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Coronary artery disease (CAD) is the leading cause of death
worldwide. Long noncoding RNAs (lncRNAs) are a class of non-
coding transcripts of > 200 nucleotides and are increasingly
recognized as playing functional roles in physiology and disease.
ANRIL is an lncRNA gene mapped to the chromosome 9p21
genetic locus for CAD identified by the first series of genome-
wide association studies (GWAS). However, ANRIL’s role in
CAD and the underlying molecular mechanism are unknown.
Here, we show that the major ANRIL transcript in endothelial
cells (ECs) is DQ485454 with a much higher expression level in
ECs than in THP-1 monocytes. Of note, DQ485454 expression
was down-regulated in CAD coronary arteries compared with
non-CAD arteries. DQ485454 overexpression significantly
reduced monocyte adhesion to ECs, transendothelial monocyte
migration (TEM), and EC migration, which are critical cellular
processes involved in CAD initiation, whereas siRNA-mediated
ANRIL knockdown (KD) had the opposite effect. Microarray
and follow-up quantitative RT-PCR analyses revealed that the
ANRIL KD down-regulated expression of AHNAK2, CLIP1,
CXCL11, ENC1, EZR, LYVE1, WASL, and TNFSF10 genes and
up-regulated TMEM100 and TMEM106B genes. Mechanistic
studies disclosed that overexpression of CLIP1, EZR, and LYVE1
reversed the effects of ANRIL KD on monocyte adhesion to ECs,

TEM, and EC migration. These findings indicate that ANRIL
regulates EC functions directly related to CAD, supporting the
hypothesis that ANRIL is involved in CAD pathogenesis at the
9p21 genetic locus and identifying a molecular mechanism
underlying lncRNA-mediated regulation of EC function and
CAD development.

Coronary artery disease (CAD)4 is the most common cardio-
vascular disease and the leading cause of death worldwide (1). It
occurs as a chronic inflammatory response to endothelial inju-
ries in coronary arteries. Then the coronary arteries develop an
atherosclerotic plaque inside the intima (referred to as athero-
sclerosis), leading to hardening and narrowing of the arteries
and blocking of blood flow to the heart. Typical CAD compli-
cations include stable angina, unstable angina, myocardial
infarction (MI), arrhythmias, heart failure, and sudden death
(2).

For the development of atherosclerosis and CAD, monocyte
adhesion to the endothelium and transendothelial migration of
monocytes (TEM) into the intima have been established as two
of the most important cellular processes by multiple studies (1,
2). An increased serum concentration of oxidized low-density
lipoproteins (ox-LDLs) or other inflammatory molecules such
as TNF� recruits monocytes to the region where ROS-induced
endothelial dysfunction occurs (1–3). This leads to monocyte
adhesion to the endothelium, followed by transmigration of
monocytes across the endothelium into the intima area (1–3).
The monocytes are then transformed into lipid-engorged
macrophages and foam cells, leading to the formation of
plaques (1–3).
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Genetic factors contribute significantly to the pathogenesis
of CAD. GWAS have revolutionized the genetic studies of com-
mon complex diseases, including CAD, and are considered as
the most effective genetic strategy for unbiased identification of
novel genetic variants and loci associated with CAD and other
common diseases (4). The first series of GWAS for CAD iden-
tified a novel CAD risk locus on chromosome 9p21.3 (4, 5). To
date, the 9p21.3 locus is the most robust and frequently repli-
cated risk locus of CAD among �90 CAD risk loci identified by
GWAS (4 –7). However, the causative gene for CAD at the
9p21.3 locus is unknown. Interestingly, the ANRIL gene (which
was initially referred to as antisense non-coding RNA in INK4
locus and encodes a long noncoding RNA (lncRNA)) is located
within the 9p21.3 CAD locus (6 –8). More than 50 CAD-asso-
ciated genomic variants were identified to be located at the
9p21.3 CAD locus, and many of them are located within ANRIL,
which makes ANRIL a strong candidate gene for CAD at the
locus (6 –8).

The ANRIL gene encodes a 3.8-kb lncRNA, which consists of
19 exons, spans over 126 kb, and is highly expressed in endo-
thelial cells (ECs) (4 –11). Multiple studies with human tissue
samples showed a reduced expression level of ANRIL in both
white blood cells and coronary artery samples from CAD and
MI patients compared with non-CAD controls (6, 8 –11).
Moreover, multiple groups have shown that the risk alleles of
ANRIL variants were significantly associated with down-regu-
lation of ANRIL expression (6 –13). However, inconsistent find-
ings were also reported (14), which makes the link between
ANRIL expression and CAD/MI controversial. Therefore,
functional studies are needed to establish the link between
ANRIL expression and CAD/MI.

lncRNAs have various regulatory roles such as chromo-
some dosage-compensation, genetic imprinting, epigenetic
regulation, cell cycle control, transcription, translation,
splicing, and cell differentiation mediated by RNA–RNA,
RNA–DNA, or RNA–protein interactions (8 –10, 14). Sev-
eral studies suggested cis- and trans-gene regulatory func-
tions of ANRIL through epigenetic mechanisms (9, 10, 14).
Recent studies have implicated lncRNAs in the regulation of
many biological processes and other diseases such as cancer;
however, the molecular mechanism by which lncRNAs reg-
ulate the pathogenesis of CAD is not well-studied (9, 14).
Because ANRIL belongs to a family of lncRNAs, we hypoth-
esized that it plays a crucial role in the development of ath-
erosclerosis, CAD, and MI by regulating expression and
function of other downstream target genes.

In this study, we first studied the regulatory role of ANRIL in
endothelial cell functions, including monocyte adhesion to ECs,
TEM, and EC migration, which are the cellular processes
directly relevant to atherosclerosis and CAD. Our data strongly
link the function of ANRIL to EC functions related to athero-
sclerosis and CAD. This enabled us to further study a specific
molecular mechanism by which ANRIL regulates functions of
endothelial cells through identifying and characterizing its
downstream target genes. We found that ANRIL regulates the
expression levels of multiple downstream genes in endothelial
cells. Moreover, we identified three ANRIL downstream genes,
CLIP1, EZR, and LYVE1, which were involved in rescuing func-

tional defects of KD of ANRIL expression by ANRIL siRNA
(siANRIL). These data functionally validate ANRIL in ECs with
an essential role in CAD and identify a new molecular mecha-
nism by which ANRIL may regulate the pathogenesis of ather-
osclerosis and CAD.

Results

ANRIL transcript DQ485454 is more abundantly expressed
than the full-length transcript in endothelial cells

Three ANRIL transcripts were annotated as NR_003529 (the
3,857-bp full-length ANRIL transcript), DQ485454 (2,659-bp
transcript), and EU741058 (short 688-bp transcript) (NCBI
database). Our analysis of Fig. 2 in a study reported by Holdt et
al. (10) showed that in atherosclerotic plaques, the expression
level of the DQ485454 transcript was �6-fold higher (�750
copies/107 copies of BA as a housekeeping gene) than the levels
of full-length NR_003529 transcript (100 –120 copies) or
EU741058 transcript (85–90 copies). Therefore, our studies
here focused on the DQ485454 transcript.

To study the expression profile of ANRIL (DQ485454) in
cells and tissues relevant to CAD, we characterized multiple cell
types for the endogenous expression level of ANRIL using real-
time RT-PCR analysis. Three different types of human ECs
(human coronary artery EC (HCAEC), human umbilical vascu-
lar EC (HUVEC), and an EC cell line EA.hy926) showed a com-
parable expression level of ANRIL (Fig. 1A). THP-1 monocytes
expressed much less ANRIL than ECs (Fig. 1A). As in athero-
sclerotic plaques reported by Holdt et al. (10), we showed that
the expression level of the DQ485454 transcript was at least
7-fold higher in three types of human ECs than the full-length
transcript NR_003529 (Fig. 1B).

To determine the subcellular localization of ANRIL RNA
(DQ485454), we isolated nuclear and cytoplasmic RNA sam-
ples from ECs and performed real-time RT-PCR analysis. Con-
trol U6 RNA was mostly localized in the nucleus, whereas Lys-
tRNA was mostly localized in the cytoplasm (Fig. 1C). Similar to
U6 RNA and different from Lys-tRNA, ANRIL RNA was
detected in both the nucleus and cytoplasm, but its expression
level was about 4-fold higher in the nucleus than in the cyto-
plasm (Fig. 1C). The data suggest that ANRIL is more likely to
demonstrate functions of the nuclear RNAs.

Down-regulation of ANRIL transcript DQ485454 in CAD
coronary arteries

Total RNA samples were isolated from coronary arteries
from five CAD patients and five age-matched non-CAD study
subjects and used for real-time RT-PCR analysis. The expres-
sion level of ANRIL transcript DQ485454 was significantly
lower in the CAD group than in the non-CAD control group
(Fig. 1D). We also analyzed the expression levels of neighboring
genes. The expression level of CDNK2B, but not CDKN2A or
MTAP, was significantly lower in the CAD group than in the
non-CAD control group (Fig. 1D).

As inflammation is a key factor in the development of CAD,
we examined whether ANRIL DQ485454 affects the expression
level of IL1B encoding IL-1� and CCL2 encoding MCP-1, two
factors critically involved in atherosclerotic CAD (16, 17).
Transfection of human coronary artery ECs (HCAECs) with an
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overexpression plasmid for ANRIL DQ485454 significantly
reduced the expression level of IL1B, but not CCL2, compared
with the empty vector control (Fig. 1E). Knockdown of ANRIL
DQ485454 using siANRIL significantly increased the expres-
sion level of IL1B, but not CCL2 (Fig. 1F). On the other hand,

expression of ANRIL is sensitive to inflammatory responses. As
shown in Fig. 1G, TNF� and ox-LDL cholesterol, but not H2O2,
significantly reduced the expression level of ANRIL transcript
DQ485454 but increased the expression level of the full-length
ANRIL (NR_003529) (Fig. 1H).

Figure 1. The ANRIL transcript DQ485454 is the major isoform in endothelial cells and down-regulated in CAD coronary arteries. A, relative
expression levels of ANRIL were determined by qRT-PCR from different cells. B, relative expression levels of the two major transcripts of ANRIL, DQ485454,
and NR_003529 (full-length) were determined by qRT-PCR from different endothelial cells. C, relative expression levels of ANRIL transcript DQ485454 in
the nucleus and cytoplasm of HCAECs. U6 RNA and Lys-tRNA were used as positive and negative controls, respectively. D, relative expression levels of
DQ485454 and its neighboring genes in coronary artery tissue samples from CAD patients and non-CAD individuals. E, effect of inflammatory cytokines,
TNF� (20 ng/ml), ox-LDL (50 �g/ml), H2O2 (200 �M), LPS (1 �g/ml), and PDGF-BB (10 ng/ml), on expression of DQ485454 in HCAECs (n � 3). F, effect of
inflammatory cytokines, TNF� (20 ng/ml), ox-LDL (50 �g/ml), H2O2 (200 �M), LPS (1 �g/ml), and PDGF-BB (10 ng/ml), on expression of NR_003529 in
HCAECs (n � 3). G, effect of ANRIL overexpression (DQ485454) on inflammatory markers in HCAECs, IL1B (encoding IL-1�), and CCL2 (encoding MCP-1).
H, effect of knockdown of ANRIL transcript DQ485454 on inflammatory markers in HCAECs. *, p � 0.05; **, p � 0.01. Only statistically significant
differences are marked with asterisks. Error bars, S.D.
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Overexpression of ANRIL (DQ485454) in endothelial cells
significantly reduces monocyte adhesion to ECs, TEM, and EC
migration

Based on the finding of down-regulation of ANRIL
(DQ485454) in CAD coronary arteries, we hypothesized that
ANRIL (DQ485454) is involved in the development of CAD. To
elucidate the role of ANRIL in CAD, we characterized EC func-
tions directly involved in the pathogenesis of CAD, including
monocyte adhesion to ECs, TEM, and EC migration. We suc-

cessfully overexpressed ANRIL in HCAECs and EA.hy926 ECs
by transient transfection of an expression plasmid for ANRIL
(DQ485454) (empty vector as control) as shown by real-time
RT-PCR analysis (Fig. 2A). Overexpression of the DQ485454
transcript did not affect the expression level of other major
transcripts of ANRIL (Fig. S1A). Overexpression of ANRIL
(DQ485454) significantly inhibited adhesion of THP-1 cells to
HCAECs and EA.hy926 cells (Fig. 2B). Similarly, overexpres-
sion of ANRIL (DQ485454) significantly inhibited transmigra-

Figure 2. Effects of overexpression of ANRIL (DQ485454) on EC functions and expression of cell adhesion molecules. A, relative expression of ANRIL
(DQ485454) in HCAEC and EA.hy926 cells by transient transfection with plasmids, pcDNA3.1 or pcDNA3.1-ANRIL. B, monocyte adhesion to HCAEC and EA.hy926
cells transfected with plasmids, pcDNA3.1 or pcDNA3.1-ANRIL (n � 5). C, TEM with HCAEC and EA.hy926 cells transfected with plasmids, pcDNA3.1 or
pcDNA3.1-ANRIL (n � 5). D, migration of HCAEC and EA.hy926 cells transfected with plasmids, pcDNA3.1 or pcDNA3.1-ANRIL (n � 5). E, Western blot analysis
of cell adhesion proteins (ICAM-1, ICAM-2, VCAM-1, E-selectin, P-selectin, pVE-Cad, and tVE-Cad) using HCAECs transfected with plasmids, pcDNA3.1 or
pcDNA3.1-ANRIL (n � 3). Tubulin was used as a loading control. F, Western blotting images in E were quantified and plotted. Data were normalized to the
baseline Tubulin expression, which was defined as 1.0. *, p � 0.05; **, p � 0.01. Only statistically significant differences are marked with asterisks. Error bars, S.D.
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tion of THP-1 cells across a layer of HCAECs and EA.hy926
cells (Fig. 2C). Moreover, overexpression of ANRIL (DQ485454)
significantly inhibited migration of HCAECs and EA.hy926 cells
(Fig. 2D). These data suggest that overexpression of ANRIL
(DQ485454) blocks monocyte adhesion to ECs, TEM, and EC
migration, the initiation processes for the development of ath-
erosclerotic CAD.

Monocyte adhesion to ECs and TEM are associated with
increased expression levels of some cell adhesion molecules,
including ICAM1, ICAM2, VCAM1, E-selectin, P-selectin, and
VE-cadherin (1, 2, 12, 18, 19). Therefore, we analyzed the effects
of overexpression of ANRIL (DQ485454) on expression levels of
endothelial cell adhesion molecules. Western blot analysis with
total cellular extracts showed that overexpression of ANRIL
(DQ485454) significantly reduced the expression levels of
ICAM1, ICAM2, and phosphorylated VE-cadherin in ECs (Fig.
2, E and F). In contrast, overexpression of ANRIL significantly
increased the expression level of VCAM1 but did not have a
significant effect on E-selectin, P-selectin, and total VE-cad-
herin (Fig. 2, E and F). Similar results were obtained with mem-
brane protein extracts isolated using biotinylation (Fig. S1C).

Knockdown (KD) of the expression level of ANRIL in
endothelial cells significantly increases monocyte adhesion to
ECs, TEM, and EC migration

To further elucidate the role of ANRIL in EC functions
directly involved in the pathogenesis of CAD, we knocked down
the expression of ANRIL (DQ485454) in ECs by transient trans-
fection of an ANRIL-specific siRNA (scrambled siRNA as con-
trol). Real-time RT-PCR analysis showed that the expression
level of ANRIL (DQ485454) was successfully knocked down by
75– 85% (Fig. 3A). Knockdown of the DQ484454 ANRIL tran-
script did not affect the expression level of other major tran-
scripts of ANRIL (Fig. S1D). Knockdown of ANRIL expression
in endothelial cells significantly increased adhesion of THP-1
cells to HCAECs and EA.hy926 cells (Fig. 3B) and transmigra-
tion of THP-1 cells across HCAECs and EA.hy926 cells (Fig.
3C). For EC migration, ANRIL knockdown significantly in-
creased migration of HCAECs and EA.hy926 cells (Fig. 3D).

Knockdown of ANRIL expression in endothelial cells signif-
icantly increased the expression levels of endothelial cell adhe-
sion molecules ICAM1, ICAM2, P-selectin, and phosphorylat-
ed VE-cadherin (Fig. 3, E and F). No effect was observed for
ANRIL knockdown on the expression levels of E-selectin,
VCAM1, and total VE-cadherin (Fig. 3, E and F). Similar results
were obtained with membrane protein extracts isolated using
biotinylation (Fig. S1F).

Identification of multiple downstream genes of ANRIL

Multiple, but not all, studies showed positive correlation
between down-regulation of ANRIL and its neighboring gene
CDKN2B (9 –11, 14). We analyzed the effect of ANRIL on its
neighboring genes in HCAECs. Overexpression of ANRIL sig-
nificantly increased the expression level of CDKN2B but not
two other neighboring genes, CDKN2A and MTAP (Fig. 1B).
Knockdown of ANRIL significantly decreased the expression
level of CDKN2A and CDKN2B but not MTAP (Fig. 1E).

To identify other novel downstream target genes of ANRIL,
we performed global gene expression analysis using Affymetrix
GeneChip arrays using HUVECs transfected with ANRIL-spe-
cific siRNA or control scrambled siRNA. After adjusting for
multiple testing using Benjamini and Hochberg’s FDR method,
we identified a list of 147 probes, which represent 110 unique
genes with differential expression between the two different
treatments (q � 0.05) (Table S1). A heat map plot was gener-
ated using 24 top-ranked genes or probes (Fig. 4A). Global
expression profiling analysis of the six RNA samples indicated
that the overall gene expression levels were similar among the
six samples (Fig. S3). The top dendrogram showed that the six
RNA samples were clustered into two distinct groups that
matched with their treatment status (Fig. S4).

We performed enrichment analysis of biological pathways
with the 110 unique genes mapped by 147 significant probes
with q � 0.05 using ClueGO version 2.3.3 (20) to identify highly
enriched pathways or biological processes from several pub-
lic databases, including gene ontology (GO), KEGG, and
REACTOME. Significant pathways were assigned to several func-
tional groups based on a � similarity score of �0.60. Interestingly,
ANRIL regulates the EC differentiation pathway and leukocyte
migration pathway, which is consistent with our experimental
findings on the role of ANRIL in monocyte adhesion to ECs, TEM,
and EC migration. The other potential pathways regulated by
ANRIL included the negative regulation of ERK1/2 cascade, actin
filament, regulation of histone methylation, and cellular response
pathways (Fig. 4B).

We selected the top 16 genes for further validation, and 14
genes were successfully replicated with independent samples
by independent semi-quantitative RT-PCR experiments (Fig.
5A). We were not able to detect the expression of two genes,
ABCG1 and KIT, due to technical problems. Moreover, we used
real-time RT-PCR analysis to validate further the top 16 genes
showing differential expression with KD of ANRIL. Our real-
time RT-PCR analysis identified eight genes that showed signif-
icantly reduced expression in endothelial cells with knockdown
of ANRIL expression (AHNAK2, CLIP1, CXCL11, ENC1, EZR,
LYVE1, WASL, and TNFSF10) (Fig. 5B). The analysis also iden-
tified two genes (TMEM100 and TMEM106B) that showed sig-
nificantly increased expression in endothelial cells with KD of
ANRIL expression (Fig. 5B).

Overexpression of CLIP1, EZR, and LYVE1 reverses the
functional effects of knockdown of ANRIL expression

To determine whether an ANRIL downstream target gene is
involved in EC functions regulated by ANRIL, we co-trans-
fected siANRIL with a target gene expression plasmid and
determined whether overexpression of a target gene can reverse
functional effects of siANRIL. We created and analyzed overex-
pression plasmids for the eight downstream genes down-regulated
by siANRIL, including AHNAK2, CLIP1, CXCL11, ENC1, EZR,
LYVE1, WASL, and TNFSF10. To ensure consistency of our results
in experiments using plasmids of many different candidate genes,
further experiments with the overexpression plasmids of down-
stream genes of ANRIL were performed simultaneously, sharing
the same pcDNA3.1 vector � siNC and pcDNA3.1 vector �
siANRIL cotransfected controls among the experiments with
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EA.hy926 cells (Figs. 6, 8, and 10) and HCAECs (Figs. 7, 9, and 11),
respectively. Knockdown of ANRIL expression in ECs significantly
increased monocyte adhesion to ECs, TEM, and EC migration;
however, the effect was fully reversed by overexpression of CLIP1
(Fig. 6, A–H) or EZR (Fig. 8, A–H) and in EA.hy926 cells. Similar
rescue findings were observed for CLIP1 (Fig. 7) and EZR (Fig. 9) in
HCAECs for monocyte adhesion to ECs and TEM. For EC migra-
tion, CLIP1 but not EZR rescued the effect of knockdown of
ANRIL (Figs. 7 and 9). Similarly, rescue was observed with overex-
pression of LYVE1 for monocyte adhesion to ECs and TEM, but
not for EC migration in EA.hy926 cells (Fig. 10, A–H). LYVE1
rescue was observed for monocyte adhesion to ECs, TEM, and EC

migration in HCAECs (Fig. 11, A–H). In addition, overexpression
of CLIP1, EZR, or LYVE1 decreased the expression level of
VCAM1 and showed some effects on expression of some other EC
adhesion molecules (ICAM2 or E-selectin by CLIP1 and ICAM1
by EZR) (Fig. S2). These data suggest that ANRIL regulates mono-
cyte adhesion to ECs, TEM, and EC migration by regulating the
expression of its multiple downstream genes CLIP1, EZR, and
LYVE1.

Discussion

In this study, we provide experimental evidence to support
the hypothesis that the lncRNA gene ANRIL is the disease-

Figure 3. Effects of knockdown of ANRIL (DQ485454) on EC functions and expression of cell adhesion molecules. A, relative expression of ANRIL in
HCAECs and EA.hy926 cells transiently transfected with either siNC or siANRIL. B, relative quantification of monocyte adhesion to HCAEC and EA.hy926 cells
transfected with siNC or siANRIL (n � 5). C, relative quantification of TEM with HCAEC and EA.hy926 cells transfected with siNC or siANRIL (n � 5). D, migration
of HCAEC and EA.hy926 cells transfected with siNC or siANRIL (n � 5). E, Western blot analysis of cell adhesion proteins (ICAM-1, ICAM-2, VCAM-1, E-selectin,
P-selectin, pVE-Cad, and tVE-Cad) using HCAECs transfected with siNC or siANRIL (n � 3). Tubulin was used as a loading control. F, Western blotting images in
E were quantified and plotted. Data were normalized to the baseline tubulin expression, which was defined as 1.0. *, p � 0.05; **, p � 0.01. Only statistically
significant differences are marked with asterisks. Error bars, S.D.
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causing gene for CAD at the chromosome 9p21 genetic locus
identified by GWAS. Genome-wide association is the most
effective strategy to identify genomic variants and loci associ-
ated with human diseases (4, 5, 10, 14). However, most of these
genomic variants identified by GWAS fall into intronic regions,
noncoding regions, and gene desert areas; thus, the causal vari-
ants, causal genes, and the underlying molecular regulatory
mechanisms are largely unknown (4, 5, 10, 14). Numerous stud-
ies, including our study, unequivocally associated genomic vari-
ants at the chromosome 9p21 locus with CAD in many different
ethnic populations, including European, Korean, Chinese,
Indian, Spanish, and Arabic ancestry populations (3– 6, 8 –12,
14). However, the causative gene or the driver gene for CAD at
the 9p21 locus is unknown. The 9p21 locus contains several
different genes, including CDKN2A (encoding p14 and p16),
CDKN2B (encoding p15), MTAP, and ANRIL. It is important to
define which of these genes is involved in the development of
CAD (10, 11, 14). We characterized the effects of ANRIL over-
expression and KD on EC functions directly associated with the
development of CAD, including monocyte adhesion to ECs,
TEM, and EC migration. Knockdown of the expression level of
the major DQ485454 transcript of ANRIL by siRNA signifi-

cantly activated EC processes relevant to CAD, including
monocyte adhesion to ECs, TEM, and EC migration (Fig. 3),
suggesting that ANRIL KD may increase the risk of CAD. On
the other hand, overexpression of the major ANRIL transcript
DQ485454 significantly reduced monocyte adhesion to ECs,
TEM, and EC migration (Fig. 2), suggesting that overexpres-
sion of ANRIL may be protective of CAD risk. Holdt et al.
(10) showed that the expression level of ANRIL transcript
DQ485454 in blood samples did not differ significantly with
different amounts of atherosclerotic burden in carotid arter-
ies; however, it was significantly reduced in study subjects with
heterozygous and homozygous G risk haplotypes. Moreover,
the expression level of ANRIL transcript DQ485454 in the
plaque tissue was negatively correlated with the expression
level of MTAP, which was found to be reduced in macro-
phage-rich lesions (11). These data were consistent with our
finding that KD of the DQ485454 transcript of ANRIL signif-
icantly increased monocyte adhesion to ECs, TEM, and EC
migration, all of which were associated with the develop-
ment of CAD.

The molecular mechanism by which ANRIL KD increases the
risk of CAD is unknown. Through gene expression microarray

Figure 4. ANRIL downstream genes identified by global microarray analysis. A, heat map plot was generated using 24 top-ranked genes or probes
showing differential expression levels between three siNC-transfected samples and three siANRIL transfected samples. The top-ranked genes or probes were
selected based on q � 0.001 after adjusting for multiple testing using the FDR method. The top dendrogram shows that the six RNA samples were clustered into
two distinct groups that matched their treatment status. B, enrichment analysis of 110 unique ANRIL downstream genes (mapped by 147 probes with q � 0.05)
identified 54 significant pathways. Big and small nodes represent biological pathways and their associated genes, respectively. The 54 significant biological
pathways were clustered into 22 functional groups due to shared genes (� similarity score � 0.6) as shown by node colors. The node shape indicates the sources
of pathways. The edge reflects the known relationships in the GO database. The representative of each functional group was selected based on enrichment p
value and GO hierarchy.
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analysis, we identified and validated 10 target genes down-
stream of ANRIL. ANRIL KD significantly down-regulated the
expression levels of AHNAK2, CLIP1, CXCL11, ENC1, EZR,
LYVE1, TNFSF10, and WASL genes and up-regulated the
expression levels of TMEM100 and TMEM106B genes (Fig. 5).
Our rescue experiments with the eight downstream genes
down-regulated by siANRIL showed that overexpression of
CLIP1, EZR, and LYVE1 reversed the effects of KD of ANRIL on
monocyte adhesion to ECs, TEM, and EC migration (Figs.
6 – 8). Our data suggest that ANRIL deregulation in endothelial
cells regulates key EC functions by regulating the expression
levels of key downstream genes CLIP1, EZR, and LYVE1. The
molecular mechanism by which ANRIL regulates the expres-
sion of CLIP1, EZR, LYVE1, and other target genes (Fig. 5) as
well as its neighboring gene CDKN2B (Fig. 1D) is unknown and
will require further studies in the future.

CLIP1 encodes a cytoplasmic linker protein, CLIP-170,
which was a founding member of the microtubule plus end–
tracking protein (�TIP) family, and KD of CLIP1 expression by
siRNAs inhibited HUVEC migration and capillary tube forma-
tion, but not proliferation (21, 22). Similarly, KD of EZR expres-
sion inhibited HUVEC migration and capillary tube formation
(23). Moreover, ezrin was shown to bind to L-selectin, and KD
of EZR in monocytes impaired recruitment of monocytes to
activated ECs (24). LYVE1 was shown to promote migration of
lymphatic ECs induced by VEGFA (25). Moreover, LYVE1 was
shown to be required for docking of tissue dendritic cells to the
lymphatic vessel endothelium and transmigration of dendritic
cells across ECs into the lumen (26). These findings strongly
support our conclusion that ANRIL regulates monocyte adhe-
sion to ECs, TEM, and EC migration by regulating the expres-
sion levels of CLIP1, EZR, and LYVE1.

Figure 5. Validation of downstream genes of ANRIL from global microarray gene expression analysis using semi-quantitative RT-PCR and real-time
RT-PCR analyses. A, semi-quantitative RT-PCR analysis using HUVECs transfected with siNC or siANRIL (n � 3, only two shown). The top 16 protein-coding
genes from the microarray analysis were selected for validation analysis. Genes were aligned by their relative -fold changes in siNC versus siANRIL. GAPDH was
used as an internal control. B, real-time qRT-PCR analysis to validate ANRIL-regulated genes using HUVECs transfected with siNC or siANRIL (n � 3). Data were
normalized to the baseline GAPDH expression, which was defined as 1.0. *, p � 0.05; **, p � 0.01. Only statistically significant differences are marked with
asterisks. Error bars, S.D.
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Figure 6. Overexpression of CLIP1 reverses the functional effects of ANRIL knockdown in EA.hy926 cells. A–H, four different groups of EA.hy926
cells co-transfected with pcDNA3.1 vector � siNC, pcDNA3.1 vector � siANRIL, pcDNA3.1-CLIP1 � siNC, and pcDNA3.1-CLIP1 � siANRIL, respectively,
were used for further analysis (n � 5). To maximize accuracy and consistency in data, experiments in EA.hy926 cells with CLIP1 (Fig. 6), EZR (Fig. 8), and
LYVE1 (Fig. 10) overexpression plasmids were performed simultaneously, sharing the same pcDNA3.1 vector � siNC and pcDNA3.1 vector � siANRIL
cotransfected controls. Data were normalized to the value of each pcDNA3.1 vector � siNC group, which was defined as 1.0. *, p � 0.05; **, p � 0.01. Only
statistically significant differences are marked with asterisks. A, protein expression of CLIP-170 was measured in the four different EA.hy926 cell groups
using Western blot analysis. Tubulin was used as a loading control. B, Western blotting images in A were quantified and plotted. C, relative overexpres-
sion of CLIP1 was determined in the four different EA.hy926 cell groups through qRT-PCR analysis, and the results were plotted. D, relative knockdown
efficiency of siANRIL in the four different EA.hy926 cell groups was determined through qRT-PCR analysis, and the results were plotted. E, adhesion of
THP-1 cells to the four different EA.hy926 cell groups was quantified after 1 h of co-incubation, and the results were plotted. F, transmigration of THP-1
cells across a layer of the four different EA.hy926 cell groups was quantified after 24 h of co-incubation, and the results were plotted. G, raw images of
the four different EA.hy926 cell groups at the 0- and 24-h time points during their migration. H, the area of the changes in the healed wound shown in
G was quantified and plotted. Error bars, S.D.
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Figure 7. Overexpression of CLIP1 reverses the functional effects of ANRIL knockdown in HCAECs. A–H, four different groups of HCAECs co-transfected
with pcDNA3.1 vector � siNC, pcDNA3.1 vector � siANRIL, pcDNA3.1-CLIP1 � siNC, and pcDNA3.1-CLIP1 � siANRIL, respectively, were used for further analysis
(n � 5). To maximize accuracy and consistency in data, experiments in HCAECs with CLIP1 (Fig. 7), EZR (Fig. 9), and LYVE1 (Fig. 11) overexpression plasmids were
performed simultaneously, sharing the same pcDNA3.1 vector � siNC and pcDNA3.1 vector � siANRIL cotransfected controls. Data were normalized to the
value of each pcDNA3.1 vector � siNC group, which was defined as 1.0. *, p � 0.05; **, p � 0.01. Only statistically significant differences are marked with
asterisks. A, protein expression of CLIP-170 was measured in the four different HCAEC groups using Western blot analysis. GAPDH was used as a loading control.
B, Western blotting images in A were quantified and plotted. C, relative overexpression of CLIP1 was determined in the four different HCAEC groups through
qRT-PCR analysis, and the results were plotted. D, relative knockdown efficiency of siANRIL in the four different HCAEC groups was determined through
qRT-PCR analysis, and the results were plotted. E, adhesion of THP-1 cells to the four different HCAEC groups was quantified after 1 h of co-incubation, and the
results were plotted. F, transmigration of THP-1 cells across a layer of the four different HCAEC groups was quantified after 24 h of co-incubation, and the results
were plotted. G, raw images of the four different HCAEC groups at the 0- and 24-h time points during their migration. H, the area of the changes in the healed
wound shown in G was quantified and plotted. Error bars, S.D.
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Figure 8. Overexpression of EZR reverses the functional effects of ANRIL knockdown in EA.hy926 cells. A–H, four different groups of EA.hy926 cells
co-transfected with pcDNA3.1 vector � siNC, pcDNA3.1 vector � siANRIL, pcDNA3.1-EZR � siNC, and pcDNA3.1-EZR � siANRIL, respectively, were used for
further analysis (n � 5). To maximize accuracy and consistency in data, experiments in EA.hy926 cells with CLIP1 (Fig. 6), EZR (Fig. 8), and LYVE1 (Fig. 10)
overexpression plasmids were performed simultaneously, sharing the same pcDNA3.1 vector � siNC and pcDNA3.1 vector � siANRIL cotransfected controls.
Data were normalized to the value of each pcDNA3.1 vector � siNC group, which was defined as 1.0. *, p � 0.05; **, p � 0.01. Only statistically significant
differences are marked with asterisks. A, protein expression of ezrin was measured in the four different EA.hy926 cell groups using Western blot analysis. GAPDH
was used as a loading control. B, Western blotting images in A were quantified and plotted. C, relative overexpression of EZR was determined in the four
different EA.hy926 cell groups through qRT-PCR analysis, and the results were plotted. D, relative knockdown efficiency of siANRIL in the four different EA.hy926
cell groups was determined through qRT-PCR analysis, and the results were plotted. E, adhesion of THP-1 cells to the four different EA.hy926 cell groups was
quantified after 1 h of co-incubation, and the results were plotted. F, transmigration of THP-1 cells across a layer of the four different EA.hy926 cell groups was
quantified after 24 h of co-incubation, and the results were plotted. G, raw images of the four different EA.hy926 cell groups at the 0- and 24-h time points
during their migration. For control groups, images of the vector � siNC and vector � siANRIL cotransfected controls in Fig. 6G are reused. H, the area of the
changes in the healed wound shown in G was quantified and plotted. Error bars, S.D.
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Figure 9. Overexpression of EZR reverses the functional effects of ANRIL knockdown in HCAECs. A–H, four different groups of HCAECs co-transfected with
pcDNA3.1 vector � siNC, pcDNA3.1 vector � siANRIL, pcDNA3.1-EZR � siNC, and pcDNA3.1-EZR � siANRIL, respectively, were used for further analysis (n � 5).
To maximize accuracy and consistency in data, experiments in HCAECs with CLIP1 (Fig. 7), EZR (Fig. 9), and LYVE1 (Fig. 11) overexpression plasmids were
performed simultaneously, sharing the same pcDNA3.1 vector � siNC and pcDNA3.1 vector � siANRIL cotransfected controls. Data were normalized to the
value of each pcDNA3.1 vector � siNC group, which was defined as 1.0. *, p � 0.05; **, p � 0.01. Only statistically significant differences are marked with
asterisks. A, protein expression of Ezrin was measured in the four different HCAEC groups using Western blot analysis. GAPDH was used as a loading control. B,
Western blotting images in A were quantified and plotted. C, relative overexpression of EZR was determined in the four different HCAEC groups through
qRT-PCR analysis, and the results were plotted. D, relative knockdown efficiency of siANRIL in the four different HCAEC groups was determined through
qRT-PCR analysis, and the results were plotted. E, adhesion of THP-1 cells to the four different HCAEC groups was quantified after 1 h of co-incubation, and the
results were plotted. F, transmigration of THP-1 cells across a layer of the four different HCAEC groups was quantified after 24 h of co-incubation, and the re-
sults were plotted. G, raw images of the four different HCAEC groups at the 0- and 24-h time points during their migration. For control groups, images of the
vector � siNC and vector � siANRIL cotransfected controls in Fig. 7G are reused. H, the area of the changes in the healed wound shown in G was quantified and
plotted. Error bars, S.D.
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Figure 10. Overexpression of LYVE1 reverses the functional effects of ANRIL knockdown in EA.hy926 cells. A–H, four different groups of EA.hy926 cells
co-transfected with pcDNA3.1 vector � siNC, pcDNA3.1 vector � siANRIL, pcDNA3.1-LYVE1 � siNC, and pcDNA3.1-LYVE1 � siANRIL, respectively, were used for
further analysis (n � 5). To maximize accuracy and consistency in data, experiments in EA.hy926 cells with CLIP1 (Fig. 6), EZR (Fig. 8), and LYVE1 (Fig. 10)
overexpression plasmids were performed simultaneously, sharing the same pcDNA3.1 vector � siNC and pcDNA3.1 vector � siANRIL cotransfected controls.
Data were normalized to the value of each pcDNA3.1 vector � siNC group, which was defined as 1.0. *, p � 0.05; **, p � 0.01. Only statistically significant
differences are marked with asterisks. A, protein expression of LYVE-1 was measured in the four different EA.hy926 cell groups using Western blot analysis.
Tubulin was used as a loading control. B, Western blotting images in A were quantified and plotted. C, relative overexpression of LYVE1 was determined in the
four different EA.hy926 cell groups through qRT-PCR analysis, and the results were plotted. D, relative knockdown efficiency of siANRIL in the four different
EA.hy926 cell groups was determined through qRT-PCR analysis, and the results were plotted. E, adhesion of THP-1 cells to the four different EA.hy926 cell
groups was quantified after 1 h of co-incubation, and the results were plotted. F, transmigration of THP-1 cells across a layer of the four different EA.hy926 cell
groups was quantified after 24 h of co-incubation, and the results were plotted. G, raw images of the four different EA.hy926 cell groups at the 0- and 24-h time
points during their migration. For control groups, images of the vector � siNC and vector � siANRIL cotransfected controls in Fig. 6G are reused. H, the area of
the changes in the healed wound shown in G was quantified and plotted. Error bars, S.D.
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Figure 11. Overexpression of LYVE1 reverses the functional effects of ANRIL knockdown in HCAECs. A–H, four different groups of HCAECs co-transfected
with pcDNA3.1 vector � siNC, pcDNA3.1 vector � siANRIL, pcDNA3.1-LYVE1 � siNC, and pcDNA3.1-LYVE1 � siANRIL, respectively, were used for further analysis
(n � 5). To maximize accuracy and consistency in data, experiments in HCAECs with CLIP1 (Fig. 7), EZR (Fig. 9), and LYVE1 (Fig. 11) overexpression plasmids were
performed simultaneously, sharing the same pcDNA3.1 vector � siNC and pcDNA3.1 vector � siANRIL cotransfected controls. Data were normalized to the
value of each pcDNA3.1 vector � siNC group, which was defined as 1.0. *, p � 0.05; **, p � 0.01. Only statistically significant differences are marked with
asterisks. A, protein expression of LYVE-1 was measured in the four different HCAEC groups using Western blot analysis. Tubulin was used as a loading control.
B, Western blotting images in A were quantified and plotted. C, relative overexpression of LYVE1 was determined in the four different HCAEC groups through
qRT-PCR analysis, and the results were plotted. D, relative knockdown efficiency of siANRIL in the four different HCAEC groups was determined through
qRT-PCR analysis, and the results were plotted. E, adhesion of THP-1 cells to the four different HCAEC groups was quantified after 1 h of co-incubation, and the
results were plotted. F, transmigration of THP-1 cells across a layer of the four different HCAEC groups was quantified after 24 h of co-incubation, and the re-
sults were plotted. G, raw images of the four different HCAEC groups at the 0- and 24-h time points during their migration. For control groups, images of the
vector � siNC and vector � siANRIL cotransfected controls in Fig. 7G are reused. H, the area of the changes in the healed wound shown in G was quantified and
plotted. Error bars, S.D.
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Macropinocytosis is an actin-driven endocytic process
that is responsible for the nonselective uptake of solute mol-
ecules, nutrients, and antigens (27). Interestingly, both
CLIP1 and EZR are involved in macropinocytosis. CLIP-170
(encoded by CLIP1) was shown to be co-localized with Rab11
involved in membrane ruffle formation and macropinocyto-
sis and phagocytosis in macrophages (22). Ezrin was shown
to interact with and recruit PLEKHG6, a Rho guanine nucle-
otide exchange factor, both of which were required for effi-
cient macropinocytosis (22, 28). Together with our data, we
postulate that by regulating CLIP-170 and ezrin expression,
ANRIL may mediate EC functions by regulating EC micropi-
nocytosis, which promotes macropinocytic uptake and deg-
radation of extracellular proteins, nutrients, and other mol-
ecules, providing the much-needed amino acids and other
materials to fuel EC metabolism. Extensive future studies are
needed to test this interesting possibility.

We showed that pro-inflammatory factors TNF� and ox-
LDL cholesterol, but not LPS or H2O2, significantly down-
regulated the expression of ANRIL transcript DQ485454
(Fig. 1E) but up-regulated the long ANRIL transcript
(NR_003529) (Fig. 1F). Our data suggest that pro-inflamma-
tory factors differentially regulate the expression level of dif-
ferent ANRIL transcripts. A previous study showed that
TNF� and IFN-� up-regulated the expression level of a mix-
ture of ANRIL transcripts, although the specific effect on
ANRIL transcript DQ485454 was not studied (29). It is inter-
esting that overexpression of ANRIL transcript DQ485454
significantly reduced the expression level of IL-1�, one of the
most important inflammatory mediators involved in NLRP3
inflammasome activation (Fig. 1G), whereas an opposite
effect was observed for DQ485454 siRNA (Fig. 1H). Zhou et
al. (29) showed that two siANRILs targeting exon 1 and exon
6 and affecting almost all ANRIL transcripts did not affect
the expression levels of IL-6 and IL-8, but up-regulated their
expression upon stimulation with TNF�. The specific effect
on ANRIL transcript DQ485454 was not studied by Zhou et
al. (29). Together, these data suggest the existence of a pos-
sible transcript-specific effect of ANRIL associated with
inflammatory responses, and it should be of interest to fur-
ther dissect the differential effects of �20 different, alterna-
tively spliced ANRIL transcripts in the future.

In summary, we have provided evidence to suggest that the
ANRIL gene encoding an lncRNA is involved in EC functions
relevant to the development of CAD. We showed that the
expression level of ANRIL (DQ485454) was significantly down-
regulated in CAD coronary arteries compared with non-CAD
control tissue samples. We also identified 10 downstream tar-
get genes whose expression is regulated by ANRIL and demon-
strated that ANRIL (DQ485454) regulates EC functions directly
related to the development of CAD, including monocyte adhe-
sion to ECs, TEM, and EC migration, by regulating CLIP1,
EZR, and LYVE1 expression. These findings provide valuable
insights into the pathogenesis of CAD by extending our under-
standing of the roles and molecular mechanisms of lncRNAs in
the development of CAD.

Experimental procedures

Human subjects

This study involved five CAD patients and five age-matched
non-CAD study subjects (48, 53, 53, 47, 50 years of age, respec-
tively). Total RNA was isolated from frozen coronary arteries
from study subjects using TRIzol reagent (Thermo Fisher Sci-
entific) according to the manufacturer’s instructions and used
for real-time RT-PCR analysis as described below. This study
was approved by the Cleveland Clinic Institutional Review
Board on Human Subject Research, and written consent was
obtained from the subjects. This study abides by the Declara-
tion of Helsinki principles.

Plasmids

A mammalian expression plasmid for ANRIL transcript
DQ485454, referred to as pcDNA3.1-ANRIL (DQ485454), was
generated by double-digestion of pcDNA3.1-ANRIL (NR_003529)
with NsiI and HindIII and an addition of exon 13 through in vitro
transcription. The pcDNA3.1-ANRIL (NR_003529) plasmid was
originally created by cloning the full-length ANRIL transcript into
XhoI and HindIII restriction sites of the pcDNA3.1 vector as
described previously by us (13). The expression plasmid was veri-
fied with Sanger sequence analysis by the Genomics Core of the
Cleveland Clinic Lerner Research Institute.

Mammalian expression plasmids for ANRIL downstream
genes were created in pcDNA3.1. The Mammalian Gene
Collection fully sequenced human cDNA clones of CLIP1,
CXCL11, ENC1, EZR, LYVE1, TMEM106B, TNFSF10, and
WASL were purchased from GE Dharmacon and subcloned
into pcDNA3.1. All plasmids were individually verified by
Sanger sequence analysis.

Cell culture and transfection

HCAECs (ATCC) and HUVECs (Lonza) were cultured in a
phenol red–free endothelial growth medium (ATCC) supple-
mented with 2% fetal bovine serum (FBS), 0.4% human fibro-
blast growth factor, 0.1% human epidermal growth factor, 0.1%
vascular endothelial growth factor, 0.1% insulin-like growth
factor, 0.1% ascorbic acid, 0.1% heparin, 0.1% gentamicin/am-
photericin-B, and 0.04% hydrocortisone (all from ATCC).
EA.hy926, a human umbilical vascular endothelial cell line
(ATCC), was cultured in Dulbecco’s modified Eagle’s medium
with 10% FBS. Human THP-1 monocytes were obtained from
ATCC and cultured in RPMI 1640 supplemented with 10% FBS.
All cultures were maintained at 37 °C in a humidified atmo-
sphere with 5% CO2.

Transient transfection of mammalian expression plasmids
and siRNAs (siANRIL and negative control siRNA, or siNC,
Integrated DNA Technologies, Skokie, IL) was performed
using the nonliposomal TransIT-X2 Dynamic Delivery Sys-
tem (Mirus Bio, Madison, WI) according to the manufactu-
rer’s instructions.

Monocyte adhesion assays

Monocyte adhesion assays were performed as described pre-
viously (30 –33). HCAECs or EA.hy926 cells were seeded into
0.2% gelatin-coated 6-well plates at a density of 500,000 cells/
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well. At 70% confluence, cells were made quiescent for 24 h in
the medium with 0.2% FBS and then exposed to inflammatory
stress induced by 10 ng/ml TNF� (Millipore Sigma) for 12 h.
After TNF� stimulation, 500,000 Calcein-AM–stained THP-1
cells were added to each well and co-incubated for 1 h. In pilot
studies with EA.hy926 cells, knockdown of ANRIL by siRNA
significantly increased the adhesion of THP-1 cells to EA.hy926
cells at time points of 1, 1.5, and 2 h, but not at 0.5 h. Therefore,
we selected the time point of 1 h for later studies. Nonadhering
THP-1 cells were rinsed away by washing three times with 1�
Dulbecco’s PBS. FITC fluorescence was measured at excitation
of 488 nm and emission of 520 nm using a BioTek Synergy 2
plate reader (BioTek) to quantify the remaining attached
monocytes. Five independent experiments were performed.

Assays for TEM

TEM was performed as described previously (30 –33).
HCAECs and EA.hy926 cells were seeded at 30,000 cells/well
onto Corning Transwell filters (3-�m pore, 6.5-mm diameter)
(Corning) previously coated with 0.2% gelatin and grown to
confluence. Cells were made quiescent for 24 h in the medium
with 0.2% FBS and exposed to 10 ng/ml TNF� for 12 h. Then,
30,000 THP-1 cells were loaded above the endothelial cells.
Endothelial cells and monocytes were co-incubated for 24 h at
37 °C and 5% CO2. In pilot studies with EA.hy926 cells, knock-
down of ANRIL by siRNA significantly increased TEM at time
points of 12, 24, 36, and 48 h. Therefore, we selected the time
point of 24 h for later studies. THP-1 cells that transmigrated to
the lower chamber were harvested and counted using a Beck-
man cell counter (Beckman Coulter). Five independent exper-
iments were performed.

Endothelial cell migration assays

Endothelial cell migration assays were performed as de-
scribed previously (31–33). HCAECs and EA.hy926 cells
(500,000 cells/well) were treated with 10 ng/ml TNF� for 12 h
and scratched in the middle of each well using a pipette tip.
Cells were cultured inside a 37 °C and 5% CO2 incubator for
24 h in the medium with 0.2% FBS. EC migration was evaluated
by calculating the invaded area by the migratory endothelial
cells under a microscope. In pilot studies with EA.hy926 cells,
knockdown of ANRIL by siRNA significantly increased EC
migration at time points of 12, 24, 36, and 48 h. Therefore, we
selected the time point of 24 h for later studies. Five indepen-
dent experiments were performed.

Gene expression microarray analysis

Microarray analysis was performed as previously described
by us (12, 13, 32). Three sets of HUVECs were transfected with
siNC or siANRIL. Total RNA samples were isolated from the
transfected cells using TRIzol reagent (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions. Global gene
expression profiling was performed by GeneChip� Human
Genome U133 Plus 2.0 arrays (Affymetrix), which provides
comprehensive coverage for over 38,500 human genes. The
microarray experiments and genome-wide expression quanti-
fication were carried out by the Case Western Reserve Univer-
sity Gene Expression Core. Raw intensities of 54,675 probes

were quantified and normalized by the robust multi-array aver-
age (RMA) algorithm in the R package affy. Low-quality probes
were filtered out using the shorth function built-in R package
genefilter, and 32,406 probes remained for downstream analy-
sis. Linear regression models were used to identify expression
probes showing differential expression in ANRIL siANRIL-
treated cells compared with siNC-treated cells. An empirical
Bayes method implemented in R package limma was applied to
shrink the probe-wise sample variances toward a common
value and to augment the degrees of freedom for the individual
variances. To control the false discovery rate (FDR) in multiple
testing, the q values were calculated using the Benjamini–
Hochberg FDR procedure. Significant probes were defined as
those with q � 0.05. The data discussed in this paper have been
deposited in NCBI’s Gene Expression Omnibus and are acces-
sible through GEO Series accession number GSE117676.

Enrichment analysis of biological pathways

A gene set enrichment analysis tool, ClueGO version 2.3.3
(20), and public databases including GO, KEGG, and
REACTOME were used to identify the biological processes or
pathways enriched by ANRIL downstream genes. Significant
pathways were further assigned into functional groups based on
� similarity scores of �0.60. The p values were calculated using
a two-sided hypergeometric test and adjusted for multiple test-
ing with Bonferroni correction.

Semi-quantitative RT-PCR analysis

Total RNA samples were isolated from the transfected cells
as described above and reverse-transcribed into cDNA using
random primers (Invitrogen). The cDNA was used for PCR
analysis with primers specific for ANRIL downstream genes for
different numbers of cycles. Primer sequences for individual
genes are listed in Table S2. Each forward and reverse primer
was designed to target different exons to avoid replication of the
genomic DNA. The PCR products were analyzed using a 2%
agarose gel. Each set of reactions always included a no-sample
negative control.

Real-time RT-PCR analysis

Total RNA samples were isolated from the transfected cells
as described above and converted into cDNA. The RT-PCR
analysis was performed in a final volume of 20 �l containing 10
�l of Power SYBR Green PCR Master Mix kit (Applied Biosys-
tems), 0.4 �l of each primer at 10 pmol/�l, and 2 �l of the cDNA
solution using an Applied Biosystems Prism 7900HT (Applied
Biosystems) system. The same primers from the semi-quanti-
tative RT-PCR analysis (Table S2) were used in qRT-PCR anal-
ysis as well. Raw data were analyzed using Sequence Detection
System (SDS) software version 2.4 (Applied Biosystems) and
compared by the ��Ct method as described previously by us (6,
13, 30 –35). Results are expressed relative to the housekeeping
GAPDH transcript quantity and normalized to untreated cells.
Each sample was analyzed three times.

Western blot analysis

HCAECs were activated with 10 ng/ml TNF� for 15 min,
washed twice with ice-cold PBS, and lysed using lysis buffer
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containing 50 mmol/liter Tris, pH 7.8, 150 mmol/liter NaCl,
0.5% sodium deoxycholate, 1% Nonidet P-40, anti-protease,
and anti-phosphatase. Protein concentrations were determined
using the BCA protein assay kit (Bio-Rad). Lysates were loaded
onto a 10% SDS-polyacrylamide gel for electrophoresis and
then transferred onto Immobilon-P membranes (GE Health-
care). The membranes were incubated in 5% (w/v) BSA in TBS
for 1 h and then further reacted with primary antibodies. The
antibodies included rabbit anti-ICAM1 (1:1,000; Santa Cruz
Biotechnology, Inc.), rabbit anti-ICAM2 (1:1,000; GTX), rabbit
anti-VCAM1 (1:1,000; Cell Signaling), mouse anti-E-selectin
(1:1,000; Santa Cruz Biotechnology), mouse anti-P-selectin
(1:1,000; Santa Cruz Biotechnology), rabbit anti-VE-Cad
total (1:1,000; Cell Signaling), rabbit anti-VE-Cad phospho-
Ser-536 (1:1,000; Cell Signaling), mouse anti-GAPDH (1:1,000;
Millipore), mouse anti-�-tubulin (1:1,000; Santa Cruz Biotech-
nology), rabbit anti-N-cadherin (1:1,000; Novus Biologicals),
mouse anti-CLIP-170 (1:1,000; Cell Signaling), mouse anti-ez-
rin (1:1,000; Cell Signaling), and rabbit anti-LYVE-1 (1:1,000;
Abcam). After extensive washes, the membranes were incubated
with anti-rabbit or anti-mouse IR secondary antibodies, IRDye
(1:10,000; LI-COR Biosciences). Protein bands were visualized
using an Odyssey CLx imaging system (LI-COR Biosciences) and
then analyzed using Image Studio version 5.2 and ImageJ software.
Four independent experiments were performed.

Similar Western blot analysis was also performed with
plasma membrane protein extracts isolated by biotinylation
and NeutrAvidin pulldown with the EZ-Link Sulfo-NHS-SS-
Biotin kit (Thermo Fisher Scientific) as described previously by
us (15).

Statistical analysis

Data are presented as mean � S.D. Statistical analysis was
performed using Student’s t test (paired and two-tailed) or
using analysis of variance using GraphPad Prism version 7 soft-
ware. p � 0.05 was used as a cut-off value to determine statis-
tical significance of the data.
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