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Aims Oxidatively modified lipoproteins may promote the development/progression of calcific aortic valve stenosis
(CAVS). Oxidative transformation of low-density lipoprotein (OxLDL) generates lysophosphatidic acid (LPA), a
lipid mediator that accumulates in mineralized aortic valves. LPA activates at least six different G protein-coupled
receptors, which may play a role in the pathophysiology of CAVS. We hypothesized that LPA derived from OxLDL
may promote a NF-jB signature that drives osteogenesis in the aortic valve.

....................................................................................................................................................................................................
Methods
and results

The role of OxLDL-LPA was examined in isolated valve interstitial cells (VICs) and the molecular pathway was vali-
dated in human explanted aortic valves and in a mouse model of CAVS. We found that OxLDL-LPA promoted the
mineralization and osteogenic transition of VICs through LPAR1 and the activation of a RhoA-NF-jB pathway.
Specifically, we identified that RhoA/ROCK activated IjB kinase alpha, which promoted the phosphorylation of p65
on serine 536 (p65 pS536). p65 pS536 was recruited to the BMP2 promoter and directed an osteogenic program
not responsive to the control exerted by the inhibitor of kappa B. In LDLR-/-/ApoB100/100/IGFII transgenic mice
(IGFII), which develop CAVS under a high-fat and high-sucrose diet the administration of Ki16425, a Lpar1 blocker,
reduced by three-fold the progression rate of CAVS and also decreased the osteogenic activity as measured with a
near-infrared fluorescent probe that recognizes hydroxyapatite of calcium.

....................................................................................................................................................................................................
Conclusions OxLDL-LPA promotes an osteogenic program in the aortic valve through a LPAR1-RhoA/ROCK–p65 pS536 path-

way. LPAR1 may represent a suitable target to prevent the progression of CAVS.
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1. Introduction

Calcific aortic valve stenosis (CAVS) is a chronic disorder characterized
by a progressive mineralization of the aortic valve.1 Despite the presence
of rare osteoclast-like cells in surgically explanted mineralized aortic
valves, there is a net balance towards deposition of mineral through an

osteogenic process.2 Though the disease can be diagnosed early in
its course by echocardiography there is no medical treatment that can
prevent or reduce the progression of CAVS. Chronic low-grade
inflammation is an important feature of CAVS.3 The nuclear factor kappa
B (NF-jB) pathway orchestrates the inflammatory response by regulat-
ing gene expression pattern, which is cell and context dependent.
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Site-specific post-translation modifications of p65, the prototypical NF-
jB subunit, define selective gene expression patterns,4,5 which may play
a role during the pathogenesis of CAVS. The activity of NF-jB is con-
trolled by the inhibitor of kappa B (IjBa), which in response to p65 is
expressed and is recruited to the nucleus where it complexes with p65
and negatively regulates the expression of genes.4 The phosphorylation
of p65 on serine 536 (p65 pS536) directs the expression of selected
genes that are not responsive to the negative regulation exerted by
IjBa.6 Therefore, p65 pS536-target genes escape IjBa-mediated nega-
tive feedback control mechanism, which may result in sustained activa-
tion of detrimental pathways. Evidence suggests that inflammatory
stimuli promote the mineralization of valve interstitial cell (VIC) cultures,
but the molecular process whereby inflammation promotes an osteo-
genic response in the aortic valve is still ill-defined.3 Whether key osteo-
genic genes such as BMP2, a potent morphogen that induces an
osteogenic program by up-regulating RUNX2,7 is under the control of a
p65 pS536 signature in VICs is unknown.

Oxidized lipid derivatives are potent triggers of inflammation and may
thus participate to the development/progression of CAVS through a
specific NF-jB signature. Studies using a Mendelian randomization
approach have underlined that the apolipoprotein B (apoB)-containing
lipoproteins, low-density lipoprotein (LDL) and Lp(a), are possibly cau-
sally related to CAVS.8–10 The circulating level of oxidized phospholipid
(OxPL), a component of oxidized LDL (OxLDL), is independently
related to the progression rate of CAVS.11 We reported that the
enzymes lipoprotein-associated phospholipase A2 (Lp-PLA2) and auto-
taxin (ATX), a lysophospholipase D, are overexpressed in surgically
explanted stenotic aortic valves.12,13 During the oxidation of LDL,
OxPLs are converted into lysophosphatidylcholine (LysoPC) by Lp-
PLA2.14 On the other hand, oxidation of LDL also generates significant
amount of lysophosphatidic acid (LPA),15 a bioactive lipid that accumu-
lates in mineralized, stenotic aortic valves.13 ATX transforms LysoPC
into LPA and its activity is enriched in isolated Lp(a) fraction.13 In this
work, we hypothesized that OxLDL-derived LPA promotes the progres-
sion of CAVS through a NF-jB-induced osteogenic program unrespon-
sive to the negative regulation of IjBa.

2. Methods

Expanded methods are in the online supplement.

2.1 Procurement of tissues for analyses
We examined stenotic aortic valves (CAVS) that were explanted from
patients at the time of aortic valve replacement. Control non-calcified
aortic valves with normal echocardiographic analyses were obtained
during heart transplant procedures. The protocol and experiments
detailed in the method section were approved by the IUCPQ ethical
committee and informed consent was obtained from the subjects. The
study conforms with the declaration of Helsinki.

2.2 Isolation of LDL
LDLs were freshly isolated from healthy human donors by sequential
ultracentrifugation.

2.3 VIC isolation and culture
VICs were isolated and purity of the cell preparation was confirmed as
previously described.16 Cells were used between passage 4–7 and were

incubated for 7 days with a mineralizing medium (NaH2PO4, 2 mM) as
previously described.17

2.4 Real-time polymerase chain reaction
Total RNA was isolated with RNeasy micro kit from Qiagen (ON,
Canada). One microgram of RNA was reverse transcribed using the
Quantitec Reverse Transcription Kit from Qiagen. Quantitative real-
time PCR (qPCR) was performed with Quantitec SYBR Green PCR kit
from Qiagen on the Rotor-Gene 6000 system (Corbett Robotics Inc.,
CA, USA).

2.5 Luciferase reporter assay
COS7 and VICs were transfected with the PathDetect NF-kB cis
Reporting System (Agilent, CA, USA) or BMP2 promoter (Addgene,
MA, USA) fused to firefly luciferase gene along with a vector encoding
for the renilla luciferase (Promega, WI, USA) as a reporter for transfec-
tion efficiency.

2.6 Immunofluorescence on cells
Incubation with antibodies against LPAR1 (Novus Biologicals, ON,
Canada) was performed in PBS1X containing 1% milk overnight at 4 �C.
Cells were incubated 1 h with alexa568-conjugated secondary antibodies
and with alexa488-conjugated phalloidin (Molecular Probes/
ThermoFisher Scientific, ON, Canada). Confocal images were acquired
using a Zeiss microscope Axio Observer Z1, LSM800 driven by the Zen
software (Objective 40� oil, 1.4 NA, Zeiss, ON, Canada).

2.7 Quantitative chromatin
immunoprecipitation
Cells were treated for 6 h with LPA and were then cross-linked in 1%
formaldehyde solution (Sigma, ON, Canada) for 15 min at room temper-
ature. Cells were washed twice with PBS1X and harvested in 1 mL of
PBS1X containing protease inhibitor cocktail (PIC) (Sigma, ON,
Canada). Following centrifugation, pellets were resuspended and soni-
cated to shear the DNA to an average length of 200–800 base pairs.
Antibodies against p65 (BioVision, CA, USA) or p65 phosphoS536 or
non-relevant rabbit IgG (Cell Signaling Technology, MA, USA) antibodies
were incubated with proteins G dynabeads (Life technologies, ON,
Canada). Samples were washed first with low salt wash buffer, then with
high salt wash buffer, followed with LiCl wash buffer and finally with TE
buffer at 4 �C . The complex was then eluted from dynabeads by adding
210mL of elution buffer at 65 �C for 1 h. The eluted samples were
reverse cross-linked by adding 8 lL of 5 M NaCl and incubated at 65 �C
overnight. DNA fragments were purified by using phenol-chloroform
and samples were analysed by qPCR.

2.8 Animals
All animal protocols were conducted according to guidelines set out by
the Laval University Animal Care and Handling Committee and are con-
form with the NIH guidelines for the care and use of laboratory animals.
Male LDLR-/-/ApoB100/100/IGF2 (on C57Bl/6J background) (established
colony) were housed in a pathogen-free, temperature-controlled envi-
ronment under a 12:12 h light–dark cycle and fed ad libitum of a high fat,
high sucrose, cholesterol diet (55% calories from fat, 28% from sucrose,
0.2% cholesterol) for 9 months starting at 12 weeks of age. At the end of
protocol, mice were sacrificed by anaesthesia under isoflurane (2–3%
inhalation) and cardiac puncture, which was performed by a qualified
technician.

1352 M.J. Nsaibia et al.
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2.9 Echocardiography in mice
Transthoracic echocardiography was performed under 2.5% isofluorane
anaesthesia, with a L15-7io (5–12 MHz) and S12-4 (4–12 MHz) probes
connected to a Philips HD11XE ultrasound system (Philips Healthcare
Ultrasound, Netherlands).

2.10 Statistical analyses
Continuous data were expressed as mean ± SEM. Continuous data were
tested for normality of distribution with the Shapiro–Wilk test and com-
pared with Student’s t-test. For continuous data with a non-normal distribu-
tion or with a n <_ 10 the values were compared between groups with non-
parametric Wilcoxon–Mann–Whitney or Kruskal–Wallis test when two or
more than two groups were compared respectively. Post hoc Steel–Dwass
multiple comparisons test were performed when the P value of the
Kruskal–Wallis test was <0.05. In mice, changes in transaortic velocities
between 6 and 9 months were compared with paired t-test. Categorical
data were expressed as percentage and compared with Fischer’s exact
test. For in vitro experiments with VICs, n represents the number of experi-
ment performed with different donors. A P-value < 0.05 was considered
significant. Statistical analysis was performed with a commercially available
software package JMP 12.0 or Prism 6.0.

3. Results

3.1 OxLDL-induced osteogenic program in
VICs is mediated by LPA
Human VICs were obtained from non-mineralized aortic valves (heart
transplantation; see Supplementary material online, Table S1) and treated
with a mineralizing medium for 7 days.18 VIC cultures treated with
OxLDL (100 ng/mL) (copper-treated LDL isolated from healthy donors;
see Supplementary material online, Table S2) increased the deposition of
calcium, which was determined by the Arsenazo III method, by 2.7-fold
(Figure 1A). However, the addition of Ki16425, an inhibitor of LPA recep-
tor 1 (LPAR1/Edg-2) and LPAR3/Edg-7, to the growth medium of VIC
cultures prevented OxLDL-induced mineralization (Figure 1A). These
data suggested that LPA produced by OxLDL promoted the mineraliza-
tion of VICs. We next assessed the effect of LPA (10 lM) with different
acyl chain length and saturation on the mineralization of VICs. We found
that the level of mineralization increased with the acyl chain length and
with non-saturated species (Figure 1B). For the next series of experi-
ments we used LPA18:1 as it is present in different bodily fluids.
Different doses of LPA were used in mineralization assay with VICs. We
observed that mineralization of VIC cultures increased and plateaued
between 1 lM and 5 lM of LPA, whereas a dose of 10lM was more
potent (Figure 1C). Since the level of LPA in different tissues is in the low
micromolar range, we next used 10lM of LPA18:1 for follow-up experi-
ments.19 To examine whether LPA promoted the mineralization of VIC
cultures through an osteogenic process we measured the levels of bone-
related markers in cells treated for 7 days with LPA. VICs treated with
LPA had higher level of transcripts encoding osteogenic markers
RUNX2, BGLAP, COL1A1, and BMP2 (Figure 1D–G). Also, the activity of
alkaline phosphatase (ALP), an osteogenic marker, increased by 1.8-fold
following a treatment with LPA for 7 days (Figure 1H). Bone morphoge-
netic protein 2 (BMP2) is a potent morphogen involved in osteogenic
differentiation. By using noggin, a natural inhibitor of BMPs, we observed
that LPA-induced mineralization of VIC cultures was abrogated
(Figure 1I). Small interfering RNA for BMP2 reduced significantly the

mRNA and protein levels of the target (see Supplementary material
online, Figure S1A and B) and prevented LPA-induced mineralization of
VICs (Figure 1J).

3.2 LPA induces an osteogenic program in
VICs through LPAR1
Considering that OxLDL-mediated mineralization was abrogated by
Ki16425, an inhibitor of LPAR1 and LPAR3, we next assessed the gene
expression profile of LPAR1 and LPAR3 in VICs. We documented that
mRNA encoding for LPAR1 was robustly expressed by VICs, whereas
LPAR3 was not detected (Figure 2A). Examination by immunofluores-
cence and confocal microscopy showed in isolated VICs that LPAR3 was
not expressed (see Supplementary material online, Figure S2), whereas
LPAR1 was expressed in both the cytosol and at the cell membrane,
which was delimited by membrane-associated cortical F-actin shown
with phalloidin (Figure 2B and see Supplementary material online, Figure
S2). Small interfering RNA for LPAR1 decreased significantly the gene and
protein levels of the target (see Supplementary material online, Figure
S3A and B) and prevented OxLDL- and LPA-induced mineralization of
VIC cultures (Figure 2C). A knockdown LPAR1 in VICs prevented the
rise of BMP2 mRNA measured 24 h after a treatment with LPA
(Figure 2D). Similarly, LPA-induced rise of RUNX2, BGLAP and COL1A1
(measured at 24 h) was abrogated by a knockdown of LPAR1 in VICs
(Figure 2E–G). We assessed the expression level of LPAR1 in human sur-
gically explanted CAVS and control non-mineralized aortic valves
obtained from heart transplantations (see Supplementary material
online, Table S3). The level of LPAR1 mRNA was increased by 1.5-fold in
human CAVS tissues when compared with control non-mineralized
aortic valves (Figure 2H). Both mineralized tricuspid and bicuspid aortic
valves had higher levels of LPAR1 mRNA compared with control valves
(see Supplementary material online, Figure S4). By using western blotting
we documented that LPAR1 was increased by 5.2-fold in human mineral-
ized aortic valves (Figure 2I). With immunofluorescence and confocal
microscope imaging, we found in mineralized, stenotic aortic valves that
LPAR1 was co-expressed with vimentin, a marker of VICs (Figure 2J and
see Supplementary material online, Figure S5), whereas LPAR3 was not
expressed (see Supplementary material online, Figure S5). LPAR1 has
been shown to potently stimulate RhoA/Rho kinase (ROCK) pathway in
different cell populations,20 but whether VICs respond in a similar man-
ner has not been explored. In isolated VICs, we found that LPA rapidly
induced the activity of ROCK, which was already detected after 15 min
of treatment (Figure 2K). The silencing of LPAR1 in VICs abrogated the
activation of ROCK induced by LPA (measurements performed at
30 min; Figure 2L). The inhibition of ROCK with Y27632 (Figure 2M)
prevented LPA-induced mineralization of VIC cultures (Figure 2N).
These data thus suggest that LPAR1 is coupled to RhoA/ROCK in pro-
moting the mineralization of cell cultures and the osteogenic differentia-
tion of VICs.

3.3 LPA-mediated activation of RhoA/
ROCK promotes NF-jB activity
RhoA/ROCK may activate NF-jB to induce mineralization of VIC. To
verify this hypothesis we transfected the fibroblast cell line COS7 with a
luciferase vector containing jB responsive elements and we treated cell
cultures with LPA. LPA activated the jB responsive element at 1 h with a
maximal response at 6 h (Figure 3A). This experiment was replicated in
human VICs and showed that LPA increased after 6 h the activity of a
reporter vector containing jB responsive elements (see Supplementary

OxLDL promotes progression of CAVS through LPAR1-RhoA–NF-jB 1353
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..material online, Figure S6). In the next series of experiments, the reporter
assay was thus conducted at 6 h after stimulation with LPA. Increased jB
activity in reporter assay following a treatment with LPA was prevented
when BAY11-7085, an inhibitor of IjB kinase (IKK), was added to the
growth medium (Figure 3B). Also, in mineralization assay over 7 days,
BAY11-7085 prevented the mineralization of VIC cultures induced by
LPA (Figure 3C), indicating that the process possibly relied on the NF-jB
pathway. Following an inhibition of RhoA/ROCK with Y27632 we noted
that LPA-induced jB reporter activity was abrogated (Figure 3D). To
confirm the role of RhoA in the activation of the NF-jB pathway we
next used a vector encoding for a dominant negative RhoA mutant N19

(RhoAN19). COS7 were co-transfected with RhoAN19 and the jB
reporter coupled to luciferase. A co-transfection of the dominant nega-
tive RhoAN19 mutant prevented the LPA-induced activation of jB
reporter (Figure 3E). Also, the co-transfection of a constitutively active
RhoA mutant (RhoAL63) in COS7 induced the activation of the jB luci-
ferase reporter (Figure 3F). To buttress these findings, we measured the
level of IL6 mRNA, a NF-jB responsive gene, following stimulation with
LPA in presence or absence of Y27632, an inhibitor of RhoA/ROCK. A
treatment during 24 h with LPA in VICs resulted in a significant increase
of IL6 mRNA level (Figure 3G). The addition of Y27632 to the growth
medium of VIC cultures prevented the rise of IL6 mRNA induced by

Figure 1 LPA-mediated VIC mineralization depends on BMP2. (A) Treatment with Ki16425 prevents OxLDL-induced mineralization of VICs (n = 6) (cal-
cium measured after 7 days). (B) VICs were treated with mineralizing medium in presence of different LPA species (n = 6). (C) VICs were treated with miner-
alizing medium in presence of increasing LPA 18:1 concentration (n = 6). (D–H) RUNX2, BGLAP, COL1A1, BMP2 genes (n = 6) and ALP activity (n = 6)
were increased in VICs following LPA treatment (7 days). (I) Treatment with Noggin inhibits LPA-induced mineralization (n = 6). (J) BMP2 siRNA abrogates
LPA-induced mineralization of VICs (n = 6). Values are mean ± SEM. OxLDL: 100 ng/mL, Ki16425: 10mM, LPA: 10mM, Noggin: 2.5mM. * P < 0.05.

1354 M.J. Nsaibia et al.



Figure 2 LPAR1 mediates LPA response in VICs. (A) LPAR1 expression in VICs (n = 6). (B) Confocal images of LPAR1 in VICs. Scale bar 20mM, (n = 5).
(C) LPAR1 is required for OxLDL and LPA induced mineralization of VICs (n = 6). (D–G) siLPAR1 prevented LPA-mediated rise of BMP2 (D), RUNX2
(E), BGLAP (F) and COL1A1 (G) (n = 6) (measurements at 24 h). (H) LPAR1 mRNA measurement in control non-mineralized (CTL) (n = 31) vs. calcified aortic
valves (CAVS) (n = 40). (I) Representative western blot and quantification of LPAR1 in CTL (n = 8) vs. CAVS (n = 8). (J) Epifluorescence image of a calcified
aortic valve showing the organization of the tissue in DAPI, scale bar 1000mM and confocal images showing LPAR1 and vimentin co-expression in the same
tissue, scale bar 10mM (n = 10). (K–M) ROCK activity measurements; kinetics following LPA treatment (n = 6) (K), siLPAR1 negated LPA response (n = 6)
(L) and Y27632 abrogated LPA effect (n = 5) (M). (N) Treatment with Y27632 reduces LPA-mediated mineralization in VICs (n = 6). Values are mean ± SEM.
LPA: 10mM, OxLDL: 100 ng/mL, Y27632: 5mM; * P < 0.05.

OxLDL promotes progression of CAVS through LPAR1-RhoA–NF-jB 1355
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..LPA (Figure 3G). LPA-induced rise of IL6 mRNA in VICs was abrogated
by a knockdown of LPAR1 (Figure 3H).

3.4 LPA-induced expression of BMP2 is
mediated by RhoA and NF-jB
Given that BMP2 plays an important role in LPA-induced osteogenic
reprogramming of VICs, we next evaluated whether BMP2 is activated
through a RhoA-NF-jB pathway. A vector encoding for the promoter
region of BMP2 and coupled with the luciferase gene was transfected in
COS7 cells to assess its activity in response to LPA. We observed that
LPA activated the promoter region of BMP2 with a maximal response
after 6 h (Figure 4A). This experiment was also replicated in human VICs
and showed that after 6 h LPA activated a reporter vector containing the
BMP2 promoter region (see Supplementary material online, Figure S7).
After 24 h of treatment with LPA, the level of BMP2 protein, assessed

with an ELISA, was significantly increased in VIC cultures (Figure 4B). In
reporter assay, LPA-induced activity of BMP2 promoter was prevented
by a co-transfection with the dominant negative RhoA mutant vector
(RhoAN19; Figure 4C). In VICs, Y27632 (inhibitor of ROCK) significantly
reduced LPA-induced rise of BMP2 transcripts measured at 24 h (Figure
4D). The inhibition of NF-jB pathway with BAY11-7085 also prevented
LPA-induced rise of BMP2 mRNA at 24 h (Figure 4D). To further show
an involvement of NF-jB in the activation of BMP2 we next silenced p65
with small interfering RNA. A knockdown of p65 (see Supplementary
material online, Figure S8A and B) significantly reduced the level of BMP2
transcripts measured at 24 h after a treatment with LPA (Figure 4E). Also,
a silencing of p65 prevented the mineralization of VIC cultures induced
by LPA over 7 days (Figure 4F). These data thus suggested that RhoA and
p65 subunit of NF-jB positively regulates the expression of BMP2 and
promotes the mineralization of VIC cultures.

Figure 3 LPA-induced VICs mineralization relies on the NF-jB pathway. (A and B) NF-jB reporter assay showing increased NF-jB activity in response to
LPA (n = 4) (A) and its inhibition by BAY11-7085 (n = 6) (B). (C) BAY11-7085 prevents LPA-induced mineralization (n = 6). (D–F) NF-jB reporter assay;
Y27632 (n = 6) (D) and RhoA N19 (n = 6) (E) inhibits and RhoA L63 (n = 6) (F) mimics LPA effect on NF-jB activity. (G and H) IL-6 mRNA measurements in
response to LPA, Y27632 (n = 6) (G) and siLPAR1 (n = 6) (H) decreases LPA-induced IL-6 rise. Values are mean ± SEM. LPA: 10mM, BAY11-7085: 5mM,
Y27632: 5mM; * P < 0.05.

1356 M.J. Nsaibia et al.
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..3.5 Phosphorylation of serine 536 of p65
promotes an osteogenic program not
responsive to the negative feedback
exerted by IjBa
The human BMP2 promoter contains two putative jB consensus sites
[NRE1 (-354/-344 bp) and NRE2 (-2548/-2538 bp)] (Figure 5A). To sub-
stantiate that BMP2 is a target of NF-jB we performed quantitative chro-
matin immunoprecipitation assay (qChIP) in VICs using an antibody
directed against p65. Treatment with LPA for 6 h induced p65 recruit-
ment to the NRE1 site of BMP2 and also to the promoter region (-136/-
126 bp) of IL6, which was used as a positive control (Figure 5B and C).
Attempt to perform qChIP for the distal (-2548/-2538 bp) jB site
(NRE2) in BMP2 promoter region was unsuccessful owing to its high CG
content. IjBa negatively regulates the expression of genes following acti-
vation of NF-jB. IjBa is induced by p65 and shuttles between the cyto-
sol and the nucleus where it exerts a negative control over the binding
of p65 to gene promoters. However, some gene promoters (e.g. IL8)
that bind to p65 when phosphorylated on serine 536 (p65 pS536) are
not sensitive to the negative regulation induced by IjBa.4 In order to
examine whether BMP2 is not sensitive to the negative regulation of
IjBa we used the fungal-derived toxin leptomycin B, which inhibits the
nuclear export and increases the level of IjBa in the nucleus of cells.4 To
verify the efficacy of leptomycin B we performed western blotting for
IjBa following cell fractionation. Nuclear fraction of VICs was positive
for the nuclear histone H3 and negative for the cytosolic marker Golgin-
97, indicating an adequate cell fractionation (Figure 5D). The treatment
with leptomycin B increased nuclear level of IjBa, whereas it decreased
the cytosolic content of IjBa (Figure 5D and E). VICs were next treated

with LPA with or without leptomycin B for 24 h and IL6, IL8, and BMP2
mRNAs were measured. Leptomycine B prevented LPA-induced rise of
IL6 (Figure 5F), a gene known to be sensitive to IjBa.4 However, lepto-
mycin B did not affect LPA-induced expression of IL8 and BMP2 (Figure
5G and H). To further corroborate this finding we treated VICs with a
mutant IjBa SS32-36AA vector, which cannot be phosphorylated and is
thus acting as a super repressor. Similarly to leptomycin B the mutant
IjB super repressor did not impact on LPA-induced expression of BMP2
and IL8, whereas it prevented the rise of IL6 mRNA (Figures 5I–K). In
addition, transfection of VICs with IjB super repressor did not prevent
LPA-induced mineralization of cell cultures (Figure 5L). Taken together,
these data suggested that LPA-induced activation of BMP2 expression
relies possibly on p65 pS536. In reporter assay for the BMP2 promoter, a
transfection of COS7 cells with a vector encoding for a dominant nega-
tive p65 S536A, which cannot be phosphorylated on serine 536, abro-
gated LPA-induced BMP2 promoter activity (Figure 6A). Also, we found
that the transfection of a dominant negative p65 S536A vector in VICs
reduced significantly the mineralization of cell cultures induced by LPA
after 7 days (Figure 6B). Conversely, the transfection of a vector encoding
for a phosphomimetic of serine 536 p65 (p65 S536E) increased the min-
eralization of VIC cultures by 1.9-fold, whereas the transfection of vector
encoding for wild-type p65 did not modify the level of mineral in cell cul-
tures (Figure 6C). In qChIP assay, we found that following a treatment of
VICs with LPA for 6 h, p65 pS536 is recruited to the BMP2 promoter
whereas it is not recruited to the promoter region of IL6 (Figure 6D and
E). These data suggested that LPAR1 is coupled to RhoA in activating
p65 pS536, which is recruited to the BMP2 promoter. To verify this
hypothesis we measured by western blotting the level of p65 pS536 in
response to LPA. Time-course experiments using VICs revealed that

Figure 4 LPA-mediated activation of the NF-jB pathway promotes BMP2 expression. (A and B) LPA increases BMP2 promoter activity (n = 4) (A) and
BMP2 protein level (n = 6) (B). (C) RhoA N19 inhibits LPA-induced BMP2 promoter activity (n = 6). (D) Y27632 (n = 6) and BAY11-7085 (n = 6) abrogates
LPA-mediated rise in BMP2 mRNA. (E and F) p65 is required for LPA regulation of BMP2 level (n = 6) (E) and mineralization (n = 6) (F). Values are
mean ± SEM. LPA: 10mM, Y27632: 5mM, BAY11-7085; * P < 0.05.
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..LPA rapidly activated the phosphorylation of serine 536 on p65 with a
sustained response, which gradually increased from 15 to 60 min (Figure
6F). Inhibition of ROCK with Y27632 negated LPA-induced phosphory-
lation of p65 S536 (Figure 6G). In human aortic valves, we found by

western blotting that the p65 pS536/p65 ratio was increased by 4.6-fold
in CAVS compared with control non-mineralized aortic valves (Figure
6H). IKKa and IKKb are known to act downstream of RhoA/ROCK in
phosphorylating p65.21 We thus silenced IKKa or IKKb (see

Figure 5 LPA-mediated activation of the NF-jB pathway regulates BMP2 promoter activity. (A) Scheme depicting NRE sites localization in the BMP2 pro-
moter. (B and C) ChIP assays; p65 binds to BMP2 (B) and IL6 (C) promoters in response to LPA (n = 6). (D and E) Western blots on nuclear and cytoplasmic frac-
tions demonstrating the efficiency of leptomycinB (LepB) treatment (D); quantification of WB (n = 4) (E). (F–H) LepB inhibits LPA-mediated rise of IL6 (F) but
not of IL8 (G) nor BMP2 (H) (n = 6). (I–K) IjBa super repressor (SS32/36AA) does not block LPA effect on BMP2 (I) and IL8 (J), but blocks its effect on IL6 (K)
(n = 6). (L) IjBa SS32/36AA has no effect on LPA-induced mineralization of VICs (n = 6).Values are mean ± SEM. LPA: 10mM, Leptomycin B: 20 nM; * P < 0.05.
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.Supplementary material online, Figure S9A and B) and we documented
the level of p65 pS536 in response to LPA in VICs. The knockdown of
IKKa but not of IKKb negated LPA-induced phosphorylation of p65
on S536 (Figure 6I). In the same line, phosphorylation of IKKa on S176-
180 was increased after LPA treatment of VICs, whereas the inhibition

of ROCK with Y27632 prevented this effect (Figure 6J). These data
thus indicate that LPA-mediated activation of RhoA/ROCK entrains
the activity of IKKa whereby p65 is phosphorylated on S536 and
promotes the expression of BMP2, which directs an osteogenic
response in VICs.

Figure 6 LPA-mediated activation of BMP2 relies on phosphorylation of p65 S536. (A–C) P65 S536A inhibits LPA-mediated rise in BMP2 promoter activity
(n = 6) (A) and mineralization (n = 6) (B), while p65 S536E mimics the effect of LPA (n = 6) (C). (D–E) ChIP assays; p65 phosphoS536 binds to BMP2 (D), but
not to IL6 (E) promoters in response to LPA (n = 6). (F) LPA induces p65 phosphorylation on S536 (n = 4). (G) Y27632 blocks LPA-induced p65 S536 phos-
phorylation (n = 4). (H) Representative western blot showing that p65 phosphoS536 is increased in CAVS (n = 12) vs. control (n = 10) tissues. (I) p65 S536
phosphorylation relies on IKKa (n = 4). (J) LPA-mediated IKKa phosphorylation is abrogated by Y27632 (n = 6). Values are mean ± SEM. LPA: 10mM;
* P < 0.05.
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3.6 Inhibition of Lpar1 slows the
progression of CAVS in a mouse model
LDLR-/-/ApoB100/100/IGFII transgenic mice (IGFII) under a high-fat and
high-sucrose (HF–HS) diet develop CAVS.22 compared with C57BL/6
mice (same background of IGFII mice) the serum level of LPA was
increased significantly in IGFII mice under HF–HS diet for 6 months and
correlated with ATX activity (r2 = 0.79, P = 0.005) and cholesterol levels
(r2 = 0.50, P = 0.02; Figure 7A–C). Similarly to human CAVS, we docu-
mented a significant rise of Lpar1 mRNA in the aortic root (aortic valve
plus aortic wall of the root) of IFGII mice when compared with control
C57BL/6 mice (Figure 7D). Noteworthy, isolated mouse VICs expressed
Lpar1 but not Lpar3 mRNAs (see Supplementary material online, Figure
S10). The level of Lpar1 mRNA was positively correlated with Bmp2
mRNA level (r2 = 0.97, P < 0.0001; Figure 7E). To mimic the clinical set-
ting where patients are treated with an ongoing disease process, we next
assessed whether the administration of Ki16425 (Lpar 1-3 blocker) may
decrease the progression rate of CAVS in IGFII mice with an established
and ongoing disease. Treatments were thus started after 6 months of
HF–HS diet when the transaortic velocities were significantly increased
compared with the baseline values (165.9 ± 2.6 cm/s vs. 102.9 ± 2.4 cm/s,
P < 0.0001; see Supplementary material online, Table S4). Mice were
treated with Ki16425 (5 mg/kg/d i.p.)23 or vehicle for the next 3 months
while the HF–HS diet was maintained (Figure 7F). Transaortic velocities
at 6 months were similar between the vehicle- and Ki16425-treated
IGFII mice (163.1 ± 3.0 cm/s vs. 168.0 ± 4.2 cm/s, P = 0.35). In the next
three months (from 6 to 9 months), the transaortic velocities increased
significantly in control IGFII mice receiving the vehicle (163.1 ± 3.0 cm/s
vs. 186.4 ± 5.9 cm/s, P = 0.0007 respectively at 6 and 9 months; Figure 7G;
see Supplementary material online, Tables S5 and S6). In the IGFII mice
receiving Ki16425, there was a non-significant rise in transaortic velocity
between 6 and 9 months (168.0 ± 4.2 cm/s vs. 175.9 ± 5.7 cm/s, P = 0.18
respectively at 6 and 9 months) and 5/11 (45%) mice showed a decrease
or no progression of transaortic velocities during this period (Figure 7H;
see Supplementary material online, Tables S5 and S6). The delta trans-
aortic velocity (transaortic velocity at 9 months – transaortic velocity at
6 months) was decreased by approximately three-fold in IGFII mice
treated with Ki16425 compared with control mice receiving the vehicle
(þ7.9 ± 5.6 cm/s vs.þ23.3 ± 5.1, P = 0.02 respectively for Ki16425 and
control; Figure 7I). Also, Ki16425-treated mice showed a significant
improvement in the left ventricular fractional shortening (LVFS),
whereas it was not significantly modified in the control IGFII mice receiv-
ing the vehicle (delta LVFS 9–6 months:þ7.9 ± 2.2 vs.þ2.3 ± 1.5,
P = 0.04 respectively for Ki16425 and control; Figure 7J). We next per-
formed post-mortem examination of aortic valves to document the
osteogenic activity by measuring the intensity of a near-infrared fluores-
cent probe that recognizes hydroxyapatite of calcium (OsteoSense
680EX). Compared with control IGFII mice receiving the vehicle, the
administration of Ki16425 reduced significantly the deposition of hydrox-
yapatite of calcium in aortic valve leaflets (Figure 7K). The cholesterol and
triglyceride levels were not affected by a treatment with Ki16425 (see
Supplementary material online, Table S7).

4. Discussion

In this work, we identified LPAR1 as being involved in the osteogenic
effect of OxLDL-LPA. Signalling through p65 pS536 defined an osteo-
genic signature in the aortic valve by promoting the expression of BMP2

(Figure 7L). Inhibition of this pathway by the blockade of Lpar1 in mice
decreased the progression rate of CAVS by approximately three-fold.

4.1 OxLDL, LPA, and CAVS
Previous work suggested that oxidative transformation of lipoproteins
may play a role in CAVS.24 Circulating level of OxLDL has been associ-
ated with the fibrocalcific remodelling score of surgically explanted sten-
otic aortic valves.25 In explanted stenotic, mineralized aortic valves,
immunohistological studies have highlighted that apoB, Lp(a), OxLDL
and OxPL were present in the vicinity of mineralized nodules.13,26

Moreover, the intensity of OxLDL staining in explanted mineralized
aortic valves is associated with the density of inflammatory cells and the
expression of cytokines.27 Genome-wide transcriptomic analysis has
shown an enrichment of inflammatory and osteogenic genes in mineral-
ized, stenotic aortic valves.28 Also, the presence of dense leucocyte infil-
trates, a crude marker of inflammation, in surgically explanted
mineralized aortic valves is associated with the fibrocalcific remodelling
score.29 Hence, these data suggest that oxidative transformation of lipo-
proteins may be involved in inflammation-mediated mineralization of the
aortic valve. Recently, a weighted genetic risk score for LDL was found
to predict the presence of mineralized aortic valves and CAVS.8 Also, at
the genome-wide level the LPA gene variant rs10455872, which strongly
predicts the circulating level of Lp(a), was associated with CAVS.9 These
findings raised the possibility that apoB-containing lipoproteins are cau-
sally related to CAVS. Previous studies had highlighted that LPA was pro-
duced during the oxidation of LDL.15 In the present work, we
highlighted a novel process whereby OxLDL-derived LPA promoted the
mineralization of the aortic valve through LPAR1, which was increased in
mineralized aortic valves.

4.2 Inflammation and osteogenic
transformation of VICs
We found that LPAR1 signalled through RhoA-p65 pS536 and BMP2.
The NF-jB pathway exerts a complex and crucial control over inflam-
mation. The NF-jB barcode hypothesis posits that in order to control
the expression of large number of genes, which is cell and context
dependent, the post-translational modification of NF-jB subunits,
namely p65, determines specific programs of gene expression.30,31 We
documented that LPAR1 promoted in VICs the phosphorylation of p65
on serine 536, which triggered the expression of BMP2, a key osteogenic
morphogen. We found that p65 pS536, which is not inhibited by IjBa,
was increased in explanted mineralized aortic valves. In isolated VICs,
p65 pS536 was recruited to the BMP2 promoter. As p65 pS536 is not
responsive to IjBa it is possible that it induces a long-lasting osteogenic
effect in the aortic valve. In this regard, the mineralization of VIC cultures
induced by LPA was not inhibited by the transfection of a mutant super
IjBa repressor. Taken together, these data suggest that LPA derived
from OxLDL promotes a NF-jB signature, which is defined by p65
pS536, and promotes an osteogenic program in VICs.

4.3 Progression of CAVS and translational
implications
Presently, the treatment of CAVS relies on the replacement of the aortic
valve, which can be performed by surgical or catheter-based therapy, in
patients with severe, symptomatic aortic stenosis. However, these inter-
ventions, often performed in elderly patients with multiple risk factors,
carry a substantial morbidity/mortality risk.32 Hence, the development of
a medical therapy would likely result in lesser utilization of resources and
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Figure 7 Role of the ATX-LPAR1 pathway in vivo. (A) LPA is increased in IGFII mice serum (n = 10). (B–C) LPA level correlates with blood plasma ATX
activity (B) and cholesterol level (C) (n = 10). (D–E) Lpar1 is elevated in IGFII mice (D) and it correlates with Bmp2 level (E) (n = 8). (F) Outline of the animal
protocol. (G and H) Transaortic velocities (V2) were increased in mice receiving vehicle (G) (n = 12) while they were stable in mice receiving Ki16425
(H) (n = 11). (I) DV2 was significantly higher in mice receiving vehicle compared with Ki16425 (n = 23). (J) DLVFS was significantly lower in mice receiving
vehicle compared with Ki16425 (n = 23). (K) Hydroxyapatite was more abundant in leaflets of mice receiving vehicle compared with Ki16425 (n = 13), scale
bar 200mM. Values are mean ± SEM. Ki16425: 5 mg/kg/day.
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better outcomes. From a clinical standpoint, a pharmacotherapy could
be started in patients with mild and/or moderate aortic stenosis.33

However, so far attempts to reduce the progression rate of aortic steno-
sis have been unsuccessful. Three successive randomized controlled tri-
als have shown that administration of statins, which lowered efficiently
LDL cholesterol, failed to show any efficacy on the progression of aortic
stenosis.34 The failure of statins to prevent the progression of CAVS is
likely multifactorial and may be linked, at least in part, to the pro-
osteogenic effect of this class of drug.35,36 Also, statins do not appreci-
ably modify the Lp(a) level, a LDL-like particle that contains an apoB
linked to apolipoprotein(a).37 In a murine model of CAVS, we found that
circulating levels of LPA were elevated and correlated with ATX activity
and cholesterol levels. Similarly to our findings in human mineralized
aortic valves the level of Lpar1 in IGFII mice aortic root (aortic valve and
aortic wall) was elevated. The study in mice was carried out as to mimic
the clinical setting and the Lpar1-3 blocker Ki16425 was started after
6 months of HF–HS diet when the transaortic velocities were signifi-
cantly elevated. The inhibition of Lpar1 in IGFII mice (similarly to human
Lpar3 was not expressed in mouse VICs) reduced the progression rate
of aortic stenosis by three-fold as evaluated with echocardiography.
Consistently, the deposition of mineral in the aortic valve was decreased
significantly in mice receiving Ki16425. These data thus suggest that
LPAR1 could represent a novel target in order to slow the progression
of CAVS. Considering that novel pharmacological compounds are in
development to inhibit LPAR1, the present findings may have significant
translational impact and clinical relevance.

4.4 Limitations
There are others LPARs (e.g. LPAR4-6) whose expression and role in
CAVS are unknown and warrant further investigations. The mechanistic
role for Lpar1 in mice could be further buttressed by the use of knock-
out mice. However, the Lpar1 knockout mouse has a high perinatal mor-
tality rate with cranial dysmorphism and intracranial haemorrhage.38

This could be circumvented by developing conditional Lpar1 knockout
mice, which, however, would need to be crossed with genetically-
modified mice that develop CAVS. Nonetheless, the present transla-
tional work contributed to highlight that a process dependent on
LPAR1-p65 pS536, which is amenable to a pharmacotherapy, contrib-
utes to the progression of CAVS.

5. Conclusions

This work underscored that OxLDL-LPA promote the progression of
CAVS by activating a p65 pS536 pathway downstream of LPAR1.
Pharmacological inhibition of this pathway may hold promise for the
development of novel therapeutic strategies to slow the progression of
CAVS.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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