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(e.g., miR-17-3p, miR-31, miR-92a, and miR-146a) (11–15), 
cytokine response (e.g., miR-181b) (16), and leukocyte re-
cruitment and activation (e.g., miR-26,miR-144, and miR-
148a) (10, 13, 17). The latest miRNA database (miRBase 
22) released 2,654 human mature miRNAs (18). However, 
it remains unknown whether novel atherosclerosis-regulat-
ing miRNAs could be identified in this updated database.

To investigate the roles of miRNAs in atherosclerosis, 
both in vitro and in vivo models have commonly been used 
(14, 19–21). For instance, an in vitro model was established 
by treating human aortic endothelial cells (HAECs) with 
oxidized LDL (oxLDL), a well-known atherogenic factor 
(6, 22). oxLDL is known to initiate atherogenesis by stimu-
lating endothelial cells to overexpress cell surface adhesion 
molecules [e.g., intercellular adhesion molecule (ICAM)-
1] (22–24) and inflammatory cytokines, such as E-selectin 
(25, 26), and to induce endothelial cell apoptosis by acti-
vating caspase-3 and caspase-9 (27). Lectin-like oxLDLR-1 
(LOX-1) overexpression in the APOE/ mouse model has 
been shown to promote atherogenesis (28). LOX-1 upreg-
ulation has also been observed in endothelial cells in hu-
man atherosclerotic lesions, especially in the early stage of 
atherogenesis (29).

The most frequently used in vivo mouse models are 
APOE/ and LDLR/ mice (14, 19, 24, 30). These mod-
els differ in how plasma lipoprotein clearance is dysregu-
lated, although both show enhanced atherosclerosis. For 
example, APOE KO in mice results in a significant decrease 
of HDL and leads to reduced cholesterol efflux capacity 
(31). Comparatively, LDLR KO mice have a high percent-
age of their cholesterol carried in IDL/LDL particles, 
which closely resembles the condition of dyslipidemic hu-
mans (32). However, more than 85% of hypercholesterol-
emia’s genetic variants have been identified in the LDLR 
gene. Of these, approximately 46% of the variants are 
single missense mutations of LDLR (33), suggesting that a 
LDLR-null or missense mutation model may be more ap-
plicable, mimicking the majority of human hypercholester-
olemia cases.

In this study, we developed a novel mouse model of ath-
erosclerosis that resembled human familial hypercholes-
terolemia (FH) by knocking in a single missense mutation 
of W483STOP in the LDLR gene using the CRISPR/Cas9 
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Atherosclerosis is a chronic inflammatory disease of the 
arteries characterized by plaques built up in the vessels 
(1–3). Endothelial dysfunction in the vessels represents 
one of the atherogenic processes in the early stage that 
leads to the formation of atherosclerotic lesions; at a later 
stage, plaques are built up inside the arteries leading to a 
narrowed and restricted blood flow, which increases the 
influx of LDL into the arterial wall (4), induces the migra-
tion of monocytes by activating endothelial cells, and re-
sults in lipid accumulation and foam cell formation (5, 6). 
Among atherosclerosis regulators, miRNAs have been 
shown to play critical roles in processes such as lipoprotein 
homeostasis (e.g., miR-122, miR-223, and miR-148a) (7–10), 
endothelial cell inflammation and plaque progression 
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technology, as the W483X mutation in LDLR is considered 
the most prevalent missense mutation in Chinese FH indi-
viduals (34). The microarray technology was then used to 
profile whole-genomic miRNAs and mRNAs; subsequent 
bioinformatics analysis was undertaken to screen candi-
dates of atherosclerosis-related miRNA/mRNA pairs in 
the new atherosclerosis mouse model as well as an in vitro 
human cell model. In both models, a novel miRNA, 
miR-23a-3p, was identified that acted as a key regulator of 
atherosclerosis. By targeting TNF-induced protein 3 (TN-
FAIP3), miR-23a-3p promoted inflammation and endothe-
lial apoptosis through the NF-B and p38/MAPK pathways. 
Taken together, these results indicated that the newly iden-
tified atherosclerosis-related miRNA plays an important 
role in inflammatory pathways.

MATERIALS AND METHODS

Animal use and care
All experimental procedures performed in both Biomodel Or-

ganism (Shanghai, China) and Wuxi Apptech, Inc. (Shanghai, 
China) were in accordance with standard Guide for the Care and Use 
of Laboratory Animals published by the US National Institutes of 
Health, and abided by the institution-approved animal protocol 
and the AAALAC accreditation.

Knock-in mouse construction
C57BL/6-LDLRW483STOP knock-in (KI) mice were generated 

at the Shanghai Biomodel Organism. The single mutation 
W483STOP in the human LDLR gene was generated through 
the CRISPR/Cas9 technology. Oligo donor DNA was synthesized 
by Sango Biotech (Shanghai, China). The Cas9 mRNA and guide 
RNA (gRNA) were transcribed in vitro using MEGAscript®  
T7 transcription kit (Thermo Fisher, AM1334) and purified  
with MEGAclear™ transcription clean-up kit (Thermo Fisher, 
AM1908). The Cas9 mRNA and gRNA were injected into C57BL/6 
mouse zygotes using a microinjection system under standard con-
ditions. The injected zygotes were then cultured with embryos 
and transferred into the oviducts of recipient mice. After birth, 
genomic DNA was extracted from tail biopsies of all mice by the 
standard ethanol precipitation method (35). Genotyping was con-
ducted by PCR (primer forward: 5′-ctctacctgccctgcttcccatcc-3′; re-
verse: 5′-accagccccctctttctttcttgt-3′) and sequencing. Homozygous 
(HO) mutant mice were obtained by interbreeding heterozygous 
(HE) mice; the genotype was confirmed by sequencing and West-
ern blot.

Atherosclerosis mouse model generation
The atherosclerosis mouse model was established at Wuxi 

Apptech, Inc. (Shanghai, China). C57BL/6-LDLRW483STOP KI 
mice were fed a HFD (0.2% cholesterol and 21% saturated fat; 
Harlan Teklad, TD88137) for 12 weeks. Two independent groups 
of WT mice were included in the study and fed normal diet (ND) 
and HFD, respectively. APOE KO mice were purchased from the 
Jackson Laboratory (stock number 002052) and used as controls 
for atherosclerosis. Mouse body weights were recorded weekly for 
12 weeks.

Blood biochemistry analysis
For all biochemical analyses, mouse blood was collected by sub-

mandibular bleeding or cardiac puncture at the endpoint. Serum 

was separated by centrifugation at 1,300 g for 10 min at 4°C and 
stored at 80°C. Serum total cholesterol (TC), TG, LDL-C, and 
HDL-C amounts were determined every 2–3 weeks on a Hitachi 
7180 biochemistry automatic analyzer (Tokyo, Japan).

Oil red O staining and immunohistochemical analysis
The mouse aorta was removed from the heart, opened longitu-

dinally from the intercostal ostia to the iliac bifurcation, and 
pinned open. Each aorta was fixed with 4% paraformaldehyde 
(Affymetrix, 19943) and rinsed with 60% isopropanol (Sigma, 
I9030). Aorta specimens were then stained with 60% Oil red O 
(Sigma, O0625) solution in isopropanol and washed with 60% 
isopropanol. The stained aortic tissues underwent a final wash 
with deionized water prior to imaging.

For immunohistochemical analysis, mouse aorta samples were 
first immersed in 4% paraformaldehyde overnight. Then, the tis-
sues were dehydrated through a graded ethanol series and em-
bedded in paraffin. Next, 4 m paraffin sections were obtained 
for subsequent staining with hematoxylin (Sigma, GHS132) and 
eosin (Sigma, HT110132). Stained slides of aortic root sections 
were evaluated by light microscopy on an Aperio ImageScope 
v12.3.3.7014 (Leica Biosystems, Nussloch, Germany) to assess 
plaque formation. In each animal, plaque, open lumen, and total 
vessel areas were averaged from three separate slides.

Cell culture, treatment, and transfection
HAECs were purchased from the ATCC (PCS-100-011) and cul-

tured in vascular cell basal medium (ATCC, PCS-100-030) supple-
mented with the endothelial cell growth kit (ATCC, PCS-100-041) 
and 0.1% penicillin/streptomycin (ATCC, PCS-999-002) at 37°C 
in an incubator with 5% CO2. HAECs were transiently transfected 
with miR-23a-3p mimic (Thermo Fisher, 4464067, #MC10644), 
negative control miRNA (miRNA NC) (5′-UUCUCCGAACGU-
GUCACGU-3′, Sangon Biotech), TNFAIP3 siRNA (5′-GGCCAAU-
CAUUGUCAUUUCTT-3′, Thermo Fisher, AM16708, #2510), or 
miR-23a-3p mimic and its inhibitor (Thermo Fisher, 4464084, 
#MH10644). All transfections utilized the Lipofectamine 3000 re-
agent (Invitrogen, L3000015) according to the manufacturer’s 
instructions. After 24 h of cell transfection, the culture medium 
was replaced with fresh medium with or without oxLDL (Beijing 
Xiesheng Bio-Technology); inclusion or exclusion of oxLDL was 
determined based on the design.

Microarray assay and bioinformatics analysis
Total RNA was separately extracted from aortic endothelial 

cells and mouse aortic tissue specimens and purified with a mir-
Vana™ miRNA isolation kit without phenol (Ambion, AM1561). 
Total RNA was amplified and labeled with a Low Input Quick 
Amp Labeling Kit, one-color (Agilent Technologies, 5190-2305). 
Individual miRNAs obtained from the extracted total RNA were 
labeled with Cy3 using a miRNA Complete Labeling and Hyb kit 
(Agilent Technologies, 5190-0456). Labeled miRNAs were then 
purified with an RNeasy mini kit (Qiagen, 74106). Each slide was 
hybridized with the Cy3-labeled miRNAs in a hybridization oven 
(Agilent Technologies, G2545A) at 55°C and 20 rpm for 20 h. 
After hybridization, slides were washed in staining dishes with 
Gene Expression Wash Buffer kit (Agilent Technologies, 5188-
5327), scanned on an Agilent microarray scanner (Agilent Tech-
nologies), and analyzed with the Feature Extraction software 
v10.7 (Agilent Technologies).

Gene and miRNA differential expression analysis.  For HAEC sam-
ples, mRNAs and miRNAs were profiled using Agilent SurePrint 
G3 Human Gene Expression 8×60K microarray and Agilent Sure-
Print Human miRNA microarray (V21.0), respectively. In this 
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analysis, 26,083 genes were included in the gene expression mi-
croarray; meanwhile, 2,549 miRNAs were included in the miRNA 
microarray (supplemental Table S1). Each probe was labeled as P 
(present, expressed) or A (absent, unexpressed) based on its fluo-
rescence intensity in sample testing. Only the probes labeled as P 
in all samples from at least one group (control vs. experimental 
groups in the cell model or WT vs. HO groups in the mouse 
model) were retained for further analysis (supplemental Table 
S3). Gene and miRNA expression profiles in all samples were 
quantile-normalized after a log2-based normalization. The log2-
transformed fold-change ratio for each gene or miRNA was then 
calculated between the treatment and control groups. Genes with 
absolute log2-transformed fold change 1 and P < 0.05 were con-
sidered to be differentially expressed mRNAs (DE mRNAs); miR-
NAs with P < 0.05 were considered to be differentially expressed 
miRNAs (DE miRNAs).

In tissue samples from mice, mRNAs and miRNAs were pro-
filed with Agilent SurePrint G3 mouse GE V2 8×60K microarray 
and Agilent Mouse miRNA microarray 8×60K (V21.0), respec-
tively. Totally, 27,122 genes were included in the gene expression 
microarray; meanwhile, 1,881 miRNAs were included in the 
miRNA microarray (supplemental Table S1). Subsequent analysis 
was performed as described above for cell microarray data.

Identification of novel atherosclerosis-related miRNA.  Overlapping 
DE miRNAs between in vitro and in vivo models were retained for 
target gene prediction using TargetScan (Release 7.2) (36). 
These miRNAs were further filtered based on the reverse regula-
tion paradigm of miRNA-mRNA pairs on gene expression. The 
miRNAs in these pairs were defined as candidate atherosclerosis-
related miRNAs. Candidate miRNAs targeting previously reported 
atherosclerosis-related genes were prioritized for selection. Any 
miRNAs already reported to be related to atherosclerosis were ex-
cluded. The remaining candidate miRNAs were further validated 
by quantitative PCR.

Quantitative PCR
Total RNA was separately extracted from collected cells and/or 

tissues samples with RNeasy Plus mini kit (Qiagen, 74134) according 
to the manufacturer’s instructions. In brief, cDNA was obtained 
from total RNA using FirstStrand synthesis system (Thermo Fisher, 
18091050). Then, qPCR analysis was performed in triplicate 
using SYBR Green PCR Master Mix (Thermo Fisher, 4367659) 
with the primers shown in supplemental Table S2. Relative 
mRNA levels were normalized to the housekeeping gene GAPDH. 
miRNA expression was determined using TaqMan miRNA  
reverse transcription kit (Thermo Fisher, 4366597) and TaqMan 
miRNA assays (Thermo Fisher, 4440886). U6 snRNA was used for 
normalization.

Luciferase reporter assay
The 3′ untranslated regions (UTRs) of WT and mutant TNFAIP3 

were amplified by PCR and cloned into PGL3-CMV-Luc vector using 
XhoI and MluI restriction sites followed by DNA sequencing verifica-
tion. Then, 293T cells were cotransfected with luciferase reporter 
plasmids containing WT TNFAIP3, mutant TNFAIP3, or empty 
vectors, and miR-23a-3p mimic or miRNA NC, respectively, using 
Lipofectamine 3000. Luciferase activities were evaluated using a 
dual-luciferase reporter assay system (Promega, E2940) after 48 h.

Apoptosis assay and flow cytometry
The apoptosis assay was performed with the Annexin V-FITC 

Apoptosis kit (Sigma, APOAF-50TST). Briefly, after appropri-
ate treatment, cells were collected and washed with Dulbecco’s 
PBS. Then, cells were resuspended at a density of 1 × 106 cells per 

milliliter and double stained with FITC-Annexin V and propid-
ium iodide. Cells were finally analyzed on an LSRFortessa X-20 
(BD) with the FlowJo v10.1 software.

Immunoassays
For cytokine detection, HAECs at a density of 3 × 105 cells per 

well were treated with miRNA negative control, miR-23a-3p mimic, 
or miR-23a-3p inhibitor in 6-well plates. Extracellular levels of 
ICAM and E-selectin were measured with a customized Luminex 
human magnetic assay kit (R&D, LXSAHM-04) and ELISA kit 
(Abcam, ab174445), respectively. For TNFAIP3 protein level de-
tection, cells at a density of 8,000 cells per well in 96-well plates 
were transfected with miRNAs followed by oxLDL treatment. TN-
FAIP3 expression was measured with an ELISA kit (Aviva Systems 
Biology, OKCD08256) following the manufacturer’s instructions.

Cell adhesion assay
Cell adhesion was measured with a leukocyte adhesion assay kit 

(Cell Biolabs, CBA-210). Briefly, HAECs at a density of 5 × 104 in 
96-well plates were transfected with miRNA mimic or its inhibitor 
for 48 h, followed by oxLDL treatment for 24 h. Then, THP-1 cells 
at 3 × 105 cells per well with LeukoTracker were added to the en-
dothelial monolayer for an additional 90 min incubation before 
reading, according to manufacturer’s instructions.

Western blot analysis
Cells were lysed with RIPA (Thermo Fisher, 89901) containing 

1% protease inhibitors (Sigma, 78444). After centrifugation, the 
supernatants were collected and total protein amounts were de-
termined with a BCA kit (Thermo Fisher, 23227). Proteins were 
then separated by SDS-PAGE and transferred onto PVDF mem-
branes. Membranes were blocked and incubated with primary 
antibodies against TNFAIP3 (CST, 5630), p38 MAPK (CST, 8690), 
p-p38 MAPK (CST, 4511), IB (CST, 9242), p-IB (CST, 2859) 
and GAPDH (R&D Systems, MAB5718) at 4°C overnight. After 
incubation with appropriate secondary antibodies, the membranes 
were scanned on a Gel Documentation System.

Statistical analysis
Statistical analysis was performed with GraphPad Prism 7. Mul-

tiple comparisons were performed by ANOVA followed by Tukey’s 
test (Figs. 1C–F, 4B–E, 5D and E, 6B–D) or Dunnett’s test (Figs. 
1H–J, 2B, 5C). Comparison between two groups was carried out 
by Student’s t-test (Figs. 2C and D, 3D and E, 5B). Differences 
were considered statistically significant at P < 0.05. All data are 
mean ± standard deviation.

RESULTS

Atherosclerosis is induced by HFD in LDLRW483STOP  
KI mice

Recently, a very common but unique single missense 
mutation of the LDLR gene (p. W483STOP) has been iden-
tified as a pathogenic mutation in Chinese FH individuals 
(34). The W483 of LDLR is highly conserved across human, 
mouse, and rat based on the multiple sequence alignment 
analysis in the LDLR sequences (37). To develop a human 
mouse model of atherosclerosis that could mimic the hu-
man condition mentioned above, we generated a LDLR 
mutation KI mouse model by the CRISPR-Cas9 technology 
with gRNA and oligo donor DNA, as shown in Fig. 1A. 
The chronological steps involved in the generation of 
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C57BL/6-LDLRW483STOP KI mice are highlighted in supple-
mental Fig. S1. Sequencing results showed that the gRNA 
was effective (supplemental Fig. S1). Genotyping of HE 
and HO mice for the LDLRW483STOP mutation was validated 
by Western blot (Fig. 1B). A total of 10 LDLR HO mice 
(seven males and three females) and 10 LDLR HE mice 
(five males and five females) were obtained. There were 
eight (four males and four females) and five (three males, 
two females) of WT and APOE KO mice, respectively. The 
body weights of LDLR HO mice fed HFD increased pro-
gressively during the feeding period and reached statistical 
significance after 2 weeks. LDLR HE and APOE KO mice 
fed HFD showed an increasing trend but nonsignificance 
on body weight compared with those fed ND (Fig. 1C). As 
shown in Fig. 1D and E, LDL-C levels in LDLR HO mice fed 
HFD were significantly higher than those of APOE KO mice 
fed HFD. Moreover, TG levels in LDLR HO mice fed HFD 
were significantly increased, showing a distinctive lipid pro-
file compared with WT or APOE KO mice (Fig. 1F). LDLR 
HE mice fed ND or HFD showed no changes in TC, LDL-C, 
and TG levels over 12 weeks.

As shown on oil red O-staining images, APOE KO mice had 
more plaques in the aortic roots than WT animals (n = 4) 
(Fig. 1G, H); this pattern was also evident with hematoxylin 

and eosin staining (Fig. 1I, J). Similarly, LDLR HO mice, 
but not LDLR HE mice, also presented plaques in the 
aortic roots (Fig. 1G–J). Although plaque areas in the 
aortic roots of LDLR HO mice were comparable to those 
of APOE KO mice (Fig. 1I, J), the percentage of plaque 
area of the whole aortic surface was significantly higher 
in LDLR HO mice (Fig. 1G, H) compared with APOE KO 
mice. No plaques were found in WT or LDLR HE mice 
(Fig. 1G–J).

oxLDL-induced inflammation and apoptosis in HAECs
As the initial event in the process of atherogenesis, vascu-

lar endothelial cells are activated to recruit leukocytes, 
leading to lipid accumulation and foam cell formation (5, 6). 
oxLDL has been reported to contribute to plaque gen-
eration by inducing endothelial cell apoptosis (4, 6, 38). 
To screen for atherosclerosis-related miRNAs, we devel-
oped an in vitro model based on oxLDL-treated HAECs. 
Different concentrations of oxLDL (25, 50, 100, or 200 
g/ml, respectively) were incubated with HAECs for 24 
and 48 h; cell apoptosis was then analyzed by flow cytome-
try. As shown in Fig. 2A and B, oxLDL induced cell apop-
tosis in HAECs in a dose- and time-dependent manner, 
which reached statistical significance at every dose at both 

Fig.  1.  HFD induces atherosclerosis in LDLRW483STOP KI mice. A: The gRNA and oligo donor DNA were designed based on LDLR’s exon 
10 sequence. B: Western blot analysis of endogenous LDLR from the WT, LDLRW483STOP HO, and LDLRW483STOP HE mice, as well as HepG2 
cells. Body weights (C). serum TC (D), LDL-C (E), and TG (F) from WT, LDLR HO, LDLR HE, and APOE KO mice fed ND or HFD for 12 
weeks. G: Oil Red O-stained aortic sections from WT, LDLR HE, LDLR HO, and APOE KO mice. Scale bar = 1 cm. H: Percentages of plaque 
area of the whole aortic surface in WT and other mouse models. I: Hematoxylin and eosin-stained aortic root sections from WT and other 
mouse models. Scale bar = 500 m. J: Plaque area quantitation in the aortic roots of WT and other mouse models. Error bars represent 
standard deviations. There were eight (four male and four female), ten (seven male and three female), ten (five male and five female), and 
five (three male and two female) mice in the WT, LDLR HO, LDLR HE, and APOE KO groups, respectively. In C, *P < 0.05, ***P < 0.001, 
multiple comparisons to LDLR HO fed ND. In D–F, ***P < 0.001, multiple comparisons to WT HFD; #P < 0.05, ###P < 0.001, multiple com-
parisons to APOE KO HFD. Two-way ANOVA followed by post hoc Tukey’s test. In H and J, ***P < 0.001, multiple comparisons to WT, one-way 
ANOVA followed by post hoc Dunnett’s test.
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time points (24 and 48 h) compared with untreated cells. 
Moreover, the inflammatory cytokines, E-selectin and 
ICAM-1, were also significantly increased under 50 g/ml 
oxLDL treatment for 24 and 48 h, respectively, compared 
with untreated cells (Fig. 2C, D). These results suggested 
that oxLDL activated HAECs and ultimately initiated the 
inflammatory process that led to apoptosis. Considering 
the high degree of cell death at 200 g/ml oxLDL and 
similar effects at 50 and 100 g/ml oxLDL on apoptotic 
induction, we selected an oxLDL treatment of 50 g/ml 
for 48 h for subsequent experiments to investigate its pro-
inflammatory and apoptotic effects.

Bioinformatic analysis of atherosclerosis-related miRNAs
In both in vivo and in vitro models, a total of 4,430 miR-

NAs (2,549 and 1881 for the human and mouse, respec-
tively) and 53,205 mRNAs (26,083 and 27,122 for the 
human and mouse, respectively) were detected by microar-
ray analysis. Among them, 302 human miRNAs (123 down-
regulated and 179 upregulated) and 108 mouse miRNAs 
(69 downregulated and 39 upregulated) were differentially 
expressed in the in vitro and in vivo models of atheroscle-
rosis, respectively. Significantly altered expression levels 

were found in 9,757 human mRNAs (4,574 upregulated 
and 5,183 downregulated) and 5,020 mouse mRNAs (2,868 
upregulated and 2,152 downregulated). To identify novel 
miRNAs related to atherosclerosis, a reverse expression-
based screening flow was designed and illustrated in 
Fig. 3A. A total of 14 DE miRNAs were identified in both 
models, including 3 upregulated and 11 downregulated 
compared with controls (Fig. 3B, C). With the exception of 
three previously reported miRNAs, including miR-23b-3p 
(39), miR-30a-5p (40), and miR-30c-5p (41, 42), the other 
11 identified miRNAs not previously linked to the patho-
genesis of atherosclerosis were retained as candidates for 
further selection. Meanwhile, there were 242 upregulated 
DE mRNAs and 246 downregulated DE mRNAs overlapped 
between the in vivo and in vitro models (supplemental 
Table S3). As listed in supplemental Table S3, 29 common 
DE mRNAs (including APOE and LDLR) were already 
known to be involved in the development of atherosclerosis. 
Through miRNA target gene prediction by TargetScan 
(36), the candidate miRNAs targeting 29 common mRNAs 
with inverse changes in expression levels were selected 
as novel hits. As a result, a novel atherosclerosis-related 
miRNA, namely, miR-23a-3p, was identified with significantly 

Fig.  2.  oxLDL induces inflammation and apoptosis in HAECs. A: Flow cytometry analysis of apoptotic HAECs without or with oxLDL treat-
ment (25, 50, 100, and 200 g/ml, respectively) after 24 and 48 h of treatment. B: Quantification of apoptotic cells after treatment with 
different oxLDL concentrations. C: Gene expression levels of ICAM-1 in HAECs with or without oxLDL treatment at 50 g/ml oxLDL for 
24 and 48 h. D: Gene expression levels of E-selectin in HAECs with or without oxLDL treatment at 50 g/ml oxLDL for 24 and 48 h. Controls 
were untreated cells. Error bars represent standard deviations. *P < 0.05, **P < 0.01, ***P < 0.001, compared with untreated cells, one-way 
ANOVA followed by post hoc Dunnett’s test (B). Group pairs were compared by the Student’s t-test (C, D).Q8
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decreased expression levels in both in vivo and in vitro 
models (Fig. 3D, E).

MiR-23a-3p promotes atherogenic inflammation and 
apoptosis in HAECs

To further explore the functional roles of miR-23a-3p in 
oxLDL-induced inflammatory response, endothelial cell 
apoptosis was evaluated by adding miR-23a-3p mimic and 
its inhibitor under oxLDL stress. As shown in Fig. 4A and B, 
overexpression of miR-23a-3p worsened oxLDL-induced 
cell apoptosis, which was reversed by co-application of miR-
23a antisense inhibitor. The pro-inflammatory cytokines, 
E-selectin and ICAM-1, were also detected extracellularly. 
Figure 4C indicated that E-selectin protein levels were  
elevated after oxLDL stimulation, and miR-23a-3p strength
ened this upregulation, which was also blocked by miR-23a-
3p inhibitor. ICAM-1 showed no obvious changes at the 
protein level after miR-23a-3p addition, probably due to 
the different response time (Fig. 4D) (43). We further 
examined the effect of miR-23a-3p on endothelial cell 
adhesion. In accordance with endothelial apoptosis re-
sults, miR-23a-3p overexpression promoted THP-1 cell 
attachment to HAECs, which was blocked by miR-23a-3p 

inhibitor (Fig. 4E). These data jointly illustrated that 
miR-23a-3p promoted atherogenesis by enhancing endo-
thelial inflammation and apoptosis.

TNFAIP3 is the key target gene of miR-23a-3p in 
atherogenesis

TNFAIP3, encoding the inflammation regulatory pro-
tein, TNFAIP3, was upregulated in both in vivo and in vitro 
models in microarray analysis and confirmed by qPCR 
(supplemental Fig. S2). Although target prediction algo-
rithms indicated that TNFAIP3 is a potential conserved tar-
get gene of miR-23a-3p (Fig. 5A), we sought to further 
verify the regulatory effect of miR-23a-3p on TNFAIP3. To 
this end, luciferase reporters containing a WT or mutant 
variant of TNFAIP3’s 3′UTR in the miR-23a-3p binding site 
(Fig. 5A) were cotransfected into 293T cells with miR-23a-
3p to determine whether the 3′UTR of TNFAIP3 is the 
binding site of miR-23a-3p. In this study, miR-23a-3p signifi-
cantly reduced luciferase activity in the WT group, with no 
effects in the mutant and vector control groups (Fig. 5B), 
confirming TNFAIP3 as a target of miR-23a-3p. TNFAIP3 
mRNA expression was also examined in HAECs after trans-
fection with miR-23a-3p. miR-23a-3p significantly suppressed 

Fig.  3.  Atherosclerosis-related miRNA screening and profiling. A: Screening flow of novel atherosclerosis (AS)-related miRNAs. B: Heat 
map of up- and downregulated miRNAs in the in vitro model. C: Heat map of up- and downregulated miRNAs in the in vivo model. 
D: Microarray analysis of miR-23a-3p in the in vivo model. E: Microarray analysis of miR-23a-3p in the in vitro model. Error bars represent 
standard deviations. *P < 0.05, ***P < 0.001, compared with control or WT by the Student’s t-test.
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TNFAIP3 expression in a dose-dependent manner (Fig. 
5C). Further, miR-23a-3p inhibitor blocked the suppres-
sion of TNFAIP3 by miR-23a-3p at both mRNA and protein 
levels (Fig. 5D, E). These findings suggested that TNFAIP3 
acted as a biological effector of miR-23a-3p in human en-
dothelial cells.

miR-23a-3p regulates atherogenesis through the NF-B 
and p38/MAPK pathways

The miR-23a-3p-mediated signaling pathways in the cell 
model of atherosclerosis were investigated next. As previ-
ously reported, both NF-B and p38/MAPK signaling path-
ways play critical roles in inflammatory responses and 
atherogenesis (44, 45). As an anti-inflammatory signaling 
molecule, TNFAIP3 inhibits the activation of NF-B by 
multiple mechanisms, such as modulating ubiquitin-de-
pendent signaling cascades (46), or suppresses the p38/
MAPK pathway by inactivating transforming growth fac-
tor -activated kinase 1 (TAK1) (47). To explore whether 
miR-23a-3p regulates endothelial inflammation through 
these pathways, we measured the phosphorylation levels of 
p38/MAPK and IB. As shown in Fig. 6A and B, oxLDL 
treatment of HAECs induced TNFAIP3 expression and in-
creased the phosphorylation levels of both p38/MAPK and 
IB. In addition, miR-23a-3p treatment prior to oxLDL 
administration reduced TNFAIP3 expression and enhanced 
both IB and p38/MAPK phosphorylation; these effects 
were all blocked by miR-23a-3p inhibitor (Fig. 6). Interest-
ingly, TNFAIP3-specific siRNA showed a slightly differ-
ent effect on both pathways, with a stronger increase in the 

phosphorylation of p38/MAPK than IB, compared with 
miR-23a-3p treatment (Fig. 6C, D), suggesting that miR-23a-
3p and TNFAIP3 siRNA may have a stronger effect on one 
pathway than the other.

DISCUSSION

In this study, we developed a novel mouse model based 
on human FH genetic characteristics, to identify novel ath-
erosclerosis-related miRNAs. Ultimately, this approach al-
lowed us to further our understanding of miRNA regulation 
in atherogenesis under disease conditions. FH is an autoso-
mal dominant disorder characterized by elevated plasma 
levels of LDL-C (48), and individuals with FH present a 
dramatically increased risk of atherosclerotic cardiovascu-
lar diseases (49). The novel model showed phenotypic dif-
ferences from previous commonly used mouse models of 
atherosclerosis such as APOE or LDLR KO mice (14, 19, 
24, 30). More specifically, we were interested in generating 
a mouse model that carried a human LDLR gene present-
ing a mutation previously identified in Chinese FH indi-
viduals. As reported, both HE and HO FH with the W483X 
mutation in LDLR were found in humans. However, indi-
viduals with the HO phenotype were younger with a more 
severe phenotype and higher lipid values compared with 
HE individuals (34). According to the structure-based 
functional impact prediction for mutation identification 
(SFIP-MutID) model, a structure-based computational 
prediction model for the pathogenicity of the LDLR single 

Fig.  4.  miR-23a-3p induces endothelial inflammation and apoptosis in HAECs. A: Flow cytometry analysis of apoptotic HAECs treated with 
miR-23a-3p and its inhibitor under oxLDL induction. B: Quantification of apoptotic cells in flow cytograms. C: E-selectin expression levels 
in HAECs treated with miR-23a-3p and its inhibitor under oxLDL induction. D: ICAM-1 expression levels in HAECs treated with miR-23a-3p 
and its inhibitor under oxLDL induction. E: Cell adhesion measurement by co-incubating THP-1 cells with HAECs pretreated with miR-23a-
3p and its inhibitor after oxLDL induction. Cells treated with oxLDL alone served as controls. Error bars represent standard deviations. 
*P < 0.05, **P < 0.01, ***P < 0.001, multiple comparisons by one-way ANOVA followed by post hoc Tukey’s test.
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missense mutation, a variant of LDLR W483X was pre-
dicted to induce very high pathogenicity, as LDLR folding 
and recycling are known to be defective (50). Based on 
genetic information, we generated a mouse model con-
taining the FH-causing LDLR W483X mutation, which may 
share a greater degree of similarity with human athero-
genesis compared with other commonly used models. 
Consistent with HE and HO individuals with the LDLR 
W483X mutation, HO mice fed HFD developed plaques in 
the aorta and showed much higher lipid values than HE 
animals in 12 weeks. Compared with a complete KO of the 
LDLR gene, individuals with the LDLR W483X mutation 
demonstrate measurable levels of LDLR expression but 
truncated extracellular structure of the LDLR protein, 

whose function is impaired (49). Although APOE deficiency 
is considered an inherited familial disease correlated with 
the risk of cardiovascular events, few subjects have been 
identified with APOE deficiency (51, 52), which is much 
rarer than LDLR variants.

As a well-developed in vitro model, oxLDL-induced en-
dothelial cells have been used in numerous miRNA studies 
(20, 21, 42, 53–55). As previously reported (22–24, 27, 56, 
57), the HAEC model validated oxLDL-induced cell apop-
tosis and elevated E-selectin and ICAM-1 expression levels, 
providing an in vitro tool and human-relevant evidence for 
the identification and validation of novel atherosclerosis-
related miRNAs. With both in vitro and in vivo athero-
sclerosis models, we identified 14 miRNAs with expression 

Fig.  5.  miR-23a-3p regulates TNFAIP3 expression in HAECs. A: Prediction of the binding sequence of the human TNFAIP3 gene with 
miR-23a-3p and design of the mutant TNFAIP3 binding site. B: Luciferase reporter assay of 293T cells cotreated with miR-23a-3p and empty 
vector or vectors containing WT TNFAIP3 3′UTR or TNFAIP3 3′UTR mutant. C: Effect of miR-23a-3p on the transcription level of TNFAIP3 
in HAECs. D: Gene expression of TNFAIP3. E: Protein expression of TNFAIP3. Error bars represent standard deviations. *P < 0.05, **P < 0.01, 
***P < 0.001; multiple comparisons were performed by one-way ANOVA followed by post hoc Dunnett’s test (C) and Tukey’s test (D, E). Group 
pairs were compared by the Student’s t-test (B).
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changes in the same variation trend by screening 2,549 hu-
man mature miRNAs in the in vitro model and 1,881 mouse 
miRNAs in the in vivo model. Parallel analysis of miRNA 
and mRNA profiles has been widely used in disease studies 
to identify novel diagnostic and prognostic biomarkers, 
to explore miRNA-mRNA coregulation in pathologic pro-
cesses, and to identify candidate therapeutic targets (58–60). 
Fourteen miRNAs were identified as atherosclerosis related 
in both models, including three previously reported miR-
NAs that contribute to atherogenesis in different mech-
anisms of action. For example, miR-23b-3p has been shown 
to inhibit the synthesis of apo(a), one of the most impor-
tant components of Lp(a), by targeting Ets1, increasing the 
risk of cardiovascular diseases (39). miR-30a-5p is correlated 
with calcification extension by targeting RUNX family tran-
scription factor 2, and significantly upregulated in the arte-
rial calcified culprit plaques of patients with acute coronary 
syndromes (40). Lastly, miR-30c-5p has been shown to be 
reversely correlated with total and LDL cholesterol, and pro-
moted caspase-3 expression, leading to apoptosis (41, 42). 
Among the overlapping miRNAs, only miR-23a-3p was identi-
fied as a novel candidate linked to atherosclerosis.

Hsa-miR-23a-3p has been previously reported to be upreg-
ulated and is known to have a promoting role in several can-
cer types, including colorectal, bladder, and gastric cancers, 
exerting its effects by targeting various tumor suppressor 
genes (61–64). For example, miR-23a-3p regulates tumori-
genesis by targeting proline-rich nuclear receptor coactivator 
2 (PNRC2) in renal cell carcinoma (65). Another line of evi-
dence suggests that miR-23a-3p may exert cardioprotective 
effects through induction of angiogenesis in ischemic heart 
after myocardial infarction (66). Other studies have revealed 
that miR-23a may promote cardiac hypertrophy by regulating 
forkhead box O3 (FOXO3a) and nuclear factor of activated 
T cells 3 (NFATc3) (67, 68). In this study, miR-23a-3p levels 
were significantly decreased in both in vitro and in vivo 

models, suggesting that it plays an important role in athero-
sclerosis. By pairing with predicted target genes screened in 
both models, the atherosclerosis-related gene, TNFAIP3, was 
identified and experimentally validated as a target of miR-23a-
3p. Among the three literature-reported targets of miR-23a, 
significant overexpression of PNRC2 (2.073-fold, P = 0.005) 
and FOXO3 (3.275-fold, P = 0.002) were found in the in vitro 
model only. Conversely, Nfatc3 was downregulated (1.459-
fold, P = 0.002) in the in vivo model but not in the in vitro 
model. In humans, miR-23a is also found in a cluster with 
miR-27a and miR-24-2 (69). In the above microarray data-
base, miR-27a was downregulated significantly in the cell 
model only (data not shown). The expression of miR-24-2 
was decreased in the cell model but upregulated in the 
mouse model (data not shown). Both of the miRNAs did not 
meet our screening criteria for further validation.

TNFAIP3, also known as A20, is a well-known anti-in-
flammatory molecule that regulates multiple intracellular 
signaling pathways (46). It was first described as a primary 
response gene following stimulation of human umbilical 
vein endothelial cells with stimulators such as TNF, inter-
leukin (IL)-1, and lipopolysaccharide (LPS) (70). The level 
of TNFAIP3 expression in specific cell types influences the 
type of inflammation and susceptibility to inflammatory 
diseases (46). Atherosclerosis is a chronic inflammatory 
disease, which is attenuated by TNFAIP3 through NF-B 
signaling pathway inhibition in arterial endothelial cells 
(71–74). A recent study reported that TNFAIP3-mediated 
TAK1 inactivation suppresses the p38/MAPK pathway, 
which also contributes to decreased inflammation and 
subsequent endothelial cell survival (47). In this study, 
downregulation of TNFAIP3 by miR-23a-3p in HAECs en-
hanced NF-B activation upstream of IB degradation 
and promoted the activation of p38/MAPK signaling. It 
subsequently activated NF-B and p38/MAPK-dependent 
pro-inflammatory and proatherogenic proteins such as 

Fig.  6.  miR-23a-3p regulation occurs through the 
NF-B and p38/MAPK pathways. A: Western blot anal-
ysis of p38/MAPK and IB phosphorylation after 
treatment with miR-23a-3p, miR-23a-3p inhibitor, and 
TNFAIP3 siRNA under oxLDL induction. Cells were 
transfected with miRNAs for 24 h followed by oxLDL 
treatment for 48 h. The + inhibitor indicates co-appli-
cation of miR-23a-3p and its inhibitor. B: Quantifica-
tion of TNFAIP3 expression levels. C: Quantification 
of IB phosphorylation. D: Quantification of p38/
MAPK phosphorylation. All quantifications were eval-
uated with ImageJ. p/T, phosphorylation to total 
protein ratio Error bars represent standard deviations. 
*P < 0.05, **P < 0.01. Multiple comparisons were per-
formed by one-way ANOVA followed by post hoc 
Tukey’s test.
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E-selectin, leading to endothelial dysfunction. In addition 
to inflammatory regulation, inhibition of TNFAIP3, an 
antiapoptotic protein in endothelial cells, by miR-23a-
3p aggravated apoptosis in oxLDL-treated HAECs. Both 
endothelial inflammation and apoptosis play critical 
roles in endothelial dysfunction and atherosclerotic lesion 
formation. Therefore, miR-23a-3p promotes the athero-
genic process through TNFAIP3-regulated NF-B and 
p38/MAPK pathways.

In summary, a new mouse model of atherosclerosis in 
conjunction with human endothelial cells was used to iden-
tify a new pro-inflammatory role for miR-23a-3p in athero-
sclerosis. These findings may help better understand the 
pathogenesis of atherosclerotic diseases and accelerate the 
search for potential targets for therapeutic intervention. 
The potential role of this novel miRNA as an early diagnos-
tic or prognostic biomarker also remains unknown and re-
quires further investigation.
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