, or vaccenate,
for 6 h. Stearate treatment increased ATF4 protein and
mRNA levels by 23.9-fold and 7.0-fold, respectively, com-
pared with no treatment (Fig. 2A, B). Palmitate treatment
also increased ATF4 protein levels, but the effect was weaker
than it was with stearate treatment (Fig. 2C). Treatment
of MOVAS-1 cells with unsaturated fatty acids, including

Fig. 2. Stearate induces ATF4 expression in
O NT MOVAS-1 cells. (A-D) MOVAS-1 cells were treated
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O 18:1(n-9) toleate (16:17-7), stearate (18:0), oleate (18:1%9), and

vaccenate (18:1%-7)] at 200 uM for 6 h (A) or 12 h
(B and C) in the presence of 5.0 mM glycerophos-
phate. (A) ATF4 and CHOP protein were detected
by immunoblot analysis with specific antibodies.
GAPDH was used as a loading control. (B) ATF4,
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Fig. 3. Stearate induces unfolded protein response (ER stress) in
MOVAS-1 cells. (A) Time-dependent effect of stearate on ATF4 ex-
pression. MOVAS-1 cells were treated with 200 wM stearate (18:0)
and 5.0 mM glycerophosphate for various periods as indicated.
Phosphorylated-ATF4 (p-ATF4), total ATF4 (ATF4), CHOP, and
phosphorylated elF2a (p-elF2a) protein were detected by immu-
noblot analysis with specific antibodies. GAPDH was used as a load-
ing control. (B) Dose-dependent effect of stearate. MOVAS-1 cells
were treated with different concentrations of stearate (18:0) for 6 h.
(Cand D) ATF4 mRNA. (E and F) CHOP mRNA was analyzed with
RT-qPCR analysis. (G and H) RT-PCR analysis of XBP-1 in MOVAS-1
cells. (C, E, and G) MOVAS-1 cells were treated with 200 pM
stearate (18:0) for the indicated periods (0, 3, 6, 12, 48, and 96 h).
(D, F, and H) MOVAS-1 cells were treated with various concentra-
tions of stearate (18:0) for 12 h. (G and H) The PCR products
were digested with Pstl. The upper band is the expression of
unspliced forms of XBP-1 mRNA (uXBP-1), and the lower is the

expression of spliced forms of XBP-1 mRNA (sXBP-1). *P < 0.05,
*¥*¥P<0.01, ¥*¥*¥P < 0.001.

oleate, palmitoleate, and vaccenate, did not affect ATF4
protein and mRNA levels (Fig. 2A—C). Consistently, mRNA
and protein expression of CHOP, a major ATF4 target,
were highly induced by stearate treatment but not oleate
treatment (Fig. 2A, B). Levels of GAPDH protein used
as a loading control did not vary between stearate and
oleate treatment. In addition, stearate treatment caused a
3.3-fold increase in mRNA levels of the spliced form of
X-box binding protein-1 (sXBP-1), another common marker
of ER stress (Fig. 2D). The unspliced form of XBP-1 (uXBP-1)
remained unchanged in MOVAS-1 cells treated with stear-
ate (Fig. 2D). We also examined time- and dose-dependent
effects of stearate on the expression of p-ATF4, which is
an active form of ATF4 in osteoblastic differentiation.
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Fig. 4. Stearate induces gene expression of osteogenic transcrip-
tion factors and markers. MOVAS-1 cells were treated with 200 pM
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MOVAS-1 cells were treated with 200 wM stearate for up
to 16 h. Phosphorylated ATF4 levels continuously increased
compared with no treatment (time 0), whereas total ATF4
protein levels transiently increased up to 2.9-fold after 6 h of
stearate treatment (Fig. 3A). We also examined whether
PERK-elF2a signaling contributed to the induction of
ATF4 expression. Phosphorylated eIF2a levels were quickly
and transiently induced between 0.5 and 2 h of treatment
prior to the induction of ATF4 expression. CHOP protein
was induced by 35.6-fold after 6 h of treatment (Fig. 3A).
The effect of stearate on p-ATF4, total ATF4, CHOP, and
p-elF2a protein expression exhibited dose dependency
(Fig. 3B). At a 200 wM concentration, 12 h stearate treat-
ment induced ATF4, CHOP, and sXBP-1 mRNA expression
by 3.8-fold, 7.1-fold, and 2.7-fold, respectively (Fig. 3C, E, G).
Consistent with protein expression, the mRNA levels of
ATF4, CHOP, and sXBP-1 continuously increased with
6 h of stearate treatment in a dose-dependent manner
(Fig. 8D, F, H). The expressions of ATF4, CHOP, and
sXBP-1 correlated with increases in calcium content of
MOVAS-1 cells by stearate treatment (Figs. 1 and 3).
Similar to the expression of genes involved in ER stress,
stearate treatment induced several osteogenic markers,
including ALP, OCN, osteoprotegerin (OPG), sodium-
dependent phosphate transporter 1 (Pitl), Runx2, and
Osterix with maximum induction at 6 h, 12 h, 3 h, 12 h,
12 h, and 48 h, respectively (Fig. 4).
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Fig. 5. Inhibition of acyl-CoA synthetase blocks mineralization
and ER stress induced by stearate treatment. (A) Calcium content
in MOVAS-1 cells treated with triacsin C (5 pM, acyl-CoA synthetase
inhibitor) for 7 days in the presence of 200 pM stearate (18:0) and
5.0 mM glycerophosphate. (B) ALP activity. (C) MOVAS-1 cells
were treated with 200 wM stearate for 10 h in the presence of 5 uM
triacsin C. Phosphorylated ATF4 (p-ATF4), total ATF4 (ATF4), and
CHOP protein were detected by immunoblot analysis with spe-
cific antibodies. GAPDH was used as a loading control. (D and E)
MOVAS-1 cells were treated with triacsin C (5 wM) for 12 h in the
presence of 200 wM stearate (18:0). (D) CHOP mRNA. (E) RT-PCR
analysis of XBP-1 in MOVAS-1 cells. ***P < (.001.

Alteration of stearate metabolism affects expression of
ATF4 through the PERK-eIF2« pathway

To examine whether alteration of stearate metabolism af-
fects ATF4 expression and ER stress, we used specific inhibi-
tors triacsin C and CAY10566 to inhibit acyl-CoA synthetase
and stearoyl-CoA desaturase, two major enzymes in stearate
metabolism. MOVAS-1 cells were cotreated with stearate
(200 wM) and triacsin C (5 uM). Corresponding with the
effect of triacsin C on mineralization and osteoblastic
differentiation (Fig. 5A, B), triacsin C treatment drasti-
cally reduced the expression of p-ATF4 and total ATF4
protein (Fig. 5C), CHOP protein and mRNA (Fig. 5C, D),
and sXBP-1 mRNA (Fig. 5E).

Treatment with specific SCD inhibitor CAY10566
dose-dependently reduced SCD activity in MOVAS-1 cells
(Fig. 6A), resulting in a significant increase in ER stearate
levels (Fig. 6B). SCD inhibition by CAY10566 treatment
induced mineralization (Fig. 6C) and osteoblastic differ-
entiation (Figs. 6D and 7G, H) of MOVAS-1 cells. Along
with induction of vascular calcification, CAY10566 dose-
dependently induced total ATF4, p-ATF4, and p-elF2a
protein expression (Fig. 6E). ATF4 mRNA, CHOP protein,
CHOP mRNA, and sXBP-1 mRNA levels were also highly
and dose-dependently induced by CAY10566 treatment
(Figs. 6 and 7). ER stress and mineralization induced by
CAY10566 were negatively correlated with SCD1 activity.

Even in concentrations as low as 10 nM, CAY10566 in-
duced CHOP mRNA expression, indicating that CAY10566
is as potent as other common inducers of ER stress, such as
thapsigargin and tunicamycin, which also induce vascular
calcification and ATF4 expression (Fig. 7C and data not
shown). We also examined the time-dependent effect of
CAY10566 on the expression of ATF4 and other ER stress
markers. CAY10566 treatment transiently induced p-ATF4
expression. After 2 h of treatment, p-ATF4 levels were in-
creased by 2.9-fold. Total ATF4 and CHOP protein levels
were time-dependently increased by 8.2-fold and 8.1-fold,
respectively, at 16 h of treatment (Fig. 6F). Phosphory-
lated PERK levels were increased by 15.7-fold at 2 h of
CAY10566 treatment, whereas p-elF2a levels were tran-
siently increased by 1.91-fold at 6 h of CAY10566 treat-
ment (Fig. 6F). The expressions of ATF4, CHOP, and
sXBP mRNA were induced up to 96 h of 300 nM CAY10566
treatment (Fig. 7B, D, F). Corresponding with increased
ATF4 expression, CAY10566 treatment significantly in-
duced ALP, OCN, OPG, sodium-dependent phosphate
transporter 1 (Pit-1), Runx2, and Osterix with maximum
induction at 12 h, 48 h, 12 h, 48 h, 12 h, and 96 h of the
treatment, respectively (Fig. 7G, H and data not shown).

To confirm whether SCD inhibition induces ATF4 and
CHOP expression through the PERK-elF2a pathway, we
treated PERK-knockdown MOVAS-1 cells with 300 nM
CAY10566 for 16 h. PERK knockdown completely inhib-
ited the induction of ATF4 and CHOP protein induced by
stearate (Fig. 6G).

In contrast to inhibition of SCD by CAY10566, SCD1 over-
expression by an adenovirus system completely blocked
mineralization of MOVAS-1 cells induced by stearate treat-
ment (Fig. 6H). Treatment with adenoviruses containing
SCD1 increased the expression of SCD1 by 5.3-fold (Fig. 61),
which was comparable to the induction of SCD1 by T0901317
treatment. The induction of total ATF4 and CHOP protein
expression by stearate treatment was completely blocked
by SCD overexpression (Fig. 61).

Not only stearate but also palmitate induced ATF4 expres-
sion and mineralization (Figs. 1 and 2). We therefore hypoth-
esized that the elongation of palmitate to stearate is required
for palmitate-induced ATF4 induction and mineralization.
To examine our hypothesis, we treated Elovl6-knockdown
MOVAS-1 cells with palmitate (Fig. 6]). Elovl6 knockdown
significantly reduced palmitate-induced ATF4 expression
and mineralization (Fig. 6K, L).

ATF4 knockdown blocks mineralization and osteoblastic
differentiation of VSMCs, whereas ATF4 overexpression
induces vascular calcification

ATF4-knockdown MOVAS-1 cells were generated by
treating MOVAS-1 cells with lentiviral shRNAs of ATF4.
MOVAS-1 cells were infected with lentiviruses contain-
ing five different shRNAs for ATF4 or a control shRNA.
The cells were treated with 5 wg/ml puromycin for 7
days to isolate colonies. Three shRNAs out of five effec-
tively reduced ATF4 protein and mRNA expression
(data not shown). In this study, we also used MOVAS-1
cells treated with a lentivirus generated by the clone
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7 days (K). #*P< 0.05, #*P < 0.01, ***P < 0.001 versus no treatment.

TRCN0000071723 as ATF4-knockdown MOVAS-1 cells, and
the results are shown in Fig. 8. ATF4-knockdown MOVAS-1
cells and the control MOVAS-1 cells were treated with either
stearate or CAY10566 for 7 days. ATF4 knockdown reduced
mineralization and osteoblastic differentiation by 53%

1548 Journal of Lipid Research Volume 53, 2012

and 59% under basal conditions (Fig. 8A, B). In addi-
tion, ATF4 knockdown significantly attenuated stearate-
and CAY10566-induced mineralization and ALP activity
(Fig. 8A, B). Consistently, Alizarin staining showed that
ATF4 knockdown markedly attenuated mineralization
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Fig. 7. SCD inhibition induces the expression of ER stress and
osteogenic markers. (A and B) ATF4 mRNA. (C and D) CHOP
mRNA. (E and F) RT-PCR analysis of XBP-1 in MOVAS-1 cells
treated with CAY10566 in the presence of 5.0 mM glycerolphos-
phate. The upper band is the expression of unspliced forms of
XBP-1 mRNA (uXBP-1), and the lower is the expression of
spliced forms of XBP-1 mRNA (sXBP-1). (G) ALP mRNA and
(H) OCN mRNA. (A, C, and E) mRNA levels were analyzed at 24 h
of CAY10566 treatment. (B, D, F, G, and H) CAY10566 was used
at 300 nM.

of MOVAS-1 cells induced by CAY10566 (Fig. 8C). As
expected, ATF4 knockdown attenuated the induction of
p-ATF4 and total ATF4 protein expression induced by
CAY10566 (Fig. 8D) or stearate treatment (data not
shown), resulting in the reduction of p-ATF4 and CHOP
protein expression. Consistent with the immunoblot
analysis, qPCR analysis showed that ATF4 deficiency al-
leviated the expression of ER stress markers [ATF3, aspar-
agine synthetase (ASNS), CHOP, GADD34, and GRP78]
and osteogenic markers (ALP, OCN, and Pitl) induced
by CAY10566 treatment (Fig. 8E). Consistent results were
obtained in ATF4-knockdown MOVAS-1 cells by a lenti-
virus derived from a different clone TRCN0000071724
(datanotshown). In contrast to shRNA-mediated knock-
down of ATF4, ATF4 overexpression mediated by the
adenovirus (Ad) expression system induced mineraliza-
tion and osteoblastic differentiation of MOVAS-1 cells.
Although infection with Ad-ATF4 increased ATF4 ex-
pression by 4.3-fold (Fig. 8F), it was lower than ATF4
induction in MOVAS-1 cells treated with stearate (7.0-
fold, shown in Fig. 2B). Calcium content, ALP activity,
and OCN mRNA levels were increased by 3.9-, 4.5-, and

3.8-fold (Fig. 8G-I), respectively, in MOVAS-1 cells treated
with Ad-ATF4 compared with MOVAS-1 cells treated
with Ad-empty.

DISCUSSION

ATF4 is a critical transcription factor that mediates not
only UPR/ER stress but also osteoblastic differentiation
during bone formation (16, 18, 30-33). However, the role
of ATF4 in vascular calcification and osteogenesis in the
vasculature has not previously been determined. The re-
sults of our present study demonstrate, for the first time to
our knowledge, that the activation and induction of ATF4
are key events in the pathogenesis of vascular calcification
induced by stearate.

There are four reasons for using MOVAS-1 cells in this
study, instead of the primary bovine calcifying vascular
cells used in our previous studies (11, 12). First, MOVAS-1
cells have been established as a cell culture model of vascu-
lar calcification. Second, all of our previous observations
in bovine calcifying vascular cells were perfectly replicated
in MOVAS-1 cells. Third, mouse but not bovine lentiviral
shRNAs are readily available from several commercial
sources. Fourth, puromycin selection for the shRNA ex-
periment significantly affects the growth, mineralization,
osteoblastic differentiation, and morphology of primary
vascular cells but not of MOVAS-1 cells.

We previously reported that stearate derived from
SREBP-1-dependent de novo lipogenesis promotes vascu-
lar calcification of bovine aortic calcifying vascular cells
(12). Stearate is one of the major saturated fatty acids in
mammals and is acquired through two pathways: 7) dietary
fat absorption and i) de novo lipogenesis. Although mam-
mals obtain a large amount of stearate from their diets,
stearate can also accumulate through de novo fatty acid
synthesis. Consistent with our previous report using bo-
vine cells (12), stearate most potently induced vascular os-
teoblastic differentiation and calcification in mouse aortic
VSMGs. In a number of recent studies using cell culture
systems, saturated fatty acids, including stearate, have been
shown to exert lipotoxic effects via ER stress (34-37). We
therefore hypothesized that the induction of ATF4 through
an ER stress signaling pathway mediates stearate-induced
vascular calcification and osteogenesis. Consistent with
our hypothesis was our finding that stearate treatment
drastically and dose-dependently induced p-elF2a, ATF4,
CHOP, and sXBP-1 expression. Phosphorylated elF2a
levels increased prior to the induction of ATF4 protein
expression in response to stearate and CAY10566 treat-
ment, suggesting that the translation of ATF4 is induced
by the activation of elF2a.

The effect of stearate on vascular calcification and ATF4
is specific compared with other fatty acids. Neither miner-
alization nor induction of proteins involved in ER stress
(ATF4, p-elF2a, and CHOP) was detected in MOVAS-1
cells treated with oleate and other unsaturated fatty acids
(Figs. 1 and 2). Although palmitate induced mineraliza-
tion and ER stress in MOVAS-1 cells to a lesser extent than
stearate, the induction of ATF4 expression by palmitate
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treatment.

treatment was attenuated by the shRNA-mediated knock-
down of Elovl6, which generates stearate from palmitate
(Fig. 6], K). These data suggest that the effects of palmi-
tate on ATF4 expression are due to an increase in stear-
ate. We also found that inhibition of acyl-CoA synthetase
by triacsin C completely blocked the induction of ATF4
protein and CHOP mRNA expression induced by stear-
ate treatment, accompanied with a reduction of miner-
alization and osteoblastic differentiation. This inhibition
suggests that stearoyl-CoA or its downstream metabolite
mediates the induction of ATF4 and ER stress. Stearoyl-
CoA desaturase is an ER transmembrane enzyme that reg-
ulates the level of stearate in the ER by converting
stearate to oleate (38, 39). CAY10566 is able to inhibit
the activity of both SCD1 and SCD2, as SCD activity was
undetectable in MOVAS-1 cells treated with 300 nM of
CAY10566 treatment. Similar to stearate treatment, the treat-
ment of MOVAS-1 cells with CAY10566 dose-dependently
and potently induced p-PERK, p-elF2a, ATF4, and CHOP

1550 Journal of Lipid Research Volume 53, 2012

protein expressions, which directly correlated with the
reduction of SCD activity in MOVAS-1 cells. CAY10566
treatment also dose-dependently increased stearate lev-
els in the ER of MOVAS-1 cells. In contrast to SCD inhibi-
tion, the overexpression of SCD1 completely attenuated
ATF4 protein expression and mineralization induced by
stearate treatment. In addition, PERK knockdown com-
pletely inhibited the induction of ATF4 expression by
SCD inhibition and stearate (Fig. 6G and datanotshown),
suggesting that PERK senses stearate levels in the ER
and activated the elF2a-ATF4 signaling pathway. Because
sXBP-1 mRNA levels were also increased in MOVAS-1
cells treated with stearate and CAY10566, other UPRs,
such as the ATF6 and IRE-1 pathways, may also sense
stearate levels in the ER. These pathways may contribute
to stearate-induced vascular calcification, as it was re-
cently reported that the IRE-1-XBP-1 pathway contributes
to BMP-2-dependent vascular calcification by increasing
Runx2 expression (40).
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The most striking result in our present study was that
the knockdown of ATF4 expression by shRNA strongly al-
leviated osteoblastic differentiation and mineralization of
MOVAS-1 cells induced by stearate and the SCD inhibitor.
The residual calcific effect of these factors is probably due
either to the remaining ATF4 activity in ATF4-knockdown
MOVAS-1 cells or to other mechanisms contributing to os-
teoblastic differentiation and mineralization of MOVAS-1
cells. We also found that ATF4 overexpression induced os-
teoblastic differentiation and mineralization of MOVAS-1
cells. These findings provide insight into how stearate pro-
motes vascular calcification.

The results of our current study establish a direct and
important role for ATF4 in the regulation of vascular calci-
fication induced by stearate and other factors, such as
TNFa and oxidized lipids (data not shown). As summa-
rized in Fig. 9, we propose that stearate-CoA or its metabo-
lite activates the PERK-eIF2 pathway of UPR, which leads
to the induction of ATF4 in VSMCs, which in turn induces
osteoblastic differentiation and mineralization of VSMCs.
Altogether, our results suggest that modulation of ATF4
transcriptional activity in VSMCs may be a promising strat-
egy for preventing vascular calcification. 1
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