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Abstract

Background

Although nowadays it is well known that the human transcriptome can importantly vary

according to external or environmental condition, the reflection of this concept when study-

ing oxidative stress and its direct relationship with gene expression profiling during the pro-

cess of atherogenesis has not been thoroughly achieved.

Objective

The ability to analyze genome-wide gene expression through transcriptomics has

shown that the genome responds dynamically to diverse stimuli. Here, we describe the

transcriptome of human vascular smooth muscle cells (hVSMC) stimulated by native

and oxidized low-density lipoprotein (nLDL and oxLDL respectively), with the aim of

assessing the early molecular changes that induce a response in this cell type resulting in a

transcriptomic transformation. This expression has been demonstrated in atherosclerotic

plaques in vivo and in vitro, particularly in the light of the oxidative modification hypothesis

of atherosclerosis.

Approach and Results

Total RNA was isolated with TRIzol reagent (Life Technologies) and quality estimated

using an Agilent 2100 bioanalyzer. The transcriptome of hVSMC under different experi-

mental conditions (1,5 and 24 hours for nLDL and oxLDL) was obtained using the Gene-

Chip Human Gene 1.0 ST (Affymetrix) designed to measure gene expression of 28,869

well-annotated genes. A fixed fold-change cut-off corresponding to ± 2 was used to identify

genes exhibiting the most significant variation and statistical significance (P< 0.05), and 8

genes validated by qPCR using Taqman probes.
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Conclusions

10 molecular processes were significantly affected in hVSMC: Apoptosis and cell cycle,

extracellular matrix remodeling, DNA repair, cholesterol efflux, cGMP biosynthesis, endo-

cytic mechanisms, calcium homeostasis, redox balance, membrane trafficking and finally,

the immune response to inflammation. The evidence we present supporting the hypothesis

for the involvement of oxidative modification of several processes and metabolic pathways

in atherosclerosis is strengthen by the fact that gene expression patterns obtained when

hVSMC are incubated for a long period of time in the presence of nLDL, correspond very

much the same as when cells are incubated for a short period of time in the presence of

chemically modified oxLDL. Our results indicate that under physiological conditions and

directly related to specific environmental conditions, LDL particles most probably suffer

chemical modifications that initially serve as an alert signal to overcome a harmful stimulus

that with time might get transformed to a pathological pattern and therefore consolidate a

pathological condition.

Introduction

Atherosclerosis is a multifactorial chronic disease characterized by the accumulation of lipids
and fibrous tissue in a lesion known as atheromatous plaque; which together with myocardial
infarction, one of its most frequent complications, corresponds to the first cause of death globally
[1]. Likewise, a similar increase in the prevalence of hypercholesterolemia, one of the main
known risk factors[2], has beenwell documented globally. The presence of prone to rupture pla-
ques, thrombi formation, and ischemic processes in both coronary atherosclerotic disease (CAD)
and cerebrovascular disease (CVD) can be clinically identified [3]. In the later stages of the dis-
ease, it is possible to detect foam cells along with an aberrant production of proinflammatory
cytokines and growth factors which promote a phenotype active in proliferation and migration
of vascular smoothmuscle cells (VSMC), suggesting a transdifferentiation process[4–7].

To date, it is considered that plaque formation originates within a process involving the
three layers of arteries. One of the main hypotheses about the genesis of atherosclerosis points
to the process of oxidative stress as a cause of the early lesion known as a fatty streak [8], where
foam cells covered by endothelial cells and VSMC of heterogeneousmorphology coexist[9].
Before foam cells appear, the accumulation of low-density lipoproteins (LDL) in the suben-
dothelial space with a high degree of oxidation is a factor accelerating the progress of the dis-
ease[10, 11], as well as the modification of the characteristics of lipoproteins altering their
capacity to be normally metabolized[12–15]. The intravascular transport of these lipoproteins
is a dynamic process based on conformational changes of proteins and temporary interactions
within the surface of lipoproteins, both sensitive to oxidative stress[16, 17]. Lipoprotein oxida-
tion due to exposure to reactive oxygen species (ROS) [18, 19]promotes the production of
foam cells and therefore phagocytosis[20, 21]. Oxidized LDL (oxLDL), their lipoperoxides and
free radicals are moved towards the cytoplasm, propagating more ROS inside the cell and per-
petuating a chronic effect[22]. It seems that oxLDL also aggravate the growth of lesions by
inducing the expression of adhesion molecules, synthesis of chemokines by monocytes and, in
the long term, apoptosis of endothelial cells[23–25]. Employing several in vivomodels of ath-
erosclerosis, it has been proved that an appropriate balance of circulating antioxidant chemical
species limits the progress of the disease, thus supporting the role of oxidative stress in the
development of CAD[26, 27]. Although the effect of oxLDL upon endothelial cells and vessel
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function is well-known, little is known about the phenomena taking place in vascular layers
other than the endothelium. Recently, it has been shown that the adventitia, considered a cell
layer showing a low level of organization and therefore neutral regarding the development of
CAD, also contributes to the repair of the vessel wall by establishing communication between
endothelial and smoothmuscle cells[28].

Here, we assessed the transcriptomic response of hVSMC to the exposition to both native
and oxidized LDL using microarrays of the full transcriptome.We found that the in vitro expo-
sure to oxidized LDL modifies the expression of an important number of genes. Remarkable
changes were observed in genes related to CAD, such as those regulating inflammation, cell
cycle, transcription regulation and calcium homeostasis. Our results show that at short periods
of time oxLDL promotes an antiatherogenic cellular response, in contrast to results obtained
under a chronic exposure to these stimuli, where cells respond with alarm signals leading
towards an atherogenic phenotype.

For the first time a series of transcriptomic shifts are presented in association to the metabo-
lism of hVSMC when exposed to oxLDL particles. Changes found in molecular nodes such as
phenotype transdifferentiation, lipid metabolism regulation, and extracellularmatrix remodel-
ing among others, provide new evidence regarding the importance of vascular smoothmuscle
cells in the process of atherogenesis.

Results

Transcriptomic Data

While 236, 586 and 208 genes were differentially expressed by hVSMC exposed to nLDL at 1,
5, and 24 h respectively; in the presence of oxLDL genes showing a ± 2 fold change correspond
to 231, 425 and 799 under similar incubation times. These data show that oxidative stress
induced by chemically oxidized LDL and the “natural” oxidation of nLDL along time, lead to
an increased activity in gene expression while the process of transcription is apparently less
affected. In all conditions assessed, gene upregulation apparently is more dramatic than down-
regulation (Table 1). Using a bioinformatics analysis of Hierarchical clustering (Fig 1) it is
evident that VSMC incubated for long periods of time with nLDL present a transcriptomic
response similar to the one seen at shorter times when oxLDL are employed. Since under
expressed genes are also important in the regulation of cell metabolism, we suggest that along
with harm stimuli, cells initially make an effort to maintain cell homeostasis and only with
time eventually make the critical decision addressed to repair damage or, for example, start an
apoptotic event.

Our data show at least 9 well-differentiatedmolecular phenomena related to the physiology
of vascular smoothmuscle cells where the intensity and fate of cell responses depend on the
exposure time to the stimulus (Table 2). Hence, primarily our analysis is focused on highlight-
ing the contribution of those genes showing significant changes in order to integrate the molec-
ular phenomena involved in vascular smooth muscle cells during a short and a long-term
oxidative stimuli.

Redox Balance. It is well-known that an oxidative stress condition generated by reactive
oxygen species (ROS) promotes cardiovascular disease by damagingmolecules such as DNA,
RNA, carbohydrates, lipids and proteins. Nevertheless, the precise mechanism by which they
deteriorate vascular function and promote vascular remodeling in vivo has yet to be elucidated.
To date, it is known that during early stages of atherosclerosis, cell proliferation is stimulated,
while at late stages, VSMC promote apoptosis and therefore plaque instability[29].

On the other hand, the best identified enzymatic pathways exclusive to eliminate ROS are
mediated by catalases and a variety of peroxidases, transferases, reductases, oxidoreductases,
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Table 1. Top molecular and cellular functions significantly affected by the internalization of nLDL or oxLDL carried out at different times corre-

lated with the top canonical pathways involved.

TX Molecular and cellular

functions

Enrichment (P value)*,

Molecule counts

Top canonical pathways p-value (Molecule

counts)

nLDL 1h Cell cycle 2.81E-05–4.57E-02 (19) CNTF signaling 8.03E-05 (5)

DNA replication,recombination

and repair

3.38E-04–4.21E-02 (11) EGF signaling 1.97E-03 (4)

Gene expression 3.99E-04–2.13E-02 (5) VEGF signaling 9.31E-04 (4)

Cellular growth and

proliferation

4.93E-04–4.83E-02 (19) Thrombopoietin signaling 1.38E-03 (5)

Cellular assembly and

organization

1.11E-03–4.21E-02 (20) IL-2 signaling 1.69E-03 (4)

nLDL 5h Cell cycle 2.10E-06–4.89E-02 (32) PPARα/RXRα 8.83E-05 (13)

Cellular development 1.98E-04–4.45E-02 (28) Activation TGF-β signaling 1.34E-04 (9)

Cellular movement 6.91E-04–4.35E-02 (19) Molecular mechanisms of cancer 2.58E-04 (20)

Cell-To-Cell signaling and

interaction

9.18E-04–2.63E-02 (10) Regulation of IL-2 expression in activated and

anergic T

7.06E-04 (8)

Cellular growth and

proliferation

1.34E-03–4.76E-02 (34) Lymphocytes, VEGF signaling 9.2E-04 (8)

nLDL

24h

Cellular movement 7.09E-05–4.16E-02 (8) LXR/RXR activation 2.33E-03 (4)

Gene expression 9.24E-05–4.97E-02 (21) Polyamine regulation in colon cancer 6.93E-03 (2)

Cell-To-Cell signaling and

interaction

1.37E-04–5.00E-02 (21) Oncostatin M signaling 2.81E-02 (2)

Cell cycle 1.45E-04–4.97E-02 (14) Germ Cell-Sertoli cell junction signaling 3.02E-02 (4)

Cellular growth and

proliferation

2.31E-04–4.97E-02 (31) Production of nitric oxide and reactive oxygen

species in macrophages

23E-02 (4)

oxLDL

1h

Cellular growth and

proliferation

5.69E-07–4.74E-02 (34) Corticotropin releasing hormone signaling 2.68E-03 (5)

Cell cycle 1.00E-06–4.74E-02 (15) Antiproliferative role of somatostatin receptor 2.82E-03 (4)

Cellular assembly and

organization

9.25E-05–4.74E-02 (11) Tight junction signaling 2.89E-03 (7)

Cellular movement 1.53E-04–3.81E-02 (22) Endothelin-1 signaling 4.14E-03 (6)

DNA replication,recombination

and repair

2.76E-04–4.74E-02 (14) Nitric oxide signaling in the cardiovascular system 4.88E-03 (4)

oxLDL

5h

Cell cycle 2.96E-06–4.46E-02 (32) Endothelin-1 signaling 1.96E-03 (10)

Cellular growth and

proliferation

1.42E-05–4.22E-02 (57) ILK signaling 2.36E-03 (10)

Cellular movement 1.20E-04–4.66E-02 (48) Relaxin signaling 3.01E-03 (8)

DNA replication, recombination

and repair

1.24E-04–4.46E-02 (11) Role of macrophages, fibroblasts and endothelial

cells in rheumatoid arthritis

3.11E-03 (14)

Cellular assembly and

organization

4.52E-04–4.22E-02 (18) Mitotic roles of Polo-like kinase 5.27E-03 (5)

oxLDL

24h

Cell Cycle 1.04E-04–3.81E-02 (56) RhoA signaling 1.22E-02 (9)

Cellular movement 1.55E-04–3.81E-02 (56) Mitotic roles of Polo-like kinase 1.49E-02 (6)

Cellular development 5.43E-04–3.81E-02 (58) Germ cell-Sertoli cell Junction signaling 1.71E-02 (12)

Cellular growth and

proliferation

6.93E-04–3.81E-02 (92) Polyamine regulation in colon cancer 1.77E-02 (3)

Gene Expression 8.45E-04–3.81E-02 (26) Leukocyte extravasation signaling 2.59E-02 (12)

Both lists were based on the Ingenuity Pathway Analysis (IPA).

*P values correspond to a range between the highest and the lowest significant result.

doi:10.1371/journal.pone.0163924.t001
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peroxiredoxins and superoxide dismutases (SOD) [8, 30]. From our list of genes and proteins
considered by the Ingenuity Pathways Analysis (IPA) associated with an oxidative stress
response and the maintaining of a redox state, we found that catalase (CAT) seems to carry out
the main role in detoxification, and therefore proposed as a therapeutic target against the
adverse effects of ROS associated to cell dysfunction and damage over molecules such as lipids,
DNA, RNA, carbohydrates and proteins.

It is evident that VSMC incubated for long periods of time with nLDL present a transcrip-
tomic response similar to the one seen at shorter times when oxLDL are employed. This series
of experiments are consistent with the concept that metabolically oxidized lipids and modified
proteins evolve with time, where short time incubation of cells in the presence of artificially
modified oxLDL seem to emulate the cellular response carried out by hVSMC when incubated
for longer periods of time in the presence of non treated nLDL. Therefore, we believe this
approach might be a goodmodel to reproduce and study the molecular events that might be
happening in vivowith time during the process of atherogenesis.

Apoptosis and Cell Cycle Related Genes. The control of the cell cycle proved to be an
essential regulation process when hVSMC were exposed to LDL (Table 2). For gene ontology
(GO) categories enriched in the IPA analysis, we observe an over-representation of genes asso-
ciated with the cell cycle in virtually all our experimental conditions. At early exposure times
employing nLDL or oxLDL, genes FOS and EGR1(Early Growth Response 1) are upregulated
with a fold change above or below the threshold of ±2 (4.1 and 2.9, respectively). These genes
are indicators that the regulation of cell proliferation, differentiation and transformation is tak-
ing place, and agree with previous observations reported during early stages of atherosclerosis,
where ROS stimulate VSMC growth [30]. However, at exposure times of 5h onward, both FOS
and EGR1 drastically decrease their expression, thus indicating that it is only at short periods
of lipoprotein exposure that their activity seems to be regulated.

During the regulation of the cell cycle, two main trends seem to be present; nLDL exposure
increases ATM expression and decreases PLK1, a member of the Polo-like kinases (PLKs) fam-
ily. Since these genes regulate changes in mitosis, cytokinesis and the response to DNA damage
[31, 32], it seems they determine the onset for the cell cycle arrest. At this very early condition,
FOS expression is increased at 1 h exposure with both native and oxidized lipoproteins (4.1
and 2.9respectively), while at late periods of time (24 h) MYC increases with both stimuli (3.18
and 2.89). Studies where cells were stimulated using fetal bovine serum show two waves of an
increased expression of FOS. The first one at 7.5 minutes, when protein is found in the endo-
plasmic reticulum; and the second at 20 min with a maximal peak at 1h, when the protein is
found in the nucleus. These observations are supported by findings showing that c-Myc expres-
sion is strongly regulated through cell cycle control and that dysregulation can explain the
shortening of G1 and the progression of G1/S [33, 34].

On the other hand, the increase in the expression of several genes such as DLX5, a transcrip-
tion factor involved in bone development and essential for the differentiation of osteoblasts
promoting cell proliferation, perfectly correlates with the increase in MYC expression. It has
been reported that DLX5 upregulates the activity of the MYC promoter [35], which presents a
strong transcriptional repression effect for genes associated with cell cycle arrest, like GAS1,
p15, p21, p27, and GADD34, -45, and -153[36].

Fig 1. Hierarchical cluster analysis of the differentially expressed genes with more than 2-fold

changed expression in one out of six groups (nLDL 1h, nLDL 5h, nLDL 24h, oxLDL 1h, oxLDL 5h and

oxLDL 24h) compared to parental hVSMC cells. The dendrogram on the left indicates correlation between

gene expression profiles. The columns in the middle show the normalized expression of each gene in

pseudocolor scale (key in the upper).

doi:10.1371/journal.pone.0163924.g001
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Table 2. hVSMC showing differential time dependent (1 to 24h) gene expression when exposed to nLDL or oxLDL.

Gene

symbol

Gene description Fold change* Location

nLDL

1h

nLDL5h nLDL

24h

oxLDL

1h

oxLDL

5h

oxLDL

24h

FOS FBJ Murine Osteosarcoma Viral

Oncogene Homolog

4.147 1.154 1.714 1.346 1.119 1.176 Nuclear, transcription factor

EGR1 Early Growth Response 1 2.938 -1.667 -1.118 -1.044 -1.814 -1.638 Nuclear, transcriptional regulator

DUSP1 Dual SpecificityPhosphatase 1 2.157 1.359 2.102 -1.055 -1.055 -1.009 Nuclear

MIR21 MicroRNA 21 2.073 1.254 2.191 -1.475 1.326 1.903 Cytoplasm

MMP16 Matrix Metallopeptidase 16 -3.670 -3.716 1.779 1.044 1.264 1.856 Cell membrane, Extracellular

side

PHF3 PHD finger protein 3 -3.109 -1.458 1.788 -1.088 2.043 2.428 Nucleus

EXOC5 Exocyst Complex Component 5 -3.094 -1.203 -1.086 1.153 -1.025 -1.034 Cytoplasm

RB1CC1 RB1-Inducible Coiled-Coil 1 -2.775 -1.888 1.863 1.048 1.824 2.499 Nucleus, Cytoplasm, Cytosol

DST Dystonin -2.771 -2.370 1.355 -1.029 1.722 2.180 Cytoplasm, cytoskeleton

PPP1R10 Protein Phosphatase 1, Regulatory

Subunit 10

1.032 3.601 2.723 -1.080 1.579 2.996 Nucleus

HIST1H2BF Histone Cluster 1, H2bf 1.365 2.348 1.009 1.079 -1.114 -1.102 Nucleus, Chromosome

DLX5 Distal-Less Homeobox 5 1.273 2.070 2.490 1.054 2.216 1.887 Nucleus (by similarity)

Membrane; Multi-pass

membrane protein

SLC7A11 Solute Carrier Family 7 Member 11 -2.692 -4.549 1.872 1.040 1.572 3.214 Plasma membrane

TIPARP TCDD-Inducible Poly (ADP-Ribose)

Polymerase

-1.186 -3.888 -3.101 -1.521 -2.713 -2.868 Nucleus

ROCK2 Rho-Associated, Coiled-Coil Containing

Protein Kinase 2

-2.495 -3.635 1.388 1.053 1.177 1.910 Cytoplasm, cytoskeleton, Cell

membrane, nucleus

GLS Glutaminase -2.001 -3.522 -1.155 1.018 -1.289 1.024

DDIT3 DNA-Damage-Inducible Transcript 3 1.090 1.384 4.856 -1.277 2.378 2.370 Cytoplasm, Nucleus

ABCA1 ATP-Binding Cassette, Sub-Family A

(ABC1), Member 1

-1.346 -1.550 4.367 -1.195 1.909 4.867 Membrane

OGN Osteoglycin -1.741 -1.166 3.228 -1.026 1.354 2.438 Secreted, extracellular space,

ECM

MYC V-MycMyelocytomatosis Viral Oncogene

hom

1.044 1.620 3.180 1.037 2.286 2.891 Nucleus

HSD17B6 Hydroxysteroid (17-Beta) Dehydrogenase

6

1.042 -1.293 3.033 -1.068 2.525 3.773 Microsome membrane, Lumenal

side, Early endosome membrane

INSIG1 Insulin Induced Gene 1 -1.677 -1.381 -4.189 1.520 1.487 -1.456 Endoplasmic reticulum

membrane

LDLR Low Density Lipoprotein Receptor 1.124 -1.100 -4.103 -1.017 1.387 -1.375 Cell membrane

KIAA1199 KIAA1199: Colon Cancer Secreted Protein

1

-1.115 -1.318 -3.627 -1.152 -1.368 -3.831 Cytoplasm

ID3 Inhibitor of DNA Binding 3, Dominant

Negative HLH-P

1.078 -3.113 -3.244 -1.227 -3.767 -3.848 Nucleus

IL1R1 Interleukin 1 Receptor, Type I -1.434 -3.118 -3.232 -1.144 -1.660 -1.849 Membrane

CALCRL Calcitonin Receptor-Like -1.459 -1.361 2.506 3.426 3.510 5.036 Cell membrane

MYOZ2 Myozenin 2 1.001 -1.134 1.067 3.125 2.142 3.038 Cytoplasm, myofibril, sarcomere

GUCY1A2 GuanylateCyclase 1, Soluble, Alpha 2 -1.037 -1.101 1.499 3.031 2.964 3.819 Cytoplasm

TNFSF4 TNF (Ligand) Superfamily, Member 4 -1.195 1.032 1.757 2.930 4.342 3.800 Secreted

TFPI2 Tissue Factor Pathway Inhibitor 2 -1.382 -1.329 1.109 -4.308 -2.831 -3.133 Nucleus, Cytoplasm

KIAA0101 PCNA-binding protein -1.385 -1.059 -1.438 -4.219 -4.671 -5.105 Nucleus, cytoplasm, perinuclear

region

PTGS1 Prostaglandin-Endoperoxide Synthase 1 1.045 1.052 -1.131 -4.067 -3.884 -3.130 Endoplasmic reticulum and

Microsome membrane

(Continued )
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In the presence of oxLDL, genes like APC are upregulated (2.2 and 2.3 oxLDL 5h and
oxLDL 24h, respectively), showing a tendency to promote the process of apoptosis, transcrip-
tional activation and cell migration. APC seems to act along with DDIT3 (4.8 and 2.3 nLDL
24h, oxLDL 24h), also associated with stress-activated apoptosis in the endoplasmic reticulum.
Both regulate the inflammatory response induced by activation of caspase 1 (CASP1) and
interleukin-1 beta (IL1B). Thus, the dynamics among mitogenic signals, cell cycle arrest,
migration, apoptosis, DNA repair, and other cell and molecular functions is affected depending
on the stimulus received and the time of exposure as seen in Table 2.

The levels of expression observed in all formerly mentioned genes are congruent with a sys-
tem trying to avoid cell arrest. Moreover, we observed regulation of genes such as CYR61,
which favors cell proliferation and play an important role in repair by regulating the expression
of genes involved in angiogenesis, inflammation and remodeling of extracellularmatrix[37].
To date, it is known that during the early stages of atherosclerosis, cell proliferation is stimu-
lated, while at late stages, VSMC promote apoptosis and therefore plaque instability[30]. Our
results suggest that hVSMC proliferate well after 24 hours exposure with nLDL, while expo-
sures to oxLDL seems to trigger cell migration and cycle arrest. Together, these last effects
could constitute a rather dangerous response in the formation of an atheroma. Although a low
oxidative stress level due to naturally modified LDL might eventually start or increase the size
of incipient atheromatous plaques, a chronic exposure to these modified lipoproteins that
could with time be extensively oxidized will promote cell migration, cell-cycle arrest and would
lead to a full developed atherogenic event.

Remodeling of the extracellularmatrix. Cell exposure to oxLDL remodels the extracellu-
lar matrix as indicated by the overexpression of the metalloproteaseMMP16 (MT3-MMP),
with the largest effect found at 24 h (Fold change 3.1), and the associated downregulation of
TIMP1, a natural inhibitor of metalloproteases. In close relationship to this remodeling event,
endocytosis associated with the phagocytic route for proteins, extracellularmatrix degradation
[38]and cell movement has been reported[39]. In the same context, genes like ICAM1 (CD54)
involved in cell adhesion are downregulated, indicating an increase in cellular migration and

Table 2. (Continued)

Gene

symbol

Gene description Fold change* Location

nLDL

1h

nLDL5h nLDL

24h

oxLDL

1h

oxLDL

5h

oxLDL

24h

BEX1 Brain Expressed, X-Linked 1 1.107 -1.051 -1.126 -3.743 -4.095 -3.258 Nucleus, Cytoplasm

ACTG2 Actin, Gamma 2, Smooth Muscle, Enteric 1.261 1.274 -2.802 -3.727 -3.614 -7.261 Cytoplasm

IL33 Interleukin 33 -1.110 1.142 1.467 2.685 4.110 3.141 Nucleus, cytoplasmic vesicle

PPM1K Protein Phosphatase, Mg2+/Mn2

+ Dependent, 1K

-1.409 -1.579 1.441 1.005 3.570 3.080 Mitochondrion matrix

RASSF9 Ras Association (RalGDS/AF-6) Domain

Family (N-terminal) Member 9

-1.008 1.462 2.080 -1.085 3.546 2.991 Accumulates on perinuclear

endosomes

TEK Tyrosine Kinase, Endothelial -1.268 -1.047 2.220 1.072 2.154 4.193 Cell membrane, cytoplasm,

secreted

CMAHP CytidineMonophospho-

N-Acetylneuraminic Acid Hydroxylase,

Pseudogene

-1.512 -1.242 2.440 1.285 1.917 3.892 Cytoplasm (infered)

OCLN Occludin -1.030 1.006 1.412 -1.181 2.889 -4.671 Membrane; Multi-pass

membrane protein

* Genes showing a significant expression change are indicated with bold numbers (P<0.05, FC>2.0).

TNF, Tumor Necrosis Factor; HLH-P, Helix-Loop-Helix Protein; ECM, extracellular matrix

doi:10.1371/journal.pone.0163924.t002
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delocalization, phenomenon that has been observed in vivo in the atherosclerotic plaque. Like-
wise, integrins 3 and 5 (ITGA3 and ITGA5) also decrease their expression when they receive
signals associated to a large generation of ROS.

DNA Repair. The IPA database reports 330 genes associated with DNA repair. In the
presence of oxLDL we found a significant representation of several of these genes within the
top 5 overexpressed molecular and cellular functions. For example, 3, 5 and 11 genes were
overexpressed above the +2 threshold at 1, 5 and 24 hours, respectively. The overexpression
observed at 24 hours of genes such as KIT (2.6), XRCC4 (2.05), ERCC4 (2.14) and ERCC6
(2.06), among others, suggest a response attempting to maintain cellular integrity, even when
damage caused from early incubation times with oxLDL had started. Together, these changes
affect the final equilibrium state between an increase in apoptotic or cell maintenance signals.

Cholesterol Efflux. In general, under our experimental conditions we observed that only a
few genes related to the metabolism of cholesterol were significantly regulated. Nevertheless, it
is important to stress the remarkable overexpression of the cassette transporter ABCA1 (fold
change 4.8), a critical transporter contributing to cell cholesterol efflux.We also observedother
members of the A and C families importantly upregulated, such as ABCA6, ABCA8, ABCA9
and ABCC9with fold changes 2.9, 2.05, 3.37 and 3.33, respectively. Among these transporters,
only ABCA9 and ABCA6 have been reported to be upregulated in the process of differentiation
frommonocytes to macrophages and downregulated in the process of cholesterol internaliza-
tion[40, 41].

EndocyticMechanisms. The behavior shown by the expression of receptors associated
with the internalization of both types of LDL (native and oxidized) corresponded as expected.
The oxLDL receptor (OLR1) and the CD36 receptor (SCARB3) were overexpressed when cells
were treated with oxLDL, and considerably downregulated the expression of the LDL receptor
(LDLR) at long periods of time when exposed to nLDL(-4.1). Meanwhile, the expression of the
scavenger B1 and B2 receptors was turned on at short periods of incubation with oxLDL (Fig
2), indicating the dynamics associated with the type and degree of oxidation, data that strongly
agree with the known variability effect of oxLDL reported in literature [42].

Calciumhomeostasis. In a similar fashion to the pattern observedwith other genes,
hVSMC treated for a short time with oxLDL or for longer periods of time using nLDL, increase
the expression of SPP1, BMP6 and CALCRL corresponding to genes that promote the

Fig 2. Hierarchical cluster analysis of several receptors and their expression when the six experimental

conditions used (nLDL 1h, nLDL 5h, nLDL 24h, oxLDL 1h, oxLDL 5h and oxLDL 24h) are compared to

parental hVSMC cells.

doi:10.1371/journal.pone.0163924.g002
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differentiation and maturation of osteogenic cells and whose activity may produce pathologic
biomineralization in vascular tissues. Additionally, we observed that oxLDL decreases TAGLN
and ACTA2 expression, two gene markers for the VSMC phenotype. Taken together, these
data suggest a transdifferentiation step similar to that observed in VSMC exposed to high glu-
cose concentrations, showing these cells an interesting plasticity depending on the stimulus
they receive [8].

On the other hand, although VSMC do not naturally express proteins related to calcifica-
tion, our group has found that under an atherogenic condition they are capable of expressing
SPP1[43], a protein that regulates the formation of hydroxyapatite crystals. To our knowledge,
this is the first report related to osteogenic signaling by bone morphogenetic proteins (BMP)
when exposed to oxLDL.

Membrane Trafficking and Exosome. As a consequence of ROS increase, genes like
KIF4A and PRC1 associated with the movement of membranous organelles, intracellular
transport and cytokinesis are downregulated. This finding is in agreement with the tendency
towards cell cycle arrest and the increase in the expression of INHBA and CALCRL, suppres-
sants of the proliferation process. Likewise, genes such as RAB33B which is overexpressed,
might be important in defining the steps of vesicular transport along several endocytic routes,
and suggests how the dynamics of cargo systems and the formation of the autophagosome may
work[44]. It has been suggested that this mechanism involves the degradation of cytoplasmic
components in response to the initiation of macro-autophagia [45].

Immune Response and Inflammation. The inflammatory process shows important
changes in hVSMC marker genes during exposure to oxLDL, strengthening their relationship
with the process of oxidative stress. SPP1, which is recognized as a proinflammatory cytokine
is upregulated along with CALCRL, regulation that shows not only to be significant at all incu-
bation times when exposed to oxLDL, but also to be important when cells were incubated for a
long period of time with nLDL (Fig 3). In this context, it is noteworthy the overexpression of

Fig 3. Validation of microarray results by quantitative RT-PCR (A) Gene expression of ABCA1, SPP1, ZNF292,

IL33, CALCRL, PRC1, KIF4A and C3 determined by quantitative real-time RT-PCR. Bars represent means ± SD

(n = 3). Relative gene expression levels, normalized to GAPDH expression. Values superscribed by asterisks (*)

are significantly different from nLDL and oxLDL groups (B) Heatmap Expression profile (microarray data).

doi:10.1371/journal.pone.0163924.g003
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IL33 when cells are exposed to oxLDL since this molecule has been shown to present a protec-
tive effect during the inflammation process of adipose tissue in mice by inducing the produc-
tion of Th2 cytokines such as IL-5, IL-13, IL-10 [46].

On the other hand, cells exposed for 24 h with nLDL show a significant regulation upon
defense and communication processes associated to the immune system, suggesting that CAD
and complications due to an inflammatory process start from the exposure at short times with
nLDL. Since the regulation of these processes by key molecules such as IL33 permits the restitu-
tion of a normal expression, this modulating process might also become a potential therapeutic
target.

On the other hand, we have observed that nLDL unlike oxLDL regulate innate immunity
processes and the communication between cells, even though the immune system only recog-
nizes the latter as an antigenic stimulus. Therefore, it is possible to think that complications
due to inflammation at the vascular level seen in CADmight start at the early stages of the ath-
erogenic process. Therefore, modulation of these inflammatory processes by key molecules
such asIL33, permits the restitution of gene expression close to a normal stage and in conse-
quence considered as a protective molecule.

Validation of MicroarrayData by Quantitative PCR. The validation of our transcrip-
tomic expression analysis represent genes involved in the control of the diverse functions car-
ried out by hVSMC. Five of the clearly upregulated genes in response to an oxidative stress
condition included ABCA1, SPP1, ZNF292, IL33 and CALCRL, while PRC1, KIF4A and C3
were downregulated. Fig 3 shows the correlation data between data obtained from the microar-
ray and changes in gene expression determined by qPCR using Taqman probes.

Identification of transcriptional regulation

Exposure to native LDL for 1 hour (nLDL 1h). Using the tools for the identification of
transcriptional regulation cascades implemented IPA Upstream Analysis, it is predicted that
receptor CD24 is inhibited. This prediction is based on 11 genes reported to be regulated by
this receptor (VPS13C, USO1, TTC3, TPR, SCAF11, RANBP2, NRIP1, NIPBL, JMJD1C,
EDEM3 y DNAJC13) with fold changes> 2 defined as the cut-off value. These genes are
mainly associated with signaling routes like RAN, protein degradation by ubiquitination and
vesicle transport, indicating as expected, that LDL turn on the processes of nucleus-cytoplasm
transport and membrane recycling. The role of CD24 should be noticed since this receptor is
generally found on the surface of endothelial cells, where it recognizes among other ligands, P-
selectinwhich is associated to the process of rolling and tethering, essential steps in leukocyte
recruitment and diapedesis [47].

Exposure to native LDL for 5 hours (nLDL 5h). The upstream analysis at 5h with nLDL
shows the predicted inhibition of 6 genes (CD24, SYVN1, MYC, PDGF BB, IFNA2 and
EIF2AK2) and their associated signaling cascades involving 53 genes. From these, seven down-
regulated genes stand out since they show a consistent inhibition of MYC expression which, on
the other hand, at larger incubation times would increase their expression at similar levels
between native and oxidized LDL. Likewise, the regulation of the importin- exportin-mediated
nucleus-cytoplasm transport systems, like XPO1 (Fold change-2.9) are downregulated.While
12 genes associated with SYVN1 inhibition, some of them belonging to different protein carrier
families such as SLC7A5, SLC39A10, SLC30A1, are downregulated along with genes such as
RAB10 from the RAS family. The predicted inhibition of platelet-derived growth factor BB
(PDGF BB) could be related to VSMC proliferation and migration inhibition through AKT
phosphorylationmechanisms[48].Only one transcriptional regulation cascade is affected with
6 downregulated genes, predicting the activation of collagen 18A1 (COL18A1).
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Exposure to native LDL for 24 hours (nLDL24h). Along this condition, 12 genes predict
the inhibition of signaling cascades associated with NFkB and IL13, congruent with ROS for-
mation considering that 24h incubation produces a moderately oxidized LDL (MM-LDL).
ROS lead to a possible inhibition of the NFkB route, which would generate an anti-inflamma-
tory process as previously associated with the oxidation state of LDL[49, 50].

Exposure to oxidized LDL for 1 hour (oxLDL 1h). The downregulated expression of
SEMA7A, PTGS1, MT2A and HLA-B genes predict the inhibition of the signaling cascade
associated with TGM2 and the activation of the methylation processes. Five downregulated
genes (TOP2A, PBK, FJX1, DLGAP5 and BUB1B) associatedwith KDM5B predict their activa-
tion, being DLGAP5 a regulator of integrity of tight junctions, and BUB1B an essential compo-
nent of the mitotic checkpoint.

Exposure to oxidized LDL for 5 hour (oxLDL5h). 10 genes with upregulated and down-
regulated expression at fold changes between±2 support the inhibitory prediction carried out
by ROS of IL13 and ERK, as an indicator of anti-inflammatory signaling control and of tran-
scriptional control. These results are consistent with the levels of expression of genes induced
by nLDL at 24 hours.

Exposure to oxidized LDL for 24 hour (oxLDL24h). Here, 43 genes predict the inhibition
of 4 genes and the activation of 2 more along with their associated signaling cascades. Fig 4
depicts a representation based on the cellular location according to Gene Ontology (GO) and
the known interactions with other biomolecules for each one of the affected genes, showing a
mechanistic representation of possible actions performed by these 6 genes. Hence, we can con-
clude that at longer exposure times and greater oxidative stress, cellular controls are mainly
affected in relation to the inhibition predicted for NANOG, as an indicator of the regulation
for cellular pluripotentiality, supporting the idea of transdifferentiation. Additionally, the inhi-
bition of Claudin 7 (CLDN7) as a protein forming part of tight junctions would correlate with
the loss of cell architecture. This inhibition correlates with the expression of MUC1,MT1X,
LGALS3 and DKK1 genes.

Under these conditions, eight genes predict the activation of CD24, a phenomenon opposite
to what we observedwith nLDL at early periods of time, where its inhibition was predicted.
This phenomenon not previously reported for this cellular system could modulate activities
such as cell migration. Interestingly, the activation of TP63 and the translated protein p63,
member of the p53 transcription factor family, would be an indicator for the preservation of
the proliferative potential of these cells as seen in the auto-renewal of limbal stem cells regulat-
ing their mitogenic rate, phenomenon also observedduring corneal repair[50].

Finally, in order to support our finding correlating effects observedwith cells between long
incubation times employing nLDL particles and short incubation times using oxLDL, the
degree of oxidation present in the culture media at the different conditions employed was
directly measured.

Fig 5 clearly shows that while culture media containing oxLDL present important malon-
dialdehyde values that tend to decrease with time in parallel to the process of lipoprotein inter-
nalization through scavenger receptors, along with time, nLDL show a modest tendency to be
mildly oxidized and therefore probably still being recognized and internalized through the
LDL receptor as previously suggested.

Discussion

Since oxygen is known to be the key element in the preservation of life as we know it, the pres-
ence of free oxygen radicals in circulation is a reality due to the many oxidative reactions of the
cell. Along the respiratory metabolism and under specific conditions, cells convert oxygen
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molecules to highly reactive oxygen species by losing electrons and becoming highly efficient
radicals that affect nucleic acids, carbohydrates, lipids and proteins. For years now, these reac-
tive oxygen species have been associated with the process of atherogenesis, where a vascular
inflammatory condition together with the chemical modification of lipoproteins and endothe-
lial damage, develop atherosclerosis and ultimately cardiovascular disease.

Taking into account the complicated mechanisms and signals involved in this process,
many laboratories have focused their research not only trying to find a way to overcome the
deleterious effects of free oxygen radicals, but also working in the search for gene-basedmark-
ers through transcriptomics and metabolomics that might help to recognizewhen oxidative
stress has reached a dangerous level. Although there is a published microarray that presents the
response of oxLDL upon human coronary artery smooth cells employing incubation times
starting at 3h[51], according to our study using a starting incubation time of 1h, important dif-
ferences between the two studies are found. A period as short as 1h permitted us to observe
changes among others associated to the expression of microRNAs and matrix metallopepti-
dases. Another relevant difference between the two studies is related to the intrinsic properties

Fig 4. Summary of main changes observed in gene expression and functions of hVSMC as a result of exposition to oxLDLs.

Genes found over- or under-expressed in comparison to a control condition are shown (red and green respectively), and the predicted

activation or inhibition in orange and blue.

doi:10.1371/journal.pone.0163924.g004

VSMC Transcriptome

PLOS ONE | DOI:10.1371/journal.pone.0163924 October 11, 2016 13 / 22



associated to the phenotypes of cells used as experimentalmodel. Coronary smooth cells show
a highly differentiated phenotype even after been cultured with growth factors added. This cell
type seems to be less responsive when exposed to different stimuli and also exhibits a lower
synthesis activity[52, 53]. In contrast, hVSMC used in this study are not terminally differenti-
ated and therefore plastic enough to respond showing a contractile phenotype after a physio-
logical stress, or a synthetic phenotype when physical (mechanical) stimulation is used[54, 55].
In this sense, VSMC isolated from hypertensive individuals show a significant increase in
ploidy and hypertrophy[56]. Also, Angiotensin II involved in the development of cell contrac-
tion and eventually of hypertension, regulates polyploidization in this cell type as well as the
hepatocyte through the Akt1 pathway[57]. Moreover, since both smoothmuscle cell types
express different sets of genes that are down or up-regulated in response to oxidative stress, it is
not difficult to think that accordingly to their position in the media layer of the artery wall,
these cells might respond differently to different kinds of stimuli, phenomena most surely
important in the progression of the atherosclerotic plaque in vivo.

Fig 5. Internalization Assays and lipid peroxidation in VSMC cells. White boxes corresponding at internalization in VSMC cells of 7.5 μg/mL of nLDLs or

oxLDLs DiI label for 0 (Control), 1, 5, and 24 h under medium minimal culture conditions. The magnitude of internalization shown on the left side in the y-axis

as relative fluorescence units (RFU) at 530/590 nm (excitation/emission). The blue squares correspond to the level of peroxidation of media supernatant

after the same conditions. The lipid peroxidation level is shown in the y-axis on the right side expressed as [μM] of malondialdehyde.

doi:10.1371/journal.pone.0163924.g005
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Our work contributes with the exploration of such gene-basedmarkers when human VSMC
have been exposed to different levels of oxidated LDL particles, employing both native LDL that
naturally become oxidizedwith time during incubation, and chemically oxidized LDL.

Data obtained from our assays searching for differential expression patterns caused by
nLDL and oxLDL contribute to understand how cell systems such as hVSMC respond to harm-
ful stimuli aiming at achieving cell survival within a favorable energetic landscape.

Genes regulated by nLDL are involved in a wide spectrumof biological processes suggesting
redundancy of genes regulated by oxLDL that in turn are mainly focused prioritizing the rees-
tablishment of key cell survival functions. Among these functions, it can be mentioned gene
transcription and its involvement in promoting adaptation into the environment; DNA protec-
tion from possible damage carried out by ROS, and cell cycle control as a response to a hostile
environment.

Therefore, according to our analysis, cell cycle control is one of the most important pro-
cesses affected, showing a strong regulation by oxLDL and nLDL. Interestingly, several reports
have described a close relationship with cell growth arrest between the up-regulation of ATM,
APC, DLX5 and DDIT3 and down-regulation of PLK1, PRC1 and KIF4A. These genes have
shown similar changes at short exposure times with oxLDL to those observed at long-term
exposure times with nLDL. Although several reports suggest that oxLDL exposuremight stim-
ulate proliferation[56], our results show that under high oxidative stress levels and the presence
of oxLDL, a transcriptomic pattern seems to predispose cells to arrest growth, stop prolifera-
tion and prevent apoptosis. Moreover, when cells are briefly exposed to nLDL, cell growth
arrest is avoided and proliferation seems to be stimulated, results congruent with studies where
a moderate oxidative stress level was used[58]. Therefore, the type of response shown by cells
drastically varies according to the kind and degree of oxidation LDL particles might present. In
this sense, the extent of the natural process of lipoprotein modification found in an in vivo situ-
ation as an example as to what it might be occurring in the atheroma, could be determinant in
the progression of the lesion.

For some time now, there has been controversy as to the meaning of minimally modified
LDL. It has been established that lipoprotein particles need to be sufficientlymodified in order
to be differentiated from unmodifiedLDL that maintain their ability to bind to the LDL recep-
tor and therefore still not recognizable by scavenger receptors. In this sense, as shown in the
present study a modification of nLDL achieved with time that corresponds to the mildest expo-
sure condition observedwith oxLDL might be sufficient for an important induction of a series
of gene responses. The transcriptional behavior of hVSMC in culture at 24 hours exposition
with nLDL corresponds to the response observed at initial times in the presence of oxLDL. It is
likely that slight differences betweenmoderately and extensively oxidized LDL particles lead to
opposite transcriptional responses. A modest oxidative stress due to long term naturally oxi-
dized LDL particles seem to promote cell proliferation as expected on the first stages of athero-
genesis, while a greater oxidative stress from a short term exposure with chemically treated
particles apparently promote cell growth arrest[58, 59].Since it is commonly accepted that the
process of LDL oxidation in plasma is not a common reaction due to the presence of antioxi-
dant molecules such ascorbate and tocopherol, oxidation mainly takes place in the subendothe-
lial space where the presence of antioxidant molecules is much less abundant[60]. Therefore,
this phenomenon most probably is associated to the possibility that naturally modifiedLDL
particles presenting different degrees of oxidation at the different stages of the atherosclerotic
lesion, might be sending differentiated defense signals through the LDL receptor before such
particles are recognizedby the scavenger receptors in an advanced type of lesion.

Our analysis also shows a tight regulation of inflammation related processes, whose devel-
opment has been shown to be of paramount importance from the genesis of fatty streaks up to
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the advanced stages of atherosclerosis[61, 62]. Cells exposed to nLDL and oxLDL overexpress
characteristic cytokines of a proinflammatory process such as IL33 and SPP1. This cellular
response generates an inflammatory process within the vessel through communication with
the different cell lines of the immune system. It is also interesting to consider that several mole-
cules involved in inflammation have been shown to present important functions in other bio-
logical processes, such as CALCRL and SPP1, which have been demonstrated to be intimately
involved in osteogenic cell differentiation. The presence of cells with a phenotype favoring cal-
cium deposits is of great relevance in the vessel physiopathology, affecting long term cell sur-
vival[7]. Our group has described an in vitromodel investigating the inhibition of
hydroxyapatite formation [Ca10(PO4)6(OH)2] as a consequence of the presence of SPP1[43].
Unlike its role in inflammation, SPP1 activity has been shown to be atheroprotective since an
increased concentration of SPP1was detected in the arteries of rabbits exposed to high choles-
terol diets and developing atherosclerotic lesions. Employing this experimental animal model
and in spite of the presence of calcium deposits, the presence of SPP1 and its overexpression by
VSMC corresponds to an oxidative stress stimuli, for instance, caused by oxLDL. On the other
hand, downregulation of TAGLN and ACTA2, markers for a smoothmuscle phenotype,
would promote a poorly defined differentiation that in turn could allow a calcification-promot-
ing phenotype.

The present work shows that the compoundmedia layer of hVSMC produces a highly rich
and versatile transcriptomic response triggered by the presence of chemically modified lipopro-
teins, supporting the concept that CAD is a condition consolidated by the integral response of
the intima, media and the adventitia. This information shows that the initial response of cells
towards a proatherogenic stimulus can be considered a functional defense against the process
of atherogenesis, suggesting that the true atherogenic potential lies in a persistent aggression
that exceeds cell defenses.

Gene expression of hVSMC in the presence of nLDL for less than 5 hours seems to promote
the development of this functional defense metabolism; however, during longer incubation
times, cells in the presence of nLDLmight render these particles prone to oxidative modifica-
tions and the promotion of a proper oxidative stress condition. Although under these initial
mild conditions, cell defense mechanisms respond mainly through proliferation, a long expo-
sure to these conditions can be converted into a potentially proatherogenic stimulus. As a
whole, from our results it is possible to propose that the presence of a low oxidative stress level
can be considered a functional defense process. When a low oxidative stress level changes to an
extreme one over time, the true atherogenic potential emerges.

Methods

Human plasma samples were obtained from Blood Bank healthy donors at the National Medi-
cal Center “20 de Noviembre” that signed an informed consent. All protocols were performed
according to the Declaration of Helsinki. To isolate LDL, plasma density was adjusted to a
1.019–1.063 g/ml by adding KBr and then, centrifuged at 360,000 x g for 8 h at 4°C. The top
layer containing VLDL and IDL was discarded. LDL preparation was recovered and dialyzed
against 150 mMNaCl, filtered through 0.45 μm filter and stored under nitrogen atmosphere at
4°C to reduce oxidation. LDL concentration was measured with the Micro BCA Protein Assay
Kit (Pierce; Rockford, IL). Part of the concentrated LDL was reserved to use as native LDL
(nLDL)[63–67].

To prepare oxLDL, 1 ml of nLDL (100 mg/ml) was incubated in a 10 μM CuSO4 solution in
PBS without calcium,magnesium nor antioxidants at 37 Celsius degree for 20 h. The reaction
was stopped with 100 μM EDTA and the preparation was dialyzed against 150 mMNaCl
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containing 240 μM EDTA (pH 8) and stored at 4°C until use[43, 64]. The oxLDL concentration
was estimated reading in the UV range (215 nm) in a spectrophotometer UV/VIS Lambda 2S
(Perkin-Elmer).

Cell culture

The human vascular smoothmuscle cells (VSMC) were originally obtained from the aorta of a
healthy female patient. T/GHA-VSMC fromATCC (Cat. CRL-1999) were grown in 10 cm cul-
ture dishes with F12Kmedium containing 0.05 mg/ml ascorbic acid; 0.01 mg/ml insulin; 0.01
mg/ml transferrin; 10 ng/ml sodium selenite; 0.03 mg/ml Endothelial Cell Growth Supplement
(ECGS); 10% fetal bovine serum (FBS), 10 mMHEPES, 10 mM TES, 100 μg/ml penicillin/
streptomycin and 0.25 μg/ml fungizone. Cells were incubated in a humidified environment at
37 Celsius degree in an atmosphere of 95% air / 5% CO2.

Internalization assays

VSMC in their fifth passage were starved for 1 h and internalization assays started by adding to
the culture dish fresh medium containing 7.5 μg/mL of nLDLs or oxLDLs for 1, 5, and 24 h
under standard culture conditions. For each experimental condition, 9 culture dishes were
used and pooled dishes containing three biological replicates examined. For internalization
assays, lipoproteins were labeled with 1,1´-dioctadecyl-3,3,3́ 3´-tetramethylindocarbocyanine
perchlorate (DiI) (Molecular Probes, Eugene, OR, USA) [67], and cells incubated in the pres-
ence of Dil-labeled lipoproteins employing 96-well plates containing 20 x 103 cells/well. After
the internalization assay, cells were washed 5x with 0.2 mg/ml BSA (in PBS) and 2x with PBS,
and fluorescence read in a Synergy HTMicroplate Reader (Biotek Instruments, Inc., Winooski,
VT) at 530/590 nm (excitation/emission). The oxidation level of supernatants obtained from
the different pooled culture media in the presence of oxLDL or nLDL was estimated using the
NWLSSMalondialdehyde assay according to the instructions provided by the manufacturer
(Northwest Life Science Specialties, LLC, Vancouver, WA; Cat. NWK-MDA01), and read at
532 nm in a Lambda 2S spectrophotometer.

In vitro transcription and hybridization to Affymetrix HumanGeneChip

Total RNA from 9 samples of VSMC in 3 different time courses (1, 5 and 24 hours) and two
different treatments (nLDL = native LDL or oxLDL = oxidized LDL) were isolated with Trizol
reagent (Invitrogen Life Technologies).

Samples were quantified using a NanoDrop ND-3300 spectrophotometer (NanoDrop Tech-
nologies) and RNA quality assessed using the RNA 6000 Nano Assay and analyzed using the
Agilent 2100 Bioanalyzer (Agilent Technologies).

Total RNA was obtained from three culture plates exposed to the same treatment pooled
with a yield of 200 ng of single pooled sample. Three technical replicates were prepared for
each condition.

Target cDNA was prepared according to theWhole-Transcript (WT) Sense Target Labeling
Protocol (Affymetrix). Briefly, 200 ng of pooled RNA was converted to one-strand cDNA
using a Superscript II reverse transcriptase primed by a poly(T) oligomer. The second strand
cDNA synthesis was followed by an in vitro transcription to generate cRNA.

cRNA products were used as a template for a second cycle of cDNA syhthesis where dUTPs
incorporate to the new strand. cDNA was fragmented using uracil-DNA glycosilase and apuri-
napirymidin endonuclease. Fragments (40–70 mers) were then labeled by means of a biotin-
labeled deoxynucleotide terminal addition reaction. The labeled cDNA product was heated to
95°C and hybridized to the Human Gene 1.0 ST microarray (Affymetrix) for 17 + 1 hr at 45°C.
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Samples were washed with low (SSPE) and high (100 mMMES, 0.1 M NaCl) stringency buffers
and stained with streptavidin-phycoerythrinusing the Affymetrix Fluidics Station 450
FS450_0007 protocol.

The GeneChip Scanner 3000 7G (Affymetrix)was used to collect fluorescent signals and the
Expression Console software (Affymetrix) used to obtain intensity signal and quality data from
scanned arrays. The software provides summary reports and metrics including average back-
ground, positive versus negative areas under the curve and expression ratios for the presence of
spikes in controls, useful for array QC evaluation.

q-PCR validation

To validate changes of down or up-regulated genes, transcript expression was analyzed by
qPCR using the same RNA pools used in the Affymetrix arrays.

The cDNA was synthesized using the Taqman Gold RT-PCR kit (Life Technologies) from
high quality RNA (RIN� 9.8), according to the instructions provided by the manufacturer. All
qPCR reactions were performed in triplicate using the Taqman Universal Master Mix and the
indicated Taqman probes on a ViiA™ 7 real-time PCR system (Life Technologies) in a final vol-
ume of 20 μl. Temperature conditions and number of cycles were set as recommended by the
provider. The quantitative analysis of transcripts was carried out using the comparative ΔΔCt
method and GAPDH expression used as an endogenous control. AWelch Two Sample t-test
was used and a P-value of<0.05 was considered statistically significant in all cases.

Microarray Data Analysis

The Human Gene 1.0 ST is designed to investigate 28,869 well-annotated genes. Signal inten-
sity from 21 arrays in.CEL format were analyzed using the Partek Genomic Suite version 6.4
(Partek). Raw intensity probes values were imported by setting up a robust multiarray analysis
background correction. To identify differentially expressed genes, a two way ANOVA was per-
formed. From the results of these analyses, genes with P< 0.05 and 2.0- fold change (FC) in
either direction were identified as being differentially expressed.

Data presented and discussed in this study have been deposited in the NCBI's Gene Expres-
sion Omnibus3 and accessible through the GEO Series accession number GSE68021 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE68021).

Network analysis

Network analysis, including the enrichment and upstream analysis was performed using the
Pathway Analysis Suite (Ingenuity), where elaboration of pathways and networks was carried
out.
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