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miR-223 Exerts Translational Control of 
Proatherogenic Genes in Macrophages
My-Anh Nguyen,* Huy-Dung Hoang,* Adil Rasheed , Anne-Claire Duchez, Hailey Wyatt, Mary Lynn Cottee,  
Tyson E. Graber , Leah Susser, Sabrina Robichaud , İbrahim Berber , Michele Geoffrion, Mireille Ouimet , Hilal Kazan,  
Lars Maegdefessel , Erin E. Mulvihill, Tommy Alain, Katey J. Rayner

BACKGROUND: A significant burden of atherosclerotic disease is driven by inflammation. Recently, microRNAs (miRNAs) 
have emerged as important factors driving and protecting from atherosclerosis. miR-223 regulates cholesterol metabolism 
and inflammation via targeting both cholesterol biosynthesis pathway and NFkB signaling pathways; however, its role in 
atherosclerosis has not been investigated. We hypothesize that miR-223 globally regulates core inflammatory pathways in 
macrophages in response to inflammatory and atherogenic stimuli thus limiting the progression of atherosclerosis.

METHODS AND RESULTS: Loss of miR-223 in macrophages decreases Abca1 gene and protein expression as well as cholesterol 
efflux to apoA1 (Apolipoprotein A1) and enhances proinflammatory gene expression. In contrast, overexpression of miR-223 
promotes the efflux of cholesterol and macrophage polarization toward an anti-inflammatory phenotype. These beneficial effects 
of miR-223 are dependent on its target gene, the transcription factor Sp3. Consistent with the antiatherogenic effects of miR-
223 in vitro, mice receiving miR223−/− bone marrow exhibit increased plaque size, lipid content, and circulating inflammatory 
cytokines (ie, IL-1β). Deficiency of miR-223 in bone marrow–derived cells also results in an increase in circulating pro-atherogenic 
cells (total monocytes and neutrophils) compared with control mice. Furthermore, the expression of miR-223 target gene (Sp3) 
and pro-inflammatory marker (Il-6) are enhanced whereas the expression of Abca1 and anti-inflammatory marker (Retnla) are 
reduced in aortic arches from mice lacking miR-223 in bone marrow–derived cells. In mice fed a high-cholesterol diet and in 
humans with unstable carotid atherosclerosis, the expression of miR-223 is increased. To further understand the molecular 
mechanisms underlying the effect of miR-223 on atherosclerosis in vivo, we characterized global RNA translation profile of 
macrophages isolated from mice receiving wild-type or miR223−/− bone marrow. Using ribosome profiling, we reveal a notable 
upregulation of inflammatory signaling and lipid metabolism at the translation level but less significant at the transcription level. 
Analysis of upregulated genes at the translation level reveal an enrichment of miR-223-binding sites, confirming that miR-223 
exerts significant changes in target genes in atherogenic macrophages via altering their translation.

CONCLUSIONS: Our study demonstrates that miR-223 can protect against atherosclerosis by acting as a global regulator of 
RNA translation of cholesterol efflux and inflammation pathways.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Atherosclerosis is a chronic inflammatory disease 
that is driven by the interplay of excess cholesterol 
accumulation in the vessel wall and a maladaptive 

immune response. It is characterized by retention of 
cholesterol-rich LPs (lipoproteins) in susceptible areas of 

the arterial vasculature, followed by chronic endothelial 
activation and recruitment of circulating monocytes into 
the vascular intima.1–3 In the subendothelial space, the 
majority of recruited monocytes differentiate into mac-
rophages, where they scavenge retained modified LPs, 
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which eventually transform them to cholesterol-laden 
foam cells.4 However, excessive cholesterol uptake, lead-
ing to free cholesterol accumulation in macrophage-
derived foam cells, triggers the activation of downstream 
cascades including NLRP3 (NOD-, LRR-, and pyrin 
domain-containing protein 3) inflammasome, TLR (toll-
like receptor), and NFκB signaling pathways, resulting in 
the secretion of pro-inflammatory mediators (cytokines, 

chemokines, and reactive oxygen and nitrogen species). 
These inflammatory signals induce the transmigration of 
additional inflammatory cells including monocytes into 
the intima, further aggravating plaque inflammation.5–8 
Traditionally, lipid lowering has been the gold-standard 
therapy for atherosclerosis; yet, a significant burden of 
atherosclerotic disease remains even in the setting of low 
plasma cholesterol, likely as a result of residual inflam-
matory risk.9,10 Thus, there is an urgent need to better 
understand the molecular mechanisms that govern ath-
erogenesis particularly those that drive inflammation.

Over the past decade, microRNAs (miRNAs) have 
emerged as key modulators and fine-tuners of multiple 
signaling pathways involved in atherosclerosis.11,12 miRNAs 
are defined as highly conserved small RNA sequences 
of 20 to 23 nucleotides that contain complementary 
sequences for specific target messenger RNAs (mRNAs). 
Via binding to the 3’-untranslated regions (UTR), miRNAs 
post-transcriptionally regulate gene expression by degra-
dation and/or translational inhibition of their bound targets. 
Notably, 1 miRNA can simultaneously repress multiple tar-
get genes through seed-based targeting. In addition, one 
functional gene network can be regulated by a group of 
miRNAs, providing a mechanism to coordinate complex 
gene expression programs and thereby modulate many 
aspects of cellular homeostasis and physiology.13–15 Indeed, 
accumulating evidence has highlighted the importance of 
miRNAs in regulating lipoprotein homeostasis, vascular 
inflammation, leukocyte recruitment/activation, and vascu-
lar smooth muscle function,16,17 thus controlling each stage 
of atherosclerosis from development, progression to dis-
ruption. One of the first miRNAs to be studied for its role in 

Nonstandard Abbreviations and Acronyms

ABCA1	 ATP-binding cassette transporter A1
ApoA1	 apolipoprotein A1
ApoE	 apolipoprotein E
BM	 bone marrow
HCD	 high cholesterol diet
HMGCS1	� 3-hydroxy-3-methylglutaryl-CoA syn-

thase 1
LP	 lipoprotein
miRNA	 microRNA
NLRP3	� NOD-, LRR-, and pyrin domain-contain-

ing protein 3
RPF	 ribosome-protected fragment
SC4MOL	 methylsterol monooxygenase 1
SP3	 specificity protein 3
TLR	 toll-like receptor
TRAF6	 TNF receptor associated factor 6
UTR	 Untranslated region
WT	 Wild-type

Novelty and Significance

What Is Known?
•	 Thousands of small, noncoding RNAs are present in 

the human genome, and some are highly conserved 
between humans and mice.

•	 MicroRNAs (miRNA) inhibit their target gene(s) 
either by inducing degradation of the transcript levels 
(mRNA) and/or by blocking translation of the target 
protein. Many miRNAs target multiple genes within the 
same biological pathway.

•	 Most studies examining miRNA contribution to ath-
erosclerosis only measure mRNA target levels, and 
overlook protein translation to understand miRNA 
mechanisms.

•	 miR-223 has previously been shown in liver cells to 
control genes involved in cholesterol synthesis and 
uptake, and in immune cells to control NFkB activation, 
but the contribution of miR-223 to the development of 
atherosclerosis, which combines both cholesterol and 
inflammatory responses, had never been investigated.

What New Information Does This Article  
Contribute?
•	 The current work explores the positive impact of miR-

223 in atherosclerosis development and proposes that 
boosting miR-223 expression or activity may slow ath-
erosclerosis progression in animal models.

•	 SP3 is identified as key factor controlling miR-223 
expression during inflammation.

•	 miR-223 suppresses inflammation largely via control-
ling translation of its target genes, rather than levels of 
target gene transcripts.

These data support a role for miR-223 in atherosclero-
sis development by exerting control over 2 main path-
ways—cholesterol efflux and inflammation—that drive 
plaque formation in the vessel wall. Boosting miR-223 
levels may protect from atherosclerotic disease. These 
findings highlight the need to extend miRNA studies 
beyond target mRNA expression to fully understand 
miRNA-regulated biology and pathobiology.
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cholesterol regulation was miR-223-3p (hereafter referred 
to as miR-223), which controls intracellular cholesterol 
levels through directly repressing genes involved in cho-
lesterol biosynthesis (HMGCS1 [3-hydroxy-3-methylglu-
taryl-CoA synthase 1]/and methylsterol monooxygenase 
1/SC4MOL) and cholesterol uptake (scavenger receptor 
class B member 1) in hepatocytes and coronary arterial 
endothelial cells.18 In addition to cholesterol metabolism, 
miR-223 suppresses the TLR4-NFκB pathway leading to 
a reduction in pro-inflammatory cytokine production in LPS 
activated macrophages19 possibly as a result of its direct 
targeting of IKKα and reduction in noncanonical NFκB 
activation.20 This feedback likely prevents macrophages 
from becoming overactivated while priming them for future 
NFκB signaling events.20 Finally, genome-wide miRNA 
screens have identified miR-223 as a negative regulator 
of NLRP3 inflammasome activation by directly suppress-
ing NLRP3 expression and reducing NLRP3-dependent 
induction of IL-1β in primary neutrophils.21,22 Together, 
these studies have established the importance of miR-223 
in cholesterol metabolism and inflammation in vitro, yet its 
role in lipid-driven inflammatory diseases in vivo has not 
been established.

Given the intersection of cholesterol and inflamma-
tion in the pathogenesis of atherosclerosis, we set out to 
determine the contribution of miR-223 in atherosclerosis 
development, particularly its role in myeloid-derived cells 
that perpetuate inflammation in the plaque. We find that 
loss of miR-223 in macrophages promotes a pro-inflam-
matory phenotype and dampens macrophage cholesterol 
efflux in vitro. These effects of miR-223 are largely depen-
dent on the inhibition of its target gene, the transcription 
factor Specificity Protein 3 (referred as Sp3 in mouse and 
SP3 in human). Consistent with pro-atherogenic effects 
in vitro, deletion of miR-223 in bone marrow (BM)-derived 
cells in low density lipoprotein receptor knockout (Ldlr−/−) 
mice fed an atherogenic diet results in an increase in 
plaque size as well as lipid content, plasma inflammatory 
cytokines, and circulating proatherogenic cells compared 
with wild-type (WT) controls. Furthermore, the expres-
sion of pro-inflammatory markers is enhanced whereas 
the expression of anti-inflammatory markers is reduced in 
aortic arches from mice lacking miR-223 in BM-derived 
cells. Interestingly, we find that miR-223 exerts its anti-
atherogenic effects by shifting the overall ribosomal 
profile of inflammatory and lipid metabolism genes, sug-
gesting that miR-223 acts to globally alter macrophage 
translational activity in the atherogenic environment. Thus, 
our study demonstrates that miR-223 can protect against 
atherosclerosis by acting as a central modulator of mac-
rophage cholesterol efflux and inflammation.

METHODS
Materials and methods can be found in the Supplemental 
Material.

Data Availability
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

RESULTS
miR-223 Positively Regulates ABCA1 
Expression and Promotes Macrophage 
Cholesterol Efflux In Vitro
ABCA1 (ATP-binding cassette transporters A1) plays a 
key role in stimulating the efflux of cholesterol from mac-
rophages, thereby reducing foam cell formation and the 
development of atherosclerosis.23–25 miR-223 has been 
found to indirectly induce ABCA1 expression and choles-
terol efflux in hepatocytes via directly targeting the tran-
scription factor SP3 (Specificity protein 3), which acts 
as a repressor of ABCA1 expression.18,26,27 To confirm 
whether miR-223 similarly regulates cholesterol efflux 
in macrophages, we first examined the expression of 
ABCA1 and Sp3 in bone marrow-derived macrophages 
(BMDMs) transfected with miR-223 or isolated from 
miR223−/− mice. As expected, loss of miR-223 elevated, 
whereas over-expression of miR-223 suppressed, Sp3 
expression (Figure 1A and 1B). In contrast, the expres-
sion of ABCA1 decreased or increased when miR-223 
was lost or over-expressed, respectively (Figure 1C). We 
next investigated the effects of this miR-223 on macro-
phage cholesterol efflux and indicated that macrophages 
transfected with miR-223 exhibited enhanced choles-
terol efflux to apoA1 (apolipoprotein A1) relative to con-
trol (25.3±3.2% for control mimic versus 34.6±2.0% for 
miR-223; P≤0.05; Figure 1D).

Atherosclerotic lesions have a highly heterogeneous 
phenotype as indicated by the simultaneous co-existence 
of various macrophage subpopulations.28 To determine 
whether or not macrophage polarization to a pro-inflamma-
tory M1 or alternative M2 state impacts the effect of miR-
223 on cholesterol efflux, we performed cholesterol efflux 
assays on Mo, M1, or M2 macrophages transfected with 
miR-223 or isolated from miR223−/− mice. We confirmed that 
miR-223 over-expression increased apoA1-mediated cho-
lesterol efflux from different macrophage subtypes includ-
ing resting (Mo) macrophages, pro-inflammatory (treated 
with LPS+IFN-γ, M1) macrophages and anti-inflammatory 
(treated with IL-4, M2) macrophages. Conversely, Mo mac-
rophages and M2 macrophages, but not M1 macrophages, 
from miR223−/− mice showed decreased cholesterol efflux 
to apoA1 (Figure 1E). Supporting the reduced cholesterol 
efflux capacity of different macrophage subtypes isolated 
from miR223−/− mice was a significant reduction in Abca1 
expression at the mRNA level (Figure S1A). To further con-
firm whether miR-223 regulates cholesterol efflux gene 
expression, we also examined the expression of Sp3 and 
Abca1 in BMDMs transfected with control anti-miR or anti-
miR223. Indeed, anti-miR223 treatment increased Sp3 
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expression while decreased Abca1 expression (Figure 
S1B). Interestingly, knockdown of Sp3 using short interfer-
ing RNA relieved the inhibitory effect of miR-223 deficiency 
on cholesterol efflux (Figure 1F), indicating that miR-223 
regulation of macrophage cholesterol efflux is dependent 
on Sp3. Taken together, these data confirm that miR-223 
can indirectly enhance macrophage ABCA1 expression 
and cholesterol efflux through Sp3.

miR-223 Suppresses Macrophage Pro-
inflammatory Activation and Promotes 
Macrophage Polarization Toward the Anti-
inflammatory Phenotype In Vitro
Given the important role of miR-223 in regulating the 
NFκB signaling pathway,19,20 we sought to determine if 
and how miR-223 instructs macrophage inflammatory 

Figure 1. miR-223 positively regulates ABCA1 (ATP-binding cassette transporter A1) expression and promotes macrophage 
cholesterol efflux.
A–C, SP3 mRNA (A) and protein (B) expression, as well as ABCA1 protein expression (C), in BMDMs transfected with control mimic/
miR-223 mimic (100 nM) or isolated from WT/miR-223−/− mice. Data are the means of n=3 independent experiments±SEM. Western blot 
is representative of a single experiment done in triplicate (n=3). D, Cholesterol efflux to apoA1 (25 μg/mL) was measured for 24 h. Graphs 
represent the means±SEM from n=3 independent experiments. E, BMDMs were cholesterol-loaded and polarized into M1 macrophages or M2 
macrophages by induction with LPS (100 ng/ml)/IFN-γ (100 ng/mL) or IL-4 (10 ng/mL), respectively, for 24 h. Cholesterol efflux to apoA1 
(25 μg/mL) was measured for 24 h. Graphs represent the experiments performed in triplicate (n=3). F, BMDMs isolated from WT/miR-223−/− 
mice were transfected with control siRNA or Sp3 siRNA (25 nM). Following siRNA transfection, BMDMs were cholesterol-loaded for 24 h, and 
cholesterol efflux to apoA1 (25 μg/mL) was measured for 24 h. Graphs represent the experiments performed in triplicate (n=3). For comparisons 
between 2 groups (A–D), a t test was used. For comparisons between 2 groups in different conditions (E and F), a 2-way ANOVA with a Sidak 
post hoc test for multiple comparisons was used (E was corrected for 3 tests and F was corrected for 2 tests). Ctrl siRNA indicates control short 
interfering RNA; HSP90, heat shock protein 90 kDa; SP3, specificity protein 3; and WT, wild-type.
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Figure 2. miR-223 suppresses macrophage pro-inflammatory activation and promotes macrophage polarization toward the 
anti-inflammatory phenotype.
A and B, BMDMs transfected with control mimic/miR-223 mimic (100 nM) or isolated from WT/miR-223−/− mice were polarized into either 
M1 macrophages by induction with LPS (100 ng/mL)/IFN-γ (100 ng/mL) or M2 macrophages by induction with IL-4 (10 ng/mL) for 24 h. 
Expression levels of (A) M1 markers (Tnfa, Nos2, Il-1b, Il-6) and (B) M2 markers (Il-10, Arg1, Retnla) were measured by qPCR. Graphs represent 
the means±SEM from at least n=3 technical or biological replicates. C and D, Inhibition of SP3 partially relieves the effects of miR-223 on 
macrophage polarization. BMDMs isolated from WT/miR-223−/− mice were transfected with control siRNA or Sp3 siRNA (25 nM). Expression 
levels of (C) M1 markers (Tnfa, Nos2, Il-1b, Il-6) and (D) M2 markers (Arg1, Retnla) were measured by qPCR. Data are the means of n=3 
(Tnfa, Il-1b, Il-6, Retnla) or n=4 (Nos2, Arg1) technical/biological replicates±SEM. E and F, miR-223 alters M2 activation but not M1 activation 
dependently of ABCA1 (ATP-binding cassette subfamily A member 1). BMDMs isolated from WT/Abca1−/− mice were transfected with control 
mimic or miR-223 mimic (100 nM). Expression levels of (E) M1 markers (Tnfa, Nos2, Il-1b, Il-6) and (F) M2 markers (Il-10, Retnla) were measured 
by qPCR. Graphs represent the experiments performed in triplicate (n=3). For comparisons between 2 groups (A and B), a t test was used. For 
comparisons between 2 groups in different conditions (C–F), a 2-way ANOVA with a Sidak post hoc test for multiple comparisons (corrected 
for 2 tests) was used. Arg1 indicates arginase 1; Ctrl siRNA, control short interfering RNA; Il, interleukin; Nos2, nitric oxide synthase 2; Retnla, 
resistin-like alpha; Sp3, specificity protein 3; Tnfa, tumor necrosis factor alpha; and WT, wild-type.
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polarization. We treated BMDMs isolated from miR223−/− 
mice with either LPS + IFN-γ (to induce M1) or IL-4 (to 
induce M2). qRT-PCR analysis showed that pro-inflam-
matory cytokines Tnfa, Il-1b, Il-6, and Nos2 were signifi-
cantly increased in miR223−/− macrophages compared 
with WT cells. In contrast, overexpression of miR-223 
in BMDMs repressed the expression of these M1 mac-
rophage markers (Figure 2A). Expression of M2-asso-
ciated genes Il-10, Arg1, and Retnla, on the other hand, 
was decreased in macrophages isolated from miR223−/− 
mice and elevated in macrophages transfected with 
miR-223 mimic, as compared with control cells (Fig-
ure 2B). Similarly, we observed a de-repression of pro-
inflammatory genes Tnfa, Nos2, Il-1b, as well as Il-6 
(Figure S1C), and a suppression of anti-inflammatory 
genes Il-10, Arg1, and Retnla in macrophages trans-
fected with anti-miR223 (Figure S1D). Thus, miR-223 
can suppress macrophage pro-inflammatory activation 
while promoting macrophage polarization toward the 
anti-inflammatory M2 phenotype in vitro, in consistent 
with a previous study.29

SP3 has been shown to drive the production of 
inflammatory cytokines in cancer cells via stimulating 
NFκB-mediated transcription activation.30 We, there-
fore, postulated that SP3 might mediate the effects 
exerted by miR-223 on macrophage polarization. 
To address this, we first measured the expression of 
M1 and M2 markers in macrophages where Sp3 was 
knocked down by short interfering RNA. Inhibition of 
Sp3 resulted in a phenotype similar to that of miR-223 
overexpression, with decreased expression levels of 
M1-associated genes such as Nos2 and Tnfa (Figure 
S1E) and increased expression levels of M2-associated 
genes such as Arg1 and Retnla (Figure S1F), suggest-
ing that Sp3 may mediate the effects of miR-223 on 
macrophage activation. To further confirm the impor-
tance of Sp3 in modulating miR-223-controlled mac-
rophage polarization, we performed loss-of-function 
analyses in miR223−/− macrophages by knocking down 
Sp3. In the absence of Sp3, miR-223 deficiency did 
not alter the expression of M1 markers (Tnfa, Il-1b, 
Il-6, and Nos2, Figure  2C) or M2 markers (Arg1 and 
Retnla, Figure 2D). These data confirm that the effect 
of miR-223 on macrophage polarization is partially 
attributable to Sp3. Because miR-223 can regulate 
ABCA1 expression, and ABCA1 has been shown to 
control macrophage inflammatory response by regu-
lating lipid raft, membrane cholesterol31–35 and inflam-
masome activation,36 we next tested whether miR-223 
can also modulate macrophage inflammation via Abca1. 
Interestingly, the effects of miR-223 overexpression on 
M2 polarization were blunted in Abca1−/− macrophages 
(Figure 2E); yet, the inhibitory effects on M1 responses 
were still maintained in the absence of Abca1 (Fig-
ure  2F). Taken together, these data demonstrate that 

miR-223 modulates the inflammatory response in both 
M1 and M2 macrophages primarily via regulation of Sp3 
expression.

Deletion of miR-223 in BM-Derived Cells 
Promotes Atherogenesis and Enhances 
Inflammatory Signaling
Considering that miR-223 plays a key role in promoting 
macrophage cholesterol efflux and reducing inflamma-
tion in vitro, we examined its expression in both human 
and mouse atherosclerosis. In lesions from apolipopro-
tein E knockout (ApoE−/−) mice fed a high-cholesterol 
diet, there was a significant upregulation in the expres-
sion of miR-223 compared with mice fed a chow diet 
(Figure  3A). To extend these findings to humans, we 
also analyzed miR-223 expression in carotid athero-
sclerotic plaques. miRNA expression analysis of unsta-
ble plaques (fibrous cap <200 µm) from patients with 
symptomatic carotid disease (defined as transitory isch-
emic attack, minor stroke, or retinal stroke) showed a 
significant increase of miR-223 expression compared 
with stable plaques (fibrous cap >200 µm) from asymp-
tomatic patients (Figure 3B), in agreement with previ-
ous studies.37,38

To elucidate the role of miR-223 in immune cells in 
the development of atherosclerosis, we lethally irradi-
ated Ldlr−/− mice and reconstituted them with BM from 
WT or miR223−/− mice. BM-transplanted mice were then 
fed a Western-type high cholesterol diet (HCD) for 12 
weeks (Figure 3C). Reconstitution of the hematopoietic 
compartment after transplantation of WT or miR223−/− 
BM cells appeared normal as circulating levels of leu-
kocytes and lymphocytes were similar between the 2 
groups at 6 weeks after BM transplantation, before start 
of the HCD (Figure S2A). Aortic root lesions from male 
mice lacking miR-223 in BM-derived cells showed a 
51.3% increase in plaque size relative to control mice 
(n=6/group, P=0.0729), whereas plaque burden in the 
aortic root of female mice receiving miR223−/− BM was 
statistically unchanged (Figure  3D). Quantification of 
lipid accumulation in aortic sinus lesions by oil red O 
staining demonstrated a corresponding 20% increase in 
lipid plaque in mice receiving miR223−/− BM compared 
with that of controls (Figure 3E, P≤0.05). To further eval-
uate lesion characteristics, we also quantified necrotic 
core, macrophage, as well as smooth muscle cell area 
and detected no statistical differences in these contents 
(Figure S2B). In addition, there were no statistically sig-
nificant differences in total plasma cholesterol or body 
weight before HCD administration, at early stages (ie, 
6-week HCD), or after 12 weeks of HCD (Figure S2C 
and S2D).

We next assessed systemic inflammation using 
multiplex immunoassays. We detected higher levels 
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Figure 3. Deletion of miR-223 in bone marrow (BM) cells promotes atherogenesis and enhances inflammatory signaling.
A, Aortic expression of miR-223 in ApoE−/− mice fed a chow (n=5) or western diet (21% fat, 0.2% cholesterol) for 12 wk (n=7). The graph represents 
the means±SEM. B, Human miR-223 expression in plaque samples from asymptomatic (stable) (n=15) or symptomatic (ruptured) (n=15) patients. 
Data are the means±SEM. C, Ldlr−/− mice (n=6 male and 6 female/group) were lethally irradiated and given BM transplantation from WT or miR-223−/− 
donors, followed by high-cholesterol diet (HCD) for 12 wk. D and E, miR-223 deficiency in BM cells increases atherosclerotic plaque (D) size and (E) 
lipid content. Aortic sinus lesion areas across the entire aortic root from H&E-stained sections were quantified using ImageJ whereas lipid accumulation 
in aortic sinus lesions was measured by oil red O staining. Images show representative sections from Ldlr−/− mice with WT BM (left) and miR-223−/− BM 
(right). Data are the means±SEM. F, Circulating levels of leukocytes after 12 wk of HCD were analyzed by FACS. Data are the mean levels of 12 mice 
per group ± SEM. G, Circulating cytokine levels in mice receiving WT BM or miR-223−/− BM (n=12 mice per group for IL-2, IL-12(p70), IL-17A, IL-1b; 
n=6 mice per group for IL-9, GM-CSF) were determined by the Bio-Plex Pro Mouse Cytokine 23-plex assay at the end of the 12-wk study. Data are the 
means±SEM. H, Gene expression in the aortas of Ldlr−/− mice receiving WT BM or miR-223−/− BM. The aorta was homogenized using microbeads along 
with the Bullet Blender. Total RNA was isolated and the expression levels of Sp3, Il6, Abca1, and Retnla were measured by ddRT-PCR. Graphs represent 
the means±SEM from n=10–12 mice per group. I, Immunofluorescence staining for SP3 in lesions from mice receiving WT BM or miR-223−/− BM. 
Data are the mean levels of 8 mice per group±SEM. A t test was used to determine statistical significance for comparisons between 2 groups (A–I), 
except E—data of male mice, G—IL-1b data, and H—Il6 data (that did not pass normality testing) where a Mann-Whitney U test was used. Abca1 indicates 
ATP-binding cassette subfamily A member 1; ApoE, apolipoprotein E; GM-CSF, granulocyte macrophage-colony stimulating factor; IL, interleukin; Ldlr, 
low-density lipoprotein receptor; MFI, mean fluorescence intensity; ORO, oil red O; Retnla, resistin like alpha; Sp3, specificity protein 3; and WT, wild-type.

D
ow

nloaded from
 http://ahajournals.org by on M

arch 25, 2023



Original Research

Circulation Research. 2022;131:42–58. DOI: 10.1161/CIRCRESAHA.121.319120� June 24, 2022    49

Nguyen et al miR-223 in Atherosclerosis

of circulating pro-inflammatory cytokines IL-1β, IL-2, 
IL-9, IL-12(p70), IL-17A, and GM-CSF in mice receiv-
ing miR223−/− BM after 12 weeks of HCD (Figure 3G), 
while other cytokines such as IL-1α, IL-4, Eotaxin, 
G-CSF, and MIP-1α remained statistically unchanged 
(data not shown). Mice lacking miR-223 in BM-derived 
cells also had increased levels of circulating neutrophils, 
total monocytes, and Ly6Clow monocytes after 12 weeks 
of HCD (Figure  3F) whereas there were no statistical 
differences in circulating levels of other immune cell 
subsets, including Ly6Chi (Figure S2E). Assessing cir-
culating levels of leukocytes after 6-week HCD showed 
similar results (Figure S2F). These data indicate that the 
absence of miR-223 from the hematopoietic compart-
ment not only resulted in an increase in lesion lipid accu-
mulation in the aortic sinus but was also accompanied by 
signs of systemic inflammation.

To further evaluate the inflammatory profile of 
mice lacking hematopoietic miR-223, we analyzed 
gene expression in the aortas of mice receiving WT 
or miR223−/− BM after 12 weeks of HCD. Consistent 
with the in vitro data, qRT-PCR analysis demonstrated 
that the expression Sp3 and Il-6 were up-regulated 
whereas the expression of Abca1 and Retnla were 
down-regulated in the aortas of mice lacking miR-223 
in BM-derived cells (Figure  3H). At the protein level, 
Sp3 expression showed a nonstatistically significant 
increase in plaques from miR223−/− BM recipients 
compared with controls (Figure 3I). On the other hand, 
other target genes of miR-223 including Pknox1,29 
Rasa1, and Nfat539 did not show statistically signifi-
cant changes or showed a reduction in mice receiving 
miR223−/− BM (Figure S2G). Deficiency of miR-223 in 
the aortas of mice receiving miR223−/− BM was also 
confirmed (Figure S2H).

To further characterize the pathways impacted by miR-
223, we compared gene expression of macrophages 
from WT and miR223−/− mice using an atherosclerosis 
pathway-focused PCR array. We compared the expres-
sion of genes involved in the stress response, apoptosis, 
cell adhesion molecules, lipid transportation and metabo-
lism, as well as cell growth and proliferation in Mo, M1, 
and M2 macrophages from WT and miR223−/− mice. 
Lack of miR-223 significantly increased the expression 
of Cd44, Fga, Mmp1a, Sod1, and Tnfaip3 and decreased 
the expression of Bid, Csf2, Cxcl1, Eln, Hbegf, Icam1, Lif, 
Lpl, Plin2, Serpinb2, Tgfb2, and Tnc in all macrophage 
subtypes (Figure S3; Table 1). Interestingly, we searched 
for the presence of a miR-223-binding site in the 3’UTR 
of this group of altered genes using miRSystem,40 but 
none were identified. This suggests that miR-223 con-
trols the expression of multiple pro-inflammatory genes 
indirectly and not via direct repression of the 3’UTR, pos-
sibly via its regulation of a common regulatory factor 
such as Sp3.

Global Analysis of Transcript Levels and 
Translation Regulation by miR-223 in 
Macrophages
To further understand the molecular mechanisms under-
lying how miR-223 controls the development of ath-
erosclerosis in vivo, we employed ribosome profiling 
to characterize the global translation profile of macro-
phages isolated from mice receiving WT or miR223−/− 
BM. Because we found that deletion of miR-223 in 
BM-derived cells aggravated inflammation and athero-
sclerosis progression, we compared pro-inflammatory 
M1 macrophages to resting macrophages (Mo) to bet-
ter understand the inflammatory pathways that may be 
activated uniquely in progressing plaques.41 In this exper-
iment, BMDMs isolated and differentiated from athero-
genic mice were lysed to collect cytosolic total RNA, 
and a fraction of which was used for RNA-seq and the 
other fraction was used to isolate ribosome-protected 
fragments (RPF).42–44 Analysis of the cytosolic lysates 
from BMDMs (optimization shown in Figure S4A) dem-
onstrates a strong correlation between biological rep-
licates for both RNA-Seq (RNA) and Ribo-Seq (RPF) 
gene expression (Figure S4B). Metagene analysis indi-
cates that RPF densities were significantly higher on 
the coding regions compared with the 5’-UTR or 3’-UTR, 
corresponding to the expected position of translating 
ribosomes (Figure S4C). Interestingly, we find a poor 
correlation between gene expression at the transcription 
level (RNA-Seq) and the translation level (Ribo-Seq; Fig-
ure S4D). Specifically, we observe a stronger correlation 
between RNA and RPF read densities in WT Mo macro-
phages (Pearson correlation r=0.67) compared with WT 
M1 (Pearson correlation r=0.46; Figure 4A) suggesting 
that mRNA expression alone does not faithfully reflect 
protein expression and that translation is more active in 
M1 macrophages. This disturbed translation activity is 
consistent with previous studies that described the mod-
ulation effect of IFN-γ or LPS, used during M1 activation, 
on translation.45,46 Intriguingly, RNA and RPF densities 
showed less correlation in the absence of miR-223, as 
compared with WT, in both Mo and M1 macrophages 

Table 1.  Most Significantly Dysregulated Genes (Up- or 
Downregulated) in miR-223−/− Macrophages

Downregulated (miR-223−/− vs WT) Upregulated (miR-223−/− vs WT)

Bid Lif Cd44

Csf2 Lpl Fga

Cxcl1 Plin2 Mmp1a

Eln Serpinb2 Sod1

Hbegf Tgfb2 Tnfaip3

Icam1 Tnc  

Atherosclerosis RT2 Profiler PCR array was performed using RNA isolated 
from BMDMs of WT mice or miR-223−/− mice and normalized to housekeeping 
genes using the ∆∆Ct method. WT indicates wild-type.
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Figure 4. Global analysis of transcription and translation regulation in miR-223−/− BMDMs.
A, Correlation matrix of ribosome-protected fragment (RPF; y-axis) and mRNA (x-axis) expression. Numbers show Pearson’s correlation for each 
pair of RPF-RNA. P for each comparison is shown on top of each cell. Average expression level of each gene was used. B, Upper panels: scatter 
plots showing the expression levels of individual genes in miR-223−/− (y-axis) vs WT (x-axis) BMDMs at the mRNA or RPF level as indicated. Lower 
panels: graphs of Sp3 expression measured at the RNA or RPF level, or Sp3 translation efficiency (RPF/RNA). A 2-way ANOVA with a Sidak post 
hoc test for multiple comparisons was used (corrected for 2 tests). C, Puromycin metabolic labeling of newly synthesized proteins of WT or miR-
223−/− BMDMs. Torin1 (300 nmol/L) was used to inhibit mTORC1-dependent protein synthesis as a control. D, Polysome fractionation analysis 
of translation activity in WT vs miR-223−/− Mo BMDMs. Left panel: polysome traces of cytoplasmic RNA extract on a linear 10% to 50% sucrose 
gradient. Middle and right graphs: distribution of Sp3 or ActB mRNA across sucrose gradient, quantified by RT-qPCR. ActB indicates beta-actin; 
RPF, ribosome protected fragment; RPKM, read per kilobase million; Sp3, specificity protein 3; TE, translation efficiency; and WT, wild-type.
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(r=0.28 and 0.27 for Mo and M1, respectively), suggest-
ing that global translation control is more active in the 
absence of miR-223 (Figure 4A). In agreement with the 
correlation analysis, we found that miR-223 deficiency 
resulted in modest transcript-level disturbance in Mo 
(70 genes upregulated, 50 genes downregulated) and 
M1 (38 genes upregulated, 62 genes downregulated) 
macrophages, but induced more widespread translation 
dysregulation (1640 genes up- and 783 genes down-
regulated in Mo macrophages, 584 genes up- and 764 
genes downregulated in M1 macrophages; Figure  4B, 
Figure S4E). Quantification of global protein synthesis 
rate by metabolic labeling of newly synthesized protein 
with puromycin demonstrates an increase in global pro-
tein synthesis in M1 compared with Mo BMDMs, but that 
protein synthesis is more active in miR223−/− compared 
with WT BMDMs (Figure 4C). Together, these data show 
that miR-223 alters gene expression in Mo and M1 mac-
rophages primarily via control of translation rather than 
control of transcript levels of genes.

Because our Ribo-Seq and RNA-Seq data indi-
cated that changes in WT and miR223−/− macrophages 
were mainly at the translation level, we examined Sp3 
as a specific miR-223 target and investigated its rela-
tive translation efficiency in macrophages. Deficiency of 
miR-223 enhanced the expression of Sp3 predominantly 
at the translation level compared with the transcription 
level (RNA, RPF and translation efficiency, right panel 
of Figure 4C). To confirm the translational regulation of 
Sp3 by miR-223, we performed polysome fractionation 
to resolve polysome-bound mRNAs, where translating 
ribosomes bound to transcripts increase their overall 
polysomal density on a sucrose gradient. Consistent 
with a disturbance in global translation and enhanced 
global protein synthesis, the absorbance trace at 260 
nm (A260) indicates an increased accumulation of 
80S ribosomes in WT compared with miR223−/− mac-
rophages (Figure 4D, left). We also find Sp3 mRNA dis-
tributed predominantly to the monosome fraction in WT 
macrophages, while shifted more toward polysome frac-
tions in miR223−/− macrophages, indicating augmented 
translation in the absence of miR-223 (Figure 4D, mid-
dle). In comparison, the translationally active ActB mRNA 
was primarily distributed to the polysome fractions, 
although slightly shifted to the higher polysome fractions 
in miR223−/− macrophages (Figure 4D, right panel), per-
haps as a consequence of the changes in global transla-
tion observed.

Next, we sought to understand the putative con-
sequences of this global change in translation upon 
miR-223 ablation using ingenuity pathway analysis on 
differentially expressed genes (DEGs) captured at the 
transcriptome and translatome level. Ingenuity path-
way analysis revealed that the most significantly altered 
processes/functions (ranked by Benjamini-Hochberg 
adjusted P) are related to hematopoietic development and 

function, including Development of hematopoietic sys-
tem, Development of bone marrow for DEGs at the RNA 
level and Quantity of blood cells, Quantity of leukocyte 
for DEGs at the RPF level (Figure S5A), consistent with 
the hematopoietic-specific role of miR-223 described 
previously.47,48 We focused on processes and functions 
in Disease and Disorder to detect potential pathologi-
cal effects of miR-223 deficiency in macrophages and 
found that the top enriched annotation associated with 
processes/functions related to inflammatory response or 
inflammation-related processes (Figure 5A). When com-
paring the degree and directionality (activation or inhi-
bition) of changes in inflammatory response networks 
(as measured by B-H adjusted P and activation z-score 
by ingenuity pathway analysis), activation of the inflam-
matory response in miR223−/− macrophages was more 
pronounced at the RPF (translation) level than at the 
RNA (transcription) level, especially in Mo macrophages 
(Figure 5B). Individual genes associated with inflamma-
tory response also showed more profound changes in 
expression at the RPF level than at the RNA level (Fig-
ure 5C). In addition, we noted genes categorized as Lipid 
metabolism were also altered at the translation level by 
miR-223 deficiency in Mo macrophages (Figure S5B). 
When we examined the list of upregulated genes from 
the Ribo-Seq dataset for, we found a number of genes 
in both M0 and M1 macrophages that contained pre-
dicted miR-223 target sites in the UTR (Table 2). Further 
analysis of these upregulated genes reveals an enrich-
ment of AU-rich elements (AREs), a cis-element com-
monly found in the 3’UTR of cytokine and inflammatory 
transcripts,49 in miR223−/− macrophages compared with 
WT (Figure 5D). Thus, data from our transcriptional and 
translational profiling confirmed that miR-223 knockout 
aggravates inflammatory signaling in macrophages and 
identifies miR-223 as a global regulator of translational 
control of inflammatory genes.

DISCUSSION
Since their discovery in C. elegans, miRNAs have shown 
to play important roles in modulating atherogenesis, with 
many miRNAs dysregulated in different disease states 
and alterations in miRNA expression associated with 
atherosclerosis progression.16,17 Previous studies dem-
onstrated that miR-223 is key to the regulation of the 
inflammatory response.19–22 In addition, miR-223 serves 
as a critical regulator of hepatic cholesterol metabo-
lism.18 Nonetheless, the contribution of miR-223, par-
ticularly macrophage miR-223, to the development of 
atherosclerosis has not been investigated. In this study, 
we demonstrate that in vitro, miR-223 indeed promotes 
macrophage cholesterol efflux and macrophage polar-
ization toward the anti-inflammatory M2 phenotype; 
in contrast, loss of miR-223 attenuates cholesterol 
efflux and enhances the pro-inflammatory responses. 
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Figure 5. Ingenuity pathway analysis reveals activation of inflammatory signaling at the transcription and translation level in BMDMs.
A, Scatter plot of Benjamini-Hochberg (B–H) adjusted P of significantly dysregulated processes/functions in Disease and Disorder analysis of 
the transcriptome and translatome of miR-223−/− BMDMs compared with WT BMDMs. A B-H adjusted P cutoff of 0.05 (−log10[B-H adjusted P] 
>1.3) was applied and all accepted processes/functions were shown as individual dots. B, Top plot: scatter plot of B-H adjusted P of significantly 
dysregulated processes/functions in the Inflammatory Response sub-category of miR-223−/− BMDMs compared with that of WT BMDMs. A 
B-H adjusted P cut-off of 0.05 (−log10[B-H adjusted P] >1.3) was applied, and all accepted processes/functions were shown as individual dots. 
Bottom plot: activation z-score of top 5 differentially regulated pathways in the Inflammatory Response sub-category of miR-223−/− BMDMs 
compared with that of WT BMDMs. The cell is gray when an activation z-score cannot be determined by IPA. C, Heatmap of average miR-233−/−/
WT fold change of representative inflammatory response genes at the RNA and ribosome protected fragment (RPF) level. All genes associated 
with all processes/functions in B were combined, then their clustering was calculated based on their fold change (miR-233−/−/WT) values using 
the Average Linkage method. D, Occurrence of AUUUA motif in the 3’UTR of all genes vs upregulated genes in miR-223−/− BMDMs. Normalized 
count values were compared using Mann-Whitney U test. RPF indicates ribosome protected fragment.
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Remarkably, miR-223 appears to control inflammatory 
responses and lipid homeostasis primarily via regulation 
of translation, rather than regulation of transcript levels, 
as revealed by major changes in the ribosomal profile 
of miR-223-deficient cells. These beneficial effects of 
miR-223 seem to be partially dependent on the inhibition 
of its target gene, the transcription factor Sp3. In vivo, 
deficiency of miR-223 in BM-derived cells can promote 
vascular lipid accumulation and exaggerating the inflam-
matory response to a HCD. Our study places miR-223 
as a translational hub of cholesterol and inflammatory 
responses in atherosclerosis.

The efficacy of macrophages to efflux and remove 
intracellular cholesterol is crucial to attenuate lipid accu-
mulation and atherosclerosis formation,24 and as such, 
targeting ABCA1 and macrophage cholesterol efflux has 
been a major focus for the prevention and treatment of 
atherosclerosis. Multiple miRNAs such as miR-33,50,51 
miR-144,52,53 miR-148a,54,55 and miR-302a56 have been 

found to regulate cholesterol efflux. However, most of 
them suppress Abca1 expression and inhibit macro-
phage cholesterol efflux, thereby accelerating athero-
sclerosis progression. miR-223 is one of a few miRNAs 
whose activation, rather than inhibition, can increase 
Abca1 expression, promote cholesterol efflux and pro-
tect against atherosclerosis. Consistent with studies in 
hepatocytes,18 we show that miR-223 can enhance the 
ability of macrophages to efflux intracellular cholesterol 
via up-regulating Abca1. More importantly, miR-223 can 
promote Abca1 and cholesterol efflux independently 
of macrophage polarization status. In vivo, mice lacking 
miR-223 in BM-derived cells exhibited increased lipid 
accumulation in the aortic sinus and decreased Abca1 
gene expression in the aorta arch, further confirming 
the role of miR-223 in regulating macrophage choles-
terol efflux. Interestingly, recent work from our laboratory 
indicates that miR-223 delivered via nanoparticles can 
promote cholesterol removal from macrophage-derived 
foam cells to the liver or intestine for excretion,57 again 
highlighting the therapeutic potential of this miRNA in 
reducing vascular lipid accumulation and inflammation 
during atherosclerosis.

Our study also shows that deficiency of miR-223 in 
BM-derived cells alter lipid accumulation in plaques of 
male mice, but less so in female mice. Our data align with 
various studies that observed the male-specific effect 
of modulating inflammation responses on atherosclero-
sis development.58–64 Interestingly, macrophage-specific 
deletion of Abca1 have also been shown to exert the 
sex-specific effect on atherogenesis, although in the 
opposite direction, where Abca1 deficiency resulted in 
an increase in atherosclerosis mainly in female mice.65–67 
The reasons for the difference between male and female 
mice lacking miR-223 in BM cells are not clear, although 
the gene encoding miR-223 is located within the q12 
locus of the X chromosome, suggesting a role for sex 
chromosomes on miR-223 function.68 In addition, sex 
hormones are known to affect endothelial and macro-
phage function during atherogenesis.69–71 One caveat of 
our study is the relatively small number of mice of each 
sex, which may be masking the effect of sex on the phe-
notypes observed. Further studies are needed to dissect 
the mechanism for these sex-specific differences in miR-
223 in atherosclerosis.

Macrophages are central players in the development 
of atherosclerosis. Although macrophages have a wide 
phenotypic range, for simplicity, they can be classified 
into 2 groups: classically activated M1 macrophages 
and alternatively activated M2 macrophages.72,73 Mac-
rophage polarization in vitro and in mouse models of 
atherosclerosis have indicated that increasing macro-
phage activation toward the M1 phenotype or inhibiting 
macrophage activation toward M2 can promote plaque 
inflammation and potentiate atherosclerosis.60,62,74–77 In 
contrast, driving plaque macrophages to M2-like cells 

Table 2.  Upregulated genes with predicted miR-223 target 
sites in M0 and M1 macrophage translatome (RPF)

M0 M1

Plagl2 Eif5b Edc3

Apool Gstz1 Treml2

Sp3 Zbtb18 Apool

Vmp1 Usp6nl Spata13

Trim3 Pknox1 Vmp1

Cdk17 Lmo2 Prpf38a

Gmpr Adcy7 Ypel1

Rap2a Jmy Csnk1g1

Derl1 Ankrd40 Cnep1r1

Ptbp2 Tmem170 Pkn2

Fubp3 Sft2d2 Pknox1

Rab8b Mcmbp Lmo2

Pik3c2a Slc39a8 Msi2

Smarcd1 Ube2q2 Fubp3

Srp19 Ctsl Pou2f1

Vamp2 Fam199x Trmt5

Mbnl1 Dcn Tnfsf15

Dera Abhd13  

Naa50 Arhgap5  

Phactr4 Kpna3  

Snx12 Zfand5  

Arpp19 Cnep1r1  

Mafb Orc4  

Pag1 Prdx2  

Pou2f1 Mpv17l2  

Rab22a Fbxo8  

Cops2 Hhex  

Data represents the comparison between WT and miR223−/− BMDM RPF. 
Upregulated genes were identified using the fold-change threshold of 2 
(log2(FC)>1).Target sites for miR-223 were identified using TargetScan (www.
targetscan.org). RPF indicates ribosome-protected fragment; and WT, wild-type.
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by the administration of IL-13 can attenuate atheroscle-
rosis progression.78 Therefore, targeting macrophage 
polarization would be beneficial for the prevention of 
atherosclerosis. Our study places miR-223 as a central 
regulator that instructs macrophage polarization. Loss of 
miR-223 promotes macrophage activation toward the 
pro-inflammatory phenotype (M1) and suppress macro-
phage anti-inflammatory activation (M2) in vitro and in 
vivo, which is supported by an increase and a decrease in 
the expression of the M1 marker Il-6 and the M2 marker 
Retnla, respectively. Our findings are consistent with 
the observation that ablation of miR-223 expression in 
mice fed a high-fat diet exacerbated obesity-associated 
adipose tissue inflammation by enhancing classic proin-
flammatory responses.29 While previous work has shown 
that miR-223 directly targets Nlrp3 to regulate IL-1β 
expression, we saw only a modest change in Nlrp3 at 
the translational (RPF) level, and no statistical changes 
at the RNA level (data not shown). This may indicate 
that regulation of inflammation in atherogenic macro-
phages by miR-223 is dependent less on NLRP3 and 
more on Sp3. We also found that miR-223 loss led to 
higher levels of cytokines IL-1β,58,79 IL-2,80 IL-9,81,82 IL-
12(p70),83,84 IL-17A,85,86 and GM-CSF,87 which are known 
to exert pro-inflammatory and pro-atherogenic effects, 
and enhanced levels of circulating leukocytes (ie, neu-
trophils, total monocytes). Several studies have shown 
that increased lipid raft formation and membrane cho-
lesterol accumulation in ABCA1-deficient macrophages 
can account for the enhanced inflammatory responses 
in response to LPS or other TLR ligands,31–34,36 thereby 
indicating a role of ABCA1 in modulating macrophage 
inflammatory response. Here, we determine that miR-
223 deficiency indeed promotes the pro-inflammatory 
responses in vitro and in vivo via both of enhancing the 
expression of its target gene Sp3 and via suppressing 
the expression of Abca1. It was shown that miR-223 
can regulate macrophage responses via directly target-
ing Pknox1, Rasa1, and Nfat5.29,39 However, we observed 
no statistical differences in the expression of Pknox1, 
Rasa1, and Nfat5 in aortic plaque from mice lacking miR-
223 in BM-derived cells, suggesting that these genes 
may not mediate the effects of miR-223 on macrophage 
activation directly the atherosclerosis plaque. This may 
be partly explained by the expression of different miR-
223 target genes in different cell types in the plaque, 
and/or their cell-specific regulatory mechanisms that 
may or may not be active during atherosclerosis. On the 
other hand, the expression of Sp3, another direct target 
of miR-223,18 was increased in aortic arches from mice 
receiving miR223−/− BM. SP3 was shown to drive the 
production of inflammatory cytokines including TNFα in 
cancer cells by promoting NFκB-mediated transcription 
activation.30 In addition, knockdown of Sp3 using RNA 
interference resulted in a phenotype similar to that of 
miR-223 overexpression, with decreased expression 

levels of M1-associated genes and increased expres-
sion levels of M2-associated genes, suggesting that the 
effects of miR-223 on macrophage polarization may be 
dependent on the inhibition of Sp3 in our model.

The expression of miR-223 is known to be altered 
during the course of myeloid cell differentiation and con-
tributes to myeloid differentiation in human leukemia 
cells.47,88 We did not observe any statistical differences 
in circulating immune cells (monocytes, neutrophils, T- 
and B-cells) at baseline, before the start of atherogenic 
diet, between mice receiving miR223−/− BM compared 
with WT. These data suggest that deletion of miR-223 
from the hematopoietic compartment does not dramati-
cally alter the profile of immune cells in the circulation at 
rest. However, after 12 weeks of atherogenic diet feed-
ing, we see increased levels of circulating neutrophils, 
total monocytes, and Ly6Clo monocytes, suggesting that 
during hypercholesterolemia, miR-223 indeed influ-
ences immune cells in the circulation, particularly those 
of myeloid lineage, and these changes could impact 
atherosclerosis progression. Although miR-223 dele-
tion only occurred in the hematopoietic compartment, 
miR-223 expression was barely detected in the aorta of 
mice receiving miR223−/− BM. Therefore, within the ath-
erosclerotic plaque, miR-223 expression is largely dic-
tated by immune cells rather than vascular cells (smooth 
muscle cell, EC) that are minimally impacted by irradia-
tion and BMT. Together, these data indicate that hema-
topoietic miR-223 expression dictates immune cells in 
the circulation and is the major source of miR-223 levels 
within the plaque.

miRNAs can control gene expression at the transla-
tion level via inhibition of translation initiation, followed 
by induction of transcript decay.89–91 Our study incor-
porated genome-wide profiling of translation control 
using ribosome profiling, which revealed that miR-223 
regulates inflammation extensively at the translation 
level, thus emphasizing the importance of character-
izing the effect of miRNAs at both transcription and 
translation level to fully capture their impact on gene 
expression. While the precise mechanisms for this 
global control of inflammatory gene translation is not 
known, it was suggested that the presence of AREs, 
a cis-element commonly found in the 3’UTR of cyto-
kine and inflammatory transcripts,49 synergizes with 
miR-223 to inhibit translation.92 It suggests a poten-
tial sequence-dependent mode for miR-223 to favor 
direct translation inhibition of inflammatory transcripts. 
Indeed, in miR223−/− macrophages the translationally 
up-regulated genes compared to WT contain an over-
representation of AREs in the UTR, supporting the idea 
that miR-223 controls sequence-dependent translation 
of its target genes. miR-223 also inhibits mTORC1,93 
the master regulator of mammalian cap-dependent 
translation, which has been shown to be crucial for 
macrophage polarization,45,94 as well as significantly 
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contribute to the regulation of inflammation signal-
ing.95,96 Among the known targets of miR-223, there 
was an increase in the translation of Mafb and Slc39a1 
in the absence of miR-223, but no statistical change 
in other targets RhoB and Rnf4. MafB has been shown 
to regulate macrophage survival, cholesterol efflux 
and M2 polarization phenotype in the atherosclerotic 
plaque.97,98 RhoB is a signaling mediator of stress and 
has been shown to participate in vascular activation, 
development and response to hypoxia, but the contri-
bution of macrophage RhoB in atherosclerosis progres-
sion is unknown. Similarly, the contribution of Slc39a1 
(a zinc transporter) and Rnf4 (an E3-ubiquitin ligase) in 
macrophages or in the progression of atherosclerosis 
has not been tested. Therefore, although it is clear that 
miR-223 exerts strong translational control over many 
genes, there appears to be some specificity regarding 
which targets are translationally controlled in the ath-
erosclerotic macrophage environment. Moreover, given 
that not all genes altered at the translational level by 
miR-223 contain miR-223 seed sites, miR-223 must 
be acting via other mechanisms. The current data as 
well as previous studies strongly suggest that miR-223 
acts as a key component controlling the translation of 
many inflammatory signaling components in athero-
sclerotic macrophages, although additional studies 
regarding the target specificity and the mechanisms of 
translational control are needed.

Interestingly, we found that miR-223 expression is 
increased in both mice fed a high-cholesterol diet and in 
humans with unstable carotid atherosclerosis. This induc-
tion might be a part of the negative feedback mechanism 
wherein inflamed and atherosclerotic tissues up-regulate 
an anti-inflammatory gene expression program in an 
attempt to suppress inflammation and/or atherosclerotic 
plaque progression. This is in line with other negative feed-
back miRNA circuits in inflammatory signaling, such as the 
case of miR-146. In response to cytokines or LPS stimula-
tion, miR-146 expression is induced in macrophages and 
is dependent on NF-κB. However, up-regulated miR-146 
in turn targets components of the NF-κB pathway like 
IRAK1/IRAK2 (interleukin 1 receptor associated kinase 
1/2) and TRAF6 (TNF receptor associated factor 6), 
thereby suppressing the actions of NF-κB.99 Thus, in an 
attempt to restore cholesterol balance and reduce inflam-
mation in lesional foam cells, miR-223 expression may 
be upregulated to suppress Sp3 and allow for maximal 
ABCA1 activity and anti-inflammatory signaling. Although 
there is little known about the full spectrum of cellular 
expression of miR-223 in the plaque, it has been found to 
be induced in vascular smooth muscle cells in response to 
calcification media, where it controls smooth muscle cell 
migration and proliferation.100 Therefore, it is possible that 
elevated miR-223 expression in atherosclerotic plaques 
reflects both the presence of differentiated myeloid cells 
(ie, macrophages) and the presence of SMCs undergoing 

transdifferentiation. Further experiments are needed to 
elucidate the cell-specific roles of miR-223, as well as a 
possible negative feedback circuit involving miR-223 in 
the plaque.

In conclusion, our study provides evidence that 
miR-223 can reduce susceptibility to atherosclerosis 
by acting as a crucial modulator of macrophage cho-
lesterol efflux and inflammation via globally controlling 
cholesterol and inflammatory gene expression. As such, 
systemic delivery or macrophage-specific delivery of 
miR-223 using viral-based vectors, nanoparticles, or 
extracellular vesicles could be a promising therapeutic 
strategy to combat inflammation in the atherosclerotic 
plaque.

ARTICLE INFORMATION
Received May 12, 2021; revision received May 10, 2022; accepted May 12, 
2022.

Affiliations
University of Ottawa Heart Institute, Canada (M.-A.N., A.R., A.-C.D., H.W., M.L.C., 
L.S., S.R., M.G., M.O., E.E.M., K.J.R.). Children’s Hospital of Eastern Ontario Re-
search Institute, Ottawa, Canada (H.-D.H., T.E.G., T.A.). Electrical and Computer 
Engineering Graduate Program, Antalya Bilim University, Turkey (I.B.). Centre for 
Infection, Immunity & Inflammation, Faculty of Medicine, University of Ottawa, 
Canada (K.J.R.). Department of Computer Engineering, Antalya Bilim Univer-
sity, Turkey (H.K.). Department of Vascular and Endovascular Surgery, Technical 
University Munich, Germany (L.M.). Department of Medicine, Karolinska Institute, 
Stockholm, Sweden (L.M.). Department of Biochemistry, Microbiology and Immu-
nology, Faculty of Medicine, University of Ottawa, Canada (M.-A.N., H.-D.H., A.R., 
M.L.C., L.S., S.R., M.O., E.E.M., T.A., K.J.R.).

Sources of Funding
This study was supported with funding from the following organizations: Canadian 
Institutes of Health Research (to K.J. Rayner, T. Alain, E.E. Mulvihill), NIH (R01 
HL119047 to K.J. Rayner), European Research Area Network on Cardiovascular 
Diseases (to K.J. Rayner) and Diabetes Canada (to E.E. Mulvihill). The Scien-
tific and Technological Research Council of Turkey (118S930 to H. Kazan) and 
Health Institutes of Turkey (2019-TA-01-4069 to H. Kazan).

Disclosures
None.

Supplemental Material
Materials and Methods
Figures S1–S5
References 42–44,50,51,101–109

REFERENCES
	 1.	 Lusis AJ. Atherosclerosis. Nature. 2000;407:233–241. doi: 10.1038/ 

35025203
	 2.	 Tabas I, García-Cardeña G, Owens GK. Recent insights into the cellular 

biology of atherosclerosis. J Cell Biol. 2015;209:13–22. doi: 10.1083/ 
jcb.201412052

	 3.	 Weber C, Noels H. Atherosclerosis: current pathogenesis and therapeutic 
options. Nat Med. 2011;17:1410–1422. doi: 10.1038/nm.2538

	 4.	 Di Gregoli K, Johnson JL. Role of colony-stimulating factors in ath-
erosclerosis. Curr Opin Lipidol. 2012;23:412–421. doi: 10.1097/MOL. 
0b013e328357ca6e

	 5.	 Moore KJ, Tabas I. Macrophages in the pathogenesis of atherosclerosis. 
Cell. 2011;145:341–355. doi: 10.1016/j.cell.2011.04.005

	 6.	 Moore KJ, Sheedy FJ, Fisher EA. Macrophages in atherosclerosis: a dynamic 
balance. Nat Rev Immunol. 2013;13:709–721. doi: 10.1038/nri3520

	 7.	 Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, Bauernfeind FG, 
Abela GS, Franchi L, Nuñez G, Schnurr M, et al. NLRP3 inflammasomes 

D
ow

nloaded from
 http://ahajournals.org by on M

arch 25, 2023



Original





 R
esearch






56    June 24, 2022� Circulation Research. 2022;131:42–58. DOI: 10.1161/CIRCRESAHA.121.319120

Nguyen et al miR-223 in Atherosclerosis

are required for atherogenesis and activated by cholesterol crystals. Nature. 
2010;464:1357–1361. doi: 10.1038/nature08938

	 8.	 Maxfield FR, Tabas I. Role of cholesterol and lipid organization in disease. 
Nature. 2005;438:612–621. doi: 10.1038/nature04399

	 9.	 Nabel EG, Braunwald E. A tale of coronary artery disease and myocardial 
infarction. N Engl J Med. 2012;366:54–63. doi: 10.1056/NEJMra1112570

	10.	 Yang Q, Zhong Y, Gillespie C, Merritt R, Bowman B, George MG, Flanders 
WD. Assessing potential population impact of statin treatment for pri-
mary prevention of atherosclerotic cardiovascular diseases in the USA: 
population-based modelling study. BMJ Open 2017;7:e011684. doi: 
10.1136/bmjopen-2016-011684

	11.	 Madrigal-Matute J, Rotllan N, Aranda JF, Fernández-Hernando C. 
MicroRNAs and atherosclerosis. Curr Atheroscler Rep. 2013;15:322. doi: 
10.1007/s11883-013-0322-z

	12.	 Nguyen MA, Karunakaran D, Rayner KJ. Unlocking the door to new thera-
pies in cardiovascular disease: microRNAs hold the key. Curr Cardiol Rep. 
2014;16:539. doi: 10.1007/s11886-014-0539-7

	13.	 Kim VN. MicroRNA biogenesis: coordinated cropping and dicing. Nat Rev 
Mol Cell Biol. 2005;6:376–385. doi: 10.1038/nrm1644

	14.	 Huntzinger E, Izaurralde E. Gene silencing by microRNAs: contributions of 
translational repression and mRNA decay. Nat Rev Genet. 2011;12:99–
110. doi: 10.1038/nrg2936

	15.	 He L, Hannon GJ. MicroRNAs: small RNAs with a big role in gene regula-
tion. Nat Rev Genet. 2004;5:522–531. doi: 10.1038/nrg1379

	16.	 Feinberg MW, Moore KJ. MicroRNA regulation of atherosclerosis. Circ Res. 
2016;118:703–720. doi: 10.1161/CIRCRESAHA.115.306300

	 17.	 Lu Y, Thavarajah T, Gu W, Cai J, Xu Q. Impact of miRNA in atheroscle-
rosis. Arterioscler Thromb Vasc Biol. 2018;38:e159–e170. doi: 10.1161/ 
ATVBAHA.118.310227

	18.	 Vickers KC, Landstreet SR, Levin MG, Shoucri BM, Toth CL, Taylor RC, 
Palmisano BT, Tabet F, Cui HL, Rye KA, et al. MicroRNA-223 coordinates 
cholesterol homeostasis. Proc Natl Acad Sci USA. 2014;111:14518–
14523. doi: 10.1073/pnas.1215767111

	19.	 Wang J, Bai X, Song Q, Fan F, Hu Z, Cheng G, Zhang Y. miR-223 inhib-
its lipid deposition and inflammation by suppressing toll-like receptor 
4 signaling in macrophages. Int J Mol Sci. 2015;16:24965–24982. doi: 
10.3390/ijms161024965

	20.	 Li T, Morgan MJ, Choksi S, Zhang Y, Kim YS, Liu Z. MicroRNAs modulate 
the noncanonical transcription factor NF-κB pathway by regulating expres-
sion of the kinase IKKα during macrophage differentiation. Nat Immunol. 
2010;11:799–805. doi: 10.1038/ni.1918

	21.	 Haneklaus M, Gerlic M, Kurowska-Stolarska M, Rainey AA, Pich D, McInnes 
IB, Hammerschmidt W, O’Neill LA, Masters SL. Cutting edge: miR-223 and 
EBV miR-BART15 regulate the NLRP3 inflammasome and IL-1β produc-
tion. J Immunol. 2012;189:3795–3799. doi: 10.4049/jimmunol.1200312

	22.	 Bauernfeind F, Rieger A, Schildberg FA, Knolle PA, Schmid-Burgk JL, 
Hornung V. NLRP3 inflammasome activity is negatively controlled by miR-
223. J Immunol. 2012;189:4175–4181. doi: 10.4049/jimmunol.1201516

	23.	 Feig JE. Regression of atherosclerosis: insights from animal and clinical stud-
ies. Ann Glob Health. 2014;80:13–23. doi: 10.1016/j.aogh.2013.12.001

	24.	 Tall AR, Yvan-Charvet L, Terasaka N, Pagler T, Wang N. HDL, ABC trans-
porters, and cholesterol efflux: implications for the treatment of atheroscle-
rosis. Cell Metab. 2008;7:365–375. doi: 10.1016/j.cmet.2008.03.001

	25.	 Yvan-Charvet L, Wang N, Tall AR. Role of HDL, ABCA1, and ABCG1 trans-
porters in cholesterol efflux and immune responses. Arterioscler Thromb 
Vasc Biol. 2010;30:139–143. doi: 10.1161/ATVBAHA.108.179283

	26.	 Langmann T, Porsch-Ozcurumez M, Heimerl S, Probst M, Moehle C, Taher 
M, Borsukova H, Kielar D, Kaminski WE, Dittrich-Wengenroth E. et al. Iden-
tification of sterol-independent regulatory elements in the human ATP-bind-
ing cassette transporter A1 promoter. Role of Sp1/3, E-box binding factors, 
and an oncostatin M-responsive element. J Biol Chem. 2002;277:14443–
14450. doi: 10.1074/jbc.M110270200

	 27.	 Thymiakou E, Zannis VI, Kardassis D. Physical and functional interactions 
between liver X receptor/retinoid X receptor and Sp1 modulate the tran-
scriptional induction of the human ATP binding cassette transporter A1 
gene by oxysterols and retinoids. Biochemistry. 2007;46:11473–11483. 
doi: 10.1021/bi700994m

	28.	 Chinetti-Gbaguidi G, Colin S, Staels B. Macrophage subsets in atheroscle-
rosis. Nat Rev Cardiol. 2015;12:10–17. doi: 10.1038/nrcardio.2014.173

	29.	 Zhuang G, Meng C, Guo X, Cheruku PS, Shi L, Xu H, Li H, Wang G, Evans AR, 
Safe S, et al. A novel regulator of macrophage activation: miR-223 in obe-
sity-associated adipose tissue inflammation. Circulation. 2012;125:2892–
2903. doi: 10.1161/CIRCULATIONAHA.111.087817

	30.	 Beug ST, Cheung HH, Sanda T, St-Jean M, Beauregard CE, Mamady 
H, Baird SD, LaCasse EC, Korneluk RG. The transcription factor SP3 

drives TNF- expression in response to Smac mimetics. Sci Signal. 
2019;12:eaat9563. doi: 10.1126/scisignal.aat9563

	31.	 Yvan-Charvet L, Welch C, Pagler TA, Ranalletta M, Lamkanfi M, Han S, 
Ishibashi M, Li R, Wang N, Tall AR. Increased inflammatory gene expres-
sion in ABC transporter-deficient macrophages: free cholesterol accu-
mulation, increased signaling via toll-like receptors, and neutrophil 
infiltration of atherosclerotic lesions. Circulation. 2008;118:1837–1847. doi: 
10.1161/CIRCULATIONAHA.108.793869

	32.	 Zhu X, Owen JS, Wilson MD, Li H, Griffiths GL, Thomas MJ, Hiltbold EM, 
Fessler MB, Parks JS. Macrophage ABCA1 reduces MyD88-dependent 
Toll-like receptor trafficking to lipid rafts by reduction of lipid raft cholesterol. 
J Lipid Res. 2010;51:3196–3206. doi: 10.1194/jlr.M006486

	33.	 Mogilenko DA, Orlov SV, Trulioff AS, Ivanov AV, Nagumanov VK, Kudriavtsev 
IV, Shavva VS, Tanyanskiy DA, Perevozchikov AP. Endogenous apolipoprotein 
A-I stabilizes ATP-binding cassette transporter A1 and modulates Toll-like 
receptor 4 signaling in human macrophages. FASEB J. 2012;26:2019–
2030. doi: 10.1096/fj.11-193946

	34.	 Koseki M, Hirano KI, Masuda D, Ikegami C, Tanaka M, Ota A, Sandoval 
JC, Nakagawa-Toyama Y, Sato SB, Kobayashi T. et al. Increased lipid rafts 
and accelerated lipopolysaccharide-induced tumor necrosis factor-α secre-
tion in Abca1-deficient macrophages. J. Lipid Res. 2007;48:299–306. doi: 
10.1194/jlr.M600428-JLR200

	35.	 Zhu X, Lee JY, Timmins JM, Brown JM, Boudyguina E, Mulya A, Gebre AK, 
Willingham MC, Hiltbold EM, Mishra N, et al. Increased cellular free choles-
terol in macrophage-specific Abca1 knock-out mice enhances pro-inflam-
matory response of macrophages. J Biol Chem. 2008;283:22930–22941. 
doi: 10.1074/jbc.M801408200

	36.	 Westerterp M, Fotakis P, Ouimet M, Bochem AE, Zhang H, Molusky 
MM, Wang W, Abramowicz S, la Bastide-van Gemert S, Wang N, et al. 
Cholesterol efflux pathways suppress inflammasome activation, NETo-
sis, and atherogenesis. Circulation. 2018;138:898–912. doi: 10.1161/ 
CIRCULATIONAHA.117.032636

	 37.	 Jin H, Li DY, Chernogubova E, Sun C, Busch A, Eken SM, Saliba-Gustafsson 
P, Winter H, Winski G, Raaz U, et al. Local delivery of miR-21 stabilizes 
fibrous caps in vulnerable atherosclerotic lesions. Mol Ther. 2018;26:1040–
1055. doi: 10.1016/j.ymthe.2018.01.011

	38.	 Eken SM, Jin H, Chernogubova E, Li Y, Simon N, Sun C, Korzunowicz G, 
Busch A, Bäcklund A, Österholm C, et al. MicroRNA-210 enhances fibrous 
cap stability in advanced atherosclerotic lesions. Circ Res. 2017;120:633–
644. doi: 10.1161/CIRCRESAHA.116.309318

	39.	 Ying W, Tseng A, Chang RC, Morin A, Brehm T, Triff K, Nair V, Zhuang G, 
Song H, Kanameni S, et al. MicroRNA-223 is a crucial mediator of PPARγ-
regulated alternative macrophage activation. J Clin Invest. 2015;125:4149–
4159. doi: 10.1172/JCI81656

	40.	 Lu TP, Lee CY, Tsai MH, Chiu YC, Hsiao CK, Lai LC, Chuang EY. miR-
System: an integrated system for characterizing enriched functions 
and pathways of microRNA targets. PLoS One. 2012;7:e42390. doi: 
10.1371/journal.pone.0042390

	41.	 Barrett TJ. Macrophages in atherosclerosis regression. Arterioscler Thromb 
Vasc Biol. 2020;40:20–33. doi: 10.1161/ATVBAHA.119.312802

	42.	 Ingolia NT, Ghaemmaghami S, Newman JR, Weissman JS. Genome-
wide analysis in vivo of translation with nucleotide resolution using 
ribosome profiling. Science. 2009;324:218–223. doi: 10.1126/ 
science.1168978

	43.	 Hoang HD, Graber TE, Jia JJ, Vaidya N, Gilchrist VH, Xiang X, Li W, Cowan 
KN, Gkogkas CG, Jaramillo M, et al. Induction of an alternative mRNA 
5’ leader enhances translation of the ciliopathy gene inpp5e and resis-
tance to oncolytic virus infection. Cell Rep. 2019;29:4010–4023.e5. doi: 
10.1016/j.celrep.2019.11.072

	44.	 Jafarnejad SM, Chapat C, Matta-Camacho E, Gelbart IA, Hesketh GG, 
Arguello M, Garzia A, Kim SH, Attig J, Shapiro M, et al. Translational con-
trol of ERK signaling through miRNA/4EHP-directed silencing. Elife. 
2018;7:e35034. doi: 10.7554/eLife.35034

	45.	 Su X, Yu Y, Zhong Y, Giannopoulou EG, Hu X, Liu H, Cross JR, Rätsch 
G, Rice CM, Ivashkiv LB. Interferon-γ regulates cellular metabolism and 
mRNA translation to potentiate macrophage activation. Nat Immunol. 
2015;16:838–849. doi: 10.1038/ni.3205

	46.	 Schott J, Reitter S, Philipp J, Haneke K, Schäfer H, Stoecklin G. Transla-
tional regulation of specific mRNAs controls feedback inhibition and sur-
vival during macrophage activation. PLoS Genet. 2014;10:e1004368. doi: 
10.1371/journal.pgen.1004368

	 47.	 Fazi F, Rosa A, Fatica A, Gelmetti V, De Marchis ML, Nervi C, Bozzoni I. A 
minicircuitry comprised of microRNA-223 and transcription factors NFI-A 
and C/EBPalpha regulates human granulopoiesis. Cell. 2005;123:819–
831. doi: 10.1016/j.cell.2005.09.023

D
ow

nloaded from
 http://ahajournals.org by on M

arch 25, 2023



Original Research

Circulation Research. 2022;131:42–58. DOI: 10.1161/CIRCRESAHA.121.319120� June 24, 2022    57

Nguyen et al miR-223 in Atherosclerosis

	48.	 Sun W, Shen W, Yang S, Hu F, Li H, Zhu TH. miR-223 and miR-142 attenu-
ate hematopoietic cell proliferation, and miR-223 positively regulates miR-
142 through LMO2 isoforms and CEBP-β. Cell Res. 2010;20:1158–1169. 
doi: 10.1038/cr.2010.134

	49.	 Turner M, DÍaz-Muñoz MD. RNA-binding proteins control gene expres-
sion and cell fate in the immune system review-article. Nat Immunol. 
2018;19:120–129. doi: 10.1038/s41590-017-0028-4

	50.	 Rayner KJ, Suárez Y, Dávalos A, Parathath S, Fitzgerald ML, Tamehiro N, 
Fisher EA, Moore KJ, Fernández-Hernando C. MiR-33 contributes to the 
regulation of cholesterol homeostasis. Science. 2010;328:1570–1573. doi: 
10.1126/science.1189862

	51.	 Rayner KJ, Sheedy FJ, Esau CC, Hussain FN, Temel RE, Parathath S, 
van Gils JM, Rayner AJ, Chang AN, Suarez Y, et al. Antagonism of miR-33 
in mice promotes reverse cholesterol transport and regression of athero-
sclerosis. J Clin Invest. 2011;121:2921–2931. doi: 10.1172/JCI57275

	52.	 de Aguiar Vallim TQ, Tarling EJ, Kim T, Civelek M, Baldán Á, Esau C, 
Edwards PA. MicroRNA-144 regulates hepatic ATP binding cassette 
transporter A1 and plasma high-density lipoprotein after activation of the 
nuclear receptor farnesoid X receptor. Circ Res. 2013;112:1602–1612. doi: 
10.1161/CIRCRESAHA.112.300648

	53.	 Ramírez CM, Rotllan N, Vlassov AV, Dávalos A, Li M, Goedeke L, Aranda JF, 
Cirera-Salinas D, Araldi E, Salerno A, et al. Control of cholesterol metabo-
lism and plasma high-density lipoprotein levels by microRNA-144. Circ Res. 
2013;112:1592–1601. doi: 10.1161/CIRCRESAHA.112.300626

	54.	 Goedeke L, Rotllan N, Canfrán-Duque A, Aranda JF, Ramírez CM, Araldi E, 
Lin CS, Anderson NN, Wagschal A, de Cabo R, et al. MicroRNA-148a regu-
lates LDL receptor and ABCA1 expression to control circulating lipoprotein 
levels. Nat Med. 2015;21:1280–1289. doi: 10.1038/nm.3949

	55.	 Wagschal A, Najafi-Shoushtari SH, Wang L, Goedeke L, Sinha S, deLemos 
AS, Black JC, Ramírez CM, Li Y, Tewhey R, et al. Genome-wide identification 
of microRNAs regulating cholesterol and triglyceride homeostasis. Nat Med. 
2015;21:1290–1297. doi: 10.1038/nm.3980

	56.	 Meiler S, Baumer Y, Toulmin E, Seng K, Boisvert WA. MicroRNA 302a 
is a novel modulator of cholesterol homeostasis and atherosclero-
sis. Arterioscler Thromb Vasc Biol. 2015;35:323–331. doi: 10.1161/ 
ATVBAHA.114.304878

	 57.	 Nguyen MA, Wyatt H, Susser L, Geoffrion M, Rasheed A, Duchez AC, Cottee 
ML, Afolayan E, Farah E, Kahiel Z, et al. Delivery of MicroRNAs by chitosan 
nanoparticles to functionally alter macrophage cholesterol efflux in vitro and 
in vivo. ACS Nano. 2019;13:6491–6505. doi: 10.1021/acsnano.8b09679

	58.	 Kirii H, Niwa T, Yamada Y, Wada H, Saito K, Iwakura Y, Asano M, Moriwaki 
H, Seishima M. Lack of interleukin-1ß decreases the severity of atheroscle-
rosis in apoE-deficient mice. Arterioscler Thromb Vasc Biol. 2003;23:656–
660. doi: 10.1161/01.ATV.0000064374.15232.C3

	59.	 Merhi-Soussi F, Kwak BR, Magne D, Chadjichristos C, Berti M, Pelli G, 
James RW, Mach F, Gabay C. Interleukin-1 plays a major role in vascular 
inflammation and atherosclerosis in male apolipoprotein E-knockout mice. 
Cardiovasc Res. 2005;66:583–593. doi: 10.1016/j.cardiores.2005.01.008

	60.	 Whitman SC, Ravisankar P, Elam H, Daugherty A. Exogenous interferon-γ 
enhances atherosclerosis in apolipoprotein E-/- mice. Am J Pathol. 
2000;157:1819–1824. doi: 10.1016/s0002-9440(10)64820-1

	61.	 Whitman SC. A practical approach to using mice in atherosclerosis research. 
Clin Biochem Rev. 2004;25:81–93.

	62.	 Hamers AA, Vos M, Rassam F, Marinković G, Marincovic G, Kurakula K, 
van Gorp PJ, de Winther MP, Gijbels MJ, de Waard V, et al. Bone marrow-
specific deficiency of nuclear receptor Nur77 enhances atherosclerosis. 
Circ Res. 2012;110:428–438. doi: 10.1161/CIRCRESAHA.111.260760

	63.	 Ji Q, Meng K, Yu K, Huang S, Huang Y, Min X, Zhong Y, Wu B, Liu Y, Nie 
S, et al. Exogenous interleukin 37 ameliorates atherosclerosis via induc-
ing the Treg response in ApoE-deficient mice. Sci Rep. 2017;7:3310. doi: 
10.1038/s41598-017-02987-4

	64.	 Liu J, Lin J, He S, Wu C, Wang B, Liu J, Duan Y, Liu T, Shan S, Yang K, et 
al. Transgenic overexpression of IL-37 protects against atherosclerosis and 
strengthens plaque stability. Cell Physiol Biochem. 2018;45:1034–1050. 
doi: 10.1159/000487344

	65.	 Aiello RJ, Brees D, Bourassa PA, Royer L, Lindsey S, Coskran T, 
Haghpassand M, Francone OL. Increased atherosclerosis in hyperlipidemic 
mice with inactivation of ABCA1 in macrophages. Arterioscler Thromb Vasc 
Biol. 2002;22:630–637. doi: 10.1161/01.atv.0000014804.35824.da

	66.	 Westerterp M, Murphy AJ, Wang M, Pagler TA, Vengrenyuk Y, Kappus 
MS, Gorman DJ, Nagareddy PR, Zhu X, Abramowicz S, et al. Defi-
ciency of ATP-binding cassette transporters A1 and G1 in macrophages 
increases inflammation and accelerates atherosclerosis in mice. Circ Res. 
2013;112:1456–1465. doi: 10.1161/CIRCRESAHA.113.301086

	 67.	 van Eck M, Bos IS, Kaminski WE, Orsó E, Rothe G, Twisk J, Böttcher A, 
Van Amersfoort ES, Christiansen-Weber TA, Fung-Leung WP, et al. Leu-
kocyte ABCA1 controls susceptibility to atherosclerosis and macrophage 
recruitment into tissues. Proc Natl Acad Sci USA. 2002;99:6298–6303. doi: 
10.1073/pnas.092327399

	68.	 Rodríguez AE, Hernandez JA, Benito R, Gutierrez NC, Garcia JL, 
Hernandez-Sanchez M, Risueno A, Sarasquete ME, Ferminan E, Fisac R. 
et al. Molecular characterization of chronic lymphocytic leukemia patients 
with a high number of losses in 13q14. PLoS One 2012;7:e48485. doi: 
10.1371/journal.pone.0048485

	69.	 Huang A, Kaley G. Gender-specific regulation of cardiovascular function: 
estrogen as key player. Microcirculation. 2004;11:9–38. doi: 10.1080/ 
10739680490266162

	70.	 Ng MK, Quinn CM, McCrohon JA, Nakhla S, Jessup W, Handelsman DJ, 
Celermajer DS, Death AK. Androgens up-regulate atherosclerosis-related 
genes in macrophages from males but not females: molecular insights into 
gender differences in atherosclerosis. J Am Coll Cardiol. 2003;42:1306–
1313. doi: 10.1016/j.jacc.2003.07.002

	71.	 Ling S, Dai A, Williams MR, Myles K, Dilley RJ, Komesaroff PA, Sudhir 
K. Testosterone (T) enhances apoptosis-related damage in human 
vascular endothelial cells. Endocrinology. 2002;143:1119–1125. doi: 
10.1210/endo.143.3.8679

	72.	 Gordon S, Taylor PR. Monocyte and macrophage heterogeneity. Nat Rev 
Immunol. 2005;5:953–964. doi: 10.1038/nri1733

	73.	 Wynn TA, Chawla A, Pollard JW. Macrophage biology in development, 
homeostasis and disease. Nature. 2013;496:445–455. doi: 10.1038/ 
nature12034

	74.	 Buono C, Come CE, Stavrakis G, Maguire GF, Connelly PW, Lichtman AH. 
Influence of interferon-γ on the extent and phenotype of diet-induced ath-
erosclerosis in the LDLR-deficient mouse. Arterioscler Thromb Vasc Biol. 
2003;23:454–460. doi: 10.1161/01.ATV.0000059419.11002.6E

	75.	 Gupta S, Pablo AM, Jiang XC, Wang N, Tall AR, Schindler C. IFN-γ, potenti-
ates atherosclerosis in ApoE knock-out mice. J Clin Invest. 1997;99:2752–
2761. doi: 10.1172/JCI119465

	76.	 Hanna RN, Shaked I, Hubbeling HG, Punt JA, Wu R, Herrley E, 
Zaugg C, Pei H, Geissmann F, Ley K, et al. NR4A1 (Nur77) dele-
tion polarizes macrophages toward an inflammatory phenotype 
and increases atherosclerosis. Circ Res. 2012;110:416–427. doi: 
10.1161/CIRCRESAHA.111.253377

	 77.	 Liao X, Sharma N, Kapadia F, Zhou G, Lu Y, Hong H, Paruchuri K, 
Mahabeleshwar GH, Dalmas E, Venteclef N, et al. Krüppel-like factor 4 
regulates macrophage polarization. J Clin Invest. 2011;121:2736–2749. 
doi: 10.1172/JCI45444

	78.	 Cardilo-Reis L, Gruber S, Schreier SM, Drechsler M, Papac-Milicevic N, 
Weber C, Wagner O, Stangl H, Soehnlein O, Binder CJ. Interleukin-13 pro-
tects from atherosclerosis and modulates plaque composition by skewing 
the macrophage phenotype. EMBO Mol Med. 2012;4:1072–1086. doi: 
10.1002/emmm.201201374

	79.	 Bhaskar V, Yin J, Mirza AM, Phan D, Vanegas S, Issafras H, Michelson K, 
Hunter JJ, Kantak SS. Monoclonal antibodies targeting IL-1 beta reduce 
biomarkers of atherosclerosis in vitro and inhibit atherosclerotic plaque for-
mation in Apolipoprotein E-deficient mice. Atherosclerosis. 2011;216:313–
320. doi: 10.1016/j.atherosclerosis.2011.02.026

	80.	 Upadhya S, Mooteri S, Peckham N, Pai RG. Atherogenic effect of 
interleukin-2 and antiatherogenic effect of interleukin-2 antibody in 
apo-E-deficient mice. Angiology. 2004;55:289–294. doi: 10.1177/ 
000331970405500308

	81.	 Zhang W, Tang T, Nie D, Wen S, Jia C, Zhu Z, Xia N, Nie S, Zhou S, Jiao J. 
et al. IL-9 aggravates the development of atherosclerosis in ApoE-/-mice. 
Cardiovasc Res. 2015;106:453–464. doi: 10.1093/cvr/cvv110

	82.	 Li Q, Ming T, Wang Y, Ding S, Hu C, Zhang C, Cao Q, Wang Y. Increased 
Th9 cells and IL-9 levels accelerate disease progression in experimental 
atherosclerosis. Am J Transl Res. 2017;9:1335–1343.

	83.	 Hauer AD, Uyttenhove C, de Vos P, Stroobant V, Renauld JC, van Berkel TJ, 
van Snick J, Kuiper J. Blockade of interleukin-12 function by protein vac-
cination attenuates atherosclerosis. Circulation. 2005;112:1054–1062. doi: 
10.1161/CIRCULATIONAHA.104.533463

	84.	 Lee TS, Yen HC, Pan CC, Chau LY. The role of interleukin 12 in the develop-
ment of atherosclerosis in ApoE-deficient mice. Arterioscler Thromb Vasc 
Biol. 1999;19:734–742. doi: 10.1161/01.atv.19.3.734

	85.	 Erbel C, Chen L, Bea F, Wangler S, Celik S, Lasitschka F, Wang Y, Böckler D, 
Katus HA, Dengler TJ. Inhibition of IL-17A attenuates atherosclerotic lesion 
development in apoE-deficient mice. J Immunol. 2009;183:8167–8175. 
doi: 10.4049/jimmunol.0901126

D
ow

nloaded from
 http://ahajournals.org by on M

arch 25, 2023



Original





 R
esearch






58    June 24, 2022� Circulation Research. 2022;131:42–58. DOI: 10.1161/CIRCRESAHA.121.319120

Nguyen et al miR-223 in Atherosclerosis

	86.	 Smith E, Prasad KM, Butcher M, Dobrian A, Kolls JK, Ley K, Galkina E. 
Blockade of interleukin-17A results in reduced atherosclerosis in apo-
lipoprotein E-deficient mice. Circulation. 2010;121:1746–1755. doi: 
10.1161/CIRCULATIONAHA.109.924886

	 87.	 Subramanian M, Thorp E, Tabas I. Identification of a non-growth factor role 
for GM-CSF in advanced atherosclerosis: promotion of macrophage apop-
tosis and plaque necrosis through IL-23 signaling. Circ Res. 2015;116:e13–
e24. doi: 10.1161/CIRCRESAHA.116.304794

	88.	 Johnnidis JB, Harris MH, Wheeler RT, Stehling-Sun S, Lam MH, Kirak 
O, Brummelkamp TR, Fleming MD, Camargo FD. Regulation of progeni-
tor cell proliferation and granulocyte function by microRNA-223. Nature. 
2008;451:1125–1129. doi: 10.1038/nature06607

	89.	 Bazzini AA, Lee MT, Giraldez AJ. Ribosome profiling shows that miR-430 
reduces translation before causing mRNA decay in zebrafish. Science. 
2012;336:233–237. doi: 10.1126/science.1215704

	90.	 Djuranovic S, Nahvi A, Green R. miRNA-mediated gene silencing by trans-
lational repression followed by mRNA deadenylation and decay. Science. 
2012;336:237–240. doi: 10.1126/science.1215691

	91.	 Guo H, Ingolia NT, Weissman JS, Bartel DP. Mammalian microRNAs pre-
dominantly act to decrease target mRNA levels. Nature. 2010;466:835–
840. doi: 10.1038/nature09267

	92.	 Sun G, Li H, Rossi JJ. Sequence context outside the target region influ-
ences the effectiveness of miR-223 target sites in the RhoB 3’UTR. Nucleic 
Acids Res. 2010;38:239–252. doi: 10.1093/nar/gkp870

	93.	 Dong Z, Qi R, Guo X, Zhao X, Li Y, Zeng Z, Bai W, Chang X, Hao L, 
Chen Y, et al. MiR-223 modulates hepatocellular carcinoma cell prolifera-
tion through promoting apoptosis via the Rab1-mediated mTOR activa-
tion. Biochem Biophys Res Commun. 2017;483:630–637. doi: 10.1016/ 
j.bbrc.2016.12.091

	94.	 Kimura T, Nada S, Takegahara N, Okuno T, Nojima S, Kang S, Ito D, Morimoto 
K, Hosokawa T, Hayama Y, et al. Polarization of M2 macrophages requires 
Lamtor1 that integrates cytokine and amino-acid signals. Nat Commun. 
2016;7:13130. doi: 10.1038/ncomms13130

	95.	 Colina R, Costa-Mattioli M, Dowling RJ, Jaramillo M, Tai LH, Breitbach CJ, 
Martineau Y, Larsson O, Rong L, Svitkin YV, et al. Translational control of the 
innate immune response through IRF-7. Nature. 2008;452:323–328. doi: 
10.1038/nature06730

	96.	 Herdy B, Jaramillo M, Svitkin YV, Rosenfeld AB, Kobayashi M, Walsh D, Alain 
T, Sean P, Robichaud N, Topisirovic I, et al. Translational control of the activa-
tion of transcription factor NF-κB and production of type I interferon by phos-
phorylation of the translation factor eIF4E. Nat Immunol. 2012;13:543–550. 
doi: 10.1038/ni.2291

	 97.	 Santos-Gallego CG. MafB and the role of macrophage apoptosis in athero-
sclerosis: a time to kill, a time to heal. Atherosclerosis. 2016;252:194–196. 
doi: 10.1016/j.atherosclerosis.2016.06.026

	98	 .Kim H. The transcription factor MafB promotes anti-inflammatory M2 polar-
ization and cholesterol efflux in macrophages. Sci Rep. 2017;7:7591. doi: 
10.1038/s41598-017-07381-8

	99.	 Taganov KD, Boldin MP, Chang KJ, Baltimore D. NF-κB-dependent induc-
tion of microRNA miR-146, an inhibitor targeted to signaling proteins of 
innate immune responses. Proc Natl Acad Sci USA. 2006;103:12481–
12486. doi: 10.1073/pnas.0605298103

	100.	 Rangrez AY, M’Baya-Moutoula E, Metzinger-Le Meuth V, Hénaut L, 
Djelouat MS, Benchitrit J, Massy ZA, Metzinger L. Inorganic phos-
phate accelerates the migration of vascular smooth muscle cells: evi-
dence for the involvement of miR-223. PLoS One. 2012;7:e47807. doi: 
10.1371/journal.pone.0047807

	101.	 Nguyen MA, Karunakaran D, Geoffrion M, Cheng HS, Tandoc K, 
Perisic Matic L, Hedin U, Maegdefessel L, Fish JE, Rayner KJ. Extracellular 
vesicles secreted by atherogenic macrophages transfer MicroRNA to 
inhibit cell migration. Arterioscler Thromb Vasc Biol. 2018;38:49–63. doi: 
10.1161/ATVBAHA.117.309795

	102.	 Karunakaran D, Thrush AB, Nguyen MA, Richards L, Geoffrion M, 
Singaravelu R, Ramphos E, Shangari P, Ouimet M, Pezacki JP, et al. 
Macrophage mitochondrial energy status regulates cholesterol efflux and 
is enhanced by anti-miR33 in atherosclerosis. Circ Res. 2015;117:266–
278. doi: 10.1161/CIRCRESAHA.117.305624

	 103.	 Daugherty A, Tall AR, Daemen MJAP, Falk E, Fisher EA, García-Cardeña 
G, Lusis AJ, Owens AP 3rd, Rosenfeld ME, Virmani R; American Heart 
Association Council on Arteriosclerosis, Thrombosis and Vascular Biology; 
and Council on Basic Cardiovascular Sciences. Recommendation on design, 
execution, and reporting of animal atherosclerosis studies: a scientific state-
ment from the American Heart Association. Circ Res. 2017;121:e53–e79. 
doi: 10.1161/RES.0000000000000169

	104.	 Schmidt EK, Clavarino G, Ceppi M, Pierre P. SUnSET, a nonradioactive 
method to monitor protein synthesis. Nat Methods. 2009;6:275–277. doi: 
10.1038/nmeth.1314

	105.	 Gerashchenko MV, Gladyshev VN. Ribonuclease selection for ribosome 
profiling. Nucleic Acids Res. 2017;45:e6. doi: 10.1093/nar/gkw822

	 106.	 Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low memo-
ry requirements. Nat Methods. 2015;12:357–360. doi: 10.1038/nmeth.3317

	 107.	 Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ, 
Salzberg SL, Wold BJ, Pachter L. Transcript assembly and quantification by 
RNA-Seq reveals unannotated transcripts and isoform switching during cell 
differentiation. Nat Biotechnol. 2010;28:511–515. doi: 10.1038/nbt.1621

	108.	 Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat 
Methods. 2012;9:357–359. doi: 10.1038/nmeth.1923

	109.	 Benjamini Y, Heller R, Yekutieli D. Selective inference in complex re-
search. Philos Trans A Math Phys Eng Sci. 2009;367:4255–4271. doi: 
10.1098/rsta.2009.0127

D
ow

nloaded from
 http://ahajournals.org by on M

arch 25, 2023




