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ABSTRACT

Atherosclerosis (AS) is a cardiovascular disorder accompanied by endothelial dysfunction.
Extensive evidence demonstrates the regulatory functions of long noncoding RNAs (IncRNAs) in
cardiovascular disease, including AS. Here, the function of IncRNA small nucleolar RNA host gene
12 (SNHG12) in AS progression was investigated. A cell model of AS was established in human
umbilical endothelial cells (HUVECs) using oxidative low-density lipoprotein (ox-LDL). CCK-8, flow
cytometry, TUNEL, ELISA, and western blotting analyses were performed. Apolipoprotein
E-deficient (apoE™") mice fed a Western diet were used as in vivo models of AS. RT-gPCR
determined the levels of SNHG12, microRNA-218-5p (miR-218-5p) and insulin-like growth factor-
Il (IGF2). The molecular mechanisms were investigated using luciferase reporter and RNA pull-
down assays. We found that SNHG12 and IGF2 expression levels were high and miR-218-5p
expression levels were low in AS patients and ox-LDL-treated HUVECs. SNHG12 depletion atte-
nuated ox-LDL-induced injury in HUVECs, whereas miR-218-5p suppression partially abated this
effect. Moreover, IGF2 overexpression prevented the alleviative role of miR-218-5p in ox-LDL-
treated HUVECs. SNHG12 upregulated IGF2 expression by sponging miR-218-5p. More impor-
tantly, SNHG12 increased proinflammatory cytokine production and augmented atherosclerotic
lesions in vivo. Overall, SNHG12 promotes the development of AS by the miR-218-5p/IGF2 axis.

ARTICLE HISTORY
Received 7 May 2021
Revised 4 July 2021
Accepted 6 July 2021

KEYWORDS
Atherosclerosis; ox-LDL;
HUVECs; SNHG12; miR-218-
5p; IGF2

Introduction

Atherosclerosis (AS) is a common vascular dis-
ease with an increasing morbidity, which contri-
butes to the development of multiple clinical
diseases (e.g. coronary heart diseases, peripheral
vascular diseases and cerebral infarction) [1,2].
Oxidized low-density lipoprotein (Ox-LDL) con-
tributes to the formation of atherosclerotic plaque
by several mechanisms, including the induction
of endothelial cell activation and dysfunction,
macrophage foam cell generation, and smooth
muscle cell proliferation and migration [3].
Endothelial cells (ECs) constitute the inner cell
layer within the blood vessels and are primarily
involved in vascular homeostasis, regulating
blood flow, hemostasis, and vascular permeability
[3]. Evidence indicates that the endothelial dys-
function is a major trigger in the initiation of AS
[4], and it is related to the loss of the EC barrier,
allowing the recruitment of monocytes and the
infiltration of LDL. Oxidation of LDL is followed
by macrophage foam cell formation, a powerful

stimulus that initiates the inflammatory cascade
reaction. Vascular smooth muscle cells (VSMCs)
are induced to migrate and proliferate into the
intima, forming the major component of the
atherosclerotic plaques [5]. Excessive deposition
of ox-LDL could accelerate EC apoptosis through
promoting inflammation and oxidative stress,
which eventually leads to the occurrence and
progression of AS [6]. Therefore, understanding
of the mechanisms on how ox-LDL induces EC
injury will help identify effective therapeutic stra-
tegies for AS.

Previous reported several in vitro models for
AS. In an in vitro foam cell model constructed
by incubating macrophages with ox-LDL, lyso-
somal function and autophagy of foam cells are
compromised [7]. Ox-LDL induces the activa-
tion of WNT family member 5A (WNT5A) sig-
naling in human aortic VSMCs, which is
a canonical signaling activated in AS [8]. Ox-
LDL stimulates apoptosis and inflammatory
reaction in human umbilical endothelial cells
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(HUVECGs) [9]. In this study, we established
a cell model for AS in HUVECs by treating ox-
LDL. Long noncoding RNAs (IncRNAs) are
transcripts of long RNAs of more than 200
nucleotides that cannot translate into proteins
[10]. Accumulating evidence shows that multiple
IncRNAs control gene expression and play key
roles in vascular biology, EC function, and the
development of wvascular disease [11,12].
LncRNAs have been involved in certain athero-
genic processes, such as cell proliferation, apop-
tosis, lipid metabolism, and inflammatory
response [13]. In addition, IncRNAs have been
demonstrated expressed in different cell types
known to be implicated in the atherogenic pro-
cess (e.g. ECs, VSMCs, and macrophages) [14].
For example, IncRNA antisense non-coding
RNA in the INK4 locus (ANRIL) is upregulated
by ox-LDL and promotes alteration of the
VSMC  phenotypes [15]. LncRNA  opa-
interacting protein 5 antisense RNA 1 (OIP5-
AS1) depletion attenuates ox-LDL-induced EC
apoptosis by recruiting enhancer of zeste homo-
log 2 (EZH2) [16]. LncRNA non-coding RNA
activated by DNA damage (NORAD) plays
a protective role in AS through inhibiting EC
senescence and apoptosis [17]. LncRNA small
nucleolar RNA host gene 12 (SNHG12) was ver-
ified to work as a tumor activator in cancers
[18,19]. SNHGI12 was found upregulated in
brain microvascular ECs following oxygen-
glucose deprivation, a cell model of ischemic
stroke [20]. SNHGI12 facilitates the angiogenesis
after ischemic stroke by upregulating vascular
endothelial growth factor (VEGF) [21]. It was
shown that SNHGI12 could be a possible biomar-
ker of pulmonary arterial hypertension [22].
These findings show the role of SNHGI12 in
cardiovascular disease. Moreover, a previous
research showed that SNHG12 regulates the pro-
liferation and apoptosis of ox-LDL-treated
VSMCs [23]. However, the role of SNHGI12 in
ox-LDL-induced EC injury remains unclear.

Here, our findings revealed the upregulated
SNHGI12 in AS patients and ox-LDL-cultured
HUVECGs. The function and molecular mechan-
isms of SNHGI2 in vitro and in vivo were inves-
tigated, suggesting that SNHGI2 may be
a prospective molecular for AS therapy.

Materials and methods
Specimens

Peripheral venous blood samples were collected
from 30 patients diagnosed with AS and 30 healthy
donors without AS and other diseases at Zhejiang
Hospital (Zhejiang, China). The serum was iso-
lated from blood samples by centrifugation at
2,000 rpm/min and kept at —80°C. Before the
study, informed consents were signed by every
donor. The study was approved by the Ethics

Committee of Zhejiang Hospital (Zhejiang,
China).
Cells
HUVECs and human embryonic kidney

293 T (HEK293T) cells were obtained from the
American Type Culture Collection (ATCC; CA,
USA) and maintained in Dulbecco’s Modified
Eagle Medium (DMEM; Gibco, USA) added with
10% fetal bovine serum (Gibco) and 0.5% penicil-
lin and streptomycin (Gibco). All cells were incu-
bated at 37K in an atmosphere of 5% CO,. Cell
passages from 3 to 5 were used for this study.
When cells were grown to 80%, they were treated
with ox-LDL (Solarbio, Beijing, China) at 0, 10, 30,
and 50 pg/ml for 24 h.

Transfection

Short hairpin RNA targeting SNHGI12 (sh-
SNHG12), sh-negative control (NC), miR-218-5
mimics, miR-218-5p inhibitor, and controls were
obtained from GenePharm (Shanghai, China).
Overexpression of SNHGI12 and insulin-like
growth factor-II (IGF2) was performed via cloning
the full-length into the pcDNA3.1 (GenePharm).
HUVECs were seeded into 6-well plates at (1 x 10°
cells/well) and transfected with oligonucleotide
(60 nM) or vector (0.5 pg) utilizing
Lipofectamine 2000 (Invitrogen, USA) for 48 h.

Reverse transcription quantitative polymerase
chain reaction (RT-qPCR)

Total RNA was extracted from samples and
HUVECs using TRIzol (Invitrogen). The extracted
RNA was reverse transcribed to ¢cDNA using



a PrimeScript RT reagent kit (Takara). Then,
cDNA was quantified by qPCR on an ABI7900
system (Applied Biosystems, MA) with the SYBR®
Premix Ex Taq™ (Takara) in a 20 pl PCR reaction.
Each assay was performed in triplicate and target
gene expression was normalized to glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) or
U6 snRNA. Expression was calculated by the
27A4C method. The primer sequences are as
follows:
SNHG12:
-3’ (Forward)
SNHG12:
T-3' (Reverse)
MiR-218-5p: 5'-
AACACGAACTAGATTGGTACA-3' (Forward)
MiR-218-5p: 5'-
AGTCTCAGGGTCCGAGGTATTC-3" (Reverse)

5-TCTGGTGATCGAGGACTTCC

5'-ACCTCCTCAGTATCACACA

IGF2: 5-AGACCCTTTGCGGTGGAGA-3’
(Forward)

IGF2: 5-GGAAACATCTCGCTCGGACT-3'
(Reverse)

GAPDH: 5'-CTTCGCTCTCTGCTCCTCC-3'
(Forward)

GAPDH: 5-CAATACGACCAAATCCGTTG-3’
(Reverse)

U6: 5'-GCTTCGGCAGCACATATACTAAAAT
-3’ (Forward)

U6: 5-CGCTTCAGAATTTGCGTGTCAT-3'
(Reverse)

Western blotting

The aortas were homogenized in radioimmuno-
precipitation assay lysis buffer (Beyotime,
Shanghai) containing 4% cocktail proteinase inhi-
bitors (Roche, Switzerland) for 3 h in ice bath. The
homogenate was centrifuged at 13,000 rpm for
15 min at 4°C before boiled for 10 min. The
concentration of protein was quantified using
a bicinchoninic acid assay kit (Beyotime). Cell or
tissue lysates (50 pg protein per lane) were sepa-
rated on the sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)
(10%) gels at a voltage of 120 V for 2 h and then
transferred onto the polyvinylidene difluoride
membranes (Millipore, Germany) for 1 h at the
100 V. The membranes were blocked for 1 h at
room temperature using 5% skimmed milk, before
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being incubated with primary antibodies including
proliferating cell nuclear antigen (PCNA) (1:1,000,
ab92552, Abcam), Cyclin D1 (1:1,000, ab40754),
interleukin-6 (IL-6) (1:1,000, ab233706), tumor
necrosis  factor alpha (TNF-a) (1:1,000,
ab183218), IGF2 (1:1,000, abl77467), and
GAPDH (1:10,000, ab181602) overnight at 4°C.
Subsequently, the goat anti-rabbit horseradish per-
oxidase-conjugated secondary antibody (1:5,000,
ab205718) was incubated with the membranes for
2 h. The membranes were developed with an
improved chemiluminescence substrate.
Meanwhile, the samples were examined using an
enhanced chemoluminescence kit (Takara). The
densitometry values were determined using
Image ] software and normalized to GAPDH
values.

Subcellular fractionation

Nuclear and cytoplasmic fractions of HUVECs
were separated using a Cytoplasmic & Nuclear
RNA Purification Kit (Norgenbiotek, Canada).
RNA was extracted and the SNHG12 level was
measured by RT-qPCR. GAPDH or U6 was
respectively as the control of nuclear or cytoplas-
mic fraction.

Cell counting kit-8 (CCK-8)

HUVECs were seeded into 96-well plates (5 x 10°
cells/well). Next, 10 pyL CCK-8 (5 mg/mL;
(Biotechwell, Shanghai, China) was added to each
well and left in an incubator for 2 h under specific
conditions. The optical density value of each well
at 450 nm was examined by a microplate reader
(Thermo Fisher Scientific).

Flow cytometry

For cell apoptosis analysis, it was tested using
Annexin-V fluorescein isothiocyanate (FITC)-
propidium iodide (PI) Apoptosis Detection Kit
(Beyotime) according to the
manufacturer’s instructions. HUVECs were col-
lected, digested with ethylenediaminetetraacetic
acid (EDTA)-free trypsin (Thermo Fisher
Scientific), and washed with phosphate saline
solution (PBS). Cells were suspended in 100 pl
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1x Binding buffer at a density of 3 x 10° cells/
mL, followed by double staining with Annexin
V-FITC (5 uL) and PI (10 pL). After incubation
in the dark for 15 min, apoptosis was measured
using flow cytometer (BD Biosciences, USA).

For cell cycle analysis, 3 x 10* HUVECs were
collected and washed, and then fixed in 70% etha-
nol overnight at 4°C. After a low-speed centrifuga-
tion for 5 min, the cells were cultured with 10 pL
RNase for 10 min at 37°C and stained with 1%
propidium iodide in the dark for 30 min. Cell cycle
in different phases was analyzed by flow
cytometry.

TdT-mediated dUTP Nick-End Labeling (TUNEL)

In brief, HUVECs in 24-well plates (2 x 10’
cells/well) were permeabilized by 0.1% Triton
X-100 for 8 min and fixed in H,O, (3% in
methanol) for 5 min. After PBS washing, cells
were labeled by 50 pL TdT labeling reaction mix
for 1 h and nuclei were stained with DAPI
(Beyotime). TUNEL-positive  nuclei  were
observed under a fluorescence microscopy
(Olympus, Japan). The percent of apoptosis was
quantified using Image-Pro Plus 6.0 software
(Media Cybernetics Inc., MD, USA).

Enzyme-linked immunosorbent assay (ELISA)

The concentrations of cytokines including IL-6
and TNF-a were determined using the ELISA
kits (Bogoo Biological Technology, Shanghai)
following the manufacturer’s instructions.
Absorbance was measured with an ELx800
Absorbance Microplate Reader (BioTek, USA).

Bioinformatics analysis

The online software starBase 3.0 (http://starbase.
sysu.edu.cn/index.php) was used to predict the
potential binding sites between SNHGI12 and
miR-218-5p (search category: Pan-Cancer, 8 can-
cer), as well as miR-218-5p and IGF2 3’ untrans-
lated regions (3'UTR) (search category: miRanda,
RNA22, and microT).

Luciferase reporter assay

Wild-type SNHGI12 or IGF2 at the miR-218-5p
binding site was inserted into the pmirGLO down-
stream (Promega, USA) to generate the wild-type
luciferase vectors of SNHG12 (SNHG12-Wt) or
IGF2 (IGF2-Wt). Mutants were generated by
mutating the seed sites on miR-218-5p sequence.
The above plasmids were transfected into
HUVECs or HEK293T cells with miR-218-5p
mimics or control. Detection of luciferase activity
was conducted by a luciferase reporter assay sys-
tem (Promega) after 48 h.

RNA pull-down

To verify the relationship between SNHG12 and
miR-218-5p, biotin-labeled SNHG12 or biotin-
labeled miR-218-5p probe as well as NC probe
was synthesized by Sangon Biotech Co., Ltd
(Shanghai, China). HUVECs were lysed in the
specific lysis buffer (Sigma-Aldrich) containing
RNase inhibitor (Beyotime) for 20 min. The lysates
were centrifugated at 12,000 x g for 12 min at 4°C.
Final concentration of Bio-SNHGI12 or Bio-miR
-218-5p was 20 uM with standard protocol of
RNA oligos (Lipofectamine 2000, Invitrogen).
Transfection was done for 24 h. Next, 20 pl
Dynabeads M-280 Streptavidin beads (Life
Technologies) were activated according to
manufacturer’s protocol. The beads were blocked
with 10 pg/ml RNase-free bovine serum albumin
and yeast tRNA (Sigma-Aldrich) for 30 min at
4°C. After washing the beads with lysis buffer,
the lysates were incubated with beads for 3 h at
4°C. After elution twice with 500 ul pre-cooled
lysis buffer, thrice with low salt buffer, and once
with high salt buffer in succession, the bound RNA
was purified using TRIzol (Invitrogen) and then
the expression of SNHGI2 or miR-218-5p was
measured by RT-qPCR. Sequences of targeted
probe are listed in Table 1.

Lentivirus construction

SNHG12 ¢DNA was amplified using PCR and
cloned into pLOV-EFla-PuroR-CMV-EGFP-2A-
3 FLAG vector. Cloned sequence was verified by
DNA sequencing. This construct was referred to as
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Table 1. Sequences of targeted probe for RNA pull-down assay.
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Biotin-labeled SNHG12 probe CCTTTCTCCCCGCCGCATTCCCGGTGTCGACTTACTAGCTGCAAGCCTCTGCCTGCCTTC

CTGCGCGCCGTTCCCCGCTAGTCGCTGCTGCTGGCGCGCACTCGCCGGGTTTTTCCTCCC
ACGGCCTCGAGATGGTGGTGAATGTGGCACGGAGGAGCCGGGCCTTCCAACCCGGTGGGC
CCGAGCTCCGAAAGGCCCCCTCGGCAGTGAGAGGGGCGGGAGCCCGLGGGGGLLGLGELCC
TTCTCTCGCTTCGGACTGCGCAACGCTGCGCTCTGGGCTGACAGGCGGATAAAACGGTCC
CATCAAGACTGAGAAAAAGCACACCAGCTATTGGCACAGCGTGGGCAGTGGGGCCTACAG
GATGACTGACTTAGTCTACAGAGATCCCGGCGTACTTAAGCAGATGAAGACTCTTAAGAT
GACAGAAGGTGATTTTTCTGGTGATCGAGGACTTCCGGGGTAATGACAGTGATGAAATGC
AGGGGACCTGGTTGCCCCCAAGTTTCCTGGCAGTGTGTGATACTGAGGAGGTGAGCTTGT
TTCTGGAGCTGTGCTTTAAGATTCATGTTACATGTAAAGCTGTCCTCATTTGTGACTATG
GACCTATGGAGTTGGGACAATCTCTATGGGAAGCAGAAGGCAAGGACCCCGGTCATTTTA
GGTAGAAACAACAGCATGCTAATGCAAAAAATTATGCAGTGTGCTACTGAACTTCAGAGG
TGATCAATAAAAGAAGAATAAAAAGACTAATAAAAGTAAAAAAAAAAAAAAAAAAAA

NC probe

GGAAAGAGGGGCGGCGTAAGGGCCACAGCTGAATGATCGACGTTCGGAGACGGACGGAAG
GACGCGCGGCAAGGGGCGATCAGCGACGACGACCGCGCGTGAGCGGCCCAAAAAGGAGGG
TGCCGGAGCTCTACCACCACTTACACCGTGCCTCCTCGGCCCGGAAGGTTGGGCCACCCG
GGCTCGAGGCTTTCCGGGGGAGCCGTCACTCTCCCCGCCCTCGGGLGLCCCCGGLGLGGG
AAGAGAGCGAAGCCTGACGCGTTGCGACGCGAGACCCGACTGTCCGCCTATTTTGCCAGG
GTAGTTCTGACTCTTTTTCGTGTGGTCGATAACCGTGTCGCACCCGTCACCCCGGATGTC
CTACTGACTGAATCAGATGTCTCTAGGGCCGCATGAATTCGTCTACTTCTGAGAATTCTA
CTGTCTTCCACTAAAAAGACCACTAGCTCCTGAAGGCCCCATTACTGTCACTACTTTACG
TCCCCTGGACCAACGGGGGTTCAAAGGACCGTCACACACTATGACTCCTCCACTCGAACA
AAGACCTCGACACGAAATTCTAAGTACAATGTACATTTCGACAGGAGTAAACACTGATAC
CTGGATACCTCAACCCTGTTAGAGATACCCTTCGTCTTCCGTTCCTGGGGCCAGTAAAAT
CCATCTTTGTTGTCGTACGATTACGTTTTTTAATACGTCACACGATGACTTGAAGTCTCC

ACTAGTTATTTTCTTCTTATTTTTCTGATTATTTTCA T T
Biotin-labeled miR-218-5p probe TTGTGCTTGATCTAACCATGT
NC probe AACACGAACTAGATTGGTACA

LV- SNHGI12 and empty control vector was LV-

Mock. SNHG12 overexpression was verified by
RT-qPCR.

Animals

The study was approved by the Animal
Experimental Committee of Zhejiang Hospital
and conformed to the Guide for the Care and
Use of Laboratory Animals published by the US
NIH (revised 1996). Male apolipoprotein
E deficient (apoE)_/ ~ mice on a C57BL/
6 ] genetic background were used (Vital River
Co. Ltd, Beijing, China). Mice were randomized
into 4 groups: control, AS, LV-Mock, and LV-
SNHGI12. Each group included 6 mice. Mice
were housed 5 per cage (Cage bedding source) at
25°C on a 12 h light/dark cycle and fed a Western

diet (21% fat, 0.3% cholesterol; Research Diets) for
12 wks and simultaneously injected with LV-NC,
or LV-SNHG12 (2 x 10° TU/mL) via the tail vein
once every 3 wks. Body weight was monitored at
regular intervals. After 12 wks rearing, mice were
fasted for 4 h, then placed under general anesthe-
sia. Anesthetic used was 1% pentobarbital sodium,
with the amount given dependent upon animal
weight (40 mg/kg). Blood samples were collected
from the retro-orbital venous plexus using
a capillary tube. The mice were then sacrificed by
cervical dislocation and aortic root tissues were
collected for histological analyses.

Histological analysis of aortic roots tissues

Cryosections (10 pm thick) of the aortic roots were
stained with Oil Red O. Images of stained aortic
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root sections were acquired using an Olympus
BX50 microscope. The percentage of Oil Red
O positive area in total aortic root atherosclerotic
lesion area was calculated using Image-Pro Plus
6.0 software (Media Cybernetics Inc., MD, USA).

Blood lipid analysis

Blood lipid parameters including triglyceride (TG)
and total cholesterol (TC) were determined using
commercial enzymatic colorimetric assay kits
(JianCheng Biotechnology, Shanghai, China)
according to the instructions of manufacturers.

Statistical analysis

SPSS version 20.0 (St Louis, USA) software was
used for statistical analysis. The significance of
differences between two groups was evaluated
using Student’s t-test, whereas one-way analysis
of variance (ANOVAs) followed by Tukey’s post
hoc test was used for multiple comparisons. The
data from at least three independent experiments
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Results
SNHG12 is upregulated both in AS

First, the SNHG12 level in AS patients’ serum and
normal serum was evaluated. In Figure 1(a),
SNHGI12 expression was significantly elevated in
AS patients. To detect the impact of ox-LDL in EC
injury, HUVECs were exposed to various concen-
trations of ox-LDL (0, 10, 30, and 50 pg/ml) for
24 h, and cell proliferation was detected by CCK-8
assay. Compared to the untreated group, ox-LDL
dose-dependently reduced HUVEC proliferation
(Figure 1(b)). Moreover, an obvious dose-
dependent upregulation of SNHGI12 expression
was detected in ox-LDL-cultured HUVECs
(Figure 1(c)). Moreover, SNHG12 expression was
also significantly increased with the addition of
ox-LDL (60 pg/ml) in a time-dependent manner
(Figure 1(d)). Then, HUVECs were exposed to
10 pg/ml, 30 pg/ml, or 50 pg/ml ox-LDL,
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Figure 1. SNHG12 is upregulated in AS. (a) The SNHG12 level in AS patients’ sera (n = 30) and normal sera (n = 30) was
determined by RT-gPCR. HUVECs were treated with various concentrations of ox-LDL (0, 10, 30, and 50 ug/ml) for 24 h, and (b) cell
proliferation was examined using CCK-8, (c) SNHG12 expression was determined by RT-qPCR. (d) HUVECs were treated with 50 pg/ml
ox-LDL for 0, 24, 48 and 72 h, and SNHG12 expression was determined by RT-qPCR. (e) HUVECs were exposed to 10 pg/ml, 30 ug/ml,
or 50 pg/ml ox-LDL, respectively, for 0, 24, 48 and 72 h, and cell proliferation was detected by CCK-8. *P < 0.05, **P < 0.01, ***P <

0.001.



respectively, for 0, 24, 48, and 72 h. It was shown
that the proliferation of HUVECs was most sig-
nificantly inhibited by 50 pg/ml ox-LDL compared
to 10 ug/ml and 30 pg/ml (Figure 1(e)). Therefore,
subsequent functional experiments were con-
ducted in HUVECs treated with 50 pg/ml ox-
LDL for 24 h.

SNHG6 depletion attenuates ox-LDL-induced
injury in HUVECs

To explore the function of SNHGI12 in AS, sh-
SNHGI12 was transfected into HUVECs, and the
efficiency was demonstrated by RT-qPCR. The
SNHGI12 level was significantly reduced in
HUVECs after transfection (Figure 2(a)).
Additionally, sh-SNHGI12 reduced the SNHGI12
expression upregulated by ox-LDL (Figure 2(b)).
CCK-8 indicated that SNHG12 depletion restored
cell proliferation inhibited by ox-LDL (Figure 2
(c)). As shown by western blotting, the levels pro-
liferation-related proteins (PCNA and Cyclin D1)
were also downregulated after ox-LDL treatment
while were restored after silencing SNHGI12
(Figure 2(d)). Flow cytometry revealed that ox-
LDL led to an arrest at GO/G1 phase, while this
effect was eliminated by sh-SNHG12 (Figure 2(e)).
The apoptosis of HUVECs was assessed using flow
cytometry and TUNEL assays. We found that
SNHG12 knockdown impeded the apoptosis of
HUVECs exposed to ox-LDL (Figure 2(fg)).
Inflammation is a main event involved in the
pathogenesis of AS. Thus, we explored whether
SNHGI12 mediates AS progression through affect-
ing inflammatory response. Results from ELISA
and western blotting indicated that ox-LDL signif-
icantly increased IL-6 and TNF-a levels, while
downregulated SNHG12 alleviated inflammation
in ox-LDL-treated HUVECs (Figure 2(h,i)).
These findings suggest that SNHG12 knockdown
attenuates ox-LDL-induced injury in HUVECs.

SNHG12 sponges miR-218-5p

LncRNAs can act miRNA sponges to regulate pro-
tein-coding gene expression and therefore form
a competing endogenous RNA (ceRNA) network
[24]. To explore the mechanism addressed by
SNHGI12, cell cytoplasm/nucleus fraction analysis
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was performed to determine the subcellular loca-
tion of SNHG12 in HUVECs. SNHG12 was pri-
marily distributed in the cytoplasm of HUVECs
(Figure 3(a)), suggesting the possible involvement
of SNHGI12 in ceRNA network. We thus investi-
gated the miRNAs that SNHGI12 could bind to.
The data from starBase (search category: Pan-
Cancer, eight cancer) revealed that there are eight
miRNAs containing the predicted binding sites for
SNHG12. We found that only miR-218-5p was
enriched in the Bio-SNHGI12 pull-down pellets
compared to the other miRNAs in HUVECs
(Figure 3(b)). And, in parallel, SNHG12 was sig-
nificantly enriched in the Bio-miR-218-5p in
HUVECs, which comprehensively demonstrates
the interactions between SNHG12 and miR-218-
5p (Figure 3(c)). Complementary sequences
between SNHGI12 and miR-218-5p are shown in
Figure 3(d). As revealed, miR-218-5p greatly
inhibited the luciferase activity in HUVECs and
HEK293T cells transfected with SNHG12-Wt but
showed little effect on SNHG12-Mut (Figure 3(e)).
We further found that the miR-218-5p level was
obviously downregulated in the serum sample
from AS patients (Figure 3(f)), and a dose-
dependent decrease in miR-218-5p expression
was observed in ox-LDL-treated HUVECs
(Figure 3(g)). Subsequently, RT-qPCR showed
that depletion of SNHGI12 increased miR-218-5p
expression in HUVECs (Figure 3(h)). The above
findings confirm that SNHG12 acts as a sponge for
miR-218-5p in HUVECs.

SNHG12 regulates ox-LDL-induced injury in
HUVECs by miR-218-5p

The ox-LDL-treated HUVECs were transfected
with sh-NC, sh-SNHG12, sh-SNHG12 + NC inhi-
bitor, or sh-SNHG12 + miR-218-5p inhibitor. As
displayed in Figure 4(a), sh-SNHGI12 significantly
elevated miR-218-5p expression in HUVECs,
which was reversed by miR-218-5p inhibitor.
Subsequently, miR-218-5p inhibitor reduced the
sh-SNHG12-induced promotive effect on prolif-
eration in ox-LDL-treated HUVECs, as shown by
CCK-8 and western blotting (Figure 4(b,c)).
Silencing SNHG12 promoted the cell cycle pro-
gression which was then inhibited by downregu-
lated miR-218-5p in ox-LDL-treated HUVECs
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Figure 2. SNHG6 depletion attenuates ox-LDL-induced injury in HUVECs. (a) The SNHG12 level in HUVECs transfected with sh-
SNHG12 was measured by RT-qPCR. HUVECs were transfected with sh-SNHG12 and treated with or without 50 pg/ml ox-LDL for
24 h. (b) SNHG12 expression was determined by RT-qPCR. (c) Cell proliferation was assessed by CCK-8. (d) The levels proliferation-
related proteins (PCNA and Cyclin D1) were detected by western blotting. (e and f) Cell cycle and apoptosis were assessed by flow
cytometry. (g) Cell apoptosis was estimated by TUNEL. (h and i) The levels of IL-6 and TNF-a were measured by ELISA and western
blotting. *P < 0.05, **P < 0.01, ***P < 0.001.

(Figure 4(d)). MiR-218-5p knockdown also  depletion (Figure 4(e,f)). In addition, miR-218-5p
restored cell apoptosis inhibited by SNHGI2 inhibitor eliminated the inhibitory effect of sh-
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SNHGI12 on IL-6 and TNF-a levels in ox-LDL-
treated HUVECs (Figure 4(g,h)). These data sug-
gest that SNHGI12 functions in ox-LDL-treated
HUVECs by miR-218-5p.

IGF2 is targeted by miR-218-5p

To identify the functional targets of miR-218-5p,
we searched the starBase website. The intersec-
tion results of search parameters (miRanda,
RNA22, and microT) contain 3 genes (IGF2,
RBBPY9, and LIN28B) (Figure 5(a)). RT-qPCR
revealed that only IGF2 was downregulated in

HUVECs after miR-218-5p elevation (Figure 5
(b)). Then the combining capacity between miR-
218-5p and IGF2 was tested. Results showed that
miR-218-5p overexpression induced a notable
prevention in the luciferase activity of SNHG12-
Wt plasmids in HUVECs and HEK293T cells
but failed to influence the activity of SNHGI12-
Mut plasmids (Figure 5(c,d)). RT-qPCR and
western blotting indicated that miR-218-5p
mimics downregulated the IGF2 level, and
miR-218-5p inhibitor had an opposite impact
in HUVECs (Figure 5(e,f)). Furthermore, IGF2
expression was increased in AS patients
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Figure 4. SNHG12 regulates ox-LDL-induced injury in HUVECs by miR-218-5p. Ox-LDL-treated HUVECs were transfected with sh-
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(Figure 5(g)). A dose-dependent upregulation in
the IGF2 levels was detected in ox-LDL-cultured
HUVECs (Figure 5(h,i)). Overall, miR-218-5p

could target IGF2 in HUVECs.

MiR-218-5p regulates ox-LDL-induced injury in
HUVECs by targeting IGF2
As Figure 6(a,b) indicated, the transfection of

pcDNA3.1/IGF2 significantly restored the IGF2
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and western blotting.*P < 0.05, **P < 0.01, ***P < 0.001.

mRNA and protein expression decreased by over-
expression of miR-218-5p mimics in HUVECs

The following functional assays demonstrated
that overexpression of miR-218-5p promoted cell



proliferation and inhibited apoptosis in ox-LDL-
treated HUVECs, and these results were all
reversed by overexpression of IGF2 (Figure 6(c-
j)). Moreover, IGF2 offset the miR-218-5p over-
expression-mediated inhibition on IL-6 and TNF-
a levels in ox-LDL-treated HUVECs (Figure 6(k,
1)). Therefore, we concluded that upregulation of
IGF2 attenuates the role of miR-218-5p in ox-LDL
-treated HUVECs.

SNHG12 upregulates IGF2 expression by
miR-218-5p

Subsequently, we tested the relationship among
SNHG12, miR-218-5p, and IGF2. As exhibited in
Figure 7(a), miR-218-5p greatly eliminated the
luciferase activity of IGF2-Wt plasmids in
HUVECs and HEK293T cells, while pcDNA3.1/
SNHGI12 exerted an opposite effect. Additionally,
upregulation of SNHGI12 abolished the inhibitory
role of miR-218-5p. Then RT-qPCR detected the
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influences of SNHG12 or miR-218-5p on IGF2
expression. The results suggested that silencing of
SNHG12 caused a downregulated expression of
IGF2, while depletion of miR-218-5p abrogated
the SNHG12 knockdown effect on IGF2 expres-
sion in ox-LDL-treated HUVECs (Figure 7(b,c)).
These findings showed that SNHG12 upregulates
IGF2 expression by controlling miR-218-5p avail-
ability. A schematic displays the SNHG12/miR-
218-5p/IGF2 regulatory axis in ox-LDL-treated
HUVECs (Figure 7(d)).

SNHG12 promotes the development of AS in vivo

To ascertain whether the findings of the in vitro
studies represent events in vivo, an investigation
into whether SNHG12 affects AS progression in an
in vivo model of AS was carried out. SNHG12
expressing lentivirus or a mock empty control
lentivirus was injected into apoE~’~ mice. RT-
qPCR confirmed overexpression of SNHGI12 in
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Figure 7. SNHG12 upregulates IGF2 expression by miR-218-5p. (a) Luciferase activity in HUVECs and HEK293T cells transfected
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the serum of mice, especially in mice injected with
the SNHGI2 expressing lentivirus as compared
with mice injected with the mock lentivirus
(Figure 8(a)). Western blotting analysis of aortic
tissues showed that SNHGI12 overexpression
resulted in increased IL-6 and TNF-a protein
levels (Figure 8(b)). Furthermore, mice with LV-
SNHGI2 had higher triglycerides and total choles-
terol levels than control mice (Figure 8(c)).
Staining aortic roots with Oil Red O showed that
mice overexpressing SNHGI12 had larger Oil Red
O positive areas in atherosclerotic plaques than
control mice (Figure 8(d)). We further found
a negative expression correlation between
SNHGI12 and miR-218-5p as well as a positive
expression relationship between SNHGI12 and
IGF2 in the blood samples of mice (Figure 8(e)).

Discussion

Atherosclerosis (AS) is a complex chronic disorder
threatening human life [25]. Ox-LDL is a widely-
recognized risk factor implicated in the occurrence
and progression of AS through promoting form cell
formation, EC injury, plaque formation, and inflam-
matory cytokine release [26,27]. Understanding of
the exact mechanisms on how ox-LDL induces EC
injury may help develop new approaches for AS
treatment. Our work showed that ox-LDL stimulated
HUVEC injury by inhibiting cell proliferation and
facilitating cell apoptosis and inflammation.
Although the effect of ox-LDL in AS has been well
clarified, the regulatory mechanisms in it remain
further investigations.

Growing evidence indicates that IncRNAs are
differentially expressed in AS and participate in
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ox-LDL-induced HUVEC injury, such as IncRNA
phosphatase and tensin homolog (PTEN) [28] and
IncRNA small nucleolar RNA host gene 6
(SNHG6) [29]. In this work, our data revealed
that SNHGI12 was high both in AS patients and
ox-LDL-cultured HUVECs. Functionally, SNHG12
knockdown effectively attenuated ox-LDL-induced
injury of HUVECs through restoring cell function
and reducing inflammatory response and apopto-
sis. More importantly, SNHG12 increased proin-
flammatory cytokine production and augmented
atherosclerotic lesions in vivo. These data demon-
strated that SNHGI12 promotes AS progression
in vitro and in vivo. LncRNAs can act miRNA
sponges to regulate protein-coding gene expres-
sion [30]. Moreover, IncRNAs were demonstrated
to exert regulatory functions in AS by interacting
with miRNAs [31,32]. Based on this, we intended
to verify whether SNHG12 sponges its specific
miRNAs to regulate AS progression. Our results
revealed that SNHG5 was mainly distributed in the
cytoplasm of HUVECs, suggesting that SNHG5
may function as a ceRNA for miRNAs at the
posttranscriptional level. The prediction of online
tools shows that miR-218-5p has a binding site for
SNHGI12. Studies have reported the interactions
between SNHG12 and miR-218-5p in gastric can-
cer and non-small cell lung cancer [33,34]. Here,
we confirmed the binding ability of SNHGI2 to
miR-218-5p in HUVECs. MiR-218-5p was
reported to function as an anti-oncogene with
a poor expression in some cancers [35,36]. It has
been shown that miR-218-5 has a good diagnostic
value for coronary heart disease [37]. Additionally,
the protective effect of miR-218-5p on EC injury
was uncovered. Overexpressed miR-218-5p sup-
presses the apoptosis of HUVECs in Henoch-
Schonlein Purpura by targeting HMGBI1 [38]. In
this study, we found that miR-218-5p was under-
expressed in AS patients and in ox-LDL-treated
HUVECs. Consistent with previous results, our
study showed that miR-218-5p depletion aggra-
vated the SNHGI2 knockdown-attenuated
HUVEC injury through suppressing cell prolifera-
tion and promoting apoptosis and inflammatory
reaction, suggesting that SNHG12 functions in ox-
LDL-treated HUVECs by miR-218-5p.

MiRNAs play regulatory roles by promoting
target degradation or suppressing translation

CELL CYCLE (&) 1575

[39]. IGF2 was validated to be targeted by miR-
218-5p, which was negatively modulated by miR-
218-5p. Existing reports document that IGF2 acts
as a key regulator in HUVEC injury and athero-
sclerosis events. For instance, IGF2 targeted by
miR-210-3p participates in the modulation of
lipid accumulation and inflammation in AS [40].
The IncRNA taurine-up regulated gene 1 (TUG1)/
miR-148b/IGF2 axis controls the proliferation and
apoptosis of ox-LDL-cultured HUVECs [41].
Additionally, IGF2 expression was elevated in ox-
LDL-treated VSMCs and macrophages [42,43].
These reports suggested that IGF2 may aggravate
ox-LDL-stimulated cell injury. Here, we verified
that overexpression of IGF2 prevented the protec-
tive effect of miR-218-5p on ox-LDL-induced
injury in HUVECs, suggesting that IGF2 may
facilitate the development of AS. In addition,
SNHGI12 was a regulator of IGF2 by controlling
miR-218-5p availability.

In summary, the present study has demon-
strated a novel role of SNHGI12 in inhibiting the
development of AS and uncovered a novel
mechanism  underlying the regulation of
SNHG12. SNHGI12 upregulates IGF2 expression
by sponging miR-218-5p, which promotes AS pro-
gression in vitro and in vivo. This may provide
a potential therapeutic target for atherosclerotic
cardiovascular disease. However, some limitations
in this study are worth mentioning. First, it would
be better to expand the sample size in subsequent
experiments to enhance persuasion of our find-
ings. Second, we would also conduct a research
on some potential signaling pathways related to
the SNHG12/miR-218-5p/IGF2 axis in the future
study.
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