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ABSTRACT The long noncoding RNA HOXA-AS3 has recently been reported to act
as a critical regulator in inflammation-linked lung adenocarcinoma. However, the
roles of HOXA-AS3 in endothelium inflammation and related vascular disorders re-
main poorly defined. In the current study, we identified HOXA-AS3 to be a critical
activator to promote NF-�B-mediated endothelium inflammation. HOXA-AS3, a
chromatin-associated regulator which colocalizes with NF-�B at specific gene pro-
moters, was found to interact with NF-�B and positively regulate its activity through
control of the expression of the NF-�B inhibitor protein I�B� and the acetylation sta-
tus at the K310 site of p65. More importantly, clinicopathological analysis showed
that HOXA-AS3 expression has a significant positive correlation with atherosclerosis.
Thus, we conclude that HOXA-AS3 may serve as a crucial biomarker for the clinical
diagnosis of atherosclerosis, as well as a promising therapeutic target for the treat-
ment of multiple inflammatory vascular diseases. In addition, this study suggests the
functional importance of HOXA-AS3 in the regulation of inflammatory disorders.

KEYWORDS HOXA-AS3, NF-�B, acetylation, atherosclerosis, endothelium
inflammation

Endothelium inflammation, widely regarded as a pathological process, is critically
associated with diverse vascular inflammatory disorders, including atherosclerosis

(1–3). Atherosclerosis, an inflammatory disease of the arterial wall, is the major cause of
a number of common cardiovascular diseases, including heart attack, stroke, coronary
heart disease, and so on. At the early stage of atherosclerosis, due to subendothelial
retention of lipoproteins, endothelial cells (ECs) are activated and secrete numerous
adhesion molecules, such as VCAM1 and ICAM1, which could facilitate monocyte
recruitment to ECs. Moreover, some other proinflammatory cytokines and chemokines
are produced to act as autocrine or paracrine factors to foster an inflammatory
microenvironment (4, 5), consequently leading to endothelial dysfunction and subse-
quent atherosclerotic lesion formation.

NF-�B signaling, one of the most important inflammatory signaling pathways, is
involved in the regulation of multiple biological processes, including inflammation,
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immunity, cell proliferation, differentiation, and survival (6–8). NF-�B, composed of
homo- or heterodimers of RelA (p65), RelB, c-Rel, p50/p105 (NF-�B1), or p52/p100
(NF-�B2) (9, 10), plays a critical role in the regulation of endothelium inflammation. The
aberrant activation of NF-�B can induce the expression of numerous inflammatory
factors, such as the adhesion molecules VCAM1 and ICAM1 (11–13) as well as cytokines
and chemokines, like interleukin-2 (IL-2), IL-8, and monocyte chemoattractant protein 1
(14, 15), which greatly contribute to monocyte recruitment to endothelial cells in the
early stage of atherosclerosis and the subsequent progression of atherosclerotic plaque
formation (16–19). NF-�B activity is found to be tightly regulated. Under resting
conditions, NF-�B is chiefly sequestered in the cytoplasm through its assembly with
inhibitor proteins of the I�B family (10). Upon proinflammatory stimulation, for in-
stance, tumor necrosis factor alpha (TNF-�) treatment, NF-�B is liberated and translo-
cated into the nucleus, due to the rapid ubiquitination and subsequent degradation of
I�B by the 26S proteasome complex, and then it rapidly binds to �B enhancer elements
and functions as a transcription factor to modulate gene transcription (9, 10). Moreover,
NF-�B activity can be regulated by specific modifications at the p65 subunit, especially
K310 site acetylation, which is responsible for the transcriptional activation of NF-�B
(20).

Noncoding RNAs, a subset of noncoding small-molecule RNAs, have previously been
reported to take part in a number of pathological processes and related diseases, such
as cancers and some inflammatory cardiovascular disorders (21–23). In the past few
years, a wide variety of noncoding RNA transcripts have been identified, with the
development of an intensive unbiased analysis of the transcriptome (24–26). Of the
noncoding RNAs, the regulatory roles of short noncoding RNAs, such as microRNAs,
have been well studied. However, the long noncoding RNAs (lncRNAs), generally more
than 200 nucleotides in length, accounting for the largest portion of the mammalian
noncoding transcriptome, remain poorly understood due to their extremely low ex-
pression levels (27–31). The majority of lncRNAs are located in the nucleus (32). A
number of the nuclear lncRNAs can directly or indirectly bind to gene promoter regions
and decoy, guide, or scaffold other chromatin regulatory modifiers to mediate gene
transcription (33). It has been documented that many lncRNAs are functionally involved
in the progression of inflammatory vascular diseases. For example, the lncRNA ANRIL
plays a regulatory role in atherosclerosis by modulating atherogenic pathways in
vascular smooth muscle cells (VSMCs) (34, 35), and another lncRNA, E330013P06, can
regulate foam cell formation by controlling the expression of inflammatory genes
(Nos2, IL-6, and Ptgs2 genes) and scavenger receptor CD36 (26). Here, we identify the
lncRNA HOXA-AS3 to be a novel positive regulator of endothelium inflammation. We
demonstrate that inhibition of HOXA-AS3 dramatically represses endothelium inflam-
mation. Mechanistically, HOXA-AS3 interacts with NF-�B and regulates its transcrip-
tional activity by controlling the expression of I�B� and augmenting the K310 acety-
lation status of p65, inducing the expression of NF-�B-mediated inflammatory factors.
More importantly, HOXA-AS3 was found, using clinicopathological sample analysis of
carotid artery atherosclerosis, to be significantly correlated with inflammatory athero-
sclerosis. In summary, these observations emphasize the functional involvement of
HOXA-AS3 in the regulation of inflammatory vascular diseases.

RESULTS
HOXA-AS3 positively regulates endothelium inflammation. As was previously

reported, the lncRNA HOXA-AS3 can function as a critical regulator in inflammation-
associated cancers (44, 45). Therefore, we hypothesized that HOXA-AS3 can regulate
endothelium inflammation. To test this notion, we first performed a monocyte adhe-
sion assay with or without HOXA-AS3 knockdown in human umbilical vein endothelial
cells (HUVECs) to characterize the role of HOXA-AS3 in endothelium inflammation. As
a consequence, we found that the attenuation of HOXA-AS3 can significantly impair
proinflammatory TNF-�-induced THP-1 monocyte adhesion to HUVECs (Fig. 1a). To
further confirm this result, we constructed a lentiviral vector and performed lentivirus

Zhu et al. Molecular and Cellular Biology

October 2019 Volume 39 Issue 19 e00139-19 mcb.asm.org 2

https://mcb.asm.org


infection to overexpress HOXA-AS3 in HUVECs, followed by incubation with THP-1
monocytes. As expected, enforced overexpression of HOXA-AS3 dramatically induced
the capacity of HUVECs to adhere to monocytes (Fig. 1b). Furthermore, a transendo-
thelial migration assay was employed to demonstrate the positive role of HOXA-AS3 in
endothelial activation. Consistently, we found that knockdown of HOXA-AS3 obviously
restrained monocyte migration through HUVEC monolayers (Fig. 1c). Based on these
studies, we conclude that HOXA-AS3 is able to act as a positive regulator of endothe-
lium inflammation.

HOXA-AS3 mediates expressions of NF-�B target genes. To dissect the molecule
mechanism by which HOXA-AS3 regulates endothelium inflammation, we established
expression profiles in HUVECs by high-throughput RNA sequencing analysis after

FIG 1 HOXA-AS3 promotes endothelium inflammation. (a) Fluorescence microscopy images (left) showing the effect of HOXA-AS3 inhibition on monocyte
adhesion to ECs, quantified using ImageJ software (right). CMFDA (CellTracker Green)-labeled THP-1 cells were incubated with control and HOXA-AS3-depleted
HUVECs activated by TNF-� (10 ng/ml, 3 h). (b) Fluorescence microscopy images (left) showing the effect of aberrant overexpression of HOXA-AS3 on monocyte
adhesion to ECs, quantified using ImageJ software (right). CMFDA (CellTracker Green)-labeled THP-1 cells were incubated with control or HOXA-AS3-
overexpressing HUVECs. (c) Effect of HOXA-AS3 on THP-1 cell migration through HUVECs, measured by a transendothelial migration assay. The control and
HOXA-AS3-depleted HUVECs were subjected to incubation with THP-1 cells. (d and e) The overexpression and knockdown efficiency of HOXA-AS3 were
determined by qRT-PCR in HUVECs. All values are for biological triplicates, and the data shown are the mean � SD. *, P � 0.05 versus control shRNA or the vector
(vec); **, P � 0.01 versus control shRNA (control-sh) or the vector; ***, P � 0.001 versus control shRNA or the vector; #, P � 0.05 versus control shRNA plus TNF-�;
##, P � 0.01 versus control shRNA plus TNF-�.
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HOXA-AS3 knockdown. We found that 394 genes and 234 genes were up- and
downregulated, respectively. Ingenuity pathway analysis (IPA) and Gene Ontology (GO)
analysis showed that the differentially expressed genes are functionally involved in
cardiovascular disease, the inflammatory response, cell-cell adhesion, and the response
to lipids and cytokines (Fig. 2a and b), consistent with the above-characterized function
of HOXA-AS3 in endothelial activation. Top canonical pathway analysis revealed the
significant correlation between HOXA-AS3 and NF-�B signaling (data not shown).
Further analysis identified that multiple up- and downregulated genes were canonical
NF-�B transcriptional targets (Fig. 2c). To validate this critical discovery, we determined
the expression of four representative NF-�B target genes by quantitative real-time PCR
(qRT-PCR) in HUVECs and THP-1 monocytes with or without HOXA-AS3 knockdown.
qRT-PCR analysis revealed that inhibition of HOXA-AS3 markedly downregulated mRNA
expression of the four genes (Fig. 2d). Moreover, this finding was further confirmed by
Western blot analysis at the protein level (Fig. 2e).

HOXA-AS3 interacts with NF-�B. Since HOXA-AS3 regulates the expression of
NF-�B target genes, we speculated that HOXA-AS3 is involved in the regulation of
NF-�B transcriptional activity. To test this notion, we first investigated the effect
of HOXA-AS3 on the expression of NF-�B itself. Both qRT-PCR and Western blot analysis

FIG 2 Knockdown of HOXA-AS3 represses expression of NF-�B target genes. (a) Ingenuity pathway analysis of the
differentially expressed genes in HUVECs after HOXA-AS3 knockdown. (b) Gene ontology analysis of the differentially
expressed genes in HUVECs after HOXA-AS3 knockdown. (c) Heat map of the representative NF-�B target genes that are
downregulated after HOXA-AS3 knockdown. GFP-sh, shRNA targeting green fluorescent protein. (d) Effect of HOXA-AS3 on
expression of VCAM1, ICAM1, CCL2, and TNFAIP3, determined by qRT-PCR in HUVECs with or without HOXA-AS3
knockdown. (e) The protein expression levels of VCAM1, ICAM1, and TNFAIP3 in HUVECs with or without HOXA-AS3
knockdown were assayed by Western blotting (left) and then quantified using ImageJ software (right). All values are from
biological triplicates, and the data shown are the mean � SD. *, P � 0.05 versus control shRNA; **, P � 0.01 versus control
shRNA; ***, P � 0.001 versus control shRNA.
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showed that the expression of p65 and p50 (Fig. 3a and b), as well as other members
of the NF-�B family (data not shown), was not influenced after HOXA-AS3 knockdown.

Increasing evidence has revealed that lncRNA can mediate the transcriptional
activity of a number of chromatin regulatory complexes by serving as a scaffold or
decoy to assemble with these regulators (36–38). Thus, we hypothesized that HOXA-
AS3 can interact with NF-�B. To prove this hypothesis, RNA immunoprecipitation (RIP)
assays were conducted in HUVECs. Consequently, RIP assay results showed that only
p65 and p50 could specifically interact with endogenous HOXA-AS3 (Fig. 3c). Next, we
sought to define the specific region of HOXA-AS3 that binds with NF-�B by the use of
deletion mapping experiments. The human HOXA-AS3 consists of two transcript vari-
ants (variant 1 [GenBank accession number NR_038832.1] and variant 2 [GenBank

FIG 3 The 5=-terminal region of HOXA-AS3 from nt 1 to 800 interacts with NF-�B. (a) Both p65 and p50 mRNA expression levels in HUVECs with or without
HOXA-AS3 knockdown were assayed by qRT-PCR. (b) Both p65 and p50 protein expression levels in HUVECs with or without HOXA-AS3 knockdown were
assayed by Western blotting (left) and then quantified by using ImageJ software (right). (c) Anti-p65 and anti-p50 RNA immunoprecipitation (RIP) assays were
conducted in HUVECs. The immunoprecipitated RNAs were subjected to qRT-PCR analysis to examine the association of HOXA-AS3 with NF-�B. (d) The relative
expression levels of two transcript variants of HOXA-AS3 in HUVECs were measured by qRT-PCR. (e) qRT-PCR analysis showing that the exogenous full-length
HOXA-AS3 and HOXA-AS3 from which nt 1 to 800 of the 5=-terminal region was deleted were expressed at similar levels in HUVECs. (f) Effect of the 5=-terminal
region of HOXA-AS3 from nt 1 to 800 on its association with NF-�B, determined by anti-p65 RIP assays, followed by subsequent qRT-PCR analysis. The
exogenous full-length HOXA-AS3 and HOXA-AS3 from which the 5=-terminal region from nt 1 to 800 was deleted were expressed at similar levels in HUVECs,
as shown in panel e. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (g) Effect of full-length HOXA-AS3 and HOXA-AS3 from which the 5=-terminal region
from nt 1 to 800 was deleted on the expression of representative NF-�B target genes (VCAM1, ICAM1, CCL2, and TNFAIP3 genes) in HUVECs, tested by qRT-PCR.
All values are from biological triplicates, and the data shown are the mean � SD. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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accession number NR_038831.1]) in the RefSeq database. We first examined the
expression levels of the two variants of HOXA-AS3 in HUVECs by qRT-PCR analysis. We
found that transcript variant 2 is the predominant transcript of HOXA-AS3 in HUVECs
and is present at 15-fold higher levels than variant 1. However, transcript variant 1 had
almost no expression (Fig. 3d). Next, we performed a sequence alignment of HOXA-AS3
from multiple species and identified a highly conserved 5=-terminal region of HOXA-
AS3 (nucleotides [nt] 1 to 800) with 80% identity among human, mouse, and rat (data
not shown). To demonstrate the requirement of this region for HOXA-AS3 assembly
with NF-�B, we transfected the full-length HOXA-AS3 and two truncated mutants of
HOXA-AS3 (one with nt 1 to 800 and one deficient in nt 1 to 800) into HEK293T cells
and then performed anti-p65 RIP assays. As expected, RIP assays showed that the
construct with the region of HOXA-AS3 from nt 1 to 800 could interact with p65, while
the interaction with p65 was abolished in the mutant of HOXA-AS3 deficient in nt 1 to
800 (data not shown). This finding was further confirmed in HUVECs by using lentiviral
vectors expressing full-length HOXA-AS3 and HOXA-AS3 deficient in nt 1 to 800 (Fig. 3e
and f). To determine the functional involvement of the region of HOXA-AS3 from nt 1
to 800 in the regulation of NF-�B downstream-mediated genes, ectopic overexpression
of full-length HOXA-AS3 and HOXA-AS3 lacking nt 1 to 800 was carried out in HUVECs
using lentiviral infection. Consequently, qRT-PCR analysis showed that the full-length
HOXA-AS3 markedly induced the expression of the NF-�B target genes. In contrast, the
mutant deficient in nt 1 to 800 displayed an inhibitory effect on the expression of these
NF-�B transcriptional targets (Fig. 3g). Collectively, these observations demonstrate
that the 5=-terminal region of HOXA-AS3 from nt 1 to 800 is essential for its functional
association with NF-�B.

HOXA-AS3 promotes the activation of NF-�B signaling. As shown in Fig. 2 and
3, HOXA-AS3 could especially interact with NF-�B and regulate its target gene expres-
sion. We next wanted to identify the precise molecular mechanism by which HOXA-AS3
regulates NF-�B activity. To address this issue, we first assayed whether HOXA-AS3 is
functionally involved in the regulation of NF-�B nuclear translocation. Anti-p65 immu-
nofluorescence staining showed that the knockdown of HOXA-AS3 remarkably blocked
TNF-�-activated NF-�B nuclear translocation (Fig. 4a), suggesting the positive role of
HOXA-AS3 in the activation of NF-�B signaling. Moreover, this result was further
confirmed by a fractionation experiment (data not shown). Next, we examined the
effect of HOXA-AS3 on the degradation of I�B�, an inhibitor protein of NF-�B, as well
as the acetylation status at the K310 site of p65. As expected, the protein level of I�B�

was augmented after HOXA-AS3 knockdown (Fig. 4b). Consistently, acetylation of the
K310 site was significantly inhibited when HOXA-AS3 was depleted (Fig. 4b). The
influence of HOXA-AS3 on NF-�B transcriptional activity was further confirmed by
anti-p65 chromatin immunoprecipitation (ChIP) assays (Fig. 4c). Taken together, these
findings suggest that HOXA-AS3 positively regulates the activation of NF-�B signaling.

Prior studies reported that multiple lncRNAs interact with chromatin to help guide
or direct specific transcriptional regulators and then modulate gene expression (29, 46).
Thus, we sought to determine whether HOXA-AS3 could act as a chromatin-associated
scaffolding regulator to stabilize the association of NF-�B with �B enhancer elements.
To test this notion, a fractionation experiment was first conducted to observe the
cellular localization of HOXA-AS3. qRT-PCR quantification showed that the abundance
of HOXA-AS3 distributed in the nucleus was comparable to that of HOXA-AS3 distrib-
uted in the cytoplasmic fraction (data not shown), indicating the possibility that
HOXA-AS3 acts as a chromatin modifier. Next, we performed a chromatin isolation by
RNA purification (ChIRP) assay to determine the ability of HOXA-AS3 to bind to
chromatin with a set of probes targeting HOXA-AS3 in the presence or absence of
TNF-� treatment. Interestingly, the ChIRP assay result indicated that HOXA-AS3 can
especially bind to the promoters of these NF-�B transcriptional targets compared with
a LacZ control probe set (Fig. 4d). More importantly, TNF-� treatment significantly
augmented the HOXA-AS3 association with these promoters (Fig. 4d). Furthermore, an
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anti-p65 ChIP assay was carried out to examine the colocalization of HOXA-AS3 with
NF-�B at specific gene promoters. The ChIP assay data showed remarkably enriched
occupancies of p65 at the promoters of the four NF-�B target genes upon TNF-�
treatment (Fig. 4e), and these were identical to the distributions of HOXA-AS3. In
summary, these observations suggest that HOXA-AS3, a partner of NF-�B, can function
as a chromatin-associated scaffolding regulator to direct NF-�B recruitment and may
stabilize NF-�B binding to �B enhancer elements.

HOXA-AS3 has a positive correlation with inflammatory atherosclerosis. The
results presented above showed the crucial role of HOXA-AS3 in the regulation of
endothelium inflammation. Hence, we asked whether HOXA-AS3 expression correlated
with inflammatory vascular disorders. To test this hypothesis, we isolated the total RNAs
of peripheral blood mononuclear cells (PBMCs) derived from patients diagnosed with
carotid artery atherosclerosis and an age-matched healthy control group and then
measured the expression of HOXA-AS3 using qRT-PCR assays. We found that the
expression of HOXA-AS3 was dramatically elevated in patients with atherosclerotic

FIG 4 HOXA-AS3 is involved in NF-�B-mediated transcription elongation. (a) Effect of HOXA-AS3 on NF-�B nuclear translocation, examined
by immunofluorescence staining of p65 in control and HOXA-AS3-depleted HUVECs with or without TNF-� treatment (10 ng/ml, 1 h). DAPI,
4=,6-diamidino-2-phenylindole. (b) Western blot analysis was performed in HUVECs with or without HOXA-AS3 depletion to detect the
expression of I�B� and the K310 site acetylation status of p65 (left), and then the results were quantified by using ImageJ software (right).
(c) ChIP assays with antibody against p65 were performed in control and HOXA-AS3-silenced HUVECs activated with TNF-� for 1 h to
examine the effect of HOXA-AS3 on the distribution of p65 at the promoters of the NF-�B target genes. (d) Binding ability of HOXA-AS3
with the promoters of VCAM1, ICAM1, CCL2, and TNFAIP3 in HUVECs, assayed by ChIRP-quantitative PCR in the presence or absence of
TNF-� treatment. A set of probes targeting LacZ RNA was used as a mock-transfected control. (e) An anti-p65 ChIP assay was performed
in HUVECs with or without TNF-� treatment to show the TNF-�-induced NF-�B enrichment at the promoters of VCAM1, ICAM1, CCL2, and
TNFAIP3. All values are from biological triplicates, and the data shown are the mean � SD. *, P � 0.05 versus control shRNA-transfected,
mock-transfected, or PBS-transfected cells; **, P � 0.01 versus control shRNA-transfected, mock-transfected, or PBS-transfected cells; ***,
P � 0.001 versus control shRNA-transfected, mock-transfected, or PBS-transfected cells; #, P � 0.05 versus HOXA-AS3; ##, P � 0.01 versus
HOXA-AS3.
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lesions compared with that in the healthy control group (Fig. 5), suggesting a signifi-
cant positive correlation of HOXA-AS3 with inflammatory atherosclerosis.

DISCUSSION

It is well reported that endothelium inflammation, critically associated with multiple
vascular disorders, can be regulated by a variety of regulators, including some key
transcription factors, as well as lncRNAs. In this study, we identified lncRNA HOXA-AS3
to be a critical regulator of endothelium inflammation. Attenuation of HOXA-AS3 could
markedly repress monocyte adhesion to endothelial cells (ECs) and monocyte transen-
dothelial migration in vitro. Moreover, HOXA-AS3 inhibition dramatically reduced the
expression of adhesion molecules, such as VCAM1 and ICAM1, which could help attract
monocytes and facilitate its adhesion to ECs. To determine the significant correlation
between HOXA-AS3 and inflammatory vascular diseases, peripheral blood mononuclear
cells derived from patients diagnosed with carotid artery atherosclerosis were isolated
and then subjected to assessment of their HOXA-AS3 expression. Notably, samples
from atherosclerotic patients were found to have obviously elevated HOXA-AS3 ex-
pression relative to that by samples from healthy age-matched controls. This finding
proved a critical positive correlation of HOXA-AS3 with inflammatory vascular disorders,
and we conclude that HOXA-AS3 may serve as an important biomarker in the clinical
diagnosis of atherosclerosis and other inflammatory vascular diseases.

As one of the most important inflammatory signaling pathways, the NF-�B pathway
is critically involved in multiple inflammation-associated vascular disorders, especially
atherosclerosis. Aberrant activation of NF-�B can induce the expression of a number of
inflammatory factors and subsequent endothelium inflammation in the early stage of
atherosclerosis. Therefore, the regulation of NF-�B activity is one of the most crucial
events protecting the endothelium from inflammatory lesions. Here, using an unbiased
RNA sequencing approach, we discovered that HOXA-AS3 can especially modulate the
expression of NF-�B transcriptional targets, including some key inflammatory factors
involved in the regulation of endothelium inflammation. In the biochemical studies
described here, we characterized HOXA-AS3 to be a positive regulator of NF-�B
signaling. Depletion of HOXA-AS3 dramatically inhibited the transcriptional activity of
NF-�B by controlling the expression of I�B� and the acetylation status of p65 at the
K310 site (Fig. 6). In addition, we found that HOXA-AS3 can function as a scaffolding
regulator to help recruit NF-�B to its target gene promoters by interacting with NF-�B
(Fig. 6). Using a deletion mapping experiment, we prove that the 5=-terminal region of
HOXA-AS3 from nt 1 to 800 is responsible for its assembly with NF-�B and the
regulation of NF-�B activity, indicating that the region of HOXA-AS3 from nt 1 to 800
may be a promising therapeutic target for the treatment of multiple NF-�B-mediated
inflammatory disorders.

FIG 5 HOXA-AS3 positively correlated with inflammatory atherosclerotic lesions. RNA isolated from
peripheral blood mononuclear cells from atherosclerotic and healthy control patients was subjected to
qRT-PCR to examine the changes in the expression of HOXA-AS3. The solid and dashed horizontal lines
represent the standard deviation (SD) and the mean, respectively (n � 9 for each experimental group).
*, P � 0.05 versus healthy control patients (Normal); **, P � 0.01 versus healthy control patients.
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MATERIALS AND METHODS
Cell culture and transfection. Human umbilical vein endothelial cells (HUVECs) were cultured in

complete endothelial cell medium (ECM; ScienCell Research Laboratories, Carlsbad, CA). Human THP-1
monocytes and human embryonic kidney (HEK293T) cells were cultured in RPMI medium (HyClone) and
Dulbecco modified Eagle medium (Gibco) medium, respectively, supplemented with 10% (vol/vol) fetal
calf serum (Gibco) and 100 units ml�1 streptomycin and penicillin (Millipore, Billerica, MA) at 37°C in a
humidified 5% CO2 incubator. HUVECs and THP-1 cells were purchased form ScienCell Research Labo-
ratories (Carlsbad, CA). HEK293T cells were purchased form the American Type Culture Collection
(Manassas, VA). For transfection, HEK293T cells were transiently transfected with the plasmids indicated
below using a polyethyleneimine transfection protocol as previously described (39).

Antibodies and reagents. Anti-p65 antibody (catalog number sc-109) was purchased form Santa
Cruz, anti-�-actin antibody (catalog number A1987) was from Sigma, and anti-VCAM1 (catalog number
60299-1-Ig) and anti-TNFAIP3 (catalog number 23456-1-AP) antibodies were from Proteintech. Anti-Brd4
and CDK9 antibodies were reported previously (40). The chemical reagent TNF-� (catalog number H8916)
was obtained from Sigma, and 5-chloromethylfluorescein diacetate (CMFDA; CellTracker Green; catalog
number C2925) was purchased from Invitrogen.

RNA isolation, qRT-PCR, and unbiased RNA sequencing. Total RNAs were isolated by using the
TRIzol reagent. Reverse transcription (RT) was performed using a quantitative PCR (qPCR) RT kit (FSQ-201)
purchased from Toyobo, and quantitative real-time PCR (qRT-PCR) was performed using an EvaGreen
qPCR master mix from Applied Biological Materials Inc.; both procedures were performed according
to the manufacturer’s instructions. The corresponding sequences of the qRT-PCR primers are listed
in Table 1.

For RNA sequencing experiments, total RNAs were extracted using the TRIzol reagent and then
subjected to library construction according to standard Illumina protocols. The libraries were sequenced

FIG 6 Schematic representation of HOXA-AS3-mediated transcriptional activation of NF-�B. When exposed to
proinflammatory stimuli, intracellular HOXA-AS3 facilitates the proteasome-mediated degradation of the inhibitor
protein I�B�, on the one hand. On the other hand, HOXA-AS3 promotes the acetylation of p65 at the K310 site,
liberating and helping transfer NF-�B into the nucleus for transcription regulation. As a chromatin-associated
scaffolding regulator, the 5=-terminal region of HOXA-AS3 from nt 1 to 800 interacts with the p65 subunit of NF-�B,
facilitating the recruitment of NF-�B and stabilizing its association with specific gene promoters, therefore inducing
the expression of numerous NF-�B-targeted inflammatory factors and, finally, leading to endothelium inflammation
and subsequent inflammatory vascular disorders.

HOXA-AS3 Regulates Endothelium Inflammation Molecular and Cellular Biology

October 2019 Volume 39 Issue 19 e00139-19 mcb.asm.org 9

https://mcb.asm.org


with an Illumina HigSeq�Ten sequence platform and the paired-end RNA sequencing approach. For data
analysis, raw reads were aligned to the reference genome, using the HTSeq-Count program, and
processed by using the Cufflinks tool, which uses the normalized RNA sequencing fragment counts to
measure the relative abundances of the transcripts.

RIP assay. Approximately 107 cells were harvested using a cell scraper and then washed with
phosphate-buffered saline (PBS) three times. The cell pellets were resuspended with 1 ml buffer A
(10 mM HEPES [pH 7.5], 1.5 mM MgCl2, 10 mM KCl, 1.0 mM dithiothreitol [DTT], 0.5 mM phenylmethyl-
sulfonyl fluoride [PMSF], 1� protease inhibitor cocktail) and centrifuged at 1,000 � g for 5 min. The
swollen cells were resuspended and lysed with 0.8 ml RNA immunoprecipitation (RIP) buffer (30 mM
HEPES [pH 7.5], 1.5 mM MgCl2, 0.3 M NaCl, 20% glycerol, 0.5% NP-40, 1.0 mM DTT, 0.5 mM PMSF). The
debris was pelleted by centrifugation at 13,000 rpm for 10 min, and the supernatants were collected and
incubated with anti-p65 antibody or rabbit IgG for 4 h at 4°C with gentle rotation. Thirty microliters of
protein A beads was added, and the mixture was incubated for 1 h at 4°C with gentle rotation. The
immunoprecipitates were washed three times with RIP buffer and an additional two times with a
high-salt buffer (50 mM Tris-HCl [pH 7.5], 300 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.5 mM
PMSF). The coimmunoprecipitated RNA was extracted and analyzed by qRT-PCR.

ChIP. Chromatin immunoprecipitation (ChIP) assays were performed as previously described (41),
and the immunoprecipitated DNA was analyzed by qRT-PCR. The corresponding sequences used for the
ChIP assays are presented in Table 2.

Monocyte adhesion assay. HUVECs infected with lentiviral particles expressing the short hairpin
RNAs (shRNAs) indicated below were seeded in a 6-well plate. When the cells had grown to full
confluence, TNF-� (10 ng/ml) was added and the mixture was incubated with the HUVEC monolayer for
3 h. In parallel, THP-1 monocytes were prelabeled with 8 �M 5-chloromethylfluorescein diacetate
(CMFDA; CellTracker Green; Invitrogen) at 37°C for 30 min according to the manufacturer’s instructions.
Each well of HUVECs was exposed to the 0.2 ml CMFDA-labeled THP-1 cells (107 cells/ml) and incubated
at 37°C for 2 h. After incubation, each well was washed three times with 2.0 ml ECM, adherent monocytes
were imaged by fluorescence microscopy, and quantification was done by the use of ImageJ software.

ChIRP. Chromatin isolation by RNA purification (ChIRP) assays were performed in HUVECs as
previously reported (42), and the immunoprecipitated DNA was analyzed by qRT-PCR.

Plasmid constructions and lentiviral infection. The short hairpin RNAs (shRNAs) targeting human
HOXA-AS3 (AS3-sh) were cloned into a modified pLV-H1-Puro lentiviral vector (41), and the correspond-
ing sequences were 5=-AAGGGCCGAACAACTCATAAA-3= (for shRNA targeting HOXA-AS3 transcript vari-
ant 1 [AS3-sh1]) and 5=-AGCCAGGTTGCGAGTTGCAAA-3= (for shRNA targeting HOXA-AS3 transcript
variant 2 [AS3-sh2]). The full-length and truncated mutants of human HOXA-AS3 were inserted into a
modified pLV-EF1� lentiviral vector as previously described (43). For lentiviral infection, experimental
procedures were conducted in HUVECs or THP-1 cells as previously described (43).

Clinical inclusion criteria. All clinical PBMC samples used in this study were obtained with informed
consent from the First Affiliated People’s Hospital of Xinxiang Medical University. The study protocols for
clinicopathological sample analysis met the standards set by the Declaration of Helsinki and were
approved by the Xinxiang Medical University Review Board. The carotid artery atherosclerotic group,
which was composed of patients with more than 80% carotid artery stenosis and a 1.5-mm intima-media

TABLE 1 Primer sequences for qRT-PCR

Human gene

Sequence (5=–3=)

Forward Reverse

VCAM1 gene CATGGAATTCGAACCCAAACA GGCTGACCAAGACGGTTGTATC
ICAM1 gene AGCCAACCAATGTGCTATTCAAAC CACCTGGCAGCGTAGGGTAA
CCL2 gene CCAGCAGCAAGTGTCCCAAAG TGCTTGTCCAGGTGGTCCATG
TNFAIP3 gene GAGAGCACAATGGCTGAACA TCCAGTGTGTATCGGTGCAT
KLF4 gene CGAACCCACACAGGTGAGAA TACGGTAGTGCCTGGTCAGTTC

HOXA-AS3
Variant 1 gene AAGACGGCATCAGTGTAAGC ATTGGGAAACTCCTCAGAGCAG
Variant 2 gene TAGTTGCGCTTTAGCTGCTC ATGAGAGAGGTGTCTGAAGCG

GAPDHa gene CATGAGAAGTATGACAACAGCCT AGTCCTTCCACGATACCAAAGT
aGAPDH, glyceraldehyde-3-phosphate dehydrogenase.

TABLE 2 Primer sequences for ChIP-quantitative PCR

Human gene

Sequence (5=–3=)

Forward Reverse

VCAM1 gene AAATCAATTCACATGGCATA GACAATGCTGATTGCAGAATG
ICAM1 gene TGTTCCCAGGTGAGTCGGGGTG AGGTATGCAGGGTCTGGATTC
CCL2 gene AGTTGCCTGATCTATAACATG GCTCATTCAAATGCAGAATAG
TNFAIP3 gene TCCCTTCTTCTTCTCCACAG CCTGGGCATTTCGGAAGCTG
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thickness (IMT) of the carotid artery, and the healthy control group, which consisted of individuals
without clinically significant carotid artery occlusion, were recruited. Peripheral blood mononuclear cells
were isolated by flow cytometry, RNAs were extracted with the TRIzol reagent, and the HOXA-AS3
expression level was assayed by qRT-PCR. Detailed information about the patients is shown in Table 3.

Statistical analysis. Three different HUVEC batches were used in this study, and the HUVECs were
used up to, at most, the fifth passage. Student’s t test was used to compare two groups. For comparison
of �3 groups, one-way analysis of variance followed by the Tukey post hoc test was used. The correlation
of HOXA-AS3 expression and clinicopathological characteristics was analyzed by the chi-square test. A P
value of �0.05 was considered statistically significant. All data are representative of those from at least
three independent experiments and are presented as the mean � standard deviation (SD).

Data availability. The RNA sequencing data have been deposited in the Sequence Read Archive
(SRA) database with accession number SRP174862.
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