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Introduction
Hypercholesterolemia is a major risk factor for cardiovascular disease. Circulatory levels of  low-density 
lipoprotein cholesterol (LDL-C) are predominantly determined by hepatic clearance of  LDL-C via the 
LDL receptor (LDLR). Proprotein convertase subtilisin/kexin type 9 (PCSK9) plays an important role in 
cholesterol metabolism by targeting the LDLR (1, 2). PCSK9 is mainly produced by hepatocytes, where its 
expression is regulated at the transcriptional level by SREBP-2 (encoded by SREBF2), a membrane-bound 
transcription factor that regulates multiple genes involved in cholesterol homeostasis, including LDLR (3). 
Intracellular PCSK9 binds to the nascent LDLR in the trans-Golgi apparatus and renders it for lysosomal 
degradation (4). Once secreted from hepatocytes, PCSK9 binds to LDLR on the cell surface to form a 
LDLR–PCSK9 complex. This complex hinders the endocytic recycling of  LDLR for lysosomal degrada-
tion (5, 6). In concert, these 2 mechanisms effectively reduce LDLR cell surface presentation and LDL-C 
influx in hepatocytes, thus increasing circulating LDL-C levels.

The importance of  PCSK9 in hypercholesterolemia was initially revealed by a genetic analysis of  
French families with severe autosomal dominant hypercholesterolemia due to gain-of-function mutation 
of  PCSK9 (7). Then, individuals with loss-of-function mutations (e.g., C679X, R46L) were found to have 
significantly lower LDL-C levels (8). This central role of  PCSK9 in cholesterol homeostasis has led to the 
development of  PCSK9 mAbs (e.g., evolocumab and alirocumab) as well as PCSK9 siRNA (e.g., inclisiran) 
(9), which are proposed to be used as monotherapy or combined with statins to reduce LDL-C levels and 
cardiovascular incidence (10). However, statins are known to elevate the expression of  both PCSK9 and 

Proprotein convertase subtilisin/kexin type 9 (PCSK9) affects cholesterol homeostasis by 
targeting hepatic LDL receptor (LDLR) for lysosomal degradation. Clinically, PCSK9 inhibitors 
effectively reduce LDL-cholesterol (LDL-C) levels and the incidence of cardiovascular events. 
Because microRNAs (miRs) are integral regulators of cholesterol homeostasis, we investigated the 
involvement of miR-483 in regulating LDL-C metabolism. Using in silico analysis, we predicted that 
miR-483-5p targets the 3′-UTR of PCSK9 mRNA. In HepG2 cells, miR-483-5p targeted the PCSK9 
3′-UTR, leading to decreased PCSK9 protein and mRNA expression, increased LDLR expression, and 
enhanced LDL-C uptake. In hyperlipidemic mice and humans, serum levels of total cholesterol and 
LDL-C were inversely correlated with miR-483-5p levels. In mice, hepatic miR-483 overexpression 
increased LDLR levels by targeting Pcsk9, with a significant reduction in plasma total cholesterol 
and LDL-C levels. Mechanistically, the cholesterol-lowering effect of miR-483-5p was significant in 
mice receiving AAV8 PCSK9-3′-UTR but not Ldlr-knockout mice or mice receiving AAV8 PCSK9-3′-
UTR (ΔBS) with the miR-483-5p targeting site deleted. Thus, exogenously administered miR-483 or 
similarly optimized compounds have potential to ameliorate hypercholesterolemia.
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LDLR via SREBP-2, thereby attenuating their cholesterol-lowering effect (3, 11). In addition, PCSK9 mAbs 
are expensive, which questions their cost-effectiveness, and in a few patients, they may induce side effects 
such as flu-like symptoms. Because of  its striking effect on LDLR suppression, hepatic overexpression of  
PCSK9 is commonly used to induce hyperlipidemia and accelerate atherosclerosis in rodent models (12).

microRNAs (miRs) are ubiquitously involved in epigenetic regulation of  gene expression by target-
ing the 3′-UTR of  the protein-encoded transcripts. Ample evidence demonstrates that miRs are integral 
regulatory parts of  the transcriptome, including genes involved in regulating cholesterol metabolism. For 
example, miR-96/182/183 target MED1/FBXW7 in hepatic cells, which regulates the transcription of  
multiple lipid-regulating and lipid synthesis genes (13, 14). miR-27 targets genes involved in lipid deposi-
tion, triglyceride synthesis, and lipoprotein uptake in the liver (15). Encoded simultaneously with SREBF2 
and SREBF1, miR-33 downregulates cholesterol efflux and HDL biogenesis by targeting ABC transporters, 
i.e., ABCA1 and ABCG1 (16). Although miRs have been suggested to regulate PCSK9 (17), the full extent 
of  the miRNA biology involvement in regulating PCSK9 and circulatory LDL-C levels remains elusive.

miR-483, containing both miR-483-3p and miR-483-5p (generated from the 3′ and 5′ arms of  pre–miR-
483), are intronic miRs that are encoded together with their parental gene IGF2. The sequences of  miR-483-
3p/-5p are highly conserved among mammalian species in general (Supplemental Figure 1; supplemental 
material available online with this article; https://doi.org/10.1172/jci.insight.143812DS1). miR-483 tar-
gets the 3′-UTR of  connective tissue growth factor (CTGF), platelet-derived growth factor, tissue inhibitor 
of  metalloproteinase 2, and SMAD4, a key component protein in the TGF-β signaling pathway (18–20). 
In vascular smooth muscle cells, miR-483 expression is decreased when angiotensin II receptor type 1 is 
persistently activated (21).

In this study, we uncovered a mechanism by which miR-483-5p robustly targets the 3′-UTR of  PCSK9 
mRNA. Experimentally, miR-483-5p directly targeted the 3′-UTR of  PCSK9 mRNA, which in turn 
increased hepatic LDLR expression. The circulatory levels of  miR-483-5p were lower in humans with ele-
vated LDL-C levels, and miR-483 overexpression in hypercholesterolemic mouse models greatly reduced 
the serum levels of  total cholesterol and LDL-C. This mechanism of  cholesterol lowering via intracellular 
PCSK9 mRNA targeting by miR-483 may have therapeutic efficacy.

Results
miRs targeting Pcsk9 alleviated hyperlipidemia and atherosclerosis. The exogenously administered adeno-associ-
ated virus 8 (AAV8)-PCSK9 encoding a gain-of-function Pcsk9 mutant (D377Y) lacking the 3′-UTR region 
is commonly used to induce hyperlipidemia and experimental atherosclerosis in mouse models (12). To 
explore whether the 3′-UTR region of  the PCSK9 transcript participates in PCSK9 regulation at the posttran-
scriptional level, we constructed an AAV8-based recombinant virus encoding mouse Pcsk9 mRNA encom-
passing its native 3′-UTR (hereafter called AAV8-PCSK9-3′-UTR). Mice were administered AAV8-PCSK9 
or AAV8-PCSK9-3′-UTR, then fed a high-fat diet (HFD) for 12 weeks. The HFD-induced hyperlipidemia 
was significantly alleviated in mice receiving AAV8-PCSK9-3′-UTR compared with AAV8-PCSK9 (Fig-
ure 1A). Consistently, serum levels of  total cholesterol, triglycerides, very LDL-C (VLDL-C), and LDL-C 
and atherosclerosis were reduced in mice with AAV8-PCSK9-3′-UTR (Figure 1, B–E). Also, hepatic Pcsk9 
mRNA levels and serum levels of  PCSK9 were decreased in mice with AAV8-PCSK9-3′-UTR (Figure 2A). 
These results suggest that the 3′-UTR region of  Pcsk9 mRNA exerts an endogenous mechanism against 
HFD-induced hyperlipidemia and atherosclerosis. To explore whether miR-dependent 3′-UTR targeting 
accounts for this atheroprotective mechanism, we used bioinformatics to profile miRs that likely target the 
PCSK9 mRNA 3′-UTR: miR-222, -191, and -224 were previously reported by others (17), whereas miR-483, 
-1912, and -1295b were newly predicted by us to target the PCSK9 mRNA 3′-UTR (Figure 2B and Supple-
mental Figure 2). A luciferase reporter fused with the PCSK9-3′-UTR was constructed to test the efficacy of  
miRs targeting the PCSK9-3′-UTR. Overexpression of  miR-222, -191, -224, and -483 but not -1912 or -1295b 
greatly decreased the luciferase activity (Figure 2C). Among these miRs, only miR-483 increased signifi-
cantly in the liver with AAV8-PCSK9-3′-UTR compared with AAV8-PCSK9 (Figure 2D). Such increased 
miR-483 levels, but not those of  others, in the liver suggest that miR-483 would contribute to this posttran-
scriptional regulation of  PCSK9 in vivo. Indeed, when validated by Western blot, miR-483 overexpression 
had the greatest effect on decreasing PCSK9 levels, with attendant increase in LDLR expression (Figure 2E).

miR-483-5p targeted PCSK9 in hepatocytes. Given that miR-483 might directly target the PCSK9 3′-UTR, 
we used bioinformatics to locate the binding site of  miR-483-5p at the 3′-UTR of  both human and mouse 
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PCSK9 mRNA (Figure 3A). A gain-of-function approach involving pre–miR-483 overexpression reduced the 
mRNA and protein levels of  PCSK9 (Figure 3, B and C). In the complementary loss-of-function experiment, 
HepG2 cells were transfected with an anti–miR-483 construct. The inhibition of  miR-483 increased PCSK9 
mRNA and protein levels (Figure 3, B and C). Consistently, LDLR expression was increased in HepG2 cells 
transfected with pre–miR-483 and decreased in those transfected with anti–miR-483. As expected, these 
changes in LDLR expression were only at the protein level and not the mRNA level (Figure 3, B and C).

To investigate whether miR-483-5p directly targets the predicted binding site at the PCSK9 3′-UTR mRNA, 
we used a luciferase reporter fused to the WT PCSK9 3′-UTR [Luc-PCSK9 (WT)] or mutant PCSK9 3′-UTR 
[Luc-PCSK9 (MT)] with mutation of the miR-483-5p targeting site. Pre–miR-483 significantly decreased 
the luciferase activity of the cotransfected Luc-PCSK9 (WT) in HepG2 cells but only moderately decreased 
it in cells cotransfected with Luc-PSCK9 (MT) (Figure 3D). However, anti–miR-483 treatment significant-
ly increased the reporter activity of Luc-PCSK9 (WT) but not Luc-PSCK9 (MT). Additionally, in HepG2 
cells overexpressing pre–miR-483, both miR-483-5p and PCSK9 mRNA were enriched in the miRNA-induced 
silencing complexes (miRISCs) that contained Argonaute-1 or Argonaute-2 (Figure 3E). As a positive control, 
the mRNA level of CTGF, an established miR-483 target (18), was also increased in the miRISCs. The seques-
tration of PCSK9 and CTGF mRNA in miRISCs was decreased in HepG2 cells transfected with anti–miR-483.

To further confirm miR-483 targeting of  PCSK9, we used CRISPR/Cas9 gene editing to create a HepG2 
mutant cell line (mPCSK9 HepG2) with deletion of  the miR-483 targeting site in the PCSK9 3′-UTR (Sup-
plemental Figure 3). Transfection of  pre–miR-483 or anti–miR-483 did not significantly change the mRNA 
or protein levels of  PCSK9 or LDLR in mPCSK9 HepG2 cells (Figure 3, F and G).

miR-483-5p increased LDL uptake in hepatocytes. The functional consequence of miR-483 targeting PCSK9 
was evaluated by testing its impact on LDLR-mediated LDL clearance. Overexpression of pre–miR-483 in 
HepG2 cells significantly increased the binding of fluorescence-labeled LDL, as assessed by flow cytometry and 
immunostaining (Figure 4, A and C). The miR-483–mediated increase in LDL binding was absent in mPCSK9 

Figure 1. AAV8-PCSK9-3′-UTR alleviates hyperlipidemia and atherosclerosis. (A–E) Male and female C57BL/6 mice were administered a single dose of 
AAV8-PCSK9 (w/o 3′-UTR) or AAV8 PCSK9-3′-UTR (with 3′-UTR) via tail vein injection (n = 8 in each group) and fed an HFD for 12 weeks before killing. The 
gross appearance of mouse serum (A); serum levels of total cholesterol and triglycerides (B); FPLC detection of VLDL, LDL, and HDL (C); and representa-
tive Oil-red O staining of en face aortae (D) and aortic roots (E) are shown (original magnification, ×6; scale bars: 0.5 mm). In B, D, and E, data are mean ± 
SEM from 6–8 mice per group. Normally distributed data were analyzed by 2-tailed Student’s t test with Welch correction between 2 groups. *P < 0.05 vs. 
AAV8-PCSK9. AAV8, adeno-associated virus 8; PCSK9, proprotein convertase subtilisin/kexin type 9; AAV8-PCSK9-3′-UTR, AAV8-based recombinant virus 
encoding mouse Pcsk9 mRNA encompassing its native 3′-UTR; HFD, high-fat diet; FPLC, fast protein liquid chromatography; VLDL, very LDL-cholesterol.
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HepG2 cells (Figure 4, B and D). Transfection of anti–miR-483 had the opposite effect and decreased LDL 
binding in HepG2 cells but had no impact on LDL binding in mPCSK9 HepG2 cells (Figure 4, A–D). Mature 
PCSK9 is secreted from cultured hepatocytes to the conditioned media. As expected, overexpression of pre–
miR-483 decreased and anti–miR-483 transfection increased PCSK9 levels in conditioned media, as revealed 
by ELISA (Figure 4E, top) and Western blot analysis (Figure 4F, top). However, neither pre–miR-483 nor anti–
miR-483 altered PCSK9 secretion in medium from mPCSK9 HepG2 cells (Figure 4E, bottom, and Figure 4F).

Part of  a counterregulatory effect of  statins is the SREBP2-mediated induction of  both LDLR and 
PCSK9 in hepatocytes, which in turn decreases LDLR expression (3, 11). We tested whether miR-483-
5p could reverse this unwanted effect of  statins. Pre–miR-483 transfection in HepG2 cells decreased the 
atorvastatin-conferred increase in PCSK9 mRNA and protein levels (Figure 4, G and H). Importantly, 
this reduction in PCSK9 levels with combined atorvastatin and pre–miR-483 further increased LDLR 
expression compared with atorvastatin alone; this effect of  miR-483-5p on rectifying LDLR expression 
was not observed in mPCSK9 HepG2 cells (Figure 4, G and H). Taken together, data in Figure 3 and 
Figure 4 suggest that miR-483-5p directly targets the 3′-UTR of  PCSK9 mRNA in cultured hepatocytes, 
which results in augmented LDLR expression and increased LDL uptake.

Decreased circulatory levels of  miR-483 in hyperlipidemic mice and humans. Because miR-483, a secretory 
miR, and circulatory levels of  PCSK9 are increased in hyperlipidemic rodent models and human sub-
jects (18, 20, 22), we investigated whether hyperlipidemia is associated with reduced levels of  miR-483 
in circulation. Initially, we compared the circulatory levels of  miR-483-5p and total cholesterol among 
3 mouse groups: C57BL/6 mice fed an HFD or chow diet and Ldlr-knockout mice fed an HFD. Total 
cholesterol levels were greatly increased and serum levels of  miR-483-5p were significantly reduced in 

Figure 2. miR-483 regulates PCSK9 via posttranslational mechanism. (A and D) The animals were used as described in Figure 1. The hepatic Pcsk9 
mRNA levels (A), ELISA detection of serum levels of PCSK9 (A), and hepatic levels of miR-191, -222, -224, and -483 (D) are shown. (B) Previously 
reported (blue lines) or newly predicted (green lines) miRs that bind to the hPCSK9-3′-UTR are shown. (C and E) HepG2 cells were transfected with 
pre–miR-222 mimic (222), pre–miR-224 mimic (224), pre–miR-483 mimic (483), pre–miR-191 mimic (191), pre–miR-1912 mimic (1912), pre–miR-1295b 
mimic (1295b), or scramble miR control (Ctrl). In C, cells were cotransfected with Luc-PCSK9-3′-UTR reporter. Luciferase activity was measured with 
pRL-TK activity as a transfection control. In E, protein levels of PCSK9 and LDLR were determined by Western blot analysis; α-tubulin was a loading 
control. In A and D, data are mean ± SEM from 6–8 mice per group. Normally distributed data were analyzed by 2-tailed Student’s t test with Welch 
correction between 2 groups. In C and E, data are mean ± SEM from 3–4 independent experiments. Non-normally distributed data were analyzed 
using Mann-Whitney U test between indicated group and control. *P < 0.05 vs. AAV8-PCSK9 or Ctrl. miR, microRNA; PCSK9, proprotein convertase 
subtilisin/kexin type 9; HepG2, human hepatocellular carcinoma; LDLR, LDL receptor.
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Ldlr-knockout mice fed an HFD compared with WT mice fed an HFD or chow diet (Figure 5, A and 
B). Pearson’s correlation analysis showed an inverse correlation between serum levels of  miR-483 and 
total cholesterol in these mice (P < 0.01, R2 = 0.90, n = 24) (Figure 5C). With these results from mouse 
models, we next explored whether this inverse correlation existed in a cohort of  179 humans without a 
diagnosis of  cardiovascular disease. The serum levels of  miR-483-5p and total cholesterol were indeed 
inversely correlated among these individuals (P < 0.01, R2 = 0.20) (Figure 5D). To this end, we separat-
ed these individuals into 4 groups based on their LDL-C levels (i.e., <100 mg/dL [optimal]; 100–129 
mg/dL [near/above optimal]; 130–159 mg/dL [borderline high]; ≥160 mg/dL [high]; ref. 23).

Compared with individuals with LDL-C less than 100 mg/dL, for the other 3 groups, the serum levels 
of  miR-483-5p were significantly lower (P = 0.699 vs. near/above optimal, 0.196 vs. borderline high, and 
< 0.0001 vs. high) (Supplemental Figure 4). Consistent with the correlation shown in Figure 5D, the serum 
levels of  LDL-C and miR-483-5p were inversely correlated (Figure 5E). When comparing the group with 
LDL-C less than 100 mg/dL (optimal) with the other 3 groups (near/above optimal; borderline high; high), 
the larger difference in LDL-C levels, the inverse correlation of  miR-483-5p levels was more significant 
(Figure 5F). Together, these data from mouse models and humans suggest that the serum levels of  miR-483 
were inversely correlated with hyperlipidemia.

miR-483 reduced LDL-C levels by targeting hepatic Pcsk9 in mouse models. Results from Figures 1–5 led us 
to investigate whether exogenously administered miR-483 can alleviate HDF-induced hyperlipidemia in 

Figure 3. miR-483 targets PCSK9 and enhances LDLR expression in hepatocytes. (A) Bioinformatics prediction of miR-483-5p binding sites in the 3′-UTR 
of human and mouse PCSK9 mRNA. In B–G, HepG2 cells were transfected with pre–miR-483 mimic (pre-483) or anti–miR-483 (anti-483) for 24 hours. 
(B and C) mRNA and protein levels of PCSK9 and LDLR. (D) HepG2 cells transfected with pre-483 or anti-483 were cotransfected with Luc-PCSK9-3′-UTR 
(WT) or Luc-mutated PCSK9-3′-UTR (MT). Luciferase activity was measured with pRL-TK activity as a transfection control. (E) Ago-1 or Ago-2 immuno-
precipitation was performed, and miRISCs-associated miR-483, PCSK9, and CTGF mRNA levels were quantified by qPCR. (F and G) mRNA and protein 
levels of PCSK9 and LDLR in WT HepG2 and mPCSK9 HepG2 cells were transfected with pre-483 or anti-483. #LDLR in the same samples were detected 
in parallel in a separate gel (G). Data are mean ± SEM from 3–4 independent experiments. In B–G, non-normally distributed data were analyzed using 
Mann-Whitney U test between indicated group and control. *P < 0.05 vs. control. miR, microRNA; PCSK9, proprotein convertase subtilisin/kexin type 9; 
HepG2, human hepatocellular carcinoma; LDLR, LDL receptor; Luc-PCSK9-3′-UTR (WT), WT PCSK9 3′-UTR; Luc-mutated PCSK9-3′-UTR (MT), mutant 
PCSK9 3′-UTR; miRISCs, miRNA-induced silencing complexes; CTGF, connective tissue growth factor.
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Figure 4. miR-483 overexpression in 
HepG2 cells increases LDL-C uptake. 
(A–H) HepG2 and mPCSK9 HepG2 
cells were transfected with pre-483 
or anti-483 as indicated. Fluores-
cent-labeled LDL was incubated with 
HepG2 and mPCSK9 HepG2 cells. LDL 
uptake was detected by flow cytom-
etry (A and B) or confocal microscopy 
(C and D) (original magnification, 
×20; scale bars: 10 μm). (E and F) 
Levels of PCSK9 in conditioned 
media were measured by ELISA and 
Western blot analysis. (G and H) 
HepG2 and mPCSK9 HepG2 cells were 
incubated with 1 μM atorvastatin for 
24 hours. mRNA and protein levels of 
PCSK9 and LDLR were determined by 
qPCR and Western blot analysis. In 
MT HepG2 cells, #LDLR in the same 
samples were detected in parallel 
in a separate gel (H). Data are mean 
± SEM from at least 4 indepen-
dent experiments. In A, B, and F, 
non-normally distributed data were 
analyzed using Mann-Whitney U test 
between 2 groups. In C–E, normally 
distributed data were analyzed by 
2-tailed Student’s t test with Welch 
correction between 2 groups. In G 
and H, non-normally distributed data 
were analyzed using Kruskal-Wallis 
test with Dunn’s multiple compari-
sons between indicated groups. *P < 
0.05 vs. Ctrl or between 2 indicated 
groups. miR, microRNA; HepG2, 
human hepatocellular carcinoma; 
LDL-C, LDL-cholesterol; PCSK9, 
proprotein convertase subtilisin/
kexin type 9.

https://doi.org/10.1172/jci.insight.143812


7insight.jci.org      https://doi.org/10.1172/jci.insight.143812

R E S E A R C H  A R T I C L E

mouse models. We used AAV8-infected pri–miR-483 (hereafter called AAV-483) to achieve hepatic over-
expression of  miR-483. Male and female C57BL/6 mice administered AAV-483 or parental empty AAV8 
vector (AAV-null) were fed an HFD for 6 weeks. A group of  mice administered AAV-null and fed a chow 
diet was a baseline control (Figure 6A). Hepatic miR-483-5p levels were significantly elevated in mice 
receiving AAV-483 versus AAV-null (Figure 6B). Moreover, the efficacy of  hepatic delivery of  miR-483 by 
AAV-483 was evidenced by much higher miR-483 levels in the liver than other nontarget tissues such as 
kidney, lung, and heart (Supplemental Figure 5). As anticipated, PCSK9 protein levels were decreased and 
LDLR protein levels were increased in the livers of  animals receiving AAV-483 (Figure 6C). As a positive 
control, CTGF protein levels were decreased in the livers of  these animals (Figure 6C). In line with the 
results that miR-483 targeted PCSK9 and CTGF, mRNA levels of  Pcsk9 and Ctgf were enriched in miRISCs 

Figure 5. miR-483 levels were decreased in hyperlipidemic mice and human subjects. (A and B) Male and female 
C57BL/6 mice were fed an HFD or chow diet, and Ldlr-/- mice were fed an HFD for 6 weeks. (C) Correlation of 
serum levels of miR-483-5p and total cholesterol assessed by the Pearson correlation. (D) Serum was collected 
from humans (n = 179). Serum levels of total cholesterol and miR-483-5p were measured and correlated. (E and 
F) Humans (n = 179) were divided into 4 groups based on LDL-C levels: <100 mg/dL (optimal, n = 65, gray dots); 
100–129 mg/dL (near/above optimal, n = 46, orange dots); 130–159 mg/dL (borderline high, n = 31, pink dots); and 
≥160 mg/dL (high, n = 37, red dots). The correlation between serum levels of LDL-C and miR-483-5p is shown in 
E. Correlations between the optimal group with the other 3 subgroups (n = 111, 96, 102, respectively) are shown in 
F. ΔCT represents the difference between the cycle threshold of miR-483-5p and Cel-miR-39. In A and B, data are 
mean ± SEM from 8 mice per group. Normally distributed data were analyzed by 1-way ANOVA test with a Bonfer-
roni’s post hoc test between 2 indicated groups. The correlation analysis was assessed by the Pearson method. *P 
< 0.05. miR, microRNA; HFD, high-fat diet; LDL-C, LDL-cholesterol.
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isolated from the livers of  mice receiving AAV-483 versus AAV-null (Figure 6D). The HFD-induced hyper-
cholesterolemia was evident from the lipoprotein profiles in male and female mice administered AAV-null, 
as measured by colorimetric assay and fast protein liquid chromatography (FPLC) (Figure 6, E and F, and 
Supplemental Table 1). AAV-483 administration reduced the HFD-induced hypercholesterolemia by reduc-
ing the levels of  circulating IDL and LDL without affecting VLDL or HDL-associated cholesterol (Figure 
6, E and F). Of  note, the serum levels of  PCSK9 and total cholesterol were inversely correlated with liver 
miR-483-5p expression (Figure 6G). We reasoned that the mechanism by which miR-483 decreases LDL-C 
levels depends on its suppression of  the PCSK9–LDLR axis. Thus, as negative controls, male and female 
Ldlr-knockout mice were fed an HFD and administered AAV-483 or AAV-null. Although AAV-483 greatly 
increased miR-483-5p levels and blunted the PCSK9 and CTGF levels in the livers of  Ldlr-knockout mice 
(Supplemental Figure 6, A and B), the levels of  total cholesterol and LDL-C were comparable between 
mice administered AAV-483 or AAV-null (Supplemental Figure 6, C and D, and Supplemental Table 1).

miR-483 required Pcsk9 3′-UTR to reduce LDL-C levels in vivo. To further study the role of  the Pcsk9 3′-UTR 
in miR-483 targeting, we administered male or female C57BL/6 mice with AAV8-PCSK9-3′-UTR WT 
(hereafter called AAV-3′-UTR WT) encoding the coding region of  mouse Pcsk9 fused with the 3′-UTR 
or AAV8-PCSK9-3′-UTR with the deleted miR-483 binding site (hereafter called AAV-3′-UTR ΔBS). All 
groups were fed an HFD for 8 to 10 weeks and treated in parallel with or without AAV-483 or AAV-null 
(Figure 7A). Only mice receiving AAV-3′-UTR WT together with AAV-483 showed reduced Pcsk9 mRNA 
levels (Figure 7B). Pcsk9 mRNA levels were least affected in mice receiving AAV-483 and AAV-3′-UTR ΔBS 
(Figure 7B). Correspondingly, AAV-483 administration increased the expression of  LDLR in livers (Figure 
7C) and decreased circulating levels of  total cholesterol and LDL-C in mice receiving AAV-3′-UTR WT 
(Figure 7, D and E, and Supplemental Table 1) but not AAV-3′-UTR ΔBS (Figure 7, C–F, and Supplemen-
tal Table 1). Phenotypically, mice receiving AAV-3′-UTR WT but not AAV-3′-UTR ΔBS showed decreased 
serum levels of  PCSK9 resulting from miR-483 targeting of  Pcsk9 3′-UTR (Figure 7G). Together, these 
data suggest that miR-483 lowers circulating LDL-C levels by directly targeting the 3′-UTR of  Pcsk9, which 
suggests the possibility for using miR-483 in treating hyperlipidemia.

Discussion
This study demonstrates that the exogenously administered miR-483 can substantially reduce total choles-
terol and LDL-C levels in hypercholesterolemic mouse models. The underlying mechanism relies on miR-
483 inhibiting PCSK9 expression, thereby increasing the hepatocyte expression of  LDLR. Mechanistically, 
miR-483 targeting the 3′-UTR of  PCSK9 mRNA was validated by Luc-PCSK9 reporter assay (Figure 3D) 
and Ago-IP experiments (Figure 3E and Figure 6D). miR-483 and PCSK9 mRNA in the miRISCs were also 
enriched in the photoactivatable-ribonucleoside–enhanced cross-linking and immunoprecipitation data set 
reported by Hafner et al. (24). miR-483 targeting of  the Pcsk9 3′-UTR in vivo was validated by comparing 
the circulatory levels of  LDL-C in mice receiving AAV-3′-UTR WT or AAV-3′-UTR ΔBS (Figure 7, D–F).

In the mouse experiments, the amount of  miR-483 administered would be above physiological levels. 
Such supraphysiological doses of  miR-483, when given to mice, robustly increase the hepatic and circulato-
ry levels of  miR-483. We also conducted experiments with doses as low as 4 × 1010 vector genomes of  AAV-
483, which still showed efficacy in modulating the expression of  PCSK9 and LDLR (Supplemental Figure 
7). The Further Cardiovascular Outcomes Research with PCSK9 inhibition in Subjects with Elevated Risk 
study and the ODYSSEY OUTCOME trial showed a greater reduction of  LDL-C levels and cardiovascular 
events by combination therapy with PCSK9 mAb and statins than with statin monotherapy (10, 25, 26). 
Data in Figure 4, G and H, show that miR-483 directly targeting the 3′-UTR of  PCSK9 mRNA could mit-
igate the unwanted effect of  statins in increasing plasma PCSK9 protein levels. These results demonstrate 
the potential use of  miR-483 together with statins for treating hypercholesterolemia.

PCSK9 mAbs bind to the catalytic site of  PCSK9, thereby inhibiting the extracellular interaction of  
PCSK9 with the EGF-A domain of  the LDLR (6). Presumably, miR-483 inhibits PCSK9 via targeting 
PCSK9 mRNA intracellularly in hepatocytes. In humans, the plasma level of  PCSK9 is positively correlat-
ed with the LDL-C level (22). PCSK9 levels were reduced in both the livers and the serum of  our mice 
receiving AAV-483. These results suggest that miR-483 targeting PCSK9 mRNA in the liver decreased the 
amount of  PCSK9 in circulation, which is consistent with decreased PCSK9 levels in patients receiving 
evolocumab or alirocumab (27, 28). Although miR-483 may decrease intracellular PCSK9 mRNA levels 
in hepatocytes, the PCSK9 mAbs could antagonize PCSK9 in circulation. The synergism of  miR-483 and 
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PCSK9 mAbs may have greater cholesterol-lowering effects. Intriguingly, the circulatory levels of  miR-
483-5p contrasted with LDL-C levels in hyperlipidemic mouse models and humans, and miR-483-5p lev-
els seemed to decrease more with high LDL-C levels (Figure 5). Despite unclear homeostatic ranges and 
regulatory mechanisms of  the circulatory level of  miR-483, our results support the use of  exogenously 
administered miR-483 to ameliorate hyperlipidemia.

Besides miR-483, several other miRNAs, including miR-222, -191, and -224, have been predicted to tar-
get PCSK9 mRNA (17). However, the efficacy of  these miRNAs in lowering LDL-C levels and attenuating 
atherosclerosis have not been tested in vitro and in vivo. Besides, results in Figure 2 suggest that miR-483 
has a greater potency than other miRs in PCSK9 targeting. Besides targeting PCSK9 mRNA, miR-483 likely 
targets several genes and pathways involved in nonalcoholic fatty liver disease (NAFLD), including IL1B, 
IL6, TGFB1, and monocyte chemoattractant protein 1 (20). Thus, miR-483 may exert a pleiotropic effect to 
mitigate hyperlipidemia-associated NAFLD. In support of  this thesis, we found that mice fed an HFD had 

Figure 6. miR-483 reduces circulatory levels of LDL-C in mice. (A) Male and female C57BL/6 mice were fed an HFD or chow diet for 6 weeks. A single 
dose of AAV8-null (AAV-null) or AAV8-pri-miR-483 (AAV-483) was administered by tail vein injection at the end of week 2. (B and C) Hepatic miR-483-5p 
levels were determined by qPCR, protein levels of PCSK9, LDLR, and CTGF were detected by Western blot. #CTGF in the same samples were detected in 
parallel in a separate gel (C). (D) Ago-1 was immunoprecipitated from fixed liver tissue, and Ago1-associated miR-483-5p, Pcsk9, and Ctgf mRNA levels 
were quantified by qPCR. (E) Total cholesterol levels measured by cholesterol assay. (F) Serum levels of VLDL, LDL, and HDL were determined by FPLC. (G) 
The correlations between hepatic miR-483-5p expression levels and serum levels of PCSK9 (left) or total cholesterol (right) are shown. ΔCT represents the 
difference between the cycle threshold of miR-483-5p and U6. The numbers of mice used are shown in Supplemental Table 1. Data are mean ± SEM. In B, 
non-normally distributed data were analyzed using Kruskal-Wallis test with Dunn’s multiple comparisons between indicated groups. In C and D, non-nor-
mally distributed data were analyzed using Mann-Whitney U test. In E, normally distributed data were analyzed by 1-way ANOVA test with a Bonferroni’s 
post hoc test between 2 indicated groups. In G, the correlation analysis was assessed by the Pearson method. *P < 0.05. miR, microRNA; LDL-C, LDL-cho-
lesterol; HFD, high-fat diet; AAV8, adeno-associated virus 8; PCSK9, proprotein convertase subtilisin/kexin type 9; LDLR, LDL receptor; CTGF, connective 
tissue growth factor; VLDL, very LDL; IDL, intermediate-density lipoprotein.
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less severe NAFLD when miR-483 was coadministered. This additional beneficial effect of  miR-483 was 
evidenced by the alleviated lipid deposition in the liver, reduced levels of  hepatic transaminases in circula-
tion, and attenuated expression of  Il1b, Tnfa, Tgfb1, and Fbn1 (Supplemental Figure 8).

Both miR-483-3p and miR-483-5p are encoded by the IGF2-miR-483 gene. From bioinformatics predic-
tion, miR-483-5p may target the cognate sequence in the PCSK9 mRNA better than miR-483-3p. Experi-
mentally, luciferase reporter and LDLR expression assays validated the superiority of  miR-483-5p in tar-
geting PCSK9 transcript (Figure 3, C and D, and Supplemental Figure 9). Thus, for therapeutic efficacy, 
miR-483-5p delivery should be considered. For miR-based therapeutics, the stability and specificity of  miR 
delivery are 2 major challenges. Compared with the delivery systems used in current miR-related clinical 
trials (e.g., locked nucleic acids-, N-acetyl-D-galactosamine-, or cholesterol-conjugated miRs), the AAV8-
based system features high efficacy for hepatic delivery, but this approach is still limited to experimental 
animals (29). Recent advancement in nanoparticles for tissue-specific drug delivery may be considered 
for therapeutic use of  miR-483-5p (30, 31). Additionally, optimization of  natural miR-483 function with 
medicinal chemistry approaches may allow for more translational therapeutic approaches in humans (32).

In summary, we found a mechanism by which miR-483-5p increases the hepatic expression of  LDLR 
via targeting PCSK9 3′-UTR. The pharmaceutical efficacy of  this mechanism relies on miR-483 administra-
tion greatly reducing total cholesterol and LDL-C levels in experimental hyperlipidemia.

Methods
Cell culture. Human hepatocellular carcinoma cells (HepG2) were obtained from ATCC (catalog HB-8065). 
Cells were maintained in DMEM (Gibco) containing 10% fetal bovine serum, 2 mM L-glutamine, 100 U/
mL penicillin, and 100 μg/mL streptomycin sulfate at 37°C and 5% CO2.

Figure 7. miR-483 targets Pcsk9 3′-UTR to reduce LDL-C levels in mice. (A) Male and female C57BL/6 mice were administered AAV8-PCSK9-3′-UTR WT (WT) or 
AAV8-PCSK9-3′-UTR with a deleted miR-483 binding site (ΔBS) together with AAV-miR-483 or AAV-null by tail vein injection (n = 6–13 in each group). All mice 
were fed an HFD for 8–10 weeks. (B) Levels of Pcsk9 and Ldlr mRNA in mouse liver were determined by qPCR. (C) Protein levels of hepatic LDLR were detected by 
Western blot analysis. (D–F) Serum levels of total cholesterol, VLDL, LDL, and HDL are shown. (G) Serum levels of PCSK9 assessed by ELISA are shown. The num-
bers of mice used are shown in Supplemental Table 1. Data are mean ± SEM. In B, normally distributed data was analyzed by 1-way ANOVA test with a Bonferroni’s 
post hoc test between 2 indicated groups. In C, D, and G, non-normally distributed data were analyzed using Mann-Whitney U test between 2 indicated groups. 
*P < 0.05 vs. WT. miR, microRNA; LDL-C, LDL-cholesterol; AAV8, adeno-associated virus 8; PCSK9, proprotein convertase subtilisin/kexin type 9; AAV8-PCSK9-3′-
UTR, AAV8-based recombinant virus encoding mouse Pcsk9 mRNA encompassing its native 3′-UTR; HFD, high-fat diet; LDLR, LDL receptor; VLDL, very LDL.
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Bioinformatics prediction of  miRNA targeting sites. Putative miR-483 targeting sites in the 3′-UTR of  the 
PCSK9 gene were predicted by using miRanda v3.3a with the parameters “-sc 120, -scale 4, -en -10” (33). 
The predicted binding sites with the highest score were selected for validation.

miR mimics and anti-miRs transfection. The miR mimics (pre-miR) and anti-miRs were purchased from 
Ambion. HepG2 cells at 50%–70% confluence were transfected with 60 nM pre-miR or anti-miR using 
Lipofectamine 2000 (Invitrogen) in Opti-MEM medium for 6 hours and then changed to complete growth 
medium. At 24 hours after transfection, cells were lysed. Equal amounts of  MirVana miRNA Mimic Nega-
tive Control #1 (i.e., Pre-Ctrl) or anti-miR miRNA Inhibitor Negative Control #1 (i.e., Anti-Ctrl) were used 
as controls for pre-miR or anti-miR experiments, respectively.

Luciferase reporter plasmids, transfection, and luciferase assay. The 908-bp human PCSK9 3′-UTR contain-
ing the miR-483 putative binding site was subcloned (forward primer, CGGACTAGTACTGTGGGG-
CATTTCACCAT, reverse primer, CGACGCGTGCAACAGAGAGGACAGACCC; restriction enzyme 
cutting on both ends with SpeI and MluI, respectively) into the pMIR-REPORT vector (Ambion) to gen-
erate the pMIR-Luc-PCSK9-3′-UTR WT reporter [Luc-PCSK9 (WT)]. Then the CGG to GCC mutations 
in the miR-483 binding seed sequence of  the PCSK9 3′-UTR were introduced into the Luc-PCSK9 (WT) 
plasmid by using the QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent Technologies). 
Renilla luciferase plasmid (pRL-TK) was used as the transfection control. Luc-PCSK9 (WT), Luc-PCSK9 
(MT), and control pRL-TK plasmids were cotransfected into HepG2 cells by using Lipofectamine 2000 
(Invitrogen). At 24 hours after transfection, cells were lysed for luciferase activity measurement with the 
Dual-Glo Luciferase Reporter Assay Kit (Promega).

Ago1 and Ago2 immunoprecipitation. HepG2 cells were cross-linked under 400 mJ/cm2 UV light, then 
lysates were incubated with protein G Dynabeads conjugated with anti-Ago1 or anti-Ago2 antibody (Wako 
Chemicals) at 4°C overnight. The same amount of  mouse IgG was used as an isotype control. The immu-
noprecipitated RNAs and input RNAs were extracted by using Trizol for qPCR detection.

AAV8 hepatic-specific overexpression vectors. pAAV8/D377Y-mPCSK9 plasmid was obtained from 
Addgene. Mouse Pcsk9 3′-UTR was subcloned into the FseI site (WT, AAV8-PCSK9-3′-UTR WT), then the 
5′-CTGTCT-3′ miR-483 binding site was deleted (ΔBS, AAV8-PCSK9-3′-UTR ΔBS) as shown in Figure 7A. 
AAV8-miR-483 was constructed with the Pcsk9 coding sequence replaced by mouse pri-mR-483 between 
AgeI and FseI sites. AAVs and empty control viruses were enveloped by the UCSD Vector Development 
Core. Various AAV8 viruses (1 × 1012 vector genomes) were administered to mice by tail vein injection.

CRISPR/Cas9–mediated miR-483 binding-site disruption. Single-guide RNAs were designed by using an online 
tool (34) (Supplemental Figure 3). Oligonucleotide pairs with BbsI-compatible overhangs were annealed and 
cloned into the vector pX330-U6-Chimeric_BB-CBh-hSpCas9 (Addgene). The XhoI restriction enzyme site 
was then introduced into the 5′ end of the inserted gRNA and subcloned with SnaBI in the 3′ end. The product 
including the gRNA and gRNA scaffold was inserted into the Adeno Cas9 plasmid (Addgene) for virus pro-
duction. Adenovirus and empty control virus were enveloped by the UCSD Vector Development Core. HepG2 
cells were infected with the produced adenovirus or empty control virus at 3 × 106 plaque-forming units to each 
well of a 6-well plate for 2 days. The mixed population of infected HepG2 cells was selected for genotyping.

RT-qPCR and Western blot analysis. RNA was isolated from cultured cells, liver tissues, or serum by using 
TRIzol or TRIzol LS (Invitrogen). Total RNA was reverse-transcribed with use of  the PrimeScript RT-PCR 
Kit (Takara), followed by qPCR with SYBR Green (Bio-Rad) in a Bio-Rad CFX-96 real-time system. Prim-
ers used in this study are in Supplemental Table 2. The relative mRNA level was calculated by the 2(-ΔΔCq) 
method with β-actin as an internal control. For miR quantification, the TaqMan MicroRNA Assay fol-
lowed the manufacturer’s protocol (Life Technologies). U6 was detected as the internal control in cultured 
cells and tissues from animals. To quantify the miR-483 level in serum, a C. elegans miR (i.e., Cel-miR-39) 
was spiked in at 2 nM before RNA extraction, with the level used as the internal control.

Protein extracts from cultured cells or tissues were resolved by SDS-PAGE and transferred to 0.45 
μm NC membranes. Western blot analysis was performed with the following antibodies: anti-PCSK9 
(Abcam, catalog ab28770), anti-LDLR (Abcam, catalog ab30532), anti-CTGF (Abcam, catalog ab6992), 
anti–α-tubulin (Cell Signaling, catalog 2144), and anti–β-actin antibody (Santa Cruz Biotechnology, cat-
alog sc-47778). Horseradish peroxidase-conjugated anti-rabbit (Cell Signaling, catalog 7074), anti-mouse 
(Cell Signaling, catalog 7076), or anti-goat (Dako, catalog P0449) were used as secondary antibodies.

LDL uptake assay. Monolayers of  HepG2 cells were incubated with 50 μg/mL fresh, isolated, nonacetyl-
ated human LDL labeled with Dil (Invitrogen) for 1 hour in the dark with serum-free medium. Cells were 
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trypsinized to obtain a single-cell suspension and Dil-LDL uptake was quantified by flow cytometry (BD 
Accuri C6 flow cytometer). LDL Uptake Assay Kit (Cayman) was used to evaluate LDL uptake. Briefly, 
cells were incubated with 5 μg/mL LDL-DyLight 550 working solution prepared in serum-free medium for 
12 hours, then fixed and imaged under a fluorescence microscope (Olympus FV1000 Spectral Confocal).

Animal experiments. C57BL/6J mice (stock no. 000664) and Ldlr-/- mice (stock no. 002207) obtained 
from the Jackson Laboratory were maintained under a specific pathogen–free environment (21°C ± 2°C, 
50% ± 10% relative humidity, and 12-hour light/12-hour dark cycle).

Mice fed an HFD or chow diet were administered AAV8-null or AAV8-miR-483 with or without AAV8 
PCSK9-3′-UTR (WT) or AAV8 PCSK9-3′-UTR (ΔBS) by tail vein injection. After 6–12 weeks, animals 
were killed, and blood was collected from the left ventricle by using a heparinized syringe fitted with a 
25-gauge needle. Serum levels of  liver aspartate aminotransferase and alanine transaminase were deter-
mined by using the Aspartate Aminotransferase (AST) and Alanine Transaminase (ALT) Detection Kits 
(Teco Diagnostics). For all experiments, both sexes of  mice with the same age and similar weight were 
randomly assigned to experimental and control groups. Frozen sections of  livers and hearts were cut 5 
μm thick and stained with 0.5% Oil-red O, then counterstained with hematoxylin. The entire aortic trees 
were opened longitudinally, stained with Oil-red O, and digitally scanned. Histological analysis and image 
processing involved use of  the Hamamatsu Nanozoomer 2.0HT Slide Scanner. En face lesion area was 
assessed with WinROOF 6.5 (Mitani Co).

ELISA. PCSK9 levels in cell culture medium and serum were measured with a human or mouse PCSK9 
ELISA Kit (R&D Systems) according to the manufacturer’s protocols. Briefly, cell culture supernatants or 
serum samples were diluted and incubated in precoated plates for 2–4 hours. After 2 hours of  incubation 
with horseradish peroxidase–conjugated secondary antibody, TMB substrate solution was added and sam-
ples were incubated further for 30 minutes before stop buffer was added. Plates were read immediately by 
using a microplate reader (BioTeK) set at 450 nM.

Measurement of  lipoprotein profiles. Lipoprotein profiles were determined as described (35). Briefly, serum 
lipoprotein levels were analyzed by running 100 μL pooled serum onto a gel-filtration FPLC system. Sam-
ples were loaded on a GE Superose 6 10/30 GL column in 0.15 M sodium chloride containing 1 mM EDTA 
and 0.02% sodium azide, pH 7.4. Fractions (0.5 mL) were collected (0.5 mL/min). A lipid extraction kit 
(Biovision) was used for hepatic lipid extraction. The levels of  total cholesterol and triglycerides in each 
fraction were determined by using cholesterol and triglycerides assay kits (SEKISUI Diagnostics).

Human serum samples and measurement of  circulating miR-483. A group of  179 individuals were enrolled 
from the First Affiliated Hospital of  Xi’an Jiaotong University during 2018–2019. The baseline characteristics 
of  human subjects are summarized in Supplemental Tables 3 and 4. An amount of  3 mL whole blood was 
collected by venipuncture from median cubital vein after overnight fasting. After centrifugation at 1500g for 10 
minutes, the serum was aliquoted into separator tubes, quickly frozen in liquid nitrogen, and stored at –80°C 
until use. The lipid profiles were detected by automatic chemical analysis (Hitachi LABOSPECT 008AS).

Statistics. All results are presented as mean ± SEM. Initially, data were tested for normality and equal vari-
ance to confirm the appropriateness of parametric tests. Experiments with 2 groups were compared by 2-tailed 
Student’s t test for parametric data or Mann-Whitney U test for nonparametric data. Experiments with more 
than 2 groups were compared by 1-way ANOVA with a Bonferroni’s post hoc test for parametric data or Krus-
kal-Wallis test with Dunn’s multiple comparisons for nonparametric data. All statistical analyses were performed 
with GraphPad Prism version 5.01; 2-tailed P values of less than 0.05 were considered statistically significant.

Study approval. The UCSD animal care personnel maintained all animals in accordance with NIH 
guidelines, and the IACUC of  UCSD approved all experimental procedures (approval no. S12263). UCSD 
has an Animal Welfare Assurance document (A3033-01) on file with the Office of  Laboratory Animal 
Welfare and is fully accredited by the Association for Assessment and Accreditation of  Laboratory Animal 
Care (AAALAC) International. The study protocol for humans was approved by the ethics committees of  
Xi’an Jiaotong University. Written informed consent was obtained from all subjects.

Author contributions
JYJS, MH, and JD conceived the original idea and designed the overall experimental plan. JD, MH, J. Li, 
AP, CW, JZ, YS, WTW, YZ, J. Liu, SCW, and PHH performed experiments. JD and MH interpreted the data 
and performed statistical analysis. ST, ZYY, and PLSMG provided essential input to the overall research plan. 
MH, JD, JYJS, ST, and PLSMG wrote the manuscript.

https://doi.org/10.1172/jci.insight.143812
https://insight.jci.org/articles/view/143812#sd


1 3insight.jci.org      https://doi.org/10.1172/jci.insight.143812

R E S E A R C H  A R T I C L E

Acknowledgments
The authors thank Jian Kang and Xiaoli Sun at UCSD for their insightful discussion and technical support. 
This work was supported in part by NIH research grants R01HL106579 and R01HL108735 (to JYJS and 
ST); the National Natural Science Foundation of  China grant 81941005, the National Key Research and 
Development Program grant 2018YFC1311500 and the Key Project of  Research and Development Plan of  
Shaanxi Province grant 2017ZDCXL-SF-02-04-01 (to ZYY); the Ministry of  Science and Technology Aca-
demic Excellence Program, Taiwan grant MOST 108-2633-B-009-001 (to PHH); the UCSD Academic Sen-
ate Research grant RG096470 (to MH), and the Foundation Leducq grant 16CVD01 (to PLSMG and ST).

Address correspondence to: John Y.J. Shyy or Sotirios Tsimikas, Division of  Cardiology, Department 
of  Medicine, University of  California, San Diego, 9500 Gilman Drive, La Jolla, California 92093-0613, 
USA. Phone: 858.534.3736; Email: jshyy@health.ucsd.edu (JYJS). Phone: 858.534.2005; Email: stsimi-
kas@health.ucsd.edu (ST). Or to: Zu-Yi Yuan, Department of  Cardiology, First Affiliated Hospital of  
Xi’an Jiaotong University, 277 Yanta West Road, Xi’an 710061, China. Phone: 86.13571828319; Email: 
zuyiyuan@mail.xjtu.edu.cn. Or to: Philip L.S.M. Gordts, Department of  Medicine, University of  Cal-
ifornia, San Diego, 9500 Gilman Drive, La Jolla, California 92093-0687, USA. Phone: 858.246.0994; 
Email: pgordts@health.ucsd.edu.

	 1.	Benjannet S, et al. NARC-1/PCSK9 and its natural mutants: zymogen cleavage and effects on the low density lipoprotein 
(LDL) receptor and LDL cholesterol. J Biol Chem. 2004;279(47):48865–48875.

	 2.	Cohen JC, Boerwinkle E, Mosley TH, Hobbs HH. Sequence variations in PCSK9, low LDL, and protection against coronary 
heart disease. N Engl J Med. 2006;354(12):1264–1272.

	 3.	Dubuc G, et al. Statins upregulate PCSK9, the gene encoding the proprotein convertase neural apoptosis-regulated convertase-1 
implicated in familial hypercholesterolemia. Arterioscler Thromb Vasc Biol. 2004;24(8):1454–1459.

	 4.	Poirier S, et al. Dissection of  the endogenous cellular pathways of  PCSK9-induced low density lipoprotein receptor degrada-
tion: evidence for an intracellular route. J Biol Chem. 2009;284(42):28856–28864.

	 5.	Lagace TA, et al. Secreted PCSK9 decreases the number of  LDL receptors in hepatocytes and in livers of  parabiotic mice. J Clin 
Invest. 2006;116(11):2995–3005.

	 6.	Zhang DW, et al. Binding of  proprotein convertase subtilisin/kexin type 9 to epidermal growth factor-like repeat A of  low den-
sity lipoprotein receptor decreases receptor recycling and increases degradation. J Biol Chem. 2007;282(25):18602–18612.

	 7.	Abifadel M, et al. Mutations in PCSK9 cause autosomal dominant hypercholesterolemia. Nat Genet. 2003;34(2):154–156.
	 8.	Cohen J, Pertsemlidis A, Kotowski IK, Graham R, Garcia CK, Hobbs HH. Low LDL cholesterol in individuals of  African 

descent resulting from frequent nonsense mutations in PCSK9. Nat Genet. 2005;37(2):161–165.
	 9.	Ray KK, et al. Inclisiran in patients at high cardiovascular risk with elevated LDL cholesterol. N Engl J Med. 2017;376(15):1430–1440.
	10.	Roth EM, McKenney JM, Hanotin C, Asset G, Stein EA. Atorvastatin with or without an antibody to PCSK9 in primary 

hypercholesterolemia. N Engl J Med. 2012;367(20):1891–1900.
	11.	Careskey HE, Davis RA, Alborn WE, Troutt JS, Cao G, Konrad RJ. Atorvastatin increases human serum levels of  proprotein 

convertase subtilisin/kexin type 9. J Lipid Res. 2008;49(2):394–398.
	12.	Bjørklund MM, et al. Induction of  atherosclerosis in mice and hamsters without germline genetic engineering. Circ Res. 

2014;114(11):1684–1689.
	13.	Sedgeman LR, Beysen C, Allen RM, Ramirez Solano MA, Turner SM, Vickers KC. Intestinal bile acid sequestration improves glu-

cose control by stimulating hepatic miR-182-5p in type 2 diabetes. Am J Physiol Gastrointest Liver Physiol. 2018;315(5):G810–G823.
	14.	Jeon TI, et al. An SREBP-responsive microRNA operon contributes to a regulatory loop for intracellular lipid homeostasis. Cell 

Metab. 2013;18(1):51–61.
	15.	Xie W, et al. MicroRNA-27 prevents atherosclerosis by suppressing lipoprotein lipase-induced lipid accumulation and inflam-

matory response in apolipoprotein E knockout mice. PLoS One. 2016;11(6):e0157085.
	16.	Rayner KJ, et al. MiR-33 contributes to the regulation of  cholesterol homeostasis. Science. 2010;328(5985):1570–1573.
	17.	Naeli P, Mirzadeh Azad F, Malakootian M, Seidah NG, Mowla SJ. Post-transcriptional regulation of  PCSK9 by miR-191, miR-

222, and miR-224. Front Genet. 2017;8:189.
	18.	He M, et al. miR-483 targeting of  CTGF suppresses endothelial-to-mesenchymal transition: therapeutic implications in Kawasa-

ki disease. Circ Res. 2017;120(2):354–365.
	19.	Li F, et al. Overexpression of  miR-483-5p/3p cooperate to inhibit mouse liver fibrosis by suppressing the TGF-β stimulated 

HSCs in transgenic mice. J Cell Mol Med. 2014;18(6):966–974.
	20.	Zhang J, et al. MicroRNA-483 amelioration of  experimental pulmonary hypertension. EMBO Mol Med. 2020;12(5):e11303.
	21.	Kemp JR, Unal H, Desnoyer R, Yue H, Bhatnagar A, Karnik SS. Angiotensin II-regulated microRNA 483-3p directly targets 

multiple components of  the renin-angiotensin system. J Mol Cell Cardiol. 2014;75:25–39.
	22.	Alborn WE, et al. Serum proprotein convertase subtilisin kexin type 9 is correlated directly with serum LDL cholesterol. Clin 

Chem. 2007;53(10):1814–1819.
	23.	Expert Panel on Detection, Evaluation, Treatment of  High Blood Cholesterol in Adults. Executive Summary of  The Third 

Report of  The National Cholesterol Education Program (NCEP) Expert Panel on Detection, Evaluation, And Treatment of  
High Blood Cholesterol In Adults (Adult Treatment Panel III). JAMA. 2001;285(19):2486–2497.

	24.	Hafner M, et al. Transcriptome-wide identification of  RNA-binding protein and microRNA target sites by PAR-CLIP. Cell. 

https://doi.org/10.1172/jci.insight.143812
mailto://jshyy@health.ucsd.edu
mailto://stsimikas@health.ucsd.edu
mailto://stsimikas@health.ucsd.edu
mailto://zuyiyuan@mail.xjtu.edu.cn
mailto://pgordts@health.ucsd.edu
https://doi.org/10.1074/jbc.M409699200
https://doi.org/10.1074/jbc.M409699200
https://doi.org/10.1056/NEJMoa054013
https://doi.org/10.1056/NEJMoa054013
https://doi.org/10.1161/01.ATV.0000134621.14315.43
https://doi.org/10.1161/01.ATV.0000134621.14315.43
https://doi.org/10.1074/jbc.M109.037085
https://doi.org/10.1074/jbc.M109.037085
https://doi.org/10.1172/JCI29383
https://doi.org/10.1172/JCI29383
https://doi.org/10.1074/jbc.M702027200
https://doi.org/10.1074/jbc.M702027200
https://doi.org/10.1038/ng1161
https://doi.org/10.1038/ng1509
https://doi.org/10.1038/ng1509
https://doi.org/10.1056/NEJMoa1615758
https://doi.org/10.1056/NEJMoa1201832
https://doi.org/10.1056/NEJMoa1201832
https://doi.org/10.1194/jlr.M700437-JLR200
https://doi.org/10.1194/jlr.M700437-JLR200
https://doi.org/10.1161/CIRCRESAHA.114.302937
https://doi.org/10.1161/CIRCRESAHA.114.302937
https://doi.org/10.1152/ajpgi.00238.2018
https://doi.org/10.1152/ajpgi.00238.2018
https://doi.org/10.1016/j.cmet.2013.06.010
https://doi.org/10.1016/j.cmet.2013.06.010
https://doi.org/10.1371/journal.pone.0157085
https://doi.org/10.1371/journal.pone.0157085
https://doi.org/10.1126/science.1189862
https://doi.org/10.1161/CIRCRESAHA.116.310233
https://doi.org/10.1161/CIRCRESAHA.116.310233
https://doi.org/10.1111/jcmm.12293
https://doi.org/10.1111/jcmm.12293
https://doi.org/10.1016/j.yjmcc.2014.06.008
https://doi.org/10.1016/j.yjmcc.2014.06.008
https://doi.org/10.1373/clinchem.2007.091280
https://doi.org/10.1373/clinchem.2007.091280
https://doi.org/10.1001/jama.285.19.2486
https://doi.org/10.1001/jama.285.19.2486
https://doi.org/10.1001/jama.285.19.2486
https://doi.org/10.1016/j.cell.2010.03.009


1 4insight.jci.org      https://doi.org/10.1172/jci.insight.143812

R E S E A R C H  A R T I C L E

2010;141(1):129–141.
	25.	Farnier M, et al. Efficacy and safety of  adding alirocumab to rosuvastatin versus adding ezetimibe or doubling the rosuvastatin 

dose in high cardiovascular-risk patients: The ODYSSEY OPTIONS II randomized trial. Atherosclerosis. 2016;244:138–146.
	26.	Sabatine MS, et al. Evolocumab and clinical outcomes in patients with cardiovascular disease. N Engl J Med. 2017;376(18):1713–1722.
	27.	Robinson JG, et al. Efficacy and safety of  alirocumab in reducing lipids and cardiovascular events. N Engl J Med. 

2015;372(16):1489–1499.
	28.	Stein EA, et al. Effect of  a monoclonal antibody to PCSK9 on LDL cholesterol. N Engl J Med. 2012;366(12):1108–1118.
	29.	Colella P, Ronzitti G, Mingozzi F. Emerging issues in AAV-mediated in vivo gene therapy. Mol Ther Methods Clin Dev. 2018;8:87–104.
	30.	Niemeyer CM. Nanoparticles, proteins, and nucleic acids: biotechnology meets materials science. Angew Chem Int Ed Engl. 

2001;40(22):4128–4158.
	31.	Sago CD, et al. High-throughput in vivo screen of  functional mRNA delivery identifies nanoparticles for endothelial cell gene 

editing. Proc Natl Acad Sci U S A. 2018;115(42):E9944–E9952.
	32.	Crooke ST, Witztum JL, Bennett CF, Baker BF. RNA-targeted therapeutics. Cell Metab. 2018;27(4):714–739.
	33.	John B, Enright AJ, Aravin A, Tuschl T, Sander C, Marks DS. Human microRNA targets. PLoS Biol. 2004;2(11):e363.
	34.	Chari R, Yeo NC, Chavez A, Church GM. sgRNA scorer 2.0: a species-independent model to predict CRISPR/Cas9 activity. 

ACS Synth Biol. 2017;6(5):902–904.
	35.	Gordts PL, et al. ApoC-III inhibits clearance of  triglyceride-rich lipoproteins through LDL family receptors. J Clin Invest. 

2016;126(8):2855–2866.

https://doi.org/10.1172/jci.insight.143812
https://doi.org/10.1016/j.cell.2010.03.009
https://doi.org/10.1016/j.atherosclerosis.2015.11.010
https://doi.org/10.1016/j.atherosclerosis.2015.11.010
https://doi.org/10.1056/NEJMoa1615664
https://doi.org/10.1056/NEJMoa1501031
https://doi.org/10.1056/NEJMoa1501031
https://doi.org/10.1056/NEJMoa1105803
https://doi.org/10.1016/j.omtm.2017.11.007
https://doi.org/10.1002/1521-3773(20011119)40:22<4128::AID-ANIE4128>3.0.CO;2-S
https://doi.org/10.1002/1521-3773(20011119)40:22<4128::AID-ANIE4128>3.0.CO;2-S
https://doi.org/10.1073/pnas.1811276115
https://doi.org/10.1073/pnas.1811276115
https://doi.org/10.1016/j.cmet.2018.03.004
https://doi.org/10.1371/journal.pbio.0020363
https://doi.org/10.1021/acssynbio.6b00343
https://doi.org/10.1021/acssynbio.6b00343
https://doi.org/10.1172/JCI86610
https://doi.org/10.1172/JCI86610

