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Neatl regulates oxidized low-density
lipoprotein-induced inflammation and lipid uptake
in macrophages via paraspeckle formation
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Abstract. Oxidized low-density lipoprotein (oxLDL) indu-
ces macrophage inflammation and lipid uptake, and serves
important roles in the development of atherosclerosis. The
long non-coding RNA (IncRNA) nuclear paraspeckle
assembly transcript 1 (neatl) has two isoforms; the longer
isoform, neatl 2, mediates the formation of subnuclear struc-
tures called paraspeckles. Reverse transcription-quantitative
polymerase chain reaction (RT-qPCR), western blotting
and RNA protein immunoprecipitation (RIP), revealed that
oxLDL induced paraspeckle formation in the THP-1 cell line.
Additionally, the nuclear factor-xB and p38 pathways were
observed to be involved in neatl transcription. To investigate
the role of paraspeckles in oxLDL-induced macrophage
inflammation and lipid uptake, macrophages were transfected
with small interfering RNAs against NEAT1, NEAT1_2,
non-POU domain-containing octamer-binding (NONO) and
splicing factor proline and glutamine rich prior to oxLDL
incubation. In addition, inflammation-associated pathways
and scavenger receptors were analyzed by performing
western blotting and RT-qPCR. p65 phosphorylation and
cluster of differentiation 36 (CD36) were demonstrated to
serve roles in paraspeckle-mediated inflammation and lipid
uptake, respectively. To determine the underlying mecha-
nism, RIP was preformed, which revealed that NONO binds
CD36 mRNA to decrease its expression. In conclusion,
oxLDL induced neatl_2-mediated paraspeckle formation.
Paraspeckles participate in oxLDL-induced macrophage
inflammation and lipid uptake by regulating p65 phosphory-
lation and CD36 mRNA.
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Introduction

Atherosclerosis is an inflammatory disease about creating
an atheromatous plaque (1-3). The pathobiology of athero-
sclerotic lesions is very complicated, but generally,
macrophages-derived foam cells contributes to rupture of
unstable plaques (4). Ruptures of the fibrous cap expose throm-
bogenic material, eventually induce thrombus formation in the
lumen, resulting in ischemia (5). Research into the disease has
led to many compelling hypotheses about the pathophysiology
of atherosclerotic lesion formation and of complications such
as myocardial infarction and stroke (6).

Macrophages engulf modified lipoproteins and transform
themselves into lipid-loaded foam cells, which contribute to
the formation of the necrotic core in atheromatous plaques (7).
Various inflammatory factors secreted by lipid-loaded
macrophages also enlarge and expand the local inflammatory
reaction, which aggravates atherosclerosis (6). The investi-
gation of the mechanism involved in oxidized low-density
lipoprotein (oxLDL)-induced macrophage inflammation and
lipid uptake is becoming increasingly important.

Long non-coding RNAs (IncRNAs) are non-coding RNAs
that are longer than 200 bp. The IncRNA nuclear paraspeckle
assembly transcript 1 (NEATY1) is widely expressed in various
tissues and participates in many biological activities, such
as adipogenesis and tumorigenesis, including breast cancer,
leukemia, ovarian cancer, hepatocellular carcinoma and
laryngeal squamous cancer (8-13). In a recent study, neatl_2,
a longer isoform of neatl, together with RNA-binding
proteins, including PSPCI1, non-POU domain-containing
octamer-binding (NONO) and SFPQ), initiated the formation
of subnuclear structures called paraspeckles (14). Paraspeckles
can exert antiviral functions by stabilizing SFPQ, which
suppresses IL8 transcription (15).

In this study, we explored the role of neatl-mediated
paraspeckle formation in oxLDL-induced macrophage inflam-
mation and lipid uptake.

Materials and methods

Cell culture and transfection. The human monocyte cell line
THP-1 was purchased from American Type Culture Collection
(ATCC; Manassas, VA, USA). The cells were cultured in
complete medium consisting of 10% fetal bovine serum and
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RIPM-1640 (both from Gibco, Grand Island, NY, USA) with
penicillin and streptomycin (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) at 37°C with 5% CO,. Before treat-
ment, the cells were supplied with 100 ng/ml PMA (79346;
Sigma-Aldrich; Merck KGaA) to differentiate them into
macrophages. Inhibitors including SB20358 (p-p38 inhibitor,
S8307), SP600125 (p-JNK inhibitor, S5567), PD98059 (p-ERK
inhibitor, P215) and BAY11-7085 (p-p65 inhibitor, B5681)
(all purchased from Sigma-Aldrich; Merck KGaA), were
added 30 min prior to oxLDL (40 pg/ml, YB-002; Yiyuan
Biotechnology Co., Ltd., Guangzhou, China) treatment for
24 h. Dimethyl sulphoxide (DMSO, D2650; Sigma-Aldrich)
was used as the control of inhibitors since these chemical
inhibitors were dissolved in DMSO. Finally, the cells were
harvested for later experiments.

siRNAs against NEAT1_1 (GGAACAUUCUCAUUU
AAUAtt), NEAT1_2 (GGGUAAAUCUCAAUCUUAALt),
NONO (GGGGUGGUAUUAAACAAGUCA) and SFPQ
(GGCAAAGGAUUCGGAUUUAUU), as well as a nega-
tive control (nc) (GUACCUGACUAGUCGCAGAAG) were
synthetized by Ruibo Biotechnology Co., Ltd. (Guangzhou,
China). Transfection was performed using Lipo 3000 reagent
(Life Technologies, Grand Island, NY, USA) according to
the manufacturer's instructions. After transfection with
siRNAs (2 ul, 50 nM) and culturing for 24 h, the cells were
supplied with human oxLDL (40 ug/ml, YB-002; Yiyuan
Biotechnology) for the indicated lengths of time.

RNA isolation and reverse transcription-quantitative poly-
merase chain reaction (RT-gPCR). Total RNA was extracted
using a simple total RNA extraction kit (Tiangen, Beijing,
China). cDNA was synthesized using random primers (Takara,
Otsu, Japan). SYBR premix Ex Taq IT (Takara) master mix was
used for RT-qPCR analysis, and the amplification consisted of
95 for 30 sec and 40 cycles of 95 for 5 sec and 60 for 30 sec.
RNA (18 sec) served as an endogenous control. Primers were
as follows: NEAT1 forward, GAGAACCAAAGGGAGGGG
TG and reverse, TGCTGCGTATGCAAGTCTGA; NEAT1_2
forward, ACATTGTACACAGCGAGGCA and reverse, CAT
TTGCCTTTGGGGTCAGC; B-actin forward, TGACGTGGA
CATCCGCAAAG and reverse, CTGGAAGGTGGACAG
CGAGG.

Western blot analysis. The cells were harvested and lysed
using total protein lysis buffer (Cell Signaling Technology,
Inc., Danvers, MA, USA). A total of 30 ug of protein was
separated on a 10% polyacrylamide-SDS gel, blotted onto
a PVDF membrane (Millipore, Billerica, MA, USA) and
blocked with 5% non-fat milk (Sangon Biotech Co., Ltd.,
Shanghai, China). After incubation with the primary antibody
overnight at 4°C and the corresponding secondary antibody
at 37°C for 1 h, the membrane was developed using an ECL
kit (Pierce, Rockford, IL, USA). The antibodies used were as
follows: Rabbit anti-GAPDH (1:1,000) (GP10353; Nuoyang,
Hangzhou, China); rabbit anti-p-p65 (1:1,000; no. 3033); rabbit
anti-p-p38 (1:1,000; no. 4511); rabbit anti-p-JNK (1:1,000;
no. 9255); rabbit anti-p-ERK (1:1,000; no. 3510) (all from Cell
Signaling Technology, Inc.); rabbit anti-cluster of differentia-
tion 36 (CD36; 1:1,000; ab133625); rabbit anti-LOX-1 (1:1,000;
ab60178); rabbit anti-NONO (1:1,000; ab70335); rabbit

3093

anti-SFPQ (1:1,000; ab38148) (all from Abcam, Shanghai,
China); goat anti-rabbit (1:5,000; GP853); and goat anti-mouse
(1:5,000; GP843) (both from Nuoyang).

Nuclear protein isolation. Nuclear protein was extracted using
a Nuclear and Cytoplasmic Protein Extraction kit (Beyotime
Institute of Biotechnology (Shanghai, China) according to the
manufacturer's instructions. For nuclear RNA extraction, after
centrifugation to isolate the cytoplasmic proteins, the pellet
was dissolved using TRIzol reagent (Life Technologies), then
extracted using chloroform and precipitated using isopropanol.

RIP. RNA protein immunoprecipitation was performed
using a Magna RIP kit (Millipore). In brief, the cells were
washed with ice-cold PBS and lysed on ice with RIP lysis
buffer. A/G magnetic beads with antibodies against IgG
(Millipore), NONO or SFPQ (Abcam, Cambridge, MA,
USA) were allowed to settle for 30 min at room tempera-
ture. Then, the cell lysate was immunoprecipitated with
the antibody-coated magnetic beads. After incubating
the magnetic-bead-bound complexes with 10% SDS and
proteinase K, the supernatant was used for RNA extrac-
tion. The first-strand cDNA was synthesized using a cDNA
synthesis kit (Applied Biosystems, Foster City, CA, USA).
Finally, qRT-PCR was performed for further analysis.

Oil red staining. After incubating with oxLDL (40 ug/ml) for
24 h, the cells were washed with PBS and stained using oil red
stain solution, which comprised 30% alcohol and 70% oil red
solution. Then, the cells were further stained with hematoxylin
solution for 10 min. After washing with PBS, the cells were
observed using an Olympus light microscope (Olympus, Tokyo,
Japan). Oil red solution and hematoxylin were purchased from
Jiancheng Bioengineering Institute (Nanjing, China).

Statistical analysis. Data are shown as the mean + standard
deviation (SD). Non parametric t-tests were used to compare
the differences between two groups. One-way analysis of vari-
ance (ANOVA) was used to compare the differences among
three or more groups. P-values <0.05 were considered to indi-
cate a statistically significant difference.

Results

OxLDL induces NEATI and NEATI_2 expression via p38 and
NF-xB signaling. The IncRNA NEAT]1 has two transcripts,
NEATI1_1 and NEATI1_2, which have the same transcrip-
tion initiation site. Because the entire NEAT1_1 sequence
overlapped with the 5' sequence of NEAT1_2, we designed
two primer pairs, NEATI, to detect the expression of both
NEATI1_1 and NEAT1_2, and NEAT1_2, to detect only
NEATI1_2 (Fig. 1A). When the macrophages were incubated
with human oxLDL (30 pg/ml) for 2, 4, 6, 8 or 10 h, we found
that both neatl and NEATI1_2 increased over time (Fig. 1B).
Next, the macrophages were stimulated with different concen-
trations of oxLDL (from 10 to 50 ug/ml) for 24 h. As shown in
Fig. 1C, NEATI increased, but NEAT1_2 showed no signifi-
cant changes, which means that half-life period of NEAT1_2
is shorter than NEAT1_1. To identify the regulatory pathway
involved, MAPK and NF-«B inhibitors were used. We found
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Figure 1. OXLDL induces NEAT1 transcription through the p38 and NF-«xB pathway. (A) Schematic illustration of primers used for amplifying NEAT1_1
and NEAT1_2. Primer 1 was used to detect the NEAT1_1 and NEAT1_2 transcripts. Primer 2 was used to specifically detect NEAT1_2. (B) Macrophages
were treated with 30 yg/ml oxLDL for the indicated times (from 2 to 10 h). RT-qPCR was performed to detect the expression of NEAT1_I and NEAT1_2.
“P<0.05 vs. 0 h. (C) Macrophages were treated with different concentrations of oxLDL (from 10 to 50 pg/ml) for 24 h. RT-qPCR was performed to detect the
expression of NEAT1_1 and NEAT1_2. "P<0.05 vs. 0 ug/ml. (D) Prior to oxLDL treatment, macrophages were incubated with DMSO or different chemical
inhibitors (SB203580, a p38 inhibitor; SP600125, a c-Jun N-terminal kinase inhibitor; PD98059, an extracellular signal-regulated kinases 1/2 inhibitor;
PDTC, an nuclear factor-xB inhibitor) for 30 min. RT-qPCR was performed to detect the expression of NEAT1_1 and NEAT1_2. P<0.05 vs. DMSO; "P<0.05
vs.DMSO + oxLDL. oxLDL, oxidized low-density lipoprotein; NEAT, nuclear paraspeckle assembly transcript 1; RT-qPCR, reverse transcription-quantitative

polymerase chain reaction.

that p38 and NF-«kB mediated oxLDL-induced NEAT1 and
NEATI1_2 expression (Fig. 1D). The above results show that
oxLDL can induce neatl and NEAT1_2 transcription and that
NEATI1_2 was less stable than neatl 1.

OxLDL induces NEATI_2-mediated paraspeckle forma-
tion. In previous study, the continued transcription of the
IncRNA NEATI1_2 promotes the formation of subnuclear
structures called paraspeckles. First, we detected the expres-
sion of two paraspeckle-related proteins, NONO and SFPQ,
during oxLDL incubation. As shown in Fig. 2B and C,
SFPQ did not significantly change over the indicated times
or with the indicated concentrations of oxLDL. However,
under the same conditions, oxLDL can promote nono
expression. To detect whether oxLDL can induce para-
speckle formation, RIP experiments were used to detect
cross-linking between nono and NEAT1 or NEAT1_2.
As shown in Fig. 2A, after 10 h of oxLDL stimulation,
the complex that was immunoprecipitated using a NONO

antibody contained NEAT1_2 but not neatl. Our results show
that oxLDL stimulation can induce NEAT1_2-mediated para-
speckle formation.

Neatl promotes TNF-a secretion by inducing p65 phospho-
rylation. To investigate whether paraspeckles participate in
the oxLDL-mediated secretion of proinflammatory factors,
macrophages were transfected with siRNAs against NEAT1_1,
NEATI_2, NONO or SFPQ for 24 h prior to oxLDL stimula-
tion. As shown in Fig. 3A, TNF-a and iNOS transcription
were reduced by transfection with either siR-NEAT1_1
or siR-NEAT1_2. Then, we measured iNOS protein expres-
sion, but we found no significant changes after siRNA
transfection (Fig. 3B). TNF-a expression in the supernatant
of macrophages transfected with siRNAs under oxLDL treat-
ment was also analyzed, and we found that knocking down
NEATI1 1 or NEAT1_2 indeed decreased oxLDL-induced
TNF-a secretion (Fig. 3C). To determine whether neatl regu-
lates TNF-a secretion by affecting proinflammatory pathways,
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Figure 2. OXLDL promotes NEAT1_2-mediated paraspeckle formation. (A) Macrophages were treated with oxLDL for 8 h. RNA protein immunoprecipitation
was performed using anti-NONO (with IgG as control), and reverse transcription-quantitative polymerase chain reaction was performed to detect the expres-
sion of NEAT1_1 and NEAT1_2 in the immunoprecipitated complex. "P<0.05 vs. NEATI_1. (B) Macrophages were treated with oxLDL (30 pg/ml) for the
indicated times. NONO and SFPQ were detected by western blotting, with GAPDH as an endogenous control. “P<0.05 vs. 0 h. (C) Macrophages were treated
with different concentrations of oxLDL (from 10 to 50 yg/ml) for 24 h. NONO and SFPQ were detected by western blotting, with GAPDH as an endogenous
control. "P<0.05 vs. 0 pg/ml. oxLDL, oxidized low-density lipoprotein; NEAT1, nuclear paraspeckle assembly transcript 1; IgG, immunoglobulin G; NONO,
non-POU domain-containing octamer-binding; SFPQ, splicing factor proline and glutamine rich.

we analyzed the expression of MAPKs and NF-xB. As shown
in Fig. 3D and E, NEAT1 knockdown had no significant effect
on MAPKSs or NF-«B at the early stage of activation (2 h) by
oxLDL, but it did decrease ERK and p65 phosphorylation at a
later stage (8 h). The above results show that NEAT1 promotes
oxLDL-induced TNF-a secretion by regulating MAPKs and
NF-«B.

Neatl suppresses lipid uptake by binding CD36 mRNA.
Since lipid uptake by macrophages plays an important role
in the development of atherosclerosis, we also explored the
effect of paraspeckles on lipid uptake in macrophages. As
shown in Fig. 4A, transfection with either siR-NEATI1_1 or
siR-NEAT1_2 promotes Dil-labeled oxLDL (Dil-oxLDL)
uptake by macrophages. To determine the mechanism, we also
analyzed the transcription of scavenger receptors, including
SRA, CD36 and LOX-1, after transfection with siR-NEAT1 1
or siR-NEAT1_2 under oxLLDL treatment. As shown in Fig. 4B,
only transfection with siR-NEAT1_2 promotes CD36 and
LOX-1 transcription. However, we found that transfection with

either siR-NEAT1_1 or siR-NEATI1_2 promotes CD36 protein
expression (Fig. 4C). We suspect that NEAT1_2 inhibits CD36
expression by stabilizing CD36 mRNA in paraspeckles. R-IPs
were performed using the anti-NONO antibody. When macro-
phages were treated with oxLDL, the immunoprecipitated
complex contained more CD36 mRNA (Fig. 4D). In conclusion,
NEAT]I suppressed lipid uptake in part by stabilizing CD36
mRNA in paraspeckles.

Discussion

Inflammation and lipid uptake in macrophages by oxLDL
play pivotal roles in the formation of atherosclerotic plaques
during the development of atherosclerosis. A deeper under-
standing of the mechanism involved in the oxLDL-induced
secretion of proinflammatory factors and uptake of lipids by
macrophages may yield therapeutic targets for atheroscle-
rosis. In this study, we explore the possibility of IncRNAs
participating in oxLDL-induced secretion of proinflam-
matory factors and lipid uptake by macrophages. Because
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Figure 3. NEAT1 promotes TNF-a secretion by activating p65 phosphorylation. Prior to oxLDL treatment, macrophages were transfected with a negative
control, siR-NEAT1_1, siR-NEAT1_2, siR-NONO or siR-SFPQ for 24 h. (A) Reverse transcription-quantitative polymerase chain reaction was performed to
detect gene transcription. (B) Following transfection, macrophages were incubated with oxLDL for a further 24 h. Western blotting was performed to detect
iNOS protein expression, and GAPDH was an endogenous control. (C) Following transfection macrophages were incubated with oxLDL for a further 10 h.
The supernatant was collected to analyze the levels of secreted TNF-a, IL-6 and IL-1. (D) Following transfection macrophages were incubated with oxLDL
for 2 h. Western blotting was performed to detect p-p38, p-JNK, p-ERK and p-p65 protein expression, and GAPDH was an endogenous control. (E) Following
transfection macrophages were incubated with oxLDL for a further 8 h. Western blotting was performed to detect p-p38, p-JNK, p-ERK and p-p65 protein
expression, and GAPDH was an endogenous control. “P<0.05 vs. NC; "P<0.05 vs. NC + oxLDL. oxLDL, oxidized low-density lipoprotein; TNF-a, tumor
necrosis factor-a; NEAT, nuclear paraspeckle assembly transcript 1; NONO, non-POU domain-containing octamer-binding; SFPQ, splicing factor proline
and glutamine rich; IL, interleukin; p, phosphorylated; JNK, c-Jun N terminal kinase; ERK, extracellular signal-regulated kinase; siR, small interfering RNA.

NEATI1_2 may contribute to the formation of subnuclear the role of paraspeckles in inflammation and lipid uptake.
structures called paraspeckles (16), we mainly investigate By transfecting macrophages with siRNAs against NEAT]I,
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Figure 4. NEAT1 inhibits lipid uptake in part by suppressing CD36 expression. Macrophages were transfected with a negative control, siR-NEAT1_1 or
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bars, 50 ym. (B) Macrophages were transfected and then incubated with oxLDL for 12 h. RT-qPCR was performed to detect the transcription of associated
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sion, and GAPDH was an endogenous control. 'P<0.05 vs. NC + oxLDL. (D) Macrophages were treated with oxLDL for 8 h. RNA protein immunoprecipitation
was performed using anti-nono (with IgG as control), and RT-qPCRs were used to detect the level of CD36 mRNA in the immunoprecipitated complex.
“P<0.05 vs. (-) oxLDL. NEAT, nuclear paraspeckle assembly transcript 1; CD36, cluster of differentiation 36; siRNA, small interfering RNA; oxLDL, oxidized
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proline and glutamine rich; IgG, immunoglobulin G.

NEATI1_2, NONO or SFPQ, which would stop paraspeckle
formation (17), we found that paraspeckles have different
functions in inflammation and lipid uptake: Paraspeckles
promote TNF-a secretion indirectly and inhibit CD36 expres-
sion by directly binding CD36 mRNA. Moreover, we also
found that the constitutive paraspeckle protein NONO may
perform its function independently of paraspeckles (Fig. 3E).
But in our present study, the detailed mechanism by which
paraspeckles regulate p65 phosphorylation or paraspeckles
pesist CD36 mRNA is unknown. The role of paraspekcle in
other biological activities of macrophages such as migration,
chemotaxis and apoptosis is also needed to be explored.
Collectively, these results illustrate the complexity of para-
speckles: Paraspeckles may affect biological activities by

stabilizing target mRNAs or proteins, and these stabilized
proteins may function as transcription factors to activate the
transcription of other genes (15). In our future research, we
aim to explore the detailed mechanism by which paraspeckles
regulate p65 phosphorylation. Additionally, we want to under-
stand whether paraspeckles influence TNF-a transcription by
directly changing the activity of the promoter.

In conclusion, we first explored the function of
NEATI- and NEAT1_2-mediated paraspeckle formation in
oxLDL-induced secretion of proinflammatory factors and
lipid uptake by macrophages. Paraspeckles promote TNF-a
secretion partially by regulating p65 phosphorylation and
suppressed lipid uptake partially by stabilizing CD36 mRNA,
which decreases CD36 expression.
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