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Abstract: Dyslipidemia is characterized by increasing plasma levels of low-density lipoprotein-
cholesterol (LDL-C), triglycerides (TGs) and TG-rich lipoproteins (TGRLs) and is a major risk factor
for the development of atherosclerotic cardiovascular disorders (ASCVDs). It is important to un-
derstand the metabolic mechanisms underlying dyslipidemia to develop effective strategies against
ASCVDs. Angiopoietin-like 3 (ANGPTL3), a member of the angiopoietin-like protein family ex-
clusively synthesized in the liver, has been demonstrated to be a critical regulator of lipoprotein
metabolism to inhibit lipoprotein lipase (LPL) activity. Genetic, biochemical, and clinical studies
in animals and humans have shown that loss of function, inactivation, or downregulated expres-
sion of ANGPTLS3 is associated with an obvious reduction in plasma levels of TGs, LDL-C, and
high-density lipoprotein-cholesterol (HDL-C), atherosclerotic lesions, and the risk of cardiovascular
events. Therefore, ANGPTL3 is considered an alternative target for lipid-lowering therapy. Emerging
studies have focused on ANGPTL3 inhibition via antisense oligonucleotides (ASOs) and monoclonal
antibody-based therapies, which have been carried out in mouse or monkey models and in human
clinical studies for the management of dyslipidemia and ASCVDs. This review will summarize
the current literature on the important role of ANGPTL3 in controlling lipoprotein metabolism and
dyslipidemia, with an emphasis on anti-ANGPTL3 therapies as a potential strategy for the treatment
of dyslipidemia and ASCVDs.
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1. Introduction

Dyslipidemia is often characterized by increases in low-density lipoprotein-cholesterol
(LDL-C), triglycerides (TGs), and TG-rich lipoproteins (TGRLs) levels in circulation and
is associated with obesity, type 2 diabetes, and metabolic syndrome. This condition is a
major risk factor for the development of atherosclerotic cardiovascular diseases (ASCVDs)
and myocardial infarction (MI) [1,2]. Although the pharmacological reduction of LDL-C by
statins, ezetimibe, or PCSK9 inhibitors could effectively treat ASCVDs, a notable residual
risk remains, and these disorders are still the leading cause of death in industrialized
societies [3-5]. In addition, the efficacy of therapeutic medication for LDL-C-lowering
agents is poor in patients with familial hypercholesterolemia-related mutations affecting
functional LDL receptors. Therefore, in addition to reducing LDL-C levels, exploring
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novel molecular targets of dyslipidemia therapy is ongoing (Figure 1). Recently, new
pharmacological approaches for CVD treatment have focused on the regulation of plasma
TGRLs, which carry dietary and synthesized TGs, cholesterol, and cholesterol ester in

blood vessels [1,6].
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Figure 1. The pharmacological targets of current or potential lipid-lowering agents for dyslipidemia therapy. ACL,
ATP-citrate lyase; ANGPTL3, angiopoietin-like protein 3, Apo(a), Apolipoprotein(a); ApoC-III, Apolipoprotein C-III;
ASOQ, antisense oligonucleotides; CM, chylomicrons; HDL, high-density lipoproteins; HMG-CoA, 3-hydroxy-3-methyl-
glutaryl-coenzyme A; HMGCR, 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase; IDL, intermediate-density lipoprotein;
LDL, low-density lipoproteins; LDLR, low-density lipoprotein receptor; LPL, lipoprotein lipase; Lp(a), lipoprotein (a);
NPCI1L1, Niemann-Pick C1-like 1 protein; PCSK9, proprotein convertase subtilisin/kexin type 9; VLDL, very-low-density
lipoproteins. The approaches for inhibition of targets in lipid /lipoprotein metabolism are highlighted in the boxes (created

with BioRender.com, accessed on 2 July 2021).

TGRLs are envisioned to play essential roles on the progression of ASCVDs [6]. Vari-
ants of gene mutations in TGRL metabolism with high TG concentration in plasma exhibits
strong correlation with magnitude of ASCVD risk [7]. TGs are present in the core of TGRLs,
which encompass a mixture of chylomicrons and very-low-density lipoprotein (VLDL)
particles, and their lipolytic remnants. The TGs could be hydrolyzed to free fatty acids
by lipoprotein lipase (LPL), which is anchored on the luminal surface of capillaries [8].
When LPL-mediated TGs hydrolysis is impeded, accumulation of substrate TGRL particles
in plasma occurs. Regulation of LPL activity represents an ideal strategy to prevent or
treat hypertriglyceridemia and ASCVDs [9]. Recently, angiopoietin-like 3 (ANGPTL3), a
member of the angiopoietin-like protein (ANGPTL) family, is shown to inhibit LPL activity
and be involved in the regulation of lipoprotein metabolism. Thus, ANGPTL3 is considered
a promising pharmacological target for treatment of dyslipidemia [10,11]. In this article,
we review the current understanding of ANGPTL3, focusing on its role in the modula-
tion of lipoprotein metabolism, dyslipidemia, and cardiovascular events, and discuss its
application as a therapeutic target for the treatment of dyslipidemia and ASCVDs.

2. Molecular Features of ANGPTL3

Angiopoietin-like proteins (ANGPTLs) are a family of secreted glycoproteins com-
prising eight members (ANGPTL1-8). ANGPTLs possess high homology to angiopoietins,
which are critical regulators of angiogenesis. However, ANGPTLs could not interact with
the angiopoietin receptors Tiel and Tie2 on the endothelium [12]. Among these ANGPTL
members, ANGPTL3, ANGPTL4 and ANGPTLS share high sequence homology and are
involved in the regulation of LPL activity and TGRL metabolism. Current studies in
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murine models have suggested that ANGPTL3 is a better pharmacological target than
ANGPTLA4 for the treatment of dyslipidemia and atherosclerosis [13-15]. ANGPTLS acts in
concert with ANGPTL3 to inhibit LPL activity and reduce hydrolysis of TGs in capillaries
of muscles and adipose tissue [16].

2.1. Discovery of ANGPTL3

In 1999, based on the EST databases, Conklin et al. cloned and identified an angiopoie-
tin-like gene, ANGPTL3 [17]. The effect of ANGPTL3 on lipid metabolism was identified
by studying the mutations associated with the hypolipidemic phenotype in KK/San mice
(a sub-strain of KK obese mice) [18]. Compared with wild-type KK mice, KK/San mice
possess a 4-bp insertion in exon 6 of the ANGPTL3 gene, which introduces a premature
stop codon, given the low mRNA levels of ANGPTL3 in these mice. Both overexpression
through adenovirus-mediated ANGPTL3 gene transfer and injection of the recombinant
ANGPTL3 protein in KK/San or C57BL/6] mice could raise the plasma levels of total
cholesterol, TGs, and non-esterified fatty acids (NEFA) in these mice [18]. These data indi-
cated that ANGPTLS3 is responsible for hypolipidemia and could regulate lipid metabolism
in vivo.

2.2. The Structural Features of ANGPTL3

ANGPTL3 is a 70 kDa glycoprotein principally expressed and secreted by hepato-
cytes. The protein structure of ANGPTL3 is comprised of a 460-amino-acid polypeptide
with the characteristic structure of angiopoietins, such as a signal peptide with 16 amino
acid residues, an N-terminal coiled-coil domain, a linker region, and a fibrinogen-like
C-terminal domain [19,20] (Figure 2). ANGPTL3 can be cleaved at amino acid residues
21RAPR??* | TT?26 within the linker region to yield an N-terminal coiled-coil region and
a C-terminal fibrinogen-like domain by the proprotein convertase furin (also known as
PCSK3) in hepatocytes and by the PACE4 protein (also known as PCSK6) through extracel-
lular cleavage [19,21]. The cleaved N-terminal region of ANGPTL3 could increase plasma
TG levels in animal studies and has been found to interact with LPL and endothelial lipase
(EL) to inhibit their catalytic activities and TG lipolysis [22-24], suggesting that the coiled-
coil domain of ANGPTL3 is critical for its activation in vivo. Both a full-length protein and
a cleaved N-terminal form of ANGPTL3 were found to circulate in plasma. This truncated
ANGPTL3 was found to increase the inhibitory effect on EL but not LPL, indicating that
furin-mediated cleavage of ANGPTL3 is more important for EL inhibition [25].
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Figure 2. The structural features of ANGPTL3 protein. ANGPTL3 is composed of a signal peptide
(SP), an N-terminal coiled-coil domain (CCD) involved in a specific epitope 1 (SE1) for LPL binding

@ FLD, fibrinogen-like domain

i

and inhibition, a linker region (LR), and a C-terminal fibrinogen-like domain (FLD) with angiogenic
properties. The amino acid residues 22! RAPR?? | TT??¢ within the LR could be cleaved by furin to
yield a N-terminal CCD and a C-terminal FLD in hepatic cells (created with BioRender.com, accessed
on 2 July 2021).
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In addition to protein cleavage, ANGPTL3 undergoes O-linked glycosylation by liver-
expressed N-acetylgalactosaminyltransferase 2 (GalNAc-T2), encoded by GALNT?2 [26].
The glycosylation at the threonine 226 residue (T226) by GalNAc-T2 is adjacent to the
cleavage site of proprotein convertase in ANGPTL3, and this glycosylation hinders protein
processing at arginine (R224) [27,28]. These findings suggest that GalNAc-T2-mediated
O-glycosylation could modulate ANGPTL3 activation and plasma TG levels.

2.3. The Expression of ANGPTL3

The human ANGPTL3 gene is located on chromosome 1p31.1 and is expressed mainly
in the liver at the early stage during liver development, and its expression is maintained in
adults [17]. The expression of ANGPTL3 is mainly controlled by the transcription factors
liver X receptor-o (LXR«) and hepatocyte nuclear factor-1o (HNF-1c). The ANGPTL3
promoter contains an LXR response element (LXRE). The synthetic LXR agonist T0901317
could increase promoter activity and augment ANGPTL3 mRNA and protein expression
in hepatic cells [29-31]. In animal studies, treatment of mice with T0901317 promoted TGs
accumulation in the liver and plasma, which was accompanied by increases in hepatic
lipogenic gene and ANGPTL3 expression. However, in ANGPTL3-null mice, an LXR
agonist could not induce hypertriglyceridemia but did induce the accumulation of TGs
in the liver [30]. These findings suggest that the ANGPTL3 gene is a direct target of LXRx
and that hypertriglyceridemia associated with LXR activation is due to overexpression of
hepatic ANGPTL3.

Fugier et al. reported that ANGPTL3 mRNA was markedly reduced by approximately
70% in a thyroid hormone receptor (TR3)-dependent manner after a subcutaneous injection
of thyroid hormone (T3) in hypothyroid rats. In contrast, this inhibitory effect of T3 on
ANGPTL3 mRNA expression was not observed in TR3-deficient animals. Mutation of the
HNF-1o binding site within the ANGPTL3 promoter completely abolished TR3-mediated
promoter repression [32]. However, TR} antagonized HNF-1x without interrupting its
DNA-binding capacity, suggesting that TR3 can sequester a coactivator recruited by HNF-
la upon the ANGPTL3 promoter. Additionally, several studies have found that other
factors, such as insulin, leptin, and statins, could suppress ANGPTL3 expression in mice
or hepatic cell lines [33-36]. In addition to lipid metabolism, these findings suggest that
ANGPTL3 may also be involved in glucose metabolism in diabetic patients.

3. ANGPTL3 and Lipid Metabolism
3.1. The Function of ANGPTL3 in Lipoprotein Lipase (LPL) Inhibition

The lipoprotein lipase family consists of pancreatic lipase (PL), LPL, hepatic lipase
(HL), and EL. The lipolytic processing of TGRLs by LPL plays a critical role in transporta-
tion and metabolism, providing lipids for fuel or storage. The free fatty acids released
from TGRLs are taken up to generate energy by peripheral tissues such as heart and
muscles or fat storage by adipose tissue [37,38]. Figure 3 shows the role of ANGPTL3
in TGRLs metabolism. LPL is produced and secreted by myocytes and adipocytes and
then attaches to the cell surface through heparan sulfate proteoglycans (HSPGs) [39]. The
protein glycosylphosphatidylinositol-anchored high-density lipoprotein binding protein 1
(GPIHBP1) is responsible for the transportation of LPL from the cell surface to the endothe-
lium and flipping into the lumen of capillaries [40,41]. ANGPTL3 functions as an inhibitor
of LPL to suppress the hydrolysis of the TG portion in TGRLSs on the capillary endothelium.
The function of ANGPTL3 is enhanced by ANGPTLS [16]. Studies have shown that the
ANGPTL3 overexpression-mediated increase in plasma TG levels could be attenuated in
the absence of ANGPTLS. During feeding, the action of ANGPTL3 is driven by ANGPTLS,
which forms a functional ANGPTL3/8 complex to enhance the ANGPTL3-mediated in-
hibitory effect of LPL activity [10,42,43]. Recently, Jin et al. reported that ANGPTL3/8
interacts with LPL and promotes furin-mediated LPL cleavage [44]. More insight into the
roles of the ANGPTL3/8 complex and its molecular mechanism of action in LPL inhibition
should be provided in molecular modeling studies in the future.
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Figure 3. Overview of the role of ANGPTL3 in LPL inhibition and TGRL metabolism. Dietary
lipid is transported via the blood as part of TG-rich lipoproteins (TGRLs) such as chylomicrons and
VLDL, and the TGs are hydrolyzed by lipoprotein lipase (LPL). LPL is synthesized by myocytes
or adipocytes and transferred to the cell surface by heparan sulfate proteoglycans (HSPGs). LPL
is further transported to the glycosylphosphatidylinositol-anchored high-density lipoprotein bind-
ing protein 1 (GPIHBP1) upon the capillary endothelium. ANGPTL3 and ANGPTLS proteins are
produced and secreted by the liver. The ANGPTL3 protein alone or forming a functional complex
with ANGPTLS8 could markedly inhibit LPL activity (created with BioRender.com, accessed on
2 July 2021).

ANGPTL3 also exerts its action in adipose tissue and muscles. In adipose tissue,
ANGPTL3 activates lipolysis, increasing the release of free fatty acids and glycerol from
adipocytes. Wang et al. reported that ANGPTL3 plays a critical role in promoting the
uptake of VLDL into white adipose tissue (WAT) and regulating energy homeostasis in the
feeding state [45]. In Angptl3~/~ mice, the uptake of glucose into WAT and insulin sensitivity
are elevated, resulting in conversion to fatty acids in WAT [45]. ANGPTL3 also inhibits LPL
activity in muscles and elevates TGRL levels in circulation. In the feeding state, ANGPTLS
is induced, and the ANGPTL3/8 pathway is activated to inhibit LPL in cardiac and skeletal
muscles, resulting in TG absorption by WAT [46]. These findings reveal the important role
of ANGPTL3 in regulating LPL activity for energy substrate storage and utilization in WAT
and muscle.

3.2. The Genetics of ANGPTL3 in Plasma Lipids

Several genetic studies support the critical role of ANGPTL3 in the regulation of
plasma TGs in humans. By genome-wide association studies (GWAS), three single-
nucleotide polymorphisms (SNPs), rs12130333, rs1748195, and rs2131925, at specific
chromosomal loci near the ANGPTL3 gene were linked to TG levels [47,48]. ANGPTL3
rs12130333 is also markedly associated with Fredrickson hyperlipoproteinemia type 5,
which is characterized by hyperlipidemia with high levels of chylomicrons and VLDL
in plasma [49]. By exon sequencing analysis, a multiethnic sample of 3551 individuals
from the Dallas Heart Study identified multiple loss-of-function nonsynonymous (NS)
mutations in the ANGPTL3 gene that were associated with low TG levels in plasma but
not with other metabolic phenotypes. Functional studies of these NS variants in HEK293A
cells showed that several mutant alleles of ANGPTL3 strongly attenuate the secretion of
the protein or its activity for inhibiting LPL [50]. Another study by exome sequencing of
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15,994 genes from two individuals of a family with hypobetalipoproteinemia identified two
novel compound heterozygotes carrying the loss-of-function mutations S17X and E129X
in the first exon of ANGPTL3 [51]. There are almost no ANGPTL3 proteins, and very low
plasma LDL-C and TG levels can be detected in these two carriers. The 517X mutation in
ANGPTL3 resulting in familial hypobetalipoproteinemia was first reported in an Italian
family in 1991 [52]. Individuals homozygous for S17X have almost no detectable ANGPTLS3,
notably higher LPL activity, and an obvious reduction in lipid levels in their plasma. The
ANGPTL3 S17X mutation is not associated with any changes in hepatic and endothelial
lipase activities [53-55]. In the DiscovEHR human genetics study by exon sequencing
of ANGPTL3 in 58,335 participants, individuals carrying heterozygous loss-of-function
mutations in ANGPTL3 had markedly lower serum levels of TGs, HDL-C, and LDL-C
than participants without these mutations [56]. Several studies have also demonstrated
that homozygous or compound heterozygous variants encompassing nonsense, missense,
splicing, and frameshift mutations in ANGPTL3 gene cause familial combined hypolipi-
demia [57-61]. Notably, no evidence was found of an association between the risk of liver
abnormalities or CVD and familial combined hypolipidemia [53].

In addition to lowering TGs, ANGPTL3 homozygous variants were found to strongly
reduce the levels of plasma total cholesterol, LDL-C and HDL-C [62]. In a meta-analysis
of 21,980 patients with CVD and 158,200 control individuals, the results showed that
total cholesterol and LDL-C levels were notably lower in carriers with loss-of-function
mutations in ANGPTL3; however, HDL-C was not significantly different between carriers
and noncarriers [58]. These data are consistent with the results from a GWAS, which found
no association between mutations in the ANGPTL3 gene and plasma HDL-C concentration,
suggesting that ANGPTL3 may not be involved in the regulation of plasma HDL-C levels
in humans. These findings suggest that mutations in ANGPTL3 differentially affect lipid
metabolism. It is possible that the diverse effects of ANGPTL3 on the different lipoproteins
and cholesterol levels may be conferred by distinct functional domains in the ANGPTL3
protein. In addition to affecting the levels of plasma TGs and cholesterol, low NEFA levels
were found in individuals with loss-of-function mutations in ANGPTL3 in a mouse study;,
suggesting that ANGPTL3 could regulate plasma NEFA levels and lipolysis in adipose
tissue [54]. These genetic data strongly link the antagonism of ANGPTL3 in humans to
reduced levels of plasma lipids and decreased risk of CVD.

3.3. ANGPTL3 and Atherosclerotic Cardiovascular Disorders (ASCVDs)

Emerging evidence reveals that elevated plasma LDL-C and TG levels play essential
roles in the development of ASCVDs. Modulation of LDL-C and TG levels may effectively
control the progression of ASCVDs [58,63]. Individuals carrying loss-of-function mutations
of ANGPTL3 or mice with ANGPTL3 deficiency had decreased plasma levels of LDL-C, TGs,
and TGRLs, suggesting that downregulation of ANGPTL3 expression may lead to a low risk
of ASCVDs in humans. ANGPTL3 deficiency was found to be associated with lower odds
of ASCVDs. In an analysis of 13,102 individuals with CVDs, carriers with loss-of-function
mutations in ANGPTL3 had an approximately 40% lower risk of CVDs than noncarriers
in humans [56]. In a mouse study, the authors also further found that treatment with a
monoclonal antibody, evinacumab, for antagonism of ANGPTL3 was associated with a
significant reduction in plasma TG and cholesterol levels as well as atherosclerotic plaques
in the aortic root [56]. These data reveal a correlation between ANGPTL3 and the risk of
ASCVDs. In a cohort-based meta-analysis study, a 34% reduced risk of CVDs was found
among carriers of an ANGPTL3 loss-of-function mutation compared with noncarriers,
indicating that ANGPTL3 might influence the progression of CVDs [58].

4. Pharmacological Inactivation of ANGPTL3

The notable effect of ANGPTL3 on lipid metabolism has sparked interest in ANGPTL3
as a molecular target for the prevention or treatment of dyslipidemia and ASCVDs. To
date, three strategies for inactivation of ANGPTL3, antisense oligonucleotides (ASOs) [64],
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a monoclonal antibody (evinacumab) [56,65], and CRISPR-Cas9 genome editing technol-
ogy [66—68], have been proposed (Figure 4). ANGPTL3 ASOs and evinacumab could
decrease lipid levels both in animal models and in clinical trials in patients affected by
homozygous familial hypercholesterolemia. In vivo genome editing by the CRISPR-Cas9
approach (namely, Base Editor 3, BE3) is based on an innovative mechanism to introduce
mutations in ANGPTL3 and has been demonstrated to reduce lipid levels in mice. The
efficacy and safety of this therapeutic strategy remain unclear and need to be investigated
in further studies [69].

" Blocking antibody CRISPR

Evinacumab Base editor 3
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Figure 4. Strategies for pharmacological inactivation of ANGPTL3. Various strategies have been

Vupanorsen

developed to pharmacologically inactivate ANGPTL3, which include blocking monoclonal antibodies
(such as Evinacumab), antisense oligonucleotides (such as Vupanorsen), and a CRISPR genome
editing system (such as base editor 3, BE3) for treatment of dyslipidemia. The development of oral,
small-molecule inhibitors may serve as a novel pharmacological approach for ANGPTL3 inactivation
(created with BioRender.com, accessed on 2 July 2021).

4.1. ANGPTL3 ASOs as a Lipid-Lowering Therapy

ASOs targeting ANGPTL3 mRNA have been developed as inhibitors and have been
studied in mice and humans [64,70]. In animal studies, ANGPTL3 ASOs showed limited
efficacy in normocholesterolemic mice, whereas in hypercholesterolemic models with
different lipid backgrounds, including Ldlr—/~, ApoC3~/~ Ldlr~/~ and ApoC3* Ldlr—/~
mice, ANGPTL3 ASOs effectively decreased the levels of hepatic ANGPTL3 mRNA and
plasma ANGPTL3 protein, resulting in marked reduction of plasma TGs, LDL-C and,
to a lesser extent, HDL-C levels. In addition, ANGPTL3 ASOs have found to reduce
atherosclerotic progression in Ldlr~/~ mice. ANGPTL3 ASOs reduced hepatic steatosis
and improved insulin tolerance in diet-induced obese mice [64]. In a phase I clinical trial,
the effect of ANGPTL3 ASOs was examined in 44 healthy male and female adults (age
18-65 years). A single subcutaneous injection of ANGPTL3 ASOs (80 mg) effectively re-
duced ANGPTL3, TGs, VLDL, non-HDL-C, and total cholesterol in plasma. Multiple-dose
injection of ANGPTL3 ASOs (0-60 mg/week) for 6 weeks resulted in a dose-dependent
reduction in plasma levels of ANGPTL3, TGs, non-HDL-C, and APOC3, which returned to
normal after cessation of ASOs administration [64]. These studies reveal that ANGPTL3
ASOs effectively ameliorate plasma lipoproteins and atherosclerosis in mice and humans.

4.2. ANGPTL3 Monoclonal Antibody as a Lipid-Lowering Therapy

Evinacumab, a fully human monoclonal antibody that specifically binds to ANGPTL3,
has been developed and proven to reverse ANGPTL3-mediated inhibition of LPL activity
in vitro and in vivo [71]. In preclinical animal studies, evinacumab increased post-heparin
LPL activity and reduced plasma levels of TGs, LDL-C and HDL-C in normolipidemic
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and hyperlipidemic mice. Similar effects on the plasma lipid profile were also found in
cynomolgus monkeys with dyslipidemia, except that the LDL-C levels were unchanged [71].
In the hypercholesterolemic APOE*3Leiden CETP mice, evinacumab markedly reduced
atherosclerotic lesions, concomitant with a significant reduction in plasma levels of TGs,
VLDL and total cholesterol [56].

In a phase I clinical trial in human volunteers administered both intravenous and
subcutaneous injection of evinacumab, researchers found that evinacumab-mediated inhi-
bition of ANGPTL3 was associated with a dose-dependent reduction in plasma levels of
TGs [56]. Evinacumab also reduced plasma LDL-C (—23.2%) and HDL-C (—18.4%) levels,
although the decreases in these lipoproteins were much less pronounced than those in
TGs (—76%) [56]. Based on data from two phase I studies, Ahmad et al. reported that
evinacumab could reduce TGs and other lipids by ANGPTL3 inhibition in healthy human
volunteers and in the hypertriglyceridemic subjects [72]. In a phase II trial of ANGPTL3 in-
hibition involving 9 patients with homozygous familial hypercholesterolemia, evinacumab
treatment resulted in a mean reduction from baseline of 49% in the LDL-C level. In a
phase III clinical trial, researchers randomly assigned 65 patients with homozygous familial
hypercholesterolemia who were treated with a maximum dose of lipid-lowering medi-
cations to receive an intravenous injection of evinacumab (15 mg/kg) or placebo every
4 weeks. The outcome at 24 weeks of treatment showed decreases in plasma LDL-C levels
from baseline of 49% in the evinacumab group [73]. These clinical studies indicate that
pharmacological inactivation of ANGPTL3 shows efficacy and several potential benefits in
patients with dyslipidemia.

5. Conclusions

Genetic, functional, and pharmacological studies have led to the conclusion that
antagonizing or inhibiting ANGPTL3 could effectively enhance LPL and EL activity, mod-
ulate TG-rich lipoproteins and lipid metabolism, and reduce the risk of cardiovascular
events. However, several questions regarding the role and regulation of ANGPTL3 in
lipid metabolism remain to be clarified. How can inhibition of ANGPTL3 lead to reduced
plasma LDL-C levels? One possibility is that inhibition of ANGPTL3 promotes VLDL
clearance or decreases VLDL secretion [24], thereby reducing the conversion of VLDL to
LDL, resulting in decreased LDL-C levels. This assumption needs to be verified. How can
ANGPTLS3 affect lipolysis in adipose tissue and the release of fatty acids? The molecular
mechanisms and potential receptors of ANGPTL3 involved in adipose tissue lipolysis
need to be investigated to clarify this point. In addition to the TG-lowering effect, the
outcome of clinical trials is related to the role of ANGPTL3 in controlling plasma levels
of LDL-C and total cholesterol. Traditional lipid-lowering therapies such as statins and
PCSK9 monoclonal antibodies are dependent on LDL receptor (LDLR) expression. The
cholesterol-lowering effect of ANGPTL3 has raised interest in ANGPTL3 as a target for
the treatment of patients with hypercholesterolemia that show little response to traditional
therapies or have no LDLR activity. To date, the absence of oral and affordable low molecu-
lar weight ANGPTL3 inhibitors has limited the beneficial effect of these new medications.
The epitope of ANGPTL3 targeted by evinacumab remains unclear. Understanding the
structure of the binding region of this monoclonal antibody by molecular modeling analysis
may help to develop small-molecule inhibitors of ANGPTL3. The rational design of oral,
small molecules as ANGPTL3 inhibitors may serve as a novel pharmacological approach
for the treatment of dyslipidemia.

Author Contributions: Conceptualization, J.-H.Y., P-Y.C. and C.-Y.L.; writing for original draft prepa-
ration, J.-H.Y., P-Y.C. and W.-Y.G,; figure preparation, ].-W.L., W.-Y.G. and C.-Y.L.; writing for editing,
J.-HL.Y. and M.-].W. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by grants TCRD-110-52 (to P.-Y.C.) (funding approval date
1 January 2021) from Hualien Tzu Chi Hospital; and MOST 108-2320-B-320-002-MY3 (to J.-H.Y.)
(funding approval date 1 August 2019) from the Ministry of Science and Technology, Taiwan.



Int. J. Mol. Sci. 2021, 22, 7310 9of 12

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hussain, A.; Ballantyne, C.M.; Saeed, A.; Virani, S.S. Triglycerides and ASCVD Risk Reduction: Recent Insights and Future
Directions. Curr. Atheroscler. Rep. 2020, 22, 25. [CrossRef]

2. Tan, M.; MacEachern, M.P. Treating Dyslipidemias in the Primary Prevention of Atherosclerotic Cardiovascular Disease in Older
Adults with Diabetes Mellitus. Clin. Geriatr. Med. 2020, 36, 457-476. [CrossRef] [PubMed]

3. Parhofer, K.G. New Approaches to Address Dyslipidemia. Curr. Opin. Lipidol. 2017, 28, 452-457. [CrossRef] [PubMed]

4. Heron, M.; Anderson, R.N. Changes in the Leading Cause of Death: Recent Patterns in Heart Disease and Cancer Mortality.
NCHS Data Brief. 2016, 254, 1-8.

5. Vekic, J.; Zeljkovic, A.; Stefanovic, A.; Jelic-Ivanovic, Z.; Spasojevic-Kalimanovska, V. Obesity and Dyslipidemia. Metab. Clin. Exp.
2019, 92, 71-81. [CrossRef] [PubMed]

6.  Nordestgaard, B.G. Triglyceride-Rich Lipoproteins and Atherosclerotic Cardiovascular Disease: New Insights from Epidemiology,
Genetics, and Biology. Circ. Res. 2016, 118, 547-563. [CrossRef]

7.  Reiner, Z. Management of Patients with Familial Hypercholesterolaemia. Nat. Rev. Cardiol. 2015, 12, 565-575. [CrossRef]
[PubMed]

8.  Olivecrona, G. Role of Lipoprotein Lipase in Lipid Metabolism. Curr. Opin. Lipidol. 2016, 27, 233-241. [CrossRef]

9.  Sathiyakumar, V.; Kapoor, K ; Jones, S.R.; Banach, M.; Martin, S.S.; Toth, P.P. Novel Therapeutic Targets for Managing Dyslipidemia.
Trends Pharmacol. Sci. 2018, 39, 733-747. [CrossRef]

10. Kersten, S. Angiopoietin-Like 3 in Lipoprotein Metabolism. Nat. Rev. Endocrinol. 2017, 13, 731-739. [CrossRef]

11.  Morelli, M.B.; Chavez, C.; Santulli, G. Angiopoietin-Like Proteins as Therapeutic Targets for Cardiovascular Disease: Focus on
Lipid Disorders. Expert Opin. Ther. Targets 2020, 24, 79-88. [CrossRef]

12. Li,J,;Li L; Guo, D,; Li, S.; Zeng, Y.; Liu, C.; Fu, R.; Huang, M.; Xie, W. Triglyceride Metabolism and Angiopoietin-Like Proteins
in Lipoprotein Lipase Regulation. Clin. Chim. Acta Int. ]. Clin. Chem. 2020, 503, 19-34. [CrossRef] [PubMed]

13. Desai, U.; Lee, E.C.; Chung, K.; Gao, C.; Gay, ].; Key, B.; Hansen, G.; Machajewski, D.; Platt, K.A.; Sands, A.T.; et al. Lipid-Lowering
Effects of Anti-Angiopoietin-Like 4 Antibody Recapitulate the Lipid Phenotype Found in Angiopoietin-Like 4 Knockout Mice.
Proc. Natl. Acad. Sci. USA 2007, 104, 11766-11771. [CrossRef] [PubMed]

14. Lichtenstein, L.; Mattijssen, E.; de Wit, N.J.; Georgiadi, A.; Hooiveld, G.J.; van der Meer, R.; He, Y,; Qi, L.; Koster, A.; Tamsma,
J.T.; et al. Angptl4 Protects against Severe Proinflammatory Effects of Saturated Fat by Inhibiting Fatty Acid Uptake into
Mesenteric Lymph Node Macrophages. Cell Metab. 2010, 12, 580-592. [CrossRef]

15. Ruscica, M.; Zimetti, F,; Adorni, M.P; Sirtori, C.R.; Lupo, M.G; Ferri, N. Pharmacological Aspects of ANGPTL3 and ANGPTL4
Inhibitors: New Therapeutic Approaches for the Treatment of Atherogenic Dyslipidemia. Pharmacol. Res. 2020, 153, 104653.
[CrossRef] [PubMed]

16. Quagliarini, F.; Wang, Y.; Kozlitina, J.; Grishin, N.V,; Hyde, R.; Boerwinkle, E.; Valenzuela, D.M.; Murphy, A.J.; Cohen, J.C.; Hobbs,
H.H. Atypical Angiopoietin-Like Protein that Regulates ANGPTL3. Proc. Natl. Acad. Sci. USA 2012, 109, 19751-19756. [CrossRef]

17. Conklin, D.; Gilbertson, D.; Taft, D.W.; Maurer, M.E.; Whitmore, T.E.; Smith, D.L.; Walker, K.M.; Chen, L.H.; Wattler, S.; Nehls,
M.; et al. Identification of a Mammalian Angiopoietin-Related Protein Expressed Specifically in Liver. Genomics 1999, 62, 477-482.
[CrossRef]

18. Koishi, R.; Ando, Y.; Ono, M.; Shimamura, M.; Yasumo, H.; Fujiwara, T.; Horikoshi, H.; Furukawa, H. Angptl3 Regulates Lipid
Metabolism in Mice. Nat. Genet. 2002, 30, 151-157. [CrossRef]

19. Ono, M,; Shimizugawa, T.; Shimamura, M.; Yoshida, K.; Noji-Sakikawa, C.; Ando, Y.; Koishi, R.; Furukawa, H. Protein Region
Important for Regulation of Lipid Metabolism in Angiopoietin-Like 3 (ANGPTL3): ANGPTL3 Is Cleaved and Activated In Vivo.
J. Biol. Chem. 2003, 278, 41804-41809. [CrossRef]

20. Biterova, E.; Esmaeeli, M.; Alanen, H.I.; Saaranen, M.; Ruddock, L.W. Structures of Angptl3 and Angptl4, Modulators of
Triglyceride Levels and Coronary Artery Disease. Sci. Rep. 2018, 8, 6752. [CrossRef]

21. Essalmani, R.; Susan-Resiga, D.; Chamberland, A.; Asselin, M.C.; Canuel, M.; Constam, D.; Creemers, ] W.; Day, R.; Gauthier, D.;
Prat, A.; et al. Furin is the Primary In Vivo Convertase of Angiopoietin-Like 3 and Endothelial Lipase in Hepatocytes. J. Biol.
Chem. 2013, 288, 26410-26418. [CrossRef]

22. Lee, E.C; Desai, U.; Gololobov, G.; Hong, S.; Feng, X.; Yu, X.C.; Gay, J.; Wilganowski, N.; Gao, C.; Du, L.L.; et al. Identification of a
New Functional Domain in Angiopoietin-Like 3 (ANGPTL3) and Angiopoietin-Like 4 (ANGPTL4) Involved in Binding and
Inhibition of Lipoprotein Lipase (LPL). J. Biol. Chem. 2009, 284, 13735-13745. [CrossRef]

23. Liu, ].; Afroza, H.; Rader, D.J.; Jin, W. Angiopoietin-Like Protein 3 Inhibits Lipoprotein Lipase Activity through Enhancing Its

Cleavage by Proprotein Convertases. J. Biol. Chem. 2010, 285, 27561-27570. [CrossRef] [PubMed]


http://doi.org/10.1007/s11883-020-00846-8
http://doi.org/10.1016/j.cger.2020.04.006
http://www.ncbi.nlm.nih.gov/pubmed/32586475
http://doi.org/10.1097/MOL.0000000000000456
http://www.ncbi.nlm.nih.gov/pubmed/28902717
http://doi.org/10.1016/j.metabol.2018.11.005
http://www.ncbi.nlm.nih.gov/pubmed/30447223
http://doi.org/10.1161/CIRCRESAHA.115.306249
http://doi.org/10.1038/nrcardio.2015.92
http://www.ncbi.nlm.nih.gov/pubmed/26076948
http://doi.org/10.1097/MOL.0000000000000297
http://doi.org/10.1016/j.tips.2018.06.001
http://doi.org/10.1038/nrendo.2017.119
http://doi.org/10.1080/14728222.2020.1707806
http://doi.org/10.1016/j.cca.2019.12.029
http://www.ncbi.nlm.nih.gov/pubmed/31923423
http://doi.org/10.1073/pnas.0705041104
http://www.ncbi.nlm.nih.gov/pubmed/17609370
http://doi.org/10.1016/j.cmet.2010.11.002
http://doi.org/10.1016/j.phrs.2020.104653
http://www.ncbi.nlm.nih.gov/pubmed/31931117
http://doi.org/10.1073/pnas.1217552109
http://doi.org/10.1006/geno.1999.6041
http://doi.org/10.1038/ng814
http://doi.org/10.1074/jbc.M302861200
http://doi.org/10.1038/s41598-018-25237-7
http://doi.org/10.1074/jbc.M113.501304
http://doi.org/10.1074/jbc.M807899200
http://doi.org/10.1074/jbc.M110.144279
http://www.ncbi.nlm.nih.gov/pubmed/20581395

Int. J. Mol. Sci. 2021, 22, 7310 10 of 12

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.
47.

Adam, R.C.; Mintah, L].; Alexa-Braun, C.A.; Shihanian, L.M.; Lee, ].S.; Banerjee, P.; Hamon, S.C.; Kim, H.I.; Cohen, J.C.; Hobbs,
H.H.; et al. Angiopoietin-Like Protein 3 Governs LDL-Cholesterol Levels through Endothelial Lipase-Dependent VLDL Clearance.
J. Lipid Res. 2020, 61, 1271-1286. [CrossRef]

Jin, W,; Wang, X.; Millar, J.S.; Quertermous, T.; Rothblat, G.H.; Glick, ].M.; Rader, D.]. Hepatic Proprotein Convertases Modulate
HDL Metabolism. Cell Metab. 2007, 6, 129-136. [CrossRef]

Khetarpal, S.A.; Schjoldager, K.T.; Christoffersen, C.; Raghavan, A.; Edmondson, A.C.; Reutter, H.M.; Ahmed, B.; Ouazzani, R.;
Peloso, G.M.; Vitali, C.; et al. Loss of Function of GALNT2 Lowers High-Density Lipoproteins in Humans, Nonhuman Primates,
and Rodents. Cell Metab. 2016, 24, 234-245. [CrossRef] [PubMed]

Schjoldager, K.T.; Vester-Christensen, M.B.; Bennett, E.P.; Levery, S.B.; Schwientek, T.; Yin, W.; Blixt, O.; Clausen, H. O-
Glycosylation Modulates Proprotein Convertase Activation of Angiopoietin-Like Protein 3: Possible Role of Polypeptide
Galnac-Transferase-2 lin Regulation of Concentrations of Plasma Lipids. J. Biol. Chem. 2010, 285, 36293-36303. [CrossRef]
[PubMed]

Li, X.; Zhang, Y.; Zhang, M.; Wang, Y. GALNT2 Regulates ANGPTL3 Cleavage in Cells and In Vivo of Mice. Sci. Rep. 2020, 10,
16168. [CrossRef] [PubMed]

Kaplan, R.; Zhang, T.; Hernandez, M.; Gan, EX.; Wright, 5.D.; Waters, M.G.; Cai, T.Q. Regulation of the Angiopoietin-Like Protein
3 Gene by LXR. J. Lipid Res. 2003, 44, 136-143. [CrossRef] [PubMed]

Inaba, T.; Matsuda, M.; Shimamura, M.; Takei, N.; Terasaka, N.; Ando, Y.; Yasumo, H.; Koishi, R.; Makishima, M.; Shimomura, I.
Angiopoietin-Like Protein 3 Mediates Hypertriglyceridemia Induced by the Liver X Receptor. J. Biol. Chemn. 2003, 278, 21344-21351.
[CrossRef] [PubMed]

Jiang, S.; Qiu, G.H.; Zhu, N.; Hu, Z.Y,; Liao, D.F; Qin, L. ANGPTL3: A Novel Biomarker and Promising Therapeutic Target.
J. Drug Target. 2019, 27, 876-884. [CrossRef] [PubMed]

Fugier, C.; Tousaint, ].].; Prieur, X.; Plateroti, M.; Samarut, J.; Delerive, P. The Lipoprotein Lipase Inhibitor ANGPTL3 Is Negatively
Regulated by Thyroid Hormone. J. Biol. Chem. 2006, 281, 11553-11559. [CrossRef]

Inukai, K.; Nakashima, Y.; Watanabe, M.; Kurihara, S.; Awata, T.; Katagiri, H.; Oka, Y.; Katayama, S. ANGPTL3 Is Increased in
Both Insulin-Deficient and -Resistant Diabetic States. Biochem. Biophys. Res. Commun. 2004, 317, 1075-1079. [CrossRef] [PubMed]
Nidhina Haridas, P.A.; Soronen, J.; Sadevirta, S.; Mysore, R.; Quagliarini, F.; Pasternack, A.; Metso, |.; Perttila, ].; Leivonen, M.;
Smas, C.M,; et al. Regulation of Angiopoietin-Like Proteins (ANGPTLs) 3 and 8 by Insulin. J. Clin. Endocrinol. Metab. 2015, 100,
E1299-E1307. [CrossRef]

Reeskamp, L.E,; Tromp, T.R; Huijgen, R.; Stroes, E.S.G.; Hovingh, G.K.; Grefhorst, A. Statin Therapy Reduces Plasma Angiopoietin-
Like 3 (ANGPTL3) Concentrations in Hypercholesterolemic Patients via Reduced Liver X Receptor (LXR) Activation. Atherosclero-
sis 2020, 315, 68-75. [CrossRef]

Cinkajzlova, A.; Mraz, M.; Lacinova, Z.; Klouckova, ].; Kavalkova, P; Kratochvilova, H.; Trachta, P; Krizova, J.; Haluzikova, D.;
Skrha, J.; et al. Angiopoietin-Like Protein 3 and 4 in Obesity, Type 2 Diabetes Mellitus, and Malnutrition: The Effect of Weight
Reduction and Realimentation. Nutr. Diabetes 2018, 8, 21. [CrossRef]

Young, S.G.; Fong, L.G.; Beigneux, A.P,; Allan, C.M.; He, C,; Jiang, H.; Nakajima, K.; Meiyappan, M.; Birrane, G.; Ploug, M.
GPIHBP1 and Lipoprotein Lipase, Partners in Plasma Triglyceride Metabolism. Cell Metab. 2019, 30, 51-65. [CrossRef]

Chang, C.L. Lipoprotein Lipase: New Roles for an ‘Old” Enzyme. Curr. Opin. Clin. Nutr. Metab. Care 2019, 22, 111-115. [CrossRef]
Lichtenstein, L.; Kersten, S. Modulation of Plasma TG Lipolysis by Angiopoietin-Like Proteins and GPIHBP1. Biochim. Biophys.
Acta 2010, 1801, 415-420. [CrossRef]

Davies, B.S.; Beigneux, A.P,; Barnes, R.H., 2nd; Tu, Y.; Gin, P.; Weinstein, M.M.; Nobumori, C.; Nyren, R.; Goldberg, I.; Olivecrona,
G.; et al. GPIHBP1 Is Responsible for the Entry of Lipoprotein Lipase into Capillaries. Cell Metab. 2010, 12, 42-52. [CrossRef]
[PubMed]

Shetty, S.K.; Walzem, R.L.; Davies, B.S.]. A Novel NanoBiT-Based Assay Monitors the Interaction between Lipoprotein Lipase and
GPIHBP1 in Real Time. J. Lipid Res. 2020, 61, 546-559. [CrossRef]

Chi, X,; Britt, E.C.; Shows, H.W.; Hjelmaas, A.J.; Shetty, S.K.; Cushing, E.M.; Li, W.; Dou, A.; Zhang, R.; Davies, B.S.]. ANGPTL8
Promotes the Ability of ANGPTL3 to Bind and Inhibit Lipoprotein Lipase. Mol. Metab. 2017, 6, 1137-1149. [CrossRef]

Haller, J.E;; Mintah, 1.].; Shihanian, L.M.; Stevis, P.; Buckler, D.; Alexa-Braun, C.A.; Kleiner, S.; Banfi, S.; Cohen, J.C.; Hobbs,
H.H.; et al. ANGPTLS8 Requires ANGPTL3 to Inhibit Lipoprotein Lipase and Plasma Triglyceride Clearance. J. Lipid Res. 2017, 58,
1166-1173. [CrossRef] [PubMed]

Jin, N.; Matter, W.E,; Michael, L.E; Qian, Y.; Gheyi, T.; Cano, L.; Perez, C.; Lafuente, C.; Broughton, H.B.; Espada, A. The
Angiopoietin-Like Protein 3 and 8 Complex Interacts with Lipoprotein Lipase and Induces LPL Cleavage. ACS Chem. Biol. 2021,
16, 457-462. [CrossRef]

Wang, Y.; McNutt, M.C.; Banfi, S.; Levin, M.G.; Holland, W.L.; Gusarova, V.; Gromada, ].; Cohen, J.C.; Hobbs, H.H. Hepatic
ANGPTL3 Regulates Adipose Tissue Energy Homeostasis. Proc. Natl. Acad. Sci. USA 2015, 112, 11630-11635. [CrossRef]
Zhang, R. The ANGPTL3-4-8 Model, a Molecular Mechanism For Triglyceride Trafficking. Open Biol. 2016, 6, 150272. [CrossRef]
Kathiresan, S.; Melander, O.; Guiducci, C.; Surti, A.; Burtt, N.P.; Rieder, M.].; Cooper, G.M.; Roos, C.; Voight, B.F.; Havulinna,
A.S.; et al. Six New Loci Associated with Blood Low-Density Lipoprotein Cholesterol, High-Density Lipoprotein Cholesterol or
Triglycerides In Humans. Nat. Genet. 2008, 40, 189-197. [CrossRef] [PubMed]


http://doi.org/10.1194/jlr.RA120000888
http://doi.org/10.1016/j.cmet.2007.07.009
http://doi.org/10.1016/j.cmet.2016.07.012
http://www.ncbi.nlm.nih.gov/pubmed/27508872
http://doi.org/10.1074/jbc.M110.156950
http://www.ncbi.nlm.nih.gov/pubmed/20837471
http://doi.org/10.1038/s41598-020-73388-3
http://www.ncbi.nlm.nih.gov/pubmed/32999434
http://doi.org/10.1194/jlr.M200367-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/12518032
http://doi.org/10.1074/jbc.M213202200
http://www.ncbi.nlm.nih.gov/pubmed/12672813
http://doi.org/10.1080/1061186X.2019.1566342
http://www.ncbi.nlm.nih.gov/pubmed/30615486
http://doi.org/10.1074/jbc.M512554200
http://doi.org/10.1016/j.bbrc.2004.03.151
http://www.ncbi.nlm.nih.gov/pubmed/15094378
http://doi.org/10.1210/jc.2015-1254
http://doi.org/10.1016/j.atherosclerosis.2020.11.013
http://doi.org/10.1038/s41387-018-0032-2
http://doi.org/10.1016/j.cmet.2019.05.023
http://doi.org/10.1097/MCO.0000000000000536
http://doi.org/10.1016/j.bbalip.2009.12.015
http://doi.org/10.1016/j.cmet.2010.04.016
http://www.ncbi.nlm.nih.gov/pubmed/20620994
http://doi.org/10.1194/jlr.D119000388
http://doi.org/10.1016/j.molmet.2017.06.014
http://doi.org/10.1194/jlr.M075689
http://www.ncbi.nlm.nih.gov/pubmed/28413163
http://doi.org/10.1021/acschembio.0c00954
http://doi.org/10.1073/pnas.1515374112
http://doi.org/10.1098/rsob.150272
http://doi.org/10.1038/ng.75
http://www.ncbi.nlm.nih.gov/pubmed/18193044

Int. J. Mol. Sci. 2021, 22, 7310 11 of 12

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Willer, C.J.; Sanna, S.; Jackson, A.U.; Scuteri, A.; Bonnycastle, L.L.; Clarke, R.; Heath, S.C.; Timpson, N.J.; Najjar, S.S.; Stringham,
H.M,; et al. Newly Identified Loci that Influence Lipid Concentrations and Risk of Coronary Artery Disease. Nat. Genet. 2008, 40,
161-169. [CrossRef]

Hegele, R.A.; Ban, M.R; Hsueh, N.; Kennedy, B.A.; Cao, H.; Zou, G.Y,; Anand, S.; Yusuf, S.; Huff, M.W.; Wang, J. A Polygenic
Basis for Four Classical Fredrickson Hyperlipoproteinemia Phenotypes that Are Characterized by Hypertriglyceridemia. Hum.
Mol. Genet. 2009, 18, 4189—4194. [CrossRef]

Romeo, S.; Yin, W.; Kozlitina, ]J.; Pennacchio, L.A.; Boerwinkle, E.; Hobbs, H.H.; Cohen, ].C. Rare Loss-of-Function Mutations in
ANGPTL Family Members Contribute to Plasma Triglyceride Levels in Humans. J. Clin. Investig. 2009, 119, 70-79. [CrossRef]
Musunuru, K.; Pirruccello, J.P; Do, R.; Peloso, G.M.; Guiducci, C.; Sougnez, C.; Garimella, K.V,; Fisher, S.; Abreu, ]J.; Barry,
A]; etal. Exome Sequencing, ANGPTL3 Mutations, and Familial Combined Hypolipidemia. N. Engl. |. Med. 2010, 363, 2220-2227.
[CrossRef] [PubMed]

Fazio, S.; Sidoli, A.; Vivenzio, A.; Maietta, A.; Giampaoli, S.; Menotti, A.; Antonini, R.; Urbinati, G.; Baralle, EE.; Ricci, G. A Form
of Familial Hypobetalipoproteinaemia Not Due to a Mutation in the Apolipoprotein B Gene. |. Intern. Med. 1991, 229, 41-47.
[CrossRef]

Minicocci, I.; Montali, A.; Robciuc, M.R.; Quagliarini, F.; Censi, V.; Labbadia, G.; Gabiati, C.; Pigna, G.; Sepe, M.L.; Pannozzo,
F.; et al. Mutations in the ANGPTL3 Gene and Familial Combined Hypolipidemia: A Clinical and Biochemical Characterization.
J. Clin. Endocrinol. Metab. 2012, 97, E1266-E1275. [CrossRef]

Robciuc, M.R.; Maranghi, M.; Lahikainen, A.; Rader, D.; Bensadoun, A.; Oorni, K.; Metso, J.; Minicocci, I.; Ciociola, E.; Ceci,
E; et al. Angptl3 Deficiency Is Associated with Increased Insulin Sensitivity, Lipoprotein Lipase Activity, and Decreased Serum
Free Fatty Acids. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 1706-1713. [CrossRef]

Tikkanen, E.; Minicocci, I.; Hallfors, ]J.; Di Costanzo, A.; D’Erasmo, L.; Poggiogalle, E.; Donini, L.M.; Wurtz, P.; Jauhiainen,
M.; Olkkonen, V.M.; et al. Metabolomic Signature of Angiopoietin-Like Protein 3 Deficiency in Fasting and Postprandial State.
Arterioscler. Thromb. Vasc. Biol. 2019, 39, 665-674. [CrossRef]

Dewey, EE.; Gusarova, V.; Dunbar, R.L.; O'Dushlaine, C.; Schurmann, C.; Gottesman, O.; McCarthy, S.; Van Hout, C.V.; Bruse, S.;
Dansky, H.M.; et al. Genetic and Pharmacologic Inactivation of ANGPTL3 and Cardiovascular Disease. N. Engl. ]. Med. 2017, 377,
211-221. [CrossRef]

Pisciotta, L.; Favari, E.; Magnolo, L.; Simonelli, S.; Adorni, M.P; Sallo, R.; Fancello, T.; Zavaroni, I.; Ardigo, D.; Bernini, F; et al.
Characterization of Three Kindreds with Familial Combined Hypolipidemia Caused by Loss-of-Function Mutations of ANGPTL3.
Circ. Cardiovasc. Genet. 2012, 5, 42-50. [CrossRef]

Stitziel, N.O.; Khera, A.V,; Wang, X.; Bierhals, A.].; Vourakis, A.C.; Sperry, A.E.; Natarajan, P.; Klarin, D.; Emdin, C.A.; Zekavat,
S.M.; et al. Myocardial Infarction Genetics Consortium, I., ANGPTL3 Deficiency and Protection against Coronary Artery Disease.
J. Am. Coll. Cardiol. 2017, 69, 2054-2063. [CrossRef]

Yang, Y,; Yang, S.; Jiao, X; Li, J.; Zhu, M.; Wang, L.; Qin, Y. ANGPTL3 Mutations in Unrelated Chinese Han Patients with Familial
Hypercholesterolemia. Curr. Pharm. Des. 2019, 25, 190-200. [CrossRef]

Fazio, S.; Minnier, ].; Shapiro, M.D.; Tsimikas, S.; Tarugi, P.; Averna, M.R.; Arca, M.; Tavori, H. Threshold Effects of Circulating
Angiopoietin-Like 3 Levels on Plasma Lipoproteins. J. Clin. Endocrinol. Metab. 2017, 102, 3340-3348. [CrossRef] [PubMed]

Bea, A.M.; Franco-Marin, E.; Marco-Benedi, V.; Jarauta, E.; Gracia-Rubio, L.; Cenarro, A.; Civeira, F.; Lamiquiz-Moneo, I. ANGPTL3
Gene Variants in Subjects with Familial Combined Hyperlipidemia. Sci. Rep. 2021, 11, 7002. [CrossRef]

Mehta, N.; Qamar, A.; Qu, L.; Qasim, A.N.; Mehta, N.N.; Reilly, M.P.; Rader, D.J. Differential Association of Plasma Angiopoietin-
Like Proteins 3 and 4 with Lipid and Metabolic Traits. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 1057-1063. [CrossRef]
Musunuru, K.; Kathiresan, S. Surprises from Genetic Analyses of Lipid Risk Factors for Atherosclerosis. Circ. Res. 2016, 118,
579-585. [CrossRef]

Graham, M.]; Lee, R.G,; Brandt, T.A.; Tai, L.].; Fu, W,; Peralta, R.; Yu, R.; Hurh, E.; Paz, E.; McEvoy, B.W,; et al. Cardiovascular
and Metabolic Effects of ANGPTL3 Antisense Oligonucleotides. N. Engl. . Med. 2017, 377, 222-232. [CrossRef] [PubMed]
Mullard, A. FDA Approves First Anti-ANGPTL3 Antibody, for Rare Cardiovascular Indication. Nat. Rev. Drug Discov. 2021, 20,
251. [PubMed]

Chadwick, A.C.; Evitt, N.H.; Lv, W.; Musunuru, K. Reduced Blood Lipid Levels with In Vivo CRISPR-Cas9 Base Editing of
ANGPTLS3. Circulation 2018, 137, 975-977. [CrossRef]

Wang, X.; Musunuru, K. Angiopoietin-Like 3: From Discovery to Therapeutic Gene Editing. JACC. Basic Transl. Sci. 2019, 4,
755-762. [CrossRef] [PubMed]

Qiu, M.; Glass, Z.; Chen, ].; Haas, M.; Jin, X.; Zhao, X.; Rui, X,; Ye, Z.; Li, Y,; Zhang, F,; et al. Lipid Nanoparticle-Mediated
Codelivery of Cas9 Mrna and Single-Guide RNA Achieves Liver-Specific In Vivo Genome Editing of Angptl3. Proc. Natl. Acad.
Sci. USA 2021, 118, €2020401118. [CrossRef] [PubMed]

Rhee, ].W.; Wu, J.C. Dyslipidaemia: In Vivo Genome Editing of ANGPTL3: A Therapy for Atherosclerosis? Nat. Rev. Cardiol.
2018, 15, 259-260. [CrossRef] [PubMed]

Gaudet, D.; Karwatowska-Prokopczuk, E.; Baum, S.J.; Hurh, E.; Kingsbury, J.; Bartlett, V.J.; Figueroa, A.L.; Piscitelli, P.; Singleton,
W.; Witztum, ].L.; et al. Vupanorsen, an N-Acetyl Galactosamine-Conjugated Antisense Drug to ANGPTL3 mRNA, Lowers
Triglycerides and Atherogenic Lipoproteins in Patients with Diabetes, Hepatic Steatosis, and Hypertriglyceridaemia. Eur. Heart ].
2020, 41, 3936-3945. [CrossRef]


http://doi.org/10.1038/ng.76
http://doi.org/10.1093/hmg/ddp361
http://doi.org/10.1172/JCI37118
http://doi.org/10.1056/NEJMoa1002926
http://www.ncbi.nlm.nih.gov/pubmed/20942659
http://doi.org/10.1111/j.1365-2796.1991.tb00304.x
http://doi.org/10.1210/jc.2012-1298
http://doi.org/10.1161/ATVBAHA.113.301397
http://doi.org/10.1161/ATVBAHA.118.312021
http://doi.org/10.1056/NEJMoa1612790
http://doi.org/10.1161/CIRCGENETICS.111.960674
http://doi.org/10.1016/j.jacc.2017.02.030
http://doi.org/10.2174/1381612825666190228000932
http://doi.org/10.1210/jc.2016-4043
http://www.ncbi.nlm.nih.gov/pubmed/28633452
http://doi.org/10.1038/s41598-021-86384-y
http://doi.org/10.1161/ATVBAHA.113.302802
http://doi.org/10.1161/CIRCRESAHA.115.306398
http://doi.org/10.1056/NEJMoa1701329
http://www.ncbi.nlm.nih.gov/pubmed/28538111
http://www.ncbi.nlm.nih.gov/pubmed/33707753
http://doi.org/10.1161/CIRCULATIONAHA.117.031335
http://doi.org/10.1016/j.jacbts.2019.05.008
http://www.ncbi.nlm.nih.gov/pubmed/31709322
http://doi.org/10.1073/pnas.2020401118
http://www.ncbi.nlm.nih.gov/pubmed/33649229
http://doi.org/10.1038/nrcardio.2018.38
http://www.ncbi.nlm.nih.gov/pubmed/29618844
http://doi.org/10.1093/eurheartj/ehaa689

Int. J. Mol. Sci. 2021, 22, 7310 12 of 12

71.

72.

73.

Gusarova, V.; Alexa, C.A.; Wang, Y.; Rafique, A.; Kim, J.H.; Buckler, D.; Mintah, 1]J.; Shihanian, L.M.; Cohen, ]J.C.; Hobbs,
H.H.; et al. ANGPTL3 Blockade with a Human Monoclonal Antibody Reduces Plasma Lipids in Dyslipidemic Mice and Monkeys.
J. Lipid Res. 2015, 56, 1308-1317. [CrossRef] [PubMed]

Ahmad, Z.; Banerjee, P.; Hamon, S.; Chan, K.C.; Bouzelmat, A.; Sasiela, W.J.; Pordy, R.; Mellis, S.; Dansky, H.; Gipe, D.A_; et al.
Inhibition of Angiopoietin-Like Protein 3 with a Monoclonal Antibody Reduces Triglycerides in Hypertriglyceridemia. Circulation
2019, 140, 470-486. [CrossRef]

Raal, FJ.; Rosenson, R.S.; Reeskamp, L.F.; Hovingh, G.K,; Kastelein, ].].P.; Rubba, P.; Ali, S.; Banerjee, P.; Chan, K.C.; Gipe,
D.A.; et al. Evinacumab for Homozygous Familial Hypercholesterolemia. N. Engl. ]. Med. 2020, 383, 711-720. [CrossRef]


http://doi.org/10.1194/jlr.M054890
http://www.ncbi.nlm.nih.gov/pubmed/25964512
http://doi.org/10.1161/CIRCULATIONAHA.118.039107
http://doi.org/10.1056/NEJMoa2004215

	Introduction 
	Molecular Features of ANGPTL3 
	Discovery of ANGPTL3 
	The Structural Features of ANGPTL3 
	The Expression of ANGPTL3 

	ANGPTL3 and Lipid Metabolism 
	The Function of ANGPTL3 in Lipoprotein Lipase (LPL) Inhibition 
	The Genetics of ANGPTL3 in Plasma Lipids 
	ANGPTL3 and Atherosclerotic Cardiovascular Disorders (ASCVDs) 

	Pharmacological Inactivation of ANGPTL3 
	ANGPTL3 ASOs as a Lipid-Lowering Therapy 
	ANGPTL3 Monoclonal Antibody as a Lipid-Lowering Therapy 

	Conclusions 
	References

