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Long noncoding RNA NEXN-AST mitigates atherosclerosis
by regulating the actin-binding protein NEXN
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Noncoding RNAs are emerging as important players in gene regulation and disease pathogeneses. Here, we show that a
previously uncharacterized long noncoding RNA, nexilin F-actin binding protein antisense RNA 1 (NEXN-AS1), modulates the
expression of the actin-binding protein NEXN and that NEXN exerts a protective role against atherosclerosis. An expression
microarray analysis showed that the expression of both NEXN-ASTand NEXN was reduced in human atherosclerotic plaques.
In vitro experiments revealed that NEXN-AST interacted with the chromatin remodeler BAZ1A and the 5' flanking region

of the NEXN gene and that it also upregulated NEXN expression. Augmentation of NEXN-AST expression inhibited TLR4
oligomerization and NF-kB activity, downregulated the expression of adhesion molecules and inflammatory cytokines

by endothelial cells, and suppressed monocyte adhesion to endothelial cells. These inhibitory effects of NEXN-AS7 were
abolished by knockdown of NEXN. In vivo experiments using ApoE-knockout mice fed a Western high-fat diet demonstrated
that NEXN deficiency promoted atherosclerosis and increased macrophage abundance in atherosclerotic lesions, with
heightened expression of adhesion molecules and inflammatory cytokines, whereas augmented NEXN expression deterred
atherosclerosis. Patients with coronary artery disease were found to have lower blood NEXN levels than healthy individuals.
These results indicate that NEXN-AS7and NEXN represent potential therapeutic targets in atherosclerosis-related diseases.

Introduction

Atherosclerosis underlies the vast majority of coronary artery disease
(CAD) and contributes to the development of many other cardiovas-
cular disorders. The pathogenesis of atherosclerosis is complex and
still incompletely understood. It is known that early events that lead
to the development of the atherosclerotic plaque include endothelial
activation, with increased production of chemokines and cytokines,
and recruitment of circulating leukocytes to the affected arterial
intima together with local deposition of lipids and accumulation
of vascular smooth muscle cells (VSMCs) and extracellular matrix
proteins (1, 2). At an advanced stage of the disease, atherosclerotic
plaques with a high abundance of monocyte-derived macrophages,
but low content of VSMCs and collagens, are prone to rupture, which
can trigger ischemic events, such as myocardial infarction (3). These
processes involve numerous regulatory and effector molecules and
their interplay. Although a considerable number of such molecules
have been shown to participate in the pathogenesis of atherosclero-
sis, it is likely that more are still yet to be uncovered.
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The Human Genome Project has shown that there are approx-
imately 20,000 protein-coding genes in the human nuclear
genome; this number is much smaller than the 100,000 previous-
ly estimated (4, 5). These protein-coding genes occupy only about
1% of the human nuclear genome, while most of the remainder of
the genome was thought to be of “junk” DNA without important
biological function (5). However, more recently, the Encyclope-
dia of DNA Elements (ENCODE) consortium has discovered that
there exists a very large number of noncoding RNA species, some
of which are encoded by part of the genome previously considered
to be junk DNA. There is accumulating evidence indicating that
a significant proportion of these noncoding RNA species have
important biological functions (6, 7). Noncoding RNAs can be
divided into small noncoding RNAs (<200 nucleotides) and lon-
ger noncoding RNAs (>200 nucleotides), respectively; the former
class consists of microRNAs, transfer RNAs, and small nucleolar
RNAs, while the latter class includes ribosomal RNAs, natural
antisense transcripts, and other long noncoding RNAs (IncRNAs)
(7). Recent studies have identified a number of microRNAs and
IncRNAs that play important roles in regulating gene expression
and are associated with cardiovascular diseases (7). As this is
a research area in its infancy, it is likely that there are still more
functional noncoding RNAs with involvement in cardiovascular
disease pathogenesis yet to be identified.

jci.org  Volume129  Number3  March 2019

1115


https://www.jci.org
https://www.jci.org
https://www.jci.org/129/3
https://doi.org/10.1172/JCI98230

RESEARCH ARTICLE The Journal of Clinical Investigation

A Normal intima B Normal artery Atherosclerotic artery
1.57 o AT 1.5 *
- 5 ’L| * Type I/1I/1ll plaque Lumen Ly ik i Lumen c —
° <I>J % — ® Type IVIVIVI plaque eI 4 R Plaque-b' - o®
o o LY * &5 * * Type VIIVIII plaque = 5 o S ; okl ©
o 1017 = X lntima | £ 10+
= o® °®0 2 S G — °
g ] s —* Z| e i W 2 E °
o9 % o0 ~Media i Media. " S W
E % [ = - E G . ' e z 0.5 °
LE (0] oc: ode : L_E a;_
—Sre —_— L]
= S
T € 00— T—
NEXN NEXN-AS1 8 Normal Athero
2
©
(@]
]
z
E Normal artery Atherosclerotic artery
- *
NEXN-AS1 15
£ °
83
2 =101 =
S5 | *°
£3
° °
25%°] =
aSMA (SMG) | w = :
! > 0.0 -

-
Normal Athero

100um

NEXN-AS1

Figure 1. Expression of NEXN and NEXN-AST1 in atherosclerotic plaques. (A) NEXN and NEXN-AST expression levels in human normal and athero-
sclerotic arteries, quantified by RT-PCR. The graph shows fold differences in mean + SD NEXN and NEXN-ASTRNA levels. n = 5 subjects in each
group, each assayed in triplicate. *P < 0.05, ANOVA with post hoc analysis and Bonferroni's correction. (B) NEXN protein in human normal and ath-
erosclerotic arteries, detected by immunohistochemistry. Left: representative images of immunohistochemical staining of NEXN (stained brown)

in normal and atherosclerotic arterial tissues and image of negative control without the primary antibody (anti-NEXN antibody). Original magnifi-
cation, x200. Right: fold difference in mean + SD NEXN level. n = 5 subjects in each group. *P < 0.05, t test. Athero, atherosclerotic. (C) Presence of
NEXN in endothelial cells (EC) in intraplague neovessels, macrophages, and VSMCs in human atherosclerotic plaques, detected by double immu-
nostaining with the use of antibodies against NEXN, the EC marker CD34, the macrophages marker CD68, and the VSMC marker aSMA, respectively.
Original magnification, x400. (D) Intracellular location of NEXN in cultured human vascular endothelial cells, determined by immunofluorescence
microscopy. NEXN was stained green using an anti-NEXN antibody and the nucleus stained blue with DAPI. Scale bars: 20 um. (E) NEXN-ASTRNA
in human normal and atherosclerotic arteries, detected by FISH. Left: representative FISH images. Scale bars: 100 pm. Right: fold difference in
mean + SD NEXN-AST levels. n = 5 subjects in each group. *P < 0.05, t test. (F) Presence of NEXN-AST in both the cytoplasm and nucleus in cultured
human vascular endothelial cells, detected by FISH. NEXN-AST was stained green using an RNA probe, and the nucleus was stained blue with DAPI.
Original magnification, x400.

Nexilin F-actin-binding protein (NEXN), also called Nexilin,isan  variation in the NEXN gene and susceptibility to CAD in Han Chinese
actin-binding protein that is thought to function in cell adhesion and  (10), providing evidence of a link between the NEXN gene and CAD,
migration. Mutations in the NEXN gene have been associated with  although there is lack of evidence for such an association in other pop-
dilated cardiomyopathy and hypertrophic cardiomyopathy inhumans ~ ulations. Furthermore, the authors showed that NEXN inhibited bal-
(8, 9). Additionally, a recent study reported an association between  loon injury-induced neointima formation in a rat model (10).
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We report here the findings from a study of a previously
uncharacterized IncRNA, NEXN antisense RNA 1 (NEXN-ASI),
and its cognate gene, NEXN. In brief, we found that (a) both
NEXN-ASI and NEXN have decreased expression levels in human
atherosclerotic plaques; (b) NEXN-ASI interacts with the chroma-
tin remodeler BAZ1A and upregulates NEXN gene expression; (c)
NEXN-ASI and NEXN inhibit endothelial activation and mono-
cyte recruitment; (d) NEXN deficiency results in increased ath-
erosclerosis, whereas NEXN overexpression deters atherosclero-
sis, in an in vivo experimental model; and (e) patients with CAD
have lower circulating NEXN levels.

Results

Reduced expression of NEXN-AS1 and NEXN in human atherosclerotic
plaques. To identify differentially expressed genes in human athero-
sclerotic plaques, we performed an expression microarray analysis
on aortic atherosclerotic plaque cap specimens (from 3 patients)
and healthy aortic tissues (from 3 individuals) using the Arraystar
LncRNA Expression Microarray, version 3.0, which contained
probes for 24,420 protein coding transcripts and 24,748 IncRNAs.
The analysis identified a number of differentially expressed genes
(Supplemental Tables 1 and 2; supplemental material available
online with this article; https://doi.org/10.1172/JCI98230DS1),
including the protein-coding gene NEXN and a cognate IncRNA
gene, NEXN-ASI, both of which showed significantly lower RNA
levels in atherosclerotic plaques than in healthy aortic tissues (P =
6.12x10*and P=38.91x 1074, respectively). A recent study reported
an association between variation in the NEXN gene and suscepti-
bility to CAD and showed that adenovirus-mediated NEXN over-
expression inhibited balloon injury-induced neointima formation
in a rat model (10). It raises the possibility that NEXN might also
play a role in de novo atherosclerosis, which warrants investigation.
Therefore, among the differentially expressed genes identified by
the abovementioned microarray analysis, we chose to focus on
NEXN and NEXN-ASI in our present study.

A quantitative reverse-transcriptase PCR (RT-PCR) analy-
sis of samples from additional subjects confirmed that the RNA
levels of both NEXN and NEXN-ASI were lower in atherosclerot-
ic plaques (of either the carotid artery or abdominal aorta, from
15 patients) than in healthy arterial intima tissues (from 5 indi-
viduals) and additionally showed that their levels were lower in
advanced atherosclerotic plaques (American Heart Association
classification types IV-VIII [ref. 11], from 10 patients) than in
early plaques (types I-III [ref. 11], from 5 patients) and lower in
advanced vulnerable plaques (types IV, V, and VI [ref. 11], from 5
patients) than in advanced stable plaques (types VII and VIII [ref.
11], from 5 patients) (Figure 1A).

Consistent with the above quantitative RT-PCR results, immu-
nohistochemistry showed that atherosclerotic arteries had lower
NEXN protein levels, as compared with normal arteries (Figure 1B).
Double immunostaining of NEXN along with the endothelial cell
marker CD34, the macrophage marker CD68, and the VSMC marker
aSMA, respectively, showed that, in atherosclerotic plaques, these 3
cell types (endothelial cells, macrophages, and VSMCs) all expressed
NEXN (Figure 1C). An immunofluorescence confocal microsco-
py examination of cultured vascular endothelial cells showed that
NEXN was present primarily in the cytoplasm (Figure 1D).
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FISH demonstrated that atherosclerotic plaques had lower
NEXN-AS1RNA levels (Figure 1E). An analysis of in vitro cultures
of human umbilical vein endothelial cells (HUVECs), monocytes
(THP-1 cells), and VSMCs showed that these 3 types of cells all
expressed NEXN-ASI, with an estimate of 9 copies of the NEXN-
AS1 RNA per vascular endothelial cell, 58 copies per mono-
cyte, and 3 copies per VSMC. An immunofluorescence confocal
microscopy examination of cultured vascular endothelial cells
detected the presence of NEXN-ASI RNA in both the cytoplasm
and nucleus (Figure 1F).

NEXN-ASI upregulates NEXN expression. The NEXN and
NEXN-ASI genes are both located on chromosome 1, with a pro-
portion of NEXN-ASI overlapping with the 5’ portion of NEXN
(Supplemental Figure 1). Since some other IncRNAs have been
reported to modulate the expression of nearby protein-coding
genes (6, 7), we wondered whether the IncRNA NEXN-ASI has an
effect on NEXN expression. To address this question, we trans-
fected cultured vascular endothelial cells with a lentivirus (Sup-
plemental Figure 2) to overexpress NEXN-ASI in-trans and found
that NEXN-ASI overexpression led to an increase in NEXN mRNA
and NEXN protein levels (Figure 2, A and B), suggesting that
NEXN-ASI upregulates NEXN expression. In support, shRNA-
mediated NEXN-ASI knockdown in cultured vascular endothelial
cells resulted in a decrease in NEXN levels (Figure 2C).

To investigate the molecular mechanism through which
NEXN-ASI modulates NEXN expression, we performed analysis
by chromatin isolation by RNA purification (ChIRP), a method
that allows unbiased screening of RNA-bound DNA and pro-
teins. The analysis showed that chromatin samples pulled down
by NEXN-ASI RNA probes (Supplemental Figure 3) harbored the
NEXN gene 5' flanking region (Figure 2D), suggesting an interac-
tion between IncRNA NEXN-ASI and the 5’ flanking region of the
NEXN gene. To investigate whether NEXN-ASI affects the activi-
ty of the NEXN 5' flanking region, we performed a reporter assay
in which we transfected cultured vascular endothelial cells with a
plasmid containing the NEXN gene 5’ flanking sequence (nucle-
otide positions -1245 bp to +297 bp relative to the transcription
start site) and a luciferase reporter gene, with or without cotrans-
fection of a lentivirus to overexpress NEXN-ASI, followed by mea-
surement of luciferase activity. The assay showed that NEXN-ASI
overexpression enhanced the ability of the NEXN gene 5' flanking
sequence to drive the expression of the luciferase reporter gene
(Figure 2E). In a parallel assay that was the same as above, except
the nucleotides between +1 bp and +245 bp relative to the NEXN
transcription start site in the NEXN gene 5' flanking sequence were
deleted from the plasmid (Supplemental Figure 3), NEXN-ASI
overexpression no longer increased the transcriptional activity of
the NEXN gene 5' flanking sequence to drive luciferase reporter
gene expression (Figure 2E), suggesting that the region between
+1 bp and +245 bp relative to the NEXN transcription start site is
essential for NEXN-ASI regulation of NEXN expression.

A protein mass spectrometric analysis of the chromatin com-
plex captured by the NEXN-ASI RNA probes in the abovemen-
tioned ChIRP experiment detected the presence of several histone
proteins and other DNA/RNA-binding proteins (Supplemental
Table 3). Among these proteins, BAZ1A (also known as ATP-utiliz-
ing chromatin assembly and remodeling factor 1 [ACF1]) is of par-
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Figure 2. NEXN-AS1 upregulates NEXN expression. (A) Cultured human vascular endothelial cells, macrophages, and VSMCs were transfected with either
an NEXN-AS1-expressing lentivirus (LV-NEXN-AST) or the lentivirus vector (LV vector) as a control, followed by quantitative RT-PCR analysis of NEXN
mRNA levels. The column chart shows fold difference in mean + SD NEXN mRNA levels in 5 independent experiments with each experiment done in tripli-
cate. *P < 0.05, t test. (B) Cultured human ECs, macrophages, and VSMCs were transfected with either LV-NEXN-AST or LV vector, followed by immunoblot
analysis of the NEXN protein. Left: representative immunoblot images; right: fold differences in mean + SD NEXN band intensity after standardization
against the band intensity of the housekeeping protein B-actin in 5 independent experiments. *P < 0.05, t test. (C) Cultured human vascular endothelial
cells were transfected with an shRNA to knock down NEXN-AST or a scramble (control) shRNA, followed by immunoblot analysis of the NEXN protein.
Left: representative immunoblot images; right: fold differences in mean + SD NEXN band intensity after standardization against the band intensity of
the housekeeping protein B-actin in 5 independent experiments. *P < 0.05, t test. (D) Cultured human vascular endothelial cells were subjected to ChIRP
assay using NEXN-ASTRNA probes (Supplemental Figure 3) to pull down NEXN-AST or probes for the LacZ gene as a control, followed by a PCR analysis
using primers complementary to the NEXN gene 5’ flanking region (Supplemental Figure 3). The graph shows fold difference in mean + SD NEXN PCR band
intensity after standardization against the PCR band intensity of the housekeeping gene GAPDH in 5 replicate samples. *P < 0.05, t test. (E) Cultured
vascular endothelial cells (HUVECs) were transfected with either a plasmid containing the firefly luciferase reporter gene and the NEXN gene 5’ flanking
sequence (nucleotide positions -1245 bp to +297 bp relative to the transcription start site) with or without a deletion from +1 bp to +245 bp, together with
a plasmid containing the Renilla luciferase gene to serve as a reference for transfection efficiency, with or without cotransfection of a lentivirus to overex-
press NEXN-AS1, followed by measurement of firefly luciferase activity and Renilla luciferase activity. Column chart shows fold differences in mean + SD
firefly luciferase activity after standardization against Renilla luciferase activity in 5 independent experiments. *P < 0.05, t test.
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(12). To confirm that NEXN-ASI interacts with BAZ1A, we carried
out RNA immunoprecipitation using an anti-BAZ1A antibody, fol-
lowed by RT-PCR detection of NEXN-ASI. The experiment demon-
strated the presence of NEXN-ASI in the anti-BAZIA antibody
immunoprecipitate (Figure 3A), confirming an interaction between
NEXN-ASI and BAZ1A. To determine which region of NEXN-ASI
interacts with BAZ1A, we performed pull-down experiments using
RNA probes corresponding to the full-length NEXN-ASI (nucle-
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and the 3’ portion of NEXN-ASI (nucleotides 1001-2292), respec-
tively, followed by immunoblotting analysis using an anti-BAZ1A
antibody. The analysis showed that the BAZ1A protein was present
in the samples pulled down by either the full-length NEXN-ASI
probe or the probe corresponding to the 5’ portion of NEXN-ASI, but
dramatically diminished in the sample pulled down using the probe
corresponding to the 3’ portion of NEXN-ASI (Figure 3B), suggest-
ing that BAZ1A primarily interacts with the 5' portion of NEXN-ASI.
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Figure 3. NEXN-AS1 interacts with BAZ1A, which downregulates NEXN expression. (A) Cultured human vascular endothelial cells were subjected to RNA
immunoprecipitation using an anti-BAZ1A antibody, followed by quantitative RT-PCR analysis of NEXN-AST. The graph shows fold differences in the
amount of NEXN-AST (or the housekeeping gene GAPDH) in the immunoprecipitate captured by the anti-BAZ1A antibody versus the amount of NEXN-AST
(or the housekeeping gene GAPDH) in the immunoprecipitate captured by an 1gG isotope. Columns and error bars represent mean and SD values, respective-
ly, in 5 samples. *P < 0.05, t test. (B) Cultured vascular endothelial cell lysates were subjected to protein pulldown using either RNA probes corresponding to
the full-length NEXN-AST (nucleotides 1-2292), the 5’ portion of NEXN-AST (nucleotides 1-1000), and the 3’ portion of NEXN-AST (nucleotides 1001-2292),
respectively, or a control RNA probe for the housekeeping gene GAPDH, followed by immunoblotting analysis using an anti-BAZ1A antibody. (C) Cultured
human vascular endothelial cells were transfected with either an NEXN-AST-expressing lentivirus (LV-NEXN-AST) or the lentivirus vector (LV vector) as

a control, followed by immunofluorescence microscopy. BAZ1A was stained red with a fluorescence-labeled anti-BAZ1A antibody, and the nucleus was
stained blue with DAPI. Scale bars: 10 um. (D) Cultured human vascular endothelial cells were subjected to ChIP using the anti-BAZ1A antibody, followed

by quantitative PCR analysis using primers annealing to the NEXN 5’ flanking sequence (Supplemental Figure 3) and the housekeeping gene GAPDH as a
reference. Graph shows mean and SD values in 5 samples. *P < 0.05, t test. (E) Cultured human vascular endothelial cells were transfected with either an
NEXN-AST-expressing lentivirus (LV-NEXN-AST) or the lentivirus vector (LV vector) to serve as a control or with either a BAZ1A siRNA or a scramble (control)
siRNA, followed by immunoblotting analysis using an anti-NEXN antibody and an antibody against the housekeeping protein 3-actin as a loading control.
The graph shows fold difference in mean ( + SD) NEXN band intensity after standardization against the band intensity of the housekeeping protein B-actin
in 5 independent experiments. *P < 0.05, ANOVA with post hoc analysis and Bonferroni’s correction. (F) Cultured human vascular endothelial cells transfect-
ed with either a BAZ1A siRNA or a scramble (control) siRNA were subjected to FAIRE, followed by quantitative PCR analysis using primers complementary to

the NEXN gene 5’ flanking sequence (Supplemental Figure 3). The graph shows mean and SD values from 5 experiments. *P < 0.05, t test.

RT-PCR and immunoblot analyses showed that BAZ1A was
expressed in the arterial wall and that its levels were higher in ath-
erosclerotic plaques than in the healthy arterial tissues (Supple-
mental Figure 4). Furthermore, we found that augmented NEXN-
ASI expression in cultured vascular endothelial cells, monocytes,
and VSMCs (by transfecting cells with an NEXN-ASI-expressing
lentivirus) led to a decrease in BAZ1A levels (Figure 3C and Sup-
plemental Figure 5). Immunofluorescence analysis of BAZ1A in
cultured vascular endothelial cells showed that it was located in
both the cytoplasm and nucleus (Supplemental Figure 6).

To investigate whether BAZ1A binds to the NEXN gene, we
performed ChIP using an anti-BAZ1A antibody, followed by quan-
titative PCR using primers complementary to the NEXN 5' flanking
sequence. The assay detected the presence of the NEXN 5’ flank-
ing sequence in chromatin samples pulled down by the anti-BAZ1A

antibody (Figure 3D), confirming binding of BAZ1A to the NEXN
gene. To investigate whether BAZ1A has an effect on NEXN expres-
sion, we performed siRNA-mediated BAZ1A knockdown in cultured
vascular endothelial cells (Supplemental Figure 7). The experiment
showed that BAZ1A knockdown led to an increase in NEXN levels
and that this effect was further enhanced by augmented expression
of NEXN-ASI (Figure 3E), indicating that BAZ1A downregulates
NEXN expression. Furthermore, formaldehyde-assisted isola-
tion of regulatory elements (FAIRE) analysis revealed that BAZ1A
knockdown resulted in an open chromatin state in the NEXN 5’
flanking region (Figure 3F), suggesting that BAZ1A downregulates
NEXN expression by condensing the chromatin in this region.
NEXN-ASI and NEXN suppress the TLR4/NF-kB pathway, chemo-
kine/cytokine expression by endothelial cells, and monocyte adhesion to
endothelial cells. Since the abovementioned analyses showed that
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Figure 4. NEXN-AS1and NEXN suppress the TLR4/NF-kB pathway and inflammatory gene expression. (A) Cultured human vascular endothelial cells were
transfected with either an NEXN-AS1-expressing lentivirus (LV-NEXN-AST), the lentivirus vector (LV vector), an NEXN siRNA, and/or a scramble (control)
siRNA, then stimulated with lipopolysaccharides (1 ug/ml) for 12 hours, followed by enzyme-linked immunosorbent assay of MCP1, TNF-q, and IL-6, respec-
tively. (B) Cultured human vascular endothelial cells were transfected with either LV-NEXN-AST, LV vector, an NEXN siRNA, scramble (control) siRNA, NEXN-
ASTshRNA, scramble (control) shRNA, an NEXN-expressing plasmid (pcDNA-NEXN), and/or the plasmid vector (pcDNA-vector), followed by immunoblot-
ting analysis using an anti-TLR4 antibody and an antibody against the housekeeping protein -actin as a loading control. Graphs show fold differences in
TLR4 band intensity standardized against B-actin band intensity. (C and D) Cells expressing FLAG-tagged TLR4 and GFP-tagged TLR4 were transfected with
either LV-NEXN-AST, LV vector, pcDNA-NEXN, or pcDNA-vector, and then stimulated with lipopolysaccharides (1 pg/ml) for 12 hours. Thereafter, cells were
subjected to protein immunoprecipitation using anti-FLAG antibody, followed by immunoblotting analysis using either an anti-FLAG antibody or an anti-
GFP antibody. Representative immunoblot images are shown. Column charts show fold differences in TLR4-GFP band intensity standardized against TLR4-
Flag band intensity in 5 experiments. (E) Cultured human vascular endothelial cells were transfected with LV-NEXN-AST1, LV vector, NEXN siRNA, a scramble
(control) siRNA, pcDNA-NEXN, and/or pcDNA vector, followed by NF-xB activity assay. (F) Cultured human vascular endothelial cells were transfected with
NEXN siRNA, TLR4 siRNA, and/or a scramble (control) siRNA, followed by enzyme-linked immunosorbent assay of TNF-a and IL-6, respectively. Data are
represented as mean + SD values from 5 independent experiments. *P < 0.05, t test or ANOVA with post hoc analysis and Bonferroni’s correction.
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NEXN-ASI and NEXN are expressed in vascular endothelial cells,
monocytes/macrophages, and VSMCs in atherosclerotic plaques, we
investigated possible effects of NEXN-ASI and NEXN on such cells.
We found that augmentation of NEXN-ASI expression in
cultured vascular endothelial cells reduced lipopolysaccharide-
induced endothelial expression of the adhesion molecules ICAMI,
VCAM1, and monocyte chemoattractant protein-1 (MCP1), the
cytokines TNF-o and IL-6, and the extracellular matrix degrading
enzymes MMP1 and MMP9 (Supplemental Figure 8). Further-
more, we found that knockdown of NEXN in endothelial cells

jci.org  Volume129  Number3  March 2019

resulted in increased MCP1, TNF-q, and IL-6 expression and abol-
ished the inhibitory effect of NEXN-ASI on MCP1, TNF-q, and
IL-6 expression (Figure 4A), indicating that NEXN-ASI exerts its
effect on the expression of these molecules via NEXN.

Since the TLR4- and NF-kB-mediated intracellular pathway
plays a key role in the regulation of chemokine and cytokine expres-
sion (13, 14), we investigated a possible effect of NEXN-ASI and
NEXN on TLR4 and NF-kB activity. We found that augmentation
of NEXN-ASI expression suppressed lipopolysaccharide-induced
increase of TLR4 levels in cultured vascular endothelial cells and
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Figure 5. NEXN-AS1 and NEXN inhibit monocyte
adhesion to endothelial cells. Cultured human

vascular endothelial cells were transfected with
either NEXN-AS1-expressing lentivirus (LV-NEXN-
LPS AST), BAZ1A siRNA (si-BAZ1A), or NEXN siRNA
+ (si-NEXN), then either treated or not treated with
lipopolysaccharides (1 pg/ml) for 4 hours and
LV-NEXN-AS1 - + - + - + subsequently cocultured with fluorescently labeled
si-BAZ1A - - + + - monocytes for 1 hour, followed by fluorescent
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that this inhibitory effect was abolished by NEXN knockdown (Fig-
ure 4B and Supplemental Figures 7 and 9), while NEXN-ASI knock-
down led to an increase in TLR4 levels (Figure 4B). Additionally, we
found that augmentation of NEXN-ASI expression inhibited lipo-
polysaccharide-induced TLR4 oligomerization (Figure 4C). Fur-
thermore, augmentation of NEXN-ASI expression in endothelial
cells caused an increase in the levels of the NF-kB inhibitor IkBa in
the cytoplasm (Supplemental Figure 10) and a decrease in NF-kB
DNA-binding activity in the nucleus (Figure 4E).

Analogous to overexpression of NEXN-ASI, augmentation of
NEXN expression also reduced TLR4 levels and oligomerization
and inhibited NF-kB activity in cultured vascular endothelial cells
(Figure 4, B, D and E, and Supplemental Figures 9 and 10). The
inhibitory effect of increased NEXN-ASI expression on NF-«B
activity was abolished by NEXN knockdown (Figure 4E), indicat-
ing that the effect of NEXN-ASI on NF-kB activity was mediated
by NEXN. Furthermore, NEXN knockdown in cultured vascular
endothelial cells resulted in increased production of the inflam-
matory molecules TNF-o and IL-6, and this effect was abolished
by TLR4 knockdown (Figure 4F), suggesting that NEXN exerts
its effect on the production of these inflammatory molecules via
the TLR4 pathway.

Moreover, we found that increased NEXN-ASI expression in
monocytes inhibited monocyte adhesion to vascular endothelial
cells (Figure 5) and that knockdown of NEXN in monocytes had
the opposite effect and abolished the inhibitory effect of NEXN-
ASI overexpression on monocyte adhesion to endothelial cells
(Figure 5). On the other hand, BAZIA knockdown exerted an

effect opposite of that of NEXN knockdown (Figure 5), in line with
the finding from the experiments described earlier that BAZ1A
downregulates NEXN expression.

Additionally, we observed that enhanced NEXN-ASI expres-
sion in VSMCs reduced VSMC migration and that this inhibitory
effect was abolished by NEXN knockdown in VSMCs (Supple-
mental Figure 11).

NEXN inhibits atherosclerotic lesion formation in ApoE”~ mice.
To investigate whether NEXN plays a role in the pathogenesis of
atherosclerosis, we crossbred NEXN”~ mice with ApoE”" mice to
generate NEXN*~ ApoE7- mice (NEXN7~ ApoE”~ mice could not
be generated, likely due to being embryonic lethal). Both NEXN*~
ApoE”" mice and NEXN** ApoE~" littermates (controls) were fed
a Western high-fat diet for 12 weeks. En face analysis of the aorta
and cross-sectional analysis of the aortic root showed that NEXN "~
ApoE”/~ mice had substantially more atherosclerosis (68.5%
increase) than controls (Figure 6A), indicating that NEXN plays a
protective role against atherogenesis.

Furthermore, histological and immunohistochemical analyses
of aortic root cross sections showed that, compared with the athero-
sclerotic lesions in NEXN7* ApoE”~ (control) mice, those in NEXN*~
ApoE”~ mice had reduced cap thickness (38.5% lower), greater mac-
rophage abundance (49.4% higher), and higher lipid content (44.3%
higher), but lower VSMC and collagen content (39.5% and 38.6%
lower, respectively) and less calcification (77.5% lower) (Figure 6A),
with a higher vulnerability index (1.46 * 0.31 compared with 3.49
0.58 in controls, P < 0.001), suggesting a protective role of NEXN
against the development of vulnerable atherosclerotic plaques.
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Figure 6. NEXN deters atherosclerosis in a mouse model. (A) NEXN*- ApoE~~ mice and NEXN*/* ApoE~~ littermates, 6 weeks of age, were fed a Western
high-fat diet for 12 weeks, followed by aorta en face oil red O staining and immunohistochemical analyses of aortic root cross sections. Shown in the figure
are representative images of aorta en face oil red O staining and aortic root cross-section staining with H&E, oil red O (for lipids), anti-CD68 antibody

(for macrophages), anti-aSMA antibody (for VSMCs), trichrome (for collagens), von Kossa (for calcification), and antibodies against ICAM1, VCAM1, MCP1,
TNF-a, IL-6, MMP1, and MMP3, respectively. Scale bars: 300 uM. Graphs show differences (mean + SD) between the 2 groups in lesion area, cap thickness,
and percentages of positive staining areas, respectively. n = 10 animals in each group. *P < 0.05, t test. (B) ApoE~- mice were injected with an adeno-as-
sociated virus to overexpress NEXN or with a negative control adeno-associated virus and fed the Western high-fat diet for 12 weeks, followed by oil red O
staining of aortic root cross sections. Figure shows representative images of oil red O staining and mean + SD percentage of the atherosclerotic lesion area
in total lumen area in the 2 groups. Original magnification, x100 (upper); x200 (lower). n =10 animals in each group. *P < 0.05, t test.

Further analyses showed that atherosclerotic lesions in
NEXN"- ApoE”~ mice had higher levels of TLR4 (Supplemen-
tal Figure 12) and increased expression of adhesion molecules
(ICAM1, VCAM]1, and MCP1), inflammatory cytokines (TNF-a
and IL-6), and matrix metalloproteinases (MMP1 and MMP9)
than those in NEXN"* ApoE7~ mice (Figure 6A), which may con-
tribute to the protective role of NEXN against atherogenesis and
plaque vulnerability and is in line with the aforedescribed results
of assays of cultured human cells with NEXN knockdown.

To further test the effect of NEXN on atherogenesis, we inject-
ed ApoE7~ mice with an adeno-associated virus to overexpress
NEXN or with a negative control adeno-associated virus and fed
the mice a Western high-fat diet for 12 weeks. The experiment
showed that mice with NEXN overexpression had smaller athero-
sclerotic plaques than control mice (Figure 6B), further demon-
strating that NEXN has a protective effect against atherosclerosis.
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Circulating NEXN levels are lower in patients with CAD. Coronary
artery atherosclerosis is the primary pathological cause of CAD,
which can lead to myocardial infarction and heart failure. Having
found a protective role of NEXN against atherosclerosis, we inves-
tigated whether there were differences in NEXN levels between
individuals with and without CAD. We measured NEXN levels in
blood serum samples from patients with CAD (n = 113), patients
with myocardial infarction (n = 69), patients with heart failure
(n = 41), and healthy individuals without any of these conditions
(n=40), by enzyme-linked immunosorbent assay. The assay showed
that patients with CAD, myocardial infarction, or heart failure had
lower NEXN levels than healthy subjects (290.57 + 152.12 pg/ml,
305.56 * 137.68 pg/ml and 283.82 * 147.33 pg/ml, respectively,
compared with 393.65 * 113.87 pg/ml, P < 0.05), in line with the
finding that NEXN expression is lower in atherosclerotic plaques.
Moreover, plasma NEXN levels were inversely correlated with plas-
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Table 1. Results of Pearson’s correlation analysis of serum NEXN concentration in relation to biochemical measurements in the study subjects

Healthy controls (n = 40) CCAD (n=113) AMI (n = 69) HF (n = 41)

r Pvalue r Pvalue r Pvalue r Pvalue
Total cholesterol (mmol/I) 0.021 0.727 0.057 0467 0.028 0.869 0.242 0404
Low density lipoprotein (mmol/I) 0.079 0.198 0.110 0.161 -0.024 0.847 0458 0.099
High density lipoprotein (mmol/I) 0179 0.738 0.017 0.824 0.146 0.252 0.074 0.801
Total triglyceride (mmol/I) 0.047 0.618 -0.013 0.871 -0.260 0.833 0.059 0.842
ApoA1 (g/1) 0.039 0.592 0.019 0.808 0442 0.719 0195 0.505
ApoB (g/1) 0.018 0.764 0.069 0.378 0.345 0.780 0.063 0.830
Lipoprotein(a) (g/1) 0.012 0.935 -0.096 0.216 -0.015 0.935 -0.079 0.741
Homocysteine (umol/I) -0.238 0.052 -0.375 0.001 -0.391 0.017 -0.227 0435
Myoglobin (ng/ml) 0.030 0.627 0.099 0.206 -0.031 0.789 -0.033 0.870
Troponin | (ng/ml) -0.025 0.687 -0.153 0.051 -0.026 0.843 0.155 0443
Creatine phosphokinase (IU/1) 0.074 0.226 -0.183 0.019 -0.164 0.042 -0.281 0330
Creatine phosphokinase-MB fraction (1U/) 0173 0.069 -0.221 0.005 -0.312 0.803 -0.340 0.203
C-reactive protein (mg/dI) 0.006 0.992 -0.070 0.926 -0.051 0.685 -0.272 0.374
Lactate dehydrogenase (1U/1) 0.177 0.058 0.142 0.071 om 0.346 0.282 0.350
Aspartate aminotransferase (U/I) 0.208 0.069 -0.236 0.002 -0.174 0153 -0.147 0.135

CCAD, chronic CAD; AMI, acute myocardial infarction; HF, heart failure. Bold indicates statistical significance (P < 0.05).

ma levels of homocysteine (r = -0.375, P = 0.001), creatine kinase
(r=-0.183,P=0.019), creatinekinase-muscle/brain (creatinekinase-
MB) (r=-0.221, P=0.005), and aspartate transaminase (r=-0.236,
P =0.002) in patients with CAD and with levels of homocysteine
(r=-0.391, P=0.017) and creatine kinase (r =-0.164, P = 0.042) in
patients with myocardial infarction (Table 1).

Discussion
One of the key findings from our study is that human atheroscle-
rotic plaques have reduced expression of the NEXN gene, which
encodes the actin-binding protein NEXN, as well as reduced
expression of the nearby gene NEXN-ASI, which encodes a previ-
ously functionally uncharacterized IncRNA, NEXN-ASI. Our study
suggests that NEXN-ASI physically interacts with and increases
the transcriptional activity of the 5’ flanking region of the NEXN
gene, thereby upregulating NEXN expression in vascular endothe-
lial cells. Additionally, we found that NEXN-ASI also modulates
NEXN expression in monocytes and VSMCs.

Furthermore, our study reveals that NEXN-ASI interacts with
the nuclear protein BAZ1A and that BAZIA interacts with the 5’
flanking region of the NEXN gene, although the specific motifs
within NEXN-ASI and NEXN responsible for BAZ1A binding are
unclear. BAZ1A constitutes the accessory subunit of the ATP-de-
pendent chromatin assembly factor (ACF), which consists of 2
subunits, the ATPase subunit SNF-2h and the accessory submit
BAZ1A (12). ACF is known to be a chromatin remodeler that con-
denses chromatin, thereby repressing gene expression (12, 15,
16). BAZ1A has previously been shown to suppress the expression
of a number of genes, including RANKL, IGFBP3, and IGFI (17).
In the present study, we found that BAZ1A knockdown resulted
in an open chromatin state in the NEXN 5’ flanking region and
increased NEXN expression, suggesting that BAZ1A downreg-
ulates NEXN expression by condensing the chromatin in this
region. Additionally, our study indicates that NEXN-ASI reduces

the level of BAZ1A, which might in part explain the upregulatory
effect of NEXN-ASI on NEXN expression, although how NEXN-
ASI reduces the BAZ1A levels is unclear. Since BAZ1A is capable
of regulating multiple genes, it is conceivable that NEXN may be
only one of the target genes of the NEXN-AS1/BAZ1A complex.
At the cellular level, enhanced NEXN-ASI expression causes
reduced production of TNF-q, IL-6, and MCP1 by endothelial cells
and decreased monocyte adhesion to endothelial cells, and these
effects are abolished if NEXN is knocked down, indicating that
NEXN-ASI exerts its effects exclusively or predominantly via NEXN.
Ashighlighted earlier, the ENCODE project has discovered the
existence of alarge number of IncRNAs in the human genome, and
there has been accumulating evidence revealing that at least some
of the IncRNAs play important roles in regulating gene expression
and participate in physiological and pathological processes (5-7).
Therefore, there has been vast interest in characterizing the bio-
logical functions of the various IncRNAs. For example, the robust
association between genetic variation on chromosome 9p21 and
CAD susceptibility, discovered by genome-wide association stud-
ies (18), is at least in part mediated by the IncRNA CDKN2B-ASI
(also known as ANRIL), whose gene is located at this genomic
locus (19). Further examples of IncRNAs that have been implicat-
ed in cardiovascular diseases are NovLnc6, Mhrt, MALATI, and
Tie-1-AS (7). The findings from our study described above add to
the increasing understanding of the diverse biological roles of the
various IncRNAs and, specifically, provide insight into the func-
tion of the previously uncharacterized IncRNA NEXN-ASI, with
particular relevance to atherosclerosis. Interestingly, a recent
study reported an association between variation in the NEXN-ASI
gene and risk of lung cancer in Europeans (20), raising the pos-
sibility that this IncRNA might also be involved in tumorigenesis.
Another key finding of our study is that NEXN confers a protec-
tive effect against atherosclerosis. Prompted by our initial finding
that human atherosclerotic plaques have decreased NEXN expres-
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sion levels, we investigated to determine whether NEXN deficien-
cy has a causative effect on the development of atherosclerosis. In
ApoE-knockout mice fed a Western high-fat diet, the most widely
used animal model of atherosclerosis, we found that targeted dele-
tion of the NEXN gene resulted in substantially increased athero-
sclerotic lesion areas, indicating a protective role of NEXN against
atherogenesis. In support, we demonstrate that overexpression of
NEXN in ApoE-knockout mice deters atherosclerosis. Furthermore,
we observed that the atherosclerotic lesions in NEXN-deficient
mice had higher levels of adhesion molecules (ICAM1, VCAM],
and MCP1), cytokines (TNF-o and IL-6), and extracellular matrix
degrading enzymes (MMP1 and MMP9) as well as greater macro-
phage abundance and lipid content, but lower VSMC and collagen
contents and less calcification, all of which are hallmarks of vul-
nerable atherosclerotic plaques (3, 21, 22). Consistent with, and in
support of, the findings from mice, the experiments using cultured
human cells showed that NEXN knockdown resulted in increased
production of MCP1, TNF-a, and IL-6 by endothelial cells and
enhanced monocyte adhesion to endothelial cells. Furthermore,
we found that NEXN inhibited TLR4 and NF-«B activity and that
TLR4 knockdown abolished the effect of NEXN on TNF-a and
IL-6 production, which provides a further mechanistic link, as it is
well established that activation of the TLR4/NF-«B signaling path-
way induces the expression of inflammatory molecules, including
MCP1, TNF-q, and IL-6, and plays an important role in endothelial
activation and monocyte recruitment in atherogenesis (14, 23).

Mutations in the NEXN gene have been associated with dilat-
ed cardiomyopathy and hypertrophic cardiomyopathy in humans
(8,9). Additionally, a recent study reported an association of vari-
ation in the NEXN gene with susceptibility to CAD in Han Chi-
nese and showed that NEXN inhibited balloon injury-induced
neointima formation in a rat model (10). To our knowledge, our
study is the first to show a role of NEXN in the development of
de novo atherosclerosis, demonstrating that NEXN inhibits TLR4
and NF-«B activity, reduces inflammatory molecule expression
by endothelial cells, suppresses monocyte recruitment, and
deters atherogenesis.

NEXN is known as a filamentous actin-binding protein (24).
Actin-binding proteins not only control the actin cytoskeleton
functions in cell contractility, motility, and division, etc., but also
influence cell-cell and cell-extracellular matrix interactions in
addition to mediating intracellular signaling via interactions with
various ligands (25). Interestingly, 2 other actin-binding proteins,
namely profilinl and Drebrin, were reported to be involved in
atherogenesis and neointima formation, respectively (26, 27).
Thus, evidence is growing to indicate that actin-binding proteins
in muscle and nonmuscle cells play important roles in the devel-
opment of these vascular pathological conditions. The finding of
our study examining the actin-binding protein NEXN provides
evidence in this regard.

In line with the initial finding that the NEXN expression
level is reduced in atherosclerotic plaques, our study shows that
patients with CAD have lower NEXN levels in blood samples than
healthy control subjects. Although NEXN was found to be located
at cell-matrix adherens junctions (24), the presence of NEXN in
blood serum samples suggests that it can be released from cells,
with possible autocrine, paracrine, and/or endocrine effects.
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Interestingly, another actin-binding protein, namely profilin-1,
has recently been reported to show elevated levels in blood sam-
ples of patients with CAD (28).

The results of our study inspire several interesting issues
that warrant future investigation. These include (a) which factors
affect NEXN-ASI expression, leading to its reduction in athero-
sclerotic plaques; (b) whether NEXN expression is influenced by
other factors apart from NEXN-ASI and BAZ1A; and (c) whether
expressing human NEXN-ASI will reduce atherogenesis using a
well-established mouse model. It is noteworthy that mice do not
have NEXN-ASI and therefore it is not possible to do NEXN-ASI-
knockout experiments in mice.

In summary, the results of our study indicate that the IncRNA
NEXN-ASI upregulates NEXN expression, thereby inhibiting vas-
cular endothelial cell activation and monocyte adhesion via the
TLR4/NF-kB-mediated pathway and consequently deterring ath-
erogenesis (Supplemental Figure 13). These findings are relevant
to enhancing our understanding of the pathogenesis of atheroscle-
rosis and indicate that NEXN-ASI and NEXN represent potential
therapeutic targets.

Methods

Subjects. Atherosclerotic arterial samples were collected from patients
undergoing carotid endarterectomy or abdominal aorta surgery at
Nanfang Hospital. The carotid and aortic samples were jointly ana-
lyzed. Arteries without macroscopic evidence of atherosclerosis were
collected from individuals who died either in a road traffic accident or
due to cerebral edema. The tissue samples collected were snap-frozen
in liquid nitrogen before the analyses of this study.

Blood samples were obtained from patients with CAD (n = 113),
acute myocardial infarction (n = 69), or heart failure (n = 41) as well
as from healthy individuals without any of these conditions (n = 40).
Exclusion criteria were diabetes, cancer, or infection. The blood sam-
ples were taken before any medications were given to the patients.
Serum was prepared from the blood samples and stored at -80°C
before assays. Additionally, demographic data and biochemical test
results at hospital admission were collected from the hospital records.
Demographic, biochemical, and clinical characteristics of the study
subjects are shown in Supplemental Table 4.

Animals. ApoE7~ mice were purchased from the Laboratory Ani-
mal Center of Peking University (Beijing, China). NEXN*"mice were
obtained from the European Mouse Mutant Archive (EM:05494). All
mice had the C57BL/6] background. To generate ApoE and NEXN
double-deficient mice, NEXN*~ mice were crossbred with ApoE”
mice. Due to embryonic lethality of NEXN-knockout homozygosi-
ty (NEXN”"), NEXN*~ ApoE7- and NEXN** ApoE7~ mice were used
in this study. Six-week-old mice from both groups (5 males and 5
females in each group) were fed a Western high-fat diet for 12 weeks.
Thereafter, mice were fasted for 4 hours, then placed under general
anesthesia, after which blood was collected from the retro-orbital
venous plexus using a capillary tube. The mice were then sacrificed
by cervical dislocation, and tissues were collected for analysis. In a
separate experiment, ApoE”~ mice (5 males and 5 females in each
group) were injected with an adeno-associated virus to overexpress
NEXN or with a negative control adeno-associated virus and fed the
Western high-fat diet for 12 weeks; thereafter, mice were sacrificed
and tissues collected for analysis.
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Cell culture. Human monocytic cells (THP-1, ATCC TIB-202), vascu-
lar endothelial cells (HUVECs, ATCC CRL-1730), and VSMCs (human
aorta VSMCs, ATCC CRL-1999) were obtained from ATCC. THP-1
cells were cultured in RPMI 1640 medium with 10% FCS. HUVECs and
VSMCs were cultured in DMEM with 10% FCS. All cells were incubated
at 37°C in an atmosphere of 5% CO,. Cells were seeded in 6- or 12-well
plates or 60 mm dishes and grown to 60%-80% confluence before use.

IncRNA and coding RNA microarray analysis. Total RNA was
extracted from either atherosclerotic plaque cap specimens (from 3
individuals) or normal arterial wall samples (from 3 individuals) with
the use of TRIzol reagent (Invitrogen) according to the manufacturer’s
protocol. RNA purity was assessed by spectrophotometry using Nan-
oDrop ND-1000, and RNA integrity was verified by agarose gel elec-
trophoresis. For microarray analysis, the Agilent microarray platform
(Agilent Technologies) was used. Sample preparation and microarray
hybridization were performed based on the manufacturer’s standard
protocols with minor modifications. Briefly, mRNA was purified from
total RNA after removal of rRNA using the mRNA-ONLY Eukaryotic
mRNA Isolation Kit (Epicentre). Then each mRNA sample was ampli-
fied and transcribed into fluorescent cRNA along the entire length of
the transcripts without 3’ bias utilizing a random priming method. The
labeled cRNAs were hybridized onto the Human LncRNA Expression
Microarray, version 3.0 (8 x 60K, Arraystar). After washing the slides,
the arrays were scanned using Agilent Scanner G2505C. Agilent Fea-
ture Extraction software (version 11.0.1.1) was used to analyze the
acquired array images. Quantile normalization and subsequent data
processing were performed using the GeneSpring GX v11.5.1 soft-
ware package (Agilent). After quantile normalization of the raw data,
IncRNAs and coding RNAs from at least 3 out of 6 samples flagged as
present or marginal (all targets value) were chosen for further data
analysis. Differentially expressed IncRNAs and coding RNAs statis-
tically different between the 2 groups were identified through volca-
no plot filtering. All original microarray data were deposited in the
NCBI’s Gene Expression Omnibus database (GEO GSE97210).

Quantitative RT-PCR analysis. Total RNA from cultured cells and
tissues was extracted using TRIzol reagent (Invitrogen) and reverse
transcribed. Real-time PCR was performed on the ABI 7500 Real-Time
PCR System (Applied Biosystems) with SYBR Green detection chemistry
(Takara Bio). All samples were assayed in triplicate. Data were analyzed
using the AACt method, with U6 RNA as a reference in the IncRNA anal-
ysis and GAPDH as a reference in the analysis of protein-coding genes.

Immunoblot analysis. Protein extracts of cells and tissues were sub-
jected to 10% sodium dodecyl sulfate-polyacrylamide gel electropho-
resis, followed by immunoblot analyses using antibodies against either
NEXN (Abcam, catalog ab83746 and ab233235), BAZ1A (Abcam, cat-
alog ab90321), TLR4 (Abcam, catalog ab13556 and ab13867), IxBa
(Abcam, catalog ab32518), ICAM1 (Abcam, catalog ab171123), VCAM1
(Abcam, catalog ab134047), MCP1 (Abcam, catalog ab9669), TNF-a
(Abcam ab6671), IL-6 (Abcam, catalog ab6672), MMP1 (Abcam, cat-
alog ab52631), MMP9 (Abcam, catalog ab38898), or B-actin (Abcam,
catalog ab8227) and chemiluminescence detection kits (ECL Plus
Western Blot Detection System, Amersham).

Histological and immunohistochemical analyses. Sections (4 pm thick)
of formalin-fixed, paraffin-embedded human atherosclerotic plaques and
normal arterial wall specimens, respectively, were subjected to immuno-
histochemical staining using an anti-NEXN antibody (Abcam, catalog
ab83746 and ab233235) recognizing amino acids 200-250 of NEXN.
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To examine the extent of aortic atherosclerotic lesions in the studied
mice, the aorta was opened longitudinally along the ventral midline from
the iliac arteries to the aortic root, pinned out flat on a blue surface, and
stained en face with oil red O (Sigma-Aldrich). Images of stained aortas
were captured using a Leica DMI6000 microscope. The oil red O-stained
areas were quantified using Image-Pro Plus 6.0 (Media Cybernetics).

Formalin-fixed, paraffin-embedded sections (3 pm thick) of
mouse hearts with aortic root were stained with H&E, oil red O,
Masson’s trichrome for collagen, and von Kossa for calcification,
respectively, or immunohistochemically stained using antibod-
ies for CD68 (for macrophages, Abcam, catalog ab125212), a-SMA
(for VSMCs, Abcam, catalog ab124964), ICAM1 (Abcam, catalog
ab171123), VCAM-1 (Abcam, catalog ab134047), MCP1 (Abcam, cat-
alog ab25124), TNF-a (Abcam, catalog ab6671), IL-6 (Abcam, cata-
log ab7737), MMP1 (Abcam, catalog ab137332), and MMP9 (Abcam,
catalog ab38898), respectively. Images were acquired using an Olym-
pus BX50 microscope with a digital color camera and analyzed using
Optimus software (version 6.2). The vulnerability index was calculat-
ed by the following formula: positive-staining area of (macrophages +
lipid) /positive-staining area of (VSMCs + collagen).

Immunohistofluorescence analyses. Sections (4 pm thick) of for-
malin-fixed, paraffin-embedded human atherosclerotic plaques and
normal arterial wall specimens, respectively, were incubated with a
rabbit anti-human NEXN antibody (Abcam, catalog ab83746) togeth-
er with a mouse antibody for either human CD34 (Abcam, catalog
ab8536), human a-SMA (Abcam, catalog ab7817), or human CD68
(Abcam, catalog ab955), followed by incubation with a Texas red-
conjugated anti-rabbit secondary antibody (Abcam, catalog ab6719)
and an FITC-conjugated anti-mouse secondary antibody (Abcam,
catalog ab6785). Nuclei were counterstained with DAPI. Images were
acquired using an Olympus BX50 fluorescence microscope with a dig-
ital color camera and analyzed using Optimus software (version 6.2).

Fluorescence confocal microscopy. Human vascular endothelial
cells (HUVECs) were seeded on coverslips, fixed with paraformalde-
hyde, permeabilized with 0.25% Triton X-100, and then incubated
with a digoxin-labeled probe (Dig-5-AAGATATGTAGTGGCTTG-
GCTT-3"-Dig) for detecting NEXN-ASI. Thereafter, cells were incu-
bated with a DyLight 594-conjugated IgG fraction (Abcam, catalog
ab96873) coupled with a monoclonal mouse anti-digoxin antibody
(Abcam, catalog ab116590). In a separate experiment, fixed and per-
meabilized HUVECs were incubated with an anti-NEXN antibody
(Abcam, catalog ab83746) and subsequently with a fluorophore-con-
jugated goat anti-rabbit antibody (Abcam, catalog ab6717). Nuclei
were counterstained with DAPI. Cells were imaged using an Olympus
FV1000 confocal laser scanning microscope.

FISH. Paraffin-embedded sections (4 um thick) of human athero-
sclerotic plaques were deparaffinized, dehydrated, and treated with 1M
sodium thiocyanate. Thereafter, the sections were digested in a pepsin
solution, fixed in 4% formaldehyde, dehydrated by immersion in 70%,
85%, and 100% ethanol sequentially, and air dried. Subsequently, the
sections were incubated with a digoxin-labeled probe (Dig-5'-AAGA-
TATGTAGTGGCTTGGCTT-3"-Dig) for detecting NEXN-ASI and then
with a DyLight 594-conjugated IgG fraction (Abcam, catalog ab96873)
coupled with a monoclonal mouse anti-digoxin antibody (Abcam, cat-
alog ab116590). Nuclei were counterstained with DAPI. The stained
sections were examined under an Olympus 710 NLO microscope. A
minimum of 100 nuclei were evaluated for each sample.
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NEXN-ASI copy number analysis. Total RNA was isolated from cul-
tured human vascular endothelial cells (HUVECS), human monocytes
(THP-1), and human VSMCs (CRL-1999, ATCC), respectively, and
reversed transcribed into cDNA, followed by quantitative PCR of NEXN-
AS1. The copy numbers of NEXN-ASI RNA per cell were calculated using
a standard curve generated by quantitative PCR using known amounts
of NEXN-ASI cDNA as templates, the numbers of cell from which RNA
samples were extracted, and the Ct values of the NEXN-ASI RT-PCR.

Lentivirus construction and cell infection. The NEXN-ASI cDNA was
amplified by PCR and cloned into the pLOV-EFla-PuroR-CMV-EGFP-
2A-3FLAG vector, and the correct sequence of the NEXN-ASI gene in
this construct was verified by sequencing. This construct (referred to
as LV-NEXN-ASI hereafter) and the vector (control vector) were used
to transfect cultured human vascular endothelial cells (HUVECS),
human monocytes (THP-1), and human VSMCs (CRL-1999, ATCC),
respectively, at a multiplicity of infection of 100 (for THP-1 cells) or 20
(for HUVECs and VSMCs) transfecting units per cell in the presence
of 8 mg/ml of polybrene. The cells were washed with fresh complete
media after 24 hours. Efficient NEXN-ASI overexpression was verified
by quantitative RT-PCR (Supplemental Figure 2).

Recombinant plasmid construction. A plasmid containing the full-
length NEXN cDNA was purchased from OriGene. The NEXN cDNA
was amplified by PCR and subcloned into the pcDNA3.1(+) vector. The
correct sequence of the NEXN cDNA in the recombinant plasmid was
verified by sequencing and named pcDNA3.1-NEXN. The plasmid was
used to transfect HUVECs using Lipofectamine 3000 transfection
reagent (Invitrogen).

NEXN-AS1, NEXN, BAZIA, or TLR4 knockdown. Three shRNAs
targeting different regions of NEXN-ASI (Supplemental Table 5) were
constructed using a lentivirus vector (pLKD-CMV-EGFP-2A-Puro-
U6-shRNA). These and a control shRNA were used to infect cultured
endothelial cells (HUVECs). The siRNAs against NEXN, BAZIA, and
TLR4 (Supplemental Table 5), respectively, and an irrelevant siRNA
to serve as a negative control were synthesized. Cultured endotheli-
al cells (HUVECs) were transfected with each of these siRNAs using
Lipofectamine 3000 (Invitrogen).

ChIRP. Human vascular endothelial cells (HUVECs) were cross-
linked in 3% formaldehyde for 30 minutes, followed by quenching in
0.125M glycine for 5 minutes. Cells were then lysed in a lysis buffer
containing protease inhibitors, phenylmethylsulfonyl fluoride, and
SUPERase-in RNase inhibitor (Thermo Fisher Scientific), followed
by sonication using a Bioruptor ultrasonicator (Diagenode) at 4°C for
at least 30 minutes (30 seconds on, 45 seconds off; output = 7) until
the cell lysate was clear. Subsequently, the sample was incubated with
biotinylated antisense DNA tiling probes for pulling down NEXN-ASI
(Supplemental Table 6 and Supplemental Figure 3) at 37°C for 4 hours
with shaking and then with streptavidin magnetic beads (Dynabeads
MyOne Streptavidin C1; Thermo Fisher Scientific) at 37°C for 30 min-
utes with shaking to capture the NEXN-ASI bound chromatin.

To detect the presence of NEXN sequences in the above cap-
tured chromatin complex, DNA was then eluted and subjected to
PCRs using the following 3 pairs of primers, respectively, to amplify
the 5’ flanking region of the NEXN gene: primer pair 1, 5-CTGC-
CACTTCTTCTCCCTTG-3' (forward) and 5-AGTTGCTTTGCT-
GTGGCTTT-3' (reverse); primer pair 2, 5-GCCTTTTCAACATC-
CCTGAA-3' (forward) and 5-AAAACCCGAAATGCACACTC-3’
(reverse); and primer pair 3, 5-GGAAACTTGCTGCTGGAGAC-3'
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(forward) and 5-ACCGGCGAAGGTACTTCTTT-3' (reverse) (Sup-
plemental Figure 3). We also used a pair of primers to amplify the
housekeeping gene GAPDH: 5-CGGCTACTAGCGGTTTTACG-3’
and 5-AAGAAGATGCGGCTGACTGT-3', followed by agarose gel
electrophoresis of the PCR products.

To identify the proteins in the above captured chromatin com-
plex, proteins were eluted into an elution buffer composed of 12.5 mM
biotin (Invitrogen), 7.5 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (pH 7.5), 75 mM sodium chloride, 1.5 mM ethylenedi-
aminetetraacetic acid, 0.15% sodium dodecyl sulfate, 0.075% sarko-
syl, and 0.02% sodium deoxycholate. Trichloroacetic acid (25% of the
total volume) was then added, and the proteins were precipitated at
4°C overnight. Proteins were then pelleted by centrifugation, washed
with cold acetone, and air dried. Proteins in the pellets were immedi-
ately solubilized in Laemmli sample buffer (Invitrogen) and boiled at
95°C for 30 minutes with occasional mixing to reverse crosslinking.
Subsequently, the proteins were separated by bis-Tris sodium-do-
decyl-sulfate polyacrylamide gel electrophoresis and then subjected
to mass spectrometry analyses for protein identification.

Luciferase report assay. The NEXN gene 5' flanking sequence
(nucleotide positions -1245 bp to +297 bp relative to the transcription
start site) with or without a deletion from +1 bp to +245 bp was cloned
into the pGL4.10 vector (Promega) containing the firefly luciferase
reporter gene. Cultured vascular endothelial cells (HUVECSs) were
transfected with either of these plasmids (together with a plasmid
containing the Renilla luciferase gene to serve as a reference for trans-
fection efficiency), with or without cotransfection of a lentivirus to
overexpress NEXN-AS], followed by measurement of firefly luciferase
activity and Renilla luciferase activity.

RNA immunoprecipitation using anti-BAZIA antibody. Nuclear
extracts from cultured human vascular endothelial cells (HUVECs)
were prepared and incubated with an anti-BAZ1A antibody (Abcam,
catalog ab90321) or a nonspecific mouse IgG at 4°C overnight. Protein
G Plus Protein A agarose beads (Calbiochem) were then added, and
the mix was incubated at 4°C for 2 hours, followed by centrifugation
to pellet the beads. After washing and elution, immunoprecipitated
RNA was extracted with the use of TRIzol reagent (Takara Bio), and
RT-PCR (forward primer: 5-CCGCCAGAATTTGTCTGTCTC-3'
reverse primer: 5-“TGACTGGAAACTAGGACGGG-3'; Supplemental
Figure 3) was then performed to detect NEXN-ASI binding to immu-
noprecipitated BAZ1A, followed by agarose gel electrophoresis.

Protein pulldown using NEXN-ASI RNA probes. Cultured vascular
endothelial cell (HUVEC) lysates were treated with DNase I and then
incubated with streptavidin magnetic bead-conjugated RNA probes
corresponding to the full-length NEXN-ASI (nucleotide 1-2292), the
5' portion of NEXN-ASI (nucleotide 1-1000), and the 3’ portion of
NEXN-ASI (nucleotide 1001-2292), respectively, or the housekeep-
ing gene GAPDH. The samples pulled down by the RNA probes were
subjected to immunoblotting analysis using an anti-BAZ1A antibody
(Abcam, catalog ab90321).

ChIP. Human vascular endothelial cells (HUVECs) were cross-
linked by incubation in formaldehyde and then incubated with glycine
to quench formaldehyde. ChIP was carried out using an anti-BAZ1A
antibody (Abcam, catalog ab90321) and the Pierce Agarose ChIP kit
(Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. DNA in the chromatin immunoprecipitated by the anti-BAZ1A
antibody or an isotope IgG (Abcam, catalog ab172730) to serve as a
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control was subjected to quantitative PCR analysis of the NEXN gene
5’ flanking sequence (using the same primers as those used in the
ChIRP experiment described above, Supplemental Figure 3) and the
housekeeping gene GAPDH, respectively.

FAIRE. Human vascular endothelial cells (HUVECs) with or with-
out siRNA-mediated BAZ1A knockdown were crosslinked with form-
aldehyde and resuspended in lysis buffer, then sonicated to shear DNA
to lengths between 200 bp and 800 bp. The DNA lysates was subject-
ed to phenol/chloroform/isoamyl alcohol to extract the open chro-
matin. The samples were decrosslinked by heating, and the residual
proteins were digested by proteinase K. The resulting DNA samples
were subjected to PCRs using the following 3 pairs of primers, respec-
tively, to amplify the 5' flanking region of the NEXN gene: primer pair
1, 5-~AGCGAAGTGGGTTCTTCAAC-3' (forward) and 5-TGGCCAA-
CATGGTGAAACTC-3' (reverse); primer pair 2, 5-ATGAAGTGTTC-
CCGGATTGC-3' (forward) and 5-TTCCAGTCAAGAAGCCAAGC-3'
(reverse); and primer pair 3, 5-AATTCTGGCGGAAAGTTGGC-3'
(forward) and 5-AAAACACAAGGCCAGTTCCC-3' (reverse) (Sup-
plemental Figure 3). We also used a pair of primers to amplify the
housekeeping gene: ACTB: 5-TGACAAGGACAGGGTCTTCC-3' and
5-CACCGTCCGTTGTATGTCTG-3'.

Cell adhesion assay. Human vascular endothelial cells (HUVECs)
grown to confluency in 96-well plates were stimulated with lipopoly-
saccharides (1 pg/ml) for 4 hours. Thereafter, cells were washed and
then cocultured with 1 x 10° calcein-labeled monocytic cells (THP-1) in
DMEM without any supplement for 1 hour. After washing, THP-1 cells
adhering to the HUVEC monolayer were examined under BZ-9000
fluorescent microscopy (KEYENCE) and were quantified based on flu-
orescence intensities measured by an EnVision 2104 microplate flu-
orimeter (PerkinElmer). The numbers of THP-1 cells adhering to the
HUVEC monolayer in each well were calculated from a standard curve
generated by determining the intensity of fluorescence produced by
known numbers of calcein-labeled THP-1 cells.

Cell migration assay. Human VSMC migration activity was assayed
using the Transwell (BD Biosciences) method. In brief, human aorta
VSMC (ATCC CRL-1999) culture was placed in the upper compart-
ment, and media 231 supplemented with Smooth Muscle Growth Sup-
plement (Invitrogen) was placed in the lower compartment. Follow-
ing incubation at 37°C for 24 hours, the insert was removed from the
well, and cells on the upper surface of the filter were removed using
a cotton swab. Cells on the lower surface of the filter were fixed with
paraformaldehyde, stained with crystal violet staining reagent, and
counted under a light microscope. On each filter, cells in 9 different
high-power fields were counted.

Enzyme-linked immunosorbent assay. The concentrations of MCP1,
TNF-0, and IL-6 in vascular endothelial cell (HUVEC) culture super-
natants as well as NEXN levels in human serum samples were mea-
sured with the use of ELISA kits (Cloud-Clone Corp.) following the
manufacturer’s protocol.

NF-«B activity assay. NF-kB p50 DNA-binding activity in nuclear
extracts of vascular endothelial cells (HUVECSs) was analyzed using
an NF-kB p50 Transcription Factor Assay Kit (Abcam) following the
protocol provided with the kit.
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TLR4 oligomerization assay. Ba/F3 cells expressing FLAG-
tagged TLR4 and GFP-tagged TLR4 were (29) transfected with
the aforedescribed LV-NEXN-ASI lentivirus or the aforementioned
pcDNA3.1-NEXN plasmid. Protein extracts from transfected cells
were immunoprecipitated with the use of a monoclonal anti-FLAG
antibody (Sigma-Aldrich, catalog F7425). The immunocomplex
was subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and electrotransferred to a polyvinylidene difluoride
membrane. The membrane was immunoblotted with an anti-FLAG
antibody (Sigma-Aldrich, catalog F2555) and an anti-GFP antibody
(Molecular Probes, catalog PA5-22688), respectively.

Statistics. Data were analyzed using Statistical Package for the
Social Sciences (SPSS), version 13.0, software. Data are presented as
mean * SD or median (interquartile range) unless otherwise indicat-
ed. Continuous variables were analyzed by 1-way ANOVA with post
hoc analysis and Bonferroni’s correction for multiple comparisons or
by unpaired 2-tailed Student’s ¢ test, with P < 0.05 being considered
significant. Pearson’s or Spearman’s correlation analysis was used to
determine correlations between selected protein levels and biochemi-
cal parameters, with P < 0.05 being considered significant.

Study approval. The study was approved by the Committee for Eth-
ical Review of Research Involving Human Subjects, Southern Medical
University. Informed consent was obtained from the participants or
relatives of deceased individuals. All animal experiments conformed
to the Guide for the Care and Use of Laboratory Animals (NIH publica-
tion no. 85-23, revised 1996).
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