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MiR-30a-5p plays an important role in various cardiovascular
diseases, but its effect in atherosclerosis has not been reported.
Apolipoprotein E-deficient (Apo E�/�) mice were used to inves-
tigate the role of miR-30a-5p in atherosclerosis, and the under-
lying mechanism was investigated in vivo and in vitro. The
fluorescence in situ hybridization test revealed that miR-30a-
5p was expressed in Apo E�/� mice lesions. Nevertheless, in
RAW264.7 macrophages, the expression of miR-30a-5p was
reduced by lipopolysaccharide (LPS) or oxidized low-density
lipoprotein. MiR-30a-5p-ago-treated Apo E�/� mice signifi-
cantly reduced lesion areas in the aorta and aortic root, reduced
levels of lipoprotein and pro-inflammatory cytokines, and
increased levels of anti-inflammatory cytokines. The ratio of
M1/M2macrophages was decreased inmiR-30a-5p-ago-treated
Apo E�/� mice and LPS-treated RAW264.7 macrophages by
the regulation of Smad-1/2 phosphorylation. MiR-30a-5p
reduced lipid uptake in oxidized low-density lipoprotein-
treated macrophages by regulating the expression of PPAR-g,
ABCA1, ABCG1, LDLR, and PCSK9. Ubiquitinated ligase
NEDD4L was identified as a target of miR-30a-5p. Interest-
ingly, knockdown of NEDD4L decreased the M1/M2 ratio
and oxidized low-density lipoprotein uptake in macrophages
by inhibiting the ubiquitination of PPAR-g and phosphoryla-
tion of Smad-1/2 and regulating ABCA1, ABCG1, LDLR, and
PCSK9. We demonstrated a novel effect and mechanism of
miR-30a-5p in atherosclerosis.

INTRODUCTION
Atherosclerosis (AS) is recognized as one of the most important in-
flammatory cardiovascular diseases. AS is characterized by increased
oxidative stress that leads to endothelial dysfunction, leukocyte infil-
tration, and the deposition of modified lipoproteins, thereby resulting
in the development of foam cells. Oxidized low-density lipoprotein
(ox-LDL) promotes accumulation of leukocytes, the secretion of cyto-
kines, and growth factors, which accelerate the inflammatory
response.1–3 MicroRNAs (miRNAs) are small, endogenous,
conserved non-protein-coding RNA molecules of approximately
22 bp in length that regulate the expression of target genes by acting
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as post-transcriptional regulators and/or by the activation of signaling
pathways, thereby mediating many pathophysiological processes
such as cell differentiation, proliferation, metabolism, apoptosis,
and organ development.4,5 Among the various miRNAs, the miR-
30 family, particularly miR-30a, plays an important role in the devel-
opment of cancer, metabolic disease, and cardiovascular disease. A
few studies focused on the role of miR-30a in cardiovascular diseases,
such as acute myocardial infarction (AMI), heart failure, myocardial
ischemia-reperfusion, and cardiac hypertrophy. The circulating levels
of miR-30a are significantly elevated in AMI patients and are poten-
tial predictive markers of AMI.6 In patients with heart failure, the
expression of miR-30a is regulated in a compensative manner to pro-
tect the myocardium.7 MiR-30a is also associated with the protective
effect of triiodothyronine on myocardial ischemia-reperfusion in rats
by regulating the level of p53 mRNA expression.8 In angiotensin II-
induced cardiac hypertrophy, miR-30a is demonstrated to mitigate
hypertrophy by targeting Beclin-1.9 However, whether the effects of
miR-30a-5p in regulating these different cardiovascular diseases are
relevant in regulating the progression of AS has not been explored.
Here, we will define the role of miR-30a-5p in Apo E�/� mice and
further elucidate the underlying mechanism.
RESULTS
Reduction in the formation of the atherosclerotic lesion

and inflammatory responses in miR-30a-5p-ago-treated

Apo E–/– mice

To examine whether miR-30a-5p is involved in the development
of AS, we first observed the expression of miR-30a-5p in the lesions
of high-fat diet (HFD)-induced Apo E�/� mice, as well as in
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lipopolysaccharide (LPS)- or ox-LDL-treated vascular-related cells,
such as human umbilical vascular endothelial cells (HUVECs), rat
vascular smooth muscle cells (rVSMCs), RAW264.7 macrophages,
and THP-1 monocytes. The results revealed that miR-30a-5p was ex-
pressed in the lesion of Apo E�/�mice (Figure S1A) and was reduced
by treatment with ox-LDL or LPS in RAW264.7 macrophages (Fig-
ure S1B). These results suggest that miR-30a-5p might participate
in the process of AS.

We then observed the effect of miR-30a-5p on AS in HFD-induced
Apo E�/� mice by treatment with ago-miR-30a-5p-ago (overexpres-
sion) or miR-30a-5p-antago (knockdown). After 12 weeks of HFD
feeding and miRNA reagent treatment, both the miR-30a-5p-ago-
and -antago-treated mice did not display changes in bodyweight
compared with the corresponding control-treated mice (Figure 1F).
However, the atherosclerotic lesion area in the aortic arch and entire
aorta was greatly reduced in the miR-30a-5p-ago-treated mice
compared with control-ago-treated mice; miR-30a-5p-antago signif-
icantly increased the lesion areas compared with those of the control-
antago-treated mice (Figures 1A–1C). A similar effect of miR-30a-5p-
ago and -antago is exhibited in the aortic root with oil red staining
(Figures 1D and 1E).

To our knowledge, the levels of lipid and inflammatory cytokines in
serum play an essential role in AS plaque formation. We evaluated
the serum lipid concentration in different miR-30a-5p-treated Apo
E�/� mice. The results reveal that miR-30a-5p-ago decreased the
levels of triglycerides (Figure 1G), total cholesterol (Figure 1H), and
LDL (Figure 1J), and increased the levels of HDL (Figure 1I) and
HDL-related protein PON-1 expression in serum (Figures 1K and
1L) compared with those levels in the control-ago-treated mice. It
is noteworthy that miR-30a-5p-ago also decreased the serum levels
of pro-inflammatory cytokines, such as interleukin (IL)-1b (Fig-
ure 1N), IL-6 (Figure 1O), and tumor necrosis factor (TNF)-a (Fig-
ure 1P), which are mainly secreted by M1 macrophages, and elevated
the level of IL-10 (Figure 1Q) and transforming growth factor (TGF)-
b (Figure 1S), which are mainly secreted by M2 macrophages. These
results demonstrated that overexpression of miR-30a-5p suppressed
the progression of AS in Apo E�/� mice and is associated with the
regulation of lipid metabolism and the secretion of inflammatory fac-
tors and may be involved in regulating macrophage polarization.

MiR-30a-5p shifted M1/M2 macrophage polarization

The expression of miR-30a-5p after the administration of miR-30a-
5p-ago or -antago in Apo E�/� mice was examined in lesions of the
aortic root. The results revealed that the expression of miR-30a-5p
Figure 1. miR-30a-5p overexpression decreased the development of AS in Apo

(A) Representative en face images and (B) analysis of plaque in the aortic arch or (C) the a

images and (E) quantification of plaque in aorta root in ago-miR-30a-5p- or antago-treate

E�/� mice. (G) Serum triglyceride level, (H) TC, (I) high-density lipoprotein, and (J) LDL

quantification of the expression of PON1 in the serum of Apo E�/� mice (n = 3–4) with di

(Q) IL-10, (R) MCP-1, (S) TGF-b, and (T) GM-CSF in the serum of treated mice (n = 5–6

individual mouse. *p < 0.05, **p < 0.01, ***p < 0.001.
was significantly increased by miR-30a-5p-ago and decreased by
miR-30a-5p-antago, compared with the control-ago or -antago (Fig-
ures 2A and 2B). It is known that the distributions of cells in the blood
vessels, including vascular endothelial cells (VECs), vascular smooth
muscle cells (VSMCs), and macrophages, play a vital function in the
formation of atherosclerotic lesions. Therefore, we investigated their
distribution in the AS plaque in the aortic root. The levels of CD31 (a
marker of ECs) (Figures 2C and 2D), a-SMA (a marker of VSMCs)
(Figures 2E and 2F), as well as the Moma-2 (a marker of macro-
phages) (Figures 2G and 2H), did not exhibit differences in the
miR-30a-5p-ago- and -antago-treated Apo E�/� mice.

Although the total levels of macrophages were not different in the pla-
que regions in the four groups, we are aware that macrophage polar-
ization plays an important role in the formation of atherosclerotic
lesions. For example, M1 macrophages are implicated in the pro-in-
flammatory effect, by secreting IL-1b, IL-6, and TNF-a, whereas M2
macrophages secrete IL-10 and TGF-b as the anti-inflammatory
cells.10 Our results in Figure 1 indicate that macrophage polarization
might be a target of miR-30a-5p. Therefore, we explored whether
miR-30a-5p suppressed inflammation and plaque formation by
altering macrophage polarization. The results revealed that the levels
of inducible nitric oxide synthase (iNOS; an M1 macrophage marker)
were significantly decreased, and those of CD206 (anM2macrophage
marker) were elevated in miR-30a-5p-ago-treated Apo E�/� mice
compared with those in control-ago-treated mice (Figures 2I
and 2J). Interestingly, the levels of iNOS and CD206 were reversed
in antago-miR-30a-5p-treated Apo E�/� mice (Figures 2K and 2L).

To further evaluate the role of miR-30a-5p in M1/M2 macrophage
polarization in vitro, we measured M1/M2 macrophage polarization
in RAW264.7 macrophages transfected with miR-30a-5p mimics in
the presence or absence of LPS (a crucial macrophage polarization
activator). The transfection efficiency of miR-30a-5p showed that
the expression of miR-30a-5p was cqsignificantly promoted by
miR-30a-5p mimics and suppressed by miR-30a-5p inhibitors (Fig-
ures S2A and S2B). The M1 and M2 phenotypes were tested using
the flow cytometry assay (Figures 3A–3C) and immunofluorescence
staining (Figures 3D–3F). The results indicated that both the iNOS
(M1)- and CD206 (M2)-positive cells were significantly elevated after
LPS treatment. In miR-30a-5p-mimic-transfected macrophages, LPS-
inducedM1macrophages were apparently decreased, andM2macro-
phages were considerably elevated compared with those in the
control-mimics-transfected cells. It has been previously reported
that the Smads pathway is a critical regulator for M1/M2 polariza-
tion.11 We then determined the role of miR-30a-5p mimics in the
E–/– Mice

orta of ago-miR-30a-5p- or antago-treated Apo E�/�mice (n = 5). (D) Representative

d Apo E�/�mice (n = 5). (F) Bodyweight of ago-miR-30a-5p- or antago-treated Apo

(n = 12) in various treated Apo E�/� mice. (K) Western blot images and (L) relative

fferent treatments. The level of expression of (M) IL-1a, (N) IL-1b, (O) IL-6, (P) TNF-a,

) with different treatments detected using the ELISA assay. Each dot represents an
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Figure 2. miR-30a-5p overexpression decreased the m1 macrophage polarization and increased M2 macrophage polarization in vivo

(A) Representative immunofluorescent stained images and (B) quantification (n = 5) of the FISH assay for expression of miR-30a-5p in the aortic root of mice with different

treatments. Representative immunofluorescent staining images and quantification (n = 5) of CD31 (ECs, C and D), a-SMA (VSMCs, E and F), MOMA-2 (macrophage, G and

H), iNOS (M1 macrophage, I and J), and CD206 (M2 macrophage, K and L) in the plaque of aortic root in mice with different treatments. *p < 0.05, **p < 0.01, ***p < 0.001.
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phosphorylation of Smad-1/2/3. The results revealed that LPS signif-
icantly promoted the expression of phosphorylation of Smad-1/2 but
not Smad-3, which can be neutralized by miR-30a-5p mimic transfec-
tion (Figures 3G–3J). These results indicate that the protective effect
on AS exerted by miR-30a-5p may be partly due to the regulation of
M1/M2 macrophage polarization via the Smad-1/2 pathway.

We also examined the role of miR-30a-5p in the expression of Ly6c in
LPS-treated THP-1 monocytes. The flow cytometry test indicated
that LPS significantly increased the Ly6c-positive THP-1 monocytes.
Interestingly, overexpression of miR-30a-5p in THP-1 monocytes,
the promoted Ly6c-positive cells, was remarkably decreased (Fig-
ures S3A and S3B).

MiR-30a-5p attenuates lipid accumulation and foam cell

formation in macrophages

Several studies have demonstrated that changes in the phenotype and
function of macrophages are closely related to their microenviron-
ment.12–14 Intracellular lipid load, lipid metabolism, and inflammation
are the three most critical factors affecting the phenotype of
macrophages.13 We employed ox-LDL to determine the role of miR-
30a-5p in lipid accumulation in RAW264.7 macrophages. The cell
viabilitywas determined using 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphe-
1306 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
nyltetrazoliumBromide (MTT) assay and there was no influence on the
cell viability for 24 or 48 h (Figure S2C). Dil-labeled ox-LDL (Dil-ox-
LDL) (Figures 4A and 4B) and ox-LDL stained with oil red O (Figures
4C and 4D)were utilized to observe ox-LDLuptake in RAW267.4mac-
rophages in vitro. Interestingly, overexpression (mimics) ofmiR-30a-5p
in RAW267.4 macrophages significantly reversed ox-LDL-induced
lipid uptake compared with those of the control mimics in Dil-ox-
LDL- and oil red O-stained cells (Figures 4A–4D).

When a high concentration of ox-LDL (100 mg/mL) is used to incu-
bate macrophages for a long time (72 h), the cells take up a large num-
ber of lipids and lipid droplets form in the cells.15 Since foam cell
formation has been recognized as a critical step in the initiation
and progression of AS, we used transmission electron microscopy
to investigate foam cell formation induced by ox-LDL in
RAW264.7 macrophages. The results indicated that the ox-LDL-
treated RAW264.7 macrophages exhibited a flat shape, foam, and
contained many lipid droplets. Nonetheless, the overexpression of
miR-30-5p in macrophages significantly restrained the uptake of
ox-LDL-induced lipid droplets (Figure 4E).

To further explore the molecular pathway involved in lipid mecha-
nism regulated by miR-30a-5p, we tested the lipid mechanism-related



(legend on next page)

www.moleculartherapy.org

Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1307

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
proteins, such as lipid metabolic and inflammatory regulator PPAR-
g, LDLR, PCSK9, as well as cholesterol transporters ABCA1 and
ABCG1, which facilitate cholesterol efflux. As shown in Figures 4F
and 4G, the expression of PPAR-g, LDLR, ABCA1, and ABCG1
was significantly decreased, and PCSK9 was promoted by ox-LDL.
Nevertheless, overexpression of miR-30a-5p in RAW264.7 macro-
phages reversed these effects. These results suggest that miR-30a-5p
regulates the formation of foam cells in macrophages by decreasing
lipid uptake by mediating PPAR-g, ABCA1, ABCG1, and PCSK9.

NEDD4L is a target of miR-30a-5p and regulates the expression

of PPAR-g, LDLR, ABCA1, ABCG1, and PCSK9

It is established that miRNAs exert their biological function by bind-
ing to the 30-untranslated regions (30UTRs) of target mRNAs.16 We
then searched the target gene of miR-30a-5p based on TargetScan
7.2 and identified the potential target using western blot assay and
dual-luciferase reporter gene assay. MiR-30a-5p binds to the 30UTR
regions of NEDD4L in almost all mammals (Figure 5A). Overexpres-
sion of miR-30a-5p in macrophages significantly repressed the
expression of NEDD4L (Figures 5B and 5C). To further assess the
direct inhibitory effect of miR-30a-5p on NEDD4L, a dual-luciferase
reporter assay was performed in RAW264.7 macrophages, which
involved co-transfection of 30 UTR or mutated 30UTR of NEDD4L
or/and control mimics or miR-30a-5p mimics. The results demon-
strated that luciferase was significantly decreased in cells co-trans-
fected with miR-30a-5p-mimics and NEDD4L-WT, compared with
that in cells co-transfected with control mimics and NEDD4L-WT
(Figure 5D). However, mutation of the 30UTR of NEDD4L prevented
miR-30a-5p-mimics from exerting an effect. These results suggest
that miR-30a-5p could directly target and inhibit the expression of
NEDD4L by binding to the 30UTR region of NEDD4L.

To further explore whether NEDD4L is involved inmiR-30a-5p-regu-
lated lipid metabolism in macrophages, we observed the expression of
PPAR-g, LDLR, PCSK9, ABCA1, and ABCG1 after the knockdown of
NEDD4L. The knockdown efficiency of NEDD4L small interfering
RNA (siRNA) was validated by western blots, in which the expression
of NEDD4L was significantly decreased by its siRNA (Figure S4A).
Moreover, PPAR-g (Figure 5E), ABCA1 (Figure 5F), ABCG1 (Fig-
ure 5G), and LDLR (Figure 5H) expression was elevated, and
PCSK9 (Figure 5I) was suppressed in NEDD4L siRNA-transfected
macrophages. These results indicated that NEDD4Lmight participate
in miR-30a-5p-regulated lipid metabolism in the progression of AS.

NEDD4L regulates M1/M2 macrophage phenotype and lipid

uptake

Our results demonstrated that miR-30a-5p mediated M1/M2 macro-
phage polarization and lipid metabolism in macrophages, and that
Figure 3. miR-30a-5p regulated the M1/M2 macrophage polarization in vitro vi

(A) Flow cytometry images and (B) quantification of M1 (n = 6) and (C) M2 (n = 6) macrop

induced by LPS. (D) Immunofluorescent stained images and (E) quantification of iNOS a

control mimic-transfected RAW264.7macrophages induced by LPS. (G) Representative

Smad-2 (n = 5), and (J) p-Smad-3/Smad-3 (n = 5) in miR-30a-5p- or control mimic-trans
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NEDD4L is a target of miR-30a-5p. We subsequently evaluated
whether NEDD4L is involved in the aforementioned miR-30a-5p-
regulated functions. Interestingly, the knockdown of NEDD4L mark-
edly decreased LPS-induced M1-positive macrophages and increased
M2-positive macrophages (Figures 6A and 6B), which are in agree-
ment with the results obtained with miR-30a-5p-overexpressed
macrophages. Further, in the NEDD4L-knockdown macrophage,
ox-LDL-induced lipid uptake was also considerably reduced
compared with that in the control siRNA-transfected macrophages,
both in the oil red O staining assay (Figures 6C and 6D) and in Dil-
ox-LDL-stained macrophages (Figures 6E and 6F). Moreover, foam
cell formation induced by ox-LDL was also reversed in NEDD4L
siRNA-transfected macrophages (Figure 6G). These results demon-
strated that miR-30a-5p-regulated macrophage phenotype transition,
lipid uptake, and foam cell formation are mediated by NEDD4L.

NEDD4L-mediated M1/M2 macrophage polarization and lipid

metabolism mainly depended on the phosphorylation of Smad-

1/2 and ubiquitination of PPAR-g

To further determine the molecular pathway of NEDD4L-regulated
M1/M2 macrophage phenotype transition, we detected the M1/M2
polarization regulator Smads.11 As shown in Figure 7A, LPS signifi-
cantly increased Smad-1 and -2 phosphorylation at 30 and 60 min,
but there was no significant difference in the phosphorylation of
Smad-3. Nevertheless, when RAW264.7 macrophages were trans-
fected with NEDD4L siRNA, the elevated phosphorylation of
Smad-1 and Smad-2 induced by LPS was reduced at 30 and
60 min. To further explore the LPS-induced M1/M2 macrophage po-
larization protein in NEDD4L siRNA-transfected RAW264.7 macro-
phages, the expression of iNOS and CD206 was determined using
western blots. Similar to the flow cytometry results depicted in Figures
5A and 5B, the expression of iNOS and CD206 was promoted in mac-
rophages exposed to LPS. Nonetheless, knockdown of NEDD4L
significantly reduced iNOS expression and increased CD206 expres-
sion (Figures 7B and 7C).

NEDD4L is amember of theNEDD4 family of E3 ubiquitin ligases and
facilitates the ubiquitination of multiple target substrates.17 We have
noted that the knockdown of NEDD4L can significantly promote
PPAR-g expression (Figure 5E). However, whether the increased
expression of PPAR-g observed in the knockdown of NEDD4L mac-
rophages was regulated by the ubiquitination of PPAR-g was not
explored. We then further investigated the potential molecular path-
ways involved in lipid metabolism regulated by NEDD4L-mediated
ubiquitination of PPAR-g. As shown in Figure 7D, PPAR-g ubiquiti-
nationwas restrained after the knockdown ofNEDD4L. The ubiquitin
system contains a C-terminal glycine site, an N-terminal methionine
site, and seven lysine residues (K6, K11, K27, K29, K33, K48, and
a the Smad-1/2 pathway

hages among miR-30a-5p- or control mimic-transfected RAW264.7 macrophages

s a marker of M1 and (F) CD206 as a marker of M2 macrophages in miR-30a-5p- or

western blot images and (H) relative level of p-Smad-1/Smad-1 (n = 5), (I) p-Smad-2/

fected RAW264.7 macrophages induced by LPS. *p < 0.05, **p < 0.01, ***p < 0.001.



Figure 4. miR-30a-5p restrained ox-LDL uptake and foam cell formation by regulating the expression of PPAR-g, ABCA1, ABCG1, LDLR, and PCSK9

(A) Representative immunofluorescent stained images and (B) quantification (n = 6) of Dil-ox-LDL-treated RAW264.7 macrophages transfected with miR-30a-5p or control

mimics. (C) Representative images and (D) quantification (n = 6) of oil red-stained RAW264.7 macrophages treated with ox-LDL or vehicle and transfected with miR-30a-5p

or control mimics. (E) Representative transmission electron microscope images of RAW264.7 macrophages treated with ox-LDL and transfected with miR-30a-5p or control

mimics. (F) Western blot images and (G) relative quantification (n = 5) of PPAR-g, ABCA1, ABCG1, LDLR, and PCSK9 in RAW264.7 macrophages transfected with miR-30a-

5p or control mimics (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001.
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K63), which play an essential role in various cellular and biological
processes.18 Among the seven lysine residues, polyubiquitination
linked to K48 and K63 is the most classic.19 Our results found
NEDD4L siRNA restrained K48- (Figure 7E) and K63-linked poly-
ubiquitination (Figure 7F), indicating that NEDD4L regulated lipid
metabolism in macrophages by mediating PPAR-g ubiquitination in
K48- and K63-linked polyubiquitination.

We further explored the lipid metabolism-related proteins such as
PPAR-g, ABCA1, ABCG1, PCSK9, and LDLR in NEDD4L siRNA-
transfected RAW264.7 exposed to ox-LDL. The results revealed
that ox-LDL induced alteration of the expression of PPAR-g (Fig-
ure 7G), ABCA1 (Figure 7H), ABCG1 (Figure 7I), LDLR (Figure 7J),
and PCSK9 (Figure 7K) was reversed after the knockdown of
NEDD4L. We further investigated the expression of LDLR, PCSK9,
ABCA1, and ABCG1 in PPAR-g siRNA-transfected RAW264.7 mac-
rophages. The results showed that the expression of LDLR, ABCA1,
and ABCG1 was significantly reduced, and that of PCSK9 was
elevated with the knockdown of PPAR-g (Figure S4B).

To further validate whether NEDD4L, PPAR-g, LDLR, PCSK9
ABCA1, and ABCG1 participate in miR-30a-5p-regulated AS, we
also observed their expression in the plaque of ago-miR-30a-5p- or
antago-treated Apo E�/� mice. The immunostaining indicated that
the expression of PPAR-g (Figures 8C and 8D), LDLR (Figures 8E
and 8F), ABCA1 (Figures 8I and 8J), and ABCG1 (Figures 8K and
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1309
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Figure 5. NEDD4L is a target of miR-30a-5p

(A) Target prediction of the miR-30a-5p binding site on NEDD4L using TargetScan 7.2. (B) Representative western blot images and (C) quantification (n = 5) of NEDD4L in

RAW264.7macrophages transfected with miR-30a-5p or control mimics. (D) Relative luciferase analysis of RAW264.7 macrophage co-transfected with miR-30a-5p/control

mimics and NEDD4L-30UTR (WT) or NEDD4L mutated 30UTR (MUT) with dual-luciferase assay. (E) Representative western blot images and quantification of PPAR-g (n = 4),

(F) ABCA1 (n = 6), (G) ABCG1 (n = 6), (H) LDLR (n = 8), and (I) PCSK9 (n = 6) in RAW264.7 macrophages transfected with NEDD4L siRNA or control siRNA. Each dot

represents an individual experiment. *p < 0.05, **p < 0.01, ***p < 0.001, ns (not significant) by unpaired t test.
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8L) was significantly enhanced in the lesions of ago-miR-30a-5p-
treated Apo E�/� mice. However, the antago-miR-30a-5p reduced
the expression of PPAR-g and ABCG1. In addition, the expression
of NEDD4L (Figures 8A and 8B) and PCSK9 (Figures 8G and 8H)
was remarkably restrained by ago-miR-30a-5p and promoted by an-
tago-miR-30a-5p. These results confirmed our conclusion that miR-
30a-5p regulated lipid metabolism by regulating NEDD4L and then
mediating PPAR-g ubiquitination by regulating ABCA1, ABCG1,
LDLR, and PCSK9.

DISCUSSION
AS is a complex chronic inflammatory disease of the arterial system
associated with the consumption of high-fat and high-carbohydrate di-
ets, smoking, and a sedentary lifestyle, leading tomyocardial infarction,
ischemic stroke, and peripheral arterial disease.4 Our study aimed to
determine a novel approach to treat AS using miR-30a-5p and to
explore the complicated underlying mechanism. We observed that
miR-30a-5p is expressed in plaques, particularly in Apo E�/� mouse
1310 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
macrophages. Its expression can be restrained by the inflammatory
inducer, LPS, or by oxidative stress and the lipid uptake inducer, ox-
LDL, in RAW264.7macrophages.When ago-miR-30a-5p (overexpres-
sion) is administered inApoE�/�mice, the lesion areas in theApoE�/�

mice were significantly decreased in the aorta, aortic arch, and aortic
root. Nevertheless, inhibition of miR-30a-5p (antago) slightly reversed
this suppression. Moreover, the blood lipids, such as triglycerides, total
cholesterol, and low-density lipoprotein (LDL), as well as the pro-in-
flammatory cytokines IL-1b, IL-6, and TNF-a were remarkable sup-
pressed,whereas IL-10 andTGF-bwerepromoted inmiR-30a-5p-over-
expressed Apo E�/� mice. Currently, macrophages are known to be
important factors involved inAS and aremainly categorized as classical
(M1) and alternative (M2) activation macrophages.20 The classical M1
polarization of macrophages is characterized by the production of pro-
inflammatory cytokines (i.e., TNF-a, IL-1b, and IL-6), whereasM2 po-
larization ofmacrophages is linked to anti-inflammatory cytokines (i.e.,
IL-4, IL-10, andTGF-b).20 Therefore, our above results indicate that the
upregulated IL-1b, IL-6, and TNF-a and downregulated IL-10 and



Figure 6. Knockdown of NEDD4L suppresses the

M1/M2macrophage ratio, ox-LDL uptake, and foam

cell formation

(A) Representative of flow cytometry images and (B)

quantification of M1-positive (iNOS) (n = 7) and M2-pos-

itive (CD206) (n = 7) macrophage in LPS-induced

RAW264.7 macrophages transfected with NEDD4L or

control siRNA. (C) Representative images and (D) quan-

tification (n = 4) of oil red O staining of ox-LDL-treated

RAW264.7 macrophages transfected with NEDD4L or

control siRNA. (E) Representative immunofluorescent

stained images and (F) quantification (n = 5) of Dil-ox-

LDL-treated (red) RAW264.7 macrophages transfected

with NEDD4L or control siRNA. (G) Representative

transmission electron microscope images of ox-LDL-

treated RAW264.7 macrophages transfected with

NEDD4L or control siRNA. Each dot represents an indi-

vidual experiment. *p < 0.05, **p < 0.01, ***p < 0.001.
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TGF-b role of miR-30a-5p might be relevant to the role of miR-30a-5p
in regulating macrophage M1/M2 polarization. The subsequent results
verified our speculation and showed that miR-30a-5p overexpression
can reduceM1phenotypemacrophages and increase theM2phenotype
in both aortic roots in vivo and RAW264.7 macrophages in vitro. Our
results are in agreement with those of previous studies that demon-
strated that miRNA could regulate either M1 or M2 polarization in
macrophages. More specifically, miR-9,21 miR-127,22 miR-155,23 and
miR-125b24 have been shown to promote M1 polarization, and miR-
124,25 miR-223,26 miR-34a,27 let-7c,28, miR-132,29 miR-146a,30 and
Molecular Therapy
miR-125a-5p31 induce M2 polarization in mac-
rophages by targeting various transcription fac-
tors and adaptor proteins in different disorders.

Cholesterol is critical for several biological func-
tions. It is the precursor of steroid hormones and
bile acids, is an important constituent of
mammalian cell membranes, and plays a crucial
role in membrane trafficking and transmem-
brane signaling processes. Disorders of in vivo
cholesterol homeostasis may lead to diseases
such as AS.32 In our present study, miR-30a-5p
decreased plaque in the aorta or aortic root in
Apo E�/� mice and suppressed the serum levels
of total cholesterol and triglycerides. To our
knowledge, the cytotoxic effect of ox-LDL is an
important inducer in the progression of AS by
initiating the accumulation of leukocytes and
promoting macrophage-derived foam cell for-
mation, thereby accelerating the development
of AS.33,34 Therefore, we investigated ox-LDL
uptake and foam cell formation in miR-30a-
5p-overexpressed RAW264.7 macrophages.
Surprisingly, both the ox-LDL uptake and
ox-LDL-induced foam cell formation were
significantly restrained inmiR-30a-5p-overexpressedRAW264.7mac-
rophages, suggesting thatmiR-30a-5p has a potential role in regulating
lipid metabolism in the development of AS.

PPAR-g, a member of the family of peroxisomal proliferator-acti-
vated receptors (PPARs), is a ligand-activated transcription
factor.35 PPAR-g can inhibit the inflammatory response and the
formation of foam cells, protect VECs, and stabilize atherosclerotic
plaques.36 In addition, PPAR-g can induce the expression of
ABCA1 and ABCG1 genes to mediate the outflow of cholesterol
: Nucleic Acids Vol. 26 December 2021 1311
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Figure 7. Smad-1/2 phosphorylation and PPAR-g ubiquitination are involved in NEDD4L-mediated M1/M2 polarization and foam cell formation

(A) Representative western blot images of phosphorylation of Smad-1/2/3 in RAW264.7 macrophages treated with LPS for 15, 30, and 60 min transfected with NEDD4L or

control siRNA. Representative western blot images and quantification of (B) the expression of iNOS (n = 5) and (C) CD206 (n = 5) in NEDD4L siRNA- or control siRNA-

transfected RAW264.7 macrophages in the absence or presence of LPS. (D) Co-immunoprecipitation detection for total ubiquitination and (E) K48- or (F) K63- linked

polyubiquitination of PPAR-g in RAW264.7 macrophages transfected with NEDD4L or control siRNA. (G) Western blot images and quantification of PPAR-g (n = 5), (H)

ABCA1 (n = 5), (I) ABCG1 (n = 5), (J) LDLR (n = 5), and (K) PCSK9 (n = 5) in RAW264.7macrophages transfected with NEDD4L or control siRNA in the absence or presence of

ox-LDL. Each dot represents an individual experiment. *p < 0.05, **p < 0.01, ***p < 0.001.
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from macrophages and macrophage-derived foam cells, thereby in-
hibiting the formation of foam cells.37 LDLR plays a critical role in
regulating blood cholesterol levels by binding to and clearing LDLs
from the circulation, and the role can be disrupted by the interac-
tion between PCSK9 and LDLR.14 Activated-PPAR-g induced
LDLR expression, and therefore enhanced LDL cholesterol meta-
bolism.38 Our present study also explored the molecular pathway
involved in the miR-30a-5p-regulated lipid mechanism in macro-
phages. We observed that PPAR-g, ABCA1, ABCG1, and LDLR
were remarkably increased, and PCSK9 was decreased by the over-
1312 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
expression of miR-30a-5p in RAW264.7 macrophages, which indi-
cated that the miR-30a-5p-regulated lipid uptake was mediated by
PPAR-g and then affected ABCA1, ABCG1, LDLR, and PCSK9.

Ubiquitination is a significant factor in regulating a wide range of
cellular processes, including cell division, differentiation, signal trans-
duction, protein trafficking, and quality control.39 Aberrations in the
ubiquitination system are implicated in the pathogenesis of some dis-
eases, certain malignancies, neurodegenerative disorders, and in the
pathologies of the inflammatory immune response.39 Ubiquitination



Figure 8. Overexpression ofmiR-30a-5p promoted the expression of PPAR-g, LDLR, ABCA1, and ABCG1, and reduced NEDD4L and PCSK9 in Apo E–/– mice

Representative immunofluorescent stained images and quantification of NEDD4L (A and B), PPAR-g (C and D), LDLR (E and F), PCSK9 (G and H), ABCA1 (I and J), and

ABCG1 (K and L) in the plaques of the aortic root in different treated mice (n = 5). Each dot represents an individual experiment. *p < 0.05, **p < 0.01, ***p < 0.001.
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of proteins is performed by three kinds of enzymes: ubiquitin-acti-
vating enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiq-
uitin-protein ligase (E3).40 To date, many E3 ubiquitin ligases,
including NEDD4L, were reported and identified as the regulators
of lipid mechanism.41–46 In this study, NEDD4L was observed to be
an important target of miR-30a-5p, which was validated by western
blot and dual-luciferase detection. Consequently, we evaluated the
impact of NEDD4L on macrophage polarization and lipid meta-
bolism, which were also affected by miR-30a-5p. Surprisingly, in the
NEDD4L knockout RAW264.7 macrophages, the lipid uptake of ox-
LDL and M1 phenotype were dramatically decreased. The expression
of PPAR-g, ABCA1, and ABCG1 was reversed in NEDD4L siRNA-
transfected macrophages in the presence of ox-LDL. Interestingly,
the deepmechanism of the NEDD4L-regulated lipid uptake inmacro-
phages is NEDD4L-mediated miR-30a-5p ubiquitination of PPAR-g.
These results suggest thatNEDD4L is the critical target ofmiR-30a-5p,
which regulated macrophage polarization and lipid metabolism via
the PPAR-g/ABCA1/ABCG1 axis. Our results demonstrated a novel
signaling regulated by miR-30a-5p in AS by targeting the ubiquitin
ligase NEDD4L and then regulating the ubiquitination of PPAR-g, in-
hibiting macrophage formation of foam cells by promoting ABCA1,
ABCG1, and LDLR expression, and inhibiting PCSK9.

The polarization of macrophages is regulated by various factors,
including the signal transducer and activator of transcription
(STAT) pathway, PPAR-g pathway, and nuclear factor kappa beta
(NF-kB) pathway; the PPAR-g pathway is the central link in regu-
lating the polarization of M2 macrophages.47 PPAR-g activation
primes primary human monocytes for M2 differentiation, resulting
in more pronounced anti-inflammatory activity in M1 macro-
phages.48 A previous study demonstrated that, after treatment with
eutopic and ectopic endometrial homogenates or serum of women
with endometriosis in response to LPS stimulation, Smad-2/3
increased in macrophages. In contrast, blockage of Smad-2/3 with
their inhibitor could reverse the macrophage polarization from M1
to M2.49 Our result also exhibited a similar mechanism of M1/M2
macrophage polarization regulated by miR-30a-5p by targeting
NEDD4L through regulating phosphorylation of Smad-1 and
Smad-2. These effects of NEDD4L are consistent with the previous
finding that NEDD4L shuts down TGF-b-mediated Smad-2/3
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1313
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activation by direct interaction with the phosphorylated form of
Smad-2/3.50

Collectively, the present results are significant in at least three
important findings. First, we observed that overexpression of miR-
30a-5p significantly decreased AS in Apo E�/� mice by restraining
pro-inflammatory factor secretion and promoting anti-inflamma-
tory factor secretion, as well as by regulating lipid uptake and
M1/M2 macrophage phenotype. Second, the anti-AS effect of
miR-30a-5p was regulated by targeting NEDD4L. Finally, NEDD4L
participated in miR-30a-5p-regulated lipid metabolism and M1/M2
macrophage phenotype transition, which might be primarily medi-
ated by the ubiquitination of PPAR-g and phosphorylation of
Smad-1 and Smad-2.
MATERIALS AND METHODS
Reagents

All miRNA-related reagents such as control ago-miRNA, ago-miR-
30a-5p, control antago-miRNA, antago-miR-30a-5p, control mimics,
miR-30a-5p mimics, control inhibitor, miR-30a-5p inhibitor, miR-
30a-5p fluorescence in situ hybridization (FISH) assay kit and
NEDD4L dual-luciferase plasmidwere purchased fromShanghai Gen-
ePharma (Shanghai, China). The blood lipid detection kits, including
the high-density lipoprotein cholesterol kit, the LDL cholesterol kit,
the triglyceride kit, and the total cholesterol kit, were sourced from
Solarbio Life Sciences (Beijing, China). The enzyme linked immuno-
sorbent assay (ELISA) kits, including IL-6, MCP-1, TNF-a, IL-10,
IL-1a, IL-1b, granulocyte-macrophage colony-stimulating factor
(GM-CSF), and TGF-b, were purchased from the R&D system (Min-
nesota, United States). The Lipofectamine RNAiMAX transfection re-
agent (lot 13778150; United States) was bought from Thermo Fisher
Scientific (Carlsbad, CA). Mouse NEDD4L siRNA and control siRNA
were obtained from Santa Cruz Biotechnology (Dallas, TX). The pri-
mary antibodies, such as anti-PPAR-g (Ab41928), anti-LDLR
(Ab52818), anti-PCSK9 (Ab185194), anti-ABCA1 (Ab66217), anti-
mannose receptor (Ab64693), anti-iNOS (Ab178945), anti-PON1
(Ab92466), anti-ubiquitin (Ab134953), anti-ubiquitin linkage-specific
K48 (Ab140601), and anti-ubiquitin linkage-specific K63 (AB179434),
were purchased fromAbcam. The anti-NEDD4L(4013S), anti-Smad-1
(6944S), anti-phospho Smad-1 (5753S), anti-Smad-2 (5339S), anti-
phospho Smad-2 (3108S), anti-phospho Smad-3 (9520S), and anti-
Smad-3 (9523S) were from Cell Signaling Technology. The anti-
iNOS Alexa 488 (53-5920-82), anti-CD206 PE (12-2061-82), and
anti-ABCG1 (MA5-35185)monoclonal antibodies were fromThermo
Fisher Scientific, anti-vonWillebrand factor (vWF) (SC-365712), anti-
a-smoothmuscle actin (SC-53142), and anti-actin (SC-8432) were ob-
tained from Santa Cruz, and the macrophage/monocytes antibody
(MOMA-2) was sourced from Bio-Rad Laboratories. The fluores-
cence-connected secondary antibodies, including Goat Anti-Rabbit
IgG H&L Alexa Fluor 488 (ab150077), Goat Anti-Mouse IgG H&L
Alexa Fluor 647 (ab150115), Goat Anti-Mouse IgG H&L Alexa Fluor
488 (ab150113), and Goat Anti-Rat IgG H&L Alexa Fluor 488
(ab150157) were also products of Abcam.
1314 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
Animal studies

The animal studywas conducted in accordancewith theDeclaration of
Helsinki and was approved by the Ethics Committee of Xiamen Uni-
versity. Apolipoprotein E deficiency (Apo E�/�) mice were purchased
from Beijing Vital River Laboratory Animal Technology and were fed
with an HFD consisting of fat (45% Kcal), protein (20% Kcal), carbo-
hydrate (35%Kcal), and energydensity (4.7Kcal/g) for 12weeks.At the
same time, the 48 mice were randomly separated into four groups and
injected into the tail vein once every 3 days for 12 weeks with ago-miR-
30a-5p (5 nmol/mice/3 days), antago-miR-30a-5p (10 nmol/mice/
3 days), or the corresponding negative controls. The sequences of
miRNA reagents injected into the mice were as follows: Mus ago-con-
trol-miRNA, S 50-UUCUCCGAACGUGUCACGUTT-30, A 50-ACG
UGACACGUUCGGAGAATT-30; Mus ago-miR-30a-5p, S 50-UGU
AAACAUCCUCGACUGGAAG-30, A 50-UCCAGUCGAGGAUGU
UUACAUU-30; Mus antago-control, 50-CAGUACUUUUGUGUAG
UACAA-30; Mus antago-miR-30a-5p, 50-CUUCCAGUCGAGGAUG
UUUACA-30.

After 12 weeks of diet and treatment, blood was drawn with the mice
under deep anesthesia. Blood was collected via the inferior vena cava,
and serum samples were prepared for lipid profiling and ELISA assay.
The mice were subsequently euthanized. The thoracic-abdominal
aortas were fixed in 4% paraformaldehyde overnight, and the aortic
roots were embedded in the optimal cutting temperature compound
(Tissue-Tek) for further investigation.

FISH

The mouse miR-30a-5p probe was designed and synthesized by Gen-
ePharma (Shanghai, China). The sequence of the probes was (5’ to 30):
CTTCCAGTCGAGGATGTTTACA. The subcellular localization of
miR-30a-5p was detected using the FISH kit (F31101, GenePharma,
Shanghai, China) following the manufacturer’s instructions. After be-
ing fixed in acetone for 10min at room temperature (22�C–25�C), tis-
sue sections were washed in PBS and then treated with proteinase K,
blocked with blocking solution, and incubated in a denaturing solu-
tion at 78�C for 8 min. Subsequently, the sections were incubated
with the probe and SA-Cy3 at 37�C for 12–16 h in the dark. Finally,
DAPI was used to stain the nucleus for 15 min. Images were captured
using a confocal fluorescent microscope (Leica TCS SP5II, Germany).

Serum lipids profiling

After 12 weeks of HFD administration and miRNAs injection, the
mice were fasted overnight and anesthetized in the early morning.
Blood was obtained from the inferior vena cava of mice; the serum
was separated by centrifugation at 4�C and stored at �80�C. Blood
lipids, including total cholesterol (TC), triglyceride (TG), high-den-
sity lipoprotein cholesterol (HDL-C), and low-density lipoprotein
cholesterol (LDL-C), were detected using the corresponding kits
following the manufacturer’s instructions.

ELISA

Inflammatory-related cytokines in the serum from different treated
mice were quantified with IL-6, MCP-1, TNF-a, IL-10, IL-1a,
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IL-1b, GM-CSF, and TGF-b ELISA kits according to the manufac-
ture’s protocol.

Quantification of AS

Atherosclerotic plaque lesions were quantified by a cross-sectional
analysis of the aortic root and en face analysis of the aorta. For the
cross-sectional analysis of the aorta roots, OCT-embedded aorta roots
were sectioned using a cryostat, and 8-mm serial sections were ob-
tained sequentially beginning at the aortic valve. Five sections ob-
tained every 40 mm from the aortic sinus were stained with oil red
O. The average of the five sections from one mouse was taken as a
value representing the mouse. For the en face analysis of the aorta,
aortas were fixed in 4% paraformaldehyde, stained with oil red O,
and analyzed en face. The lesion areas of each aorta or aortic root
were measured using ImageJ software.

Cell culture

RAW264.7 macrophages were obtained from the National Experi-
mental Cell Resource Sharing Platform (Shanghai, China), cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), andmaintained in a 5%CO2 incu-
bator at 37�C. Cells were co-transfected with the Lipofectamine RNAi
MAX transfection reagent andmiR-30a-5p mimics or control mimics
for 24 or 48 h and/or treated with LPS (1 mg/mL) or ox-LDL (100 mg/
mL) for an additional 24 or 48 h. The miRNA sequences are the
following oligonucleotides: Mus mimics control, S 50-UUCUCC-
GAACGUGUCACGUTT-30; A 50-ACGUGACACGUUCGGAGAA
TT-30; Mus miR-30a-5p mimics, S 50-UGUAAACAUCCUCGA-
CUGGAAG-30; A 50-UCCAGUCGAGGAUGUUUACAUU-30. For
NEDD4L siRNA experiments, cells were co-transfected with the Lip-
ofectamine RNAi MAX reagent and NEDD4L siRNA (50 nM) or
control siRNA (50 nM) for 48 h and treated with LPS (1 mg/mL) or
ox-LDL (100 mg/mL) for an additional 24 or 48 h.

Macrophage phenotype detection

For detection of macrophage polarization, RAW264.7 macrophages
were transfected with miR-30a-5p mimics or NEDD4L siRNA or the
corresponding controls for 48 h and then stimulated with LPS (1 mg/
mL) for an additional 24 h changes in M1 (iNOS as a marker of M1)
and M2 (CD206 as a marker of M2) macrophage phenotype were de-
tected by flow cytometry, western blots, and immunofluorescence.

Western blot analysis

After the transfection and/or treatment, RAW264.7 macrophages
were suspended in the RIPA lysis buffer containing a protease inhib-
itor cocktail. A Bicinchoninic Acid (BCA) Protein Assay Kit (Beyo-
time, Beijing, China) was used to determine the protein concentration
of each sample following the manufacturer’s protocol. The protein
samples were boiled in 5� sodium dodecyl sulfate sample buffer at
100�C for 10 min. A total of 20 mg of protein sample was loaded
per well for SDS-PAGE separation. Proteins were transferred to poly-
vinylidene fluoride (PVDF) membranes and blocked with 5% skim
milk. The membranes were blotted with primary antibodies against
PPAR-g, ABCA1, ABCG1, PCSK9, NEDD4L, iNOS, and CD206
with a range of dilution factor from 1:500 to 1:2,000 overnight at
4�C. The membranes were then incubated with secondary antibodies
conjugated to horseradish peroxidase (Jackson Immuno Research,
Pennsylvania) for 1 h. An enhanced chemiluminescence select re-
agent (GE Healthcare Life Sciences, Sweden) was used for detection
on the Bio-Rad Chemi Doc chemiluminescence imaging system.
Gray values were calculated utilizing the ImageJ software (NIH,
United States).

Dil-ox-LDL staining

After transfection with miR-30a-5p or NEDD4L siRNA using Lipo-
fectamine RNAi MAX reagent for 24 h in RAW264.7 macrophages,
the Dil-ox-LDL (100 mg/mL) was applied to incubate cells for addi-
tional 48 h. The nuclei of cells were stained with DAPI for 5 min.
Subsequently, the cells were observed with a Leica TCS SP5 confocal
fluorescence microscope.

Immunofluorescence staining

The aortic root sections or RAW264.7 cells were fixed in isopropanol
for 10 min at room temperature (22�C–25�C), rinsed in PBS, and
blocked with secondary antibody-derived serum for 1 h at room tem-
perature in PBS containing 0.1% Triton X-100 and 5% BSA. VECs,
VSMCs, macrophages, as well as M1 and M2 macrophage sections
were respectively detected using CD31, a-SMA, MOMA-2, iNOS,
CD206, NEDD4L, PPAR-g, ABCA1, ABCG1, and PCSK9 primary
antibodies in PBS supplemented with Triton X-100 (0.1%) and BSA
(1%) at 4�C overnight, followed by incubation with Alexa Fluor
488-conjugated goat anti-rabbit or Alexa Fluor 488-conjugated goat
anti-rabbit (6 mg/mL; Abcam) for 1 h at 37�C. The sections or cells
were then incubated with DAPI for nuclear staining for 5 min at
room temperature (22�C–25�C). Digital images were acquired using
a Leica TCS SP5II confocal fluorescence microscope.

Oil red O staining in vitro

For miR-30a-5p mimic- or NEDD4L siRNA-transfected RAW264.7
macrophages, cells were transfected for 24 h and treated with ox-
LDL (100 mg/mL) for an additional 48 h. The cells were then washed
three times with PBS and fixed with 4% (w/v) paraformaldehyde for
15 min at room temperature (22�C–25�C). Subsequently, the cells
were stained with filtered oil red O solution for 3 min and observed
under a microscope.

Luciferase reporter assay

The full-length 30UTR of mouse NEDD4L (NEDD4-2) was cloned
into a luciferase reporter vector and by mutagenesis of the putative
miR-30a-5p binding site to create a mutant of NEDD4L.
RAW264.7 cells were cultured in 96-well plates in complete DMEM
and co-transfected with (1) NEDD4L wild type (100 nM), NEDD4L
mutant (100 nM), or empty GP-miRGLO (100 nM); and (2) miR-
30a-5p mimics (50 nM) or negative controls (50 nM) employing
the Lipofectamine 2000 transfection reagent. A dual bioluminescence
system (Dual-Glo Luciferase Assay System, catalog # E2920; Prom-
ega) was used to quantify miR-30a-5p binding 48 h post transfection.
The intensity of the signal was measured using a microplate reader
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(Tecan, Switzerland), and the intensity of the Renilla luciferase signal
was normalized to firefly luciferase signal intensity.

Ubiquitination assay

The cellular lysates were pulled down by PPAR-g primary antibody
using a Pierce Crosslink IP Kit (Thermo Scientific) following the
manufacturer’s instructions. The ubiquitination of PPAR-g was
detected by 10% SDS-PAGE separation, transferred to PVDF mem-
branes, and incubated with anti-ubiquitin antibody, K48-linkage-spe-
cific polyubiquitin antibody, or K63-linkage-specific polyubiquitin
antibody.

Statistical analysis

All data were analyzed and plotted using GraphPad Prism software
8.0 and expressed as mean ± SEM. The Student’s t test was used to
compare the two groups, whereas the one-way analysis of variance
(ANOVA) was used to compare three groups or more. p < 0.05 was
considered as a statistical difference, and p < 0.01 was considered to
be a significant difference.
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