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Abstract

Lipoprotein lipase (LPL) is one of the most important factors in systemic lipid partitioning

and metabolism. It mediates intravascular hydrolysis of triglycerides packed in lipoproteins
such as chylomicrons and VLDL. Since LPL was initially discovered in the 1940s, its biology
and pathophysiological significance have been well characterized and documented. Nonetheless,
several studies in the past decade, with recent delineation of LPL crystal structure and the
discovery of several new regulatory factors such as angiopoietin-like proteins (ANGPTL),
glycosylphosphatidylinositol-anchored high-density lipoprotein-binding protein 1 (GPIHBP1),
lipase maturation factor 1 (LMF1) and Sel-1 suppressor of Lin-12-Like 1 (SEL1L), have
completely transformed our understanding of LPL maturation and function.
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Lipoprotein lipase (LPL): A Central Player in Systemic Lipid Metabolism

LPL was first discovered in 1943 by Dr. Paul Hanh in dogs as “heparin-activated clearing
factor” [1] and renamed to “lipoprotein lipase” by Dr. Edward Korn in 1955 [2, 3]. It

was later revealed that LPL is a highly conserved protein among mammalian species with
a molecular mass of 50 kDa [4]. It is now well established that LPL plays a key role

in lipid metabolism by catalyzing the hydrolysis of intravascular triglycerides packaged

in lipoproteins such as chylomicron and very-low-density lipoprotein (VLDL) into fatty
acids [5]. Highlighting the central role of LPL in triglycerides metabolism, defects in LPL
function result in familial chylomicronemia (see Glossary) and ectopic lipid deposition in
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humans [4], and neonatal death in mice due to engorgement of chylomicrons into capillaries
of the lungs [6].

LPL is highly expressed in adipocytes and myocytes as well as macrophages [7]. Its protein
level and activity are tightly regulated by multiple mechanisms in response to the metabolic
state and energy demands of the cell [7] (Box 1). For example, fasting, feeding, exercise
and cold challenge all can alter the protein level and activity of LPL, thereby shunting fatty
acids to specific cell types to meet their cellular energy demand [8, 9]. Recent years have
witnessed the identification of several new factors and regulators (Table 1) involved in the
regulation of LPL maturation, stability and activity, which have expanded and, in some
cases, transformed our understanding of LPL biology.

LPL Structure

The propensity of the N-terminal domain of LPL to unfold makes structural crystallization
of LPL alone impossible [10]. Recently, two groups reported the structure of the LPL
protein complexed with its endothelial cofactor glycosylphosphatidylinositol-anchored
high-density lipoprotein-binding protein 1 (GPIHBP1) (more below), which provides
fresh and valuable insights into the structure and functional unit of LPL [10, 11] (Box 2).
Both studies revealed that LPL contains an a/p-hydrolase fold at the N-terminal domain
and a flat p-barrel region at the C-terminal domain, connected by a hinge region (Figure
1a). The N-terminal domain of LPL also harbors a serine protease-like catalytic triad
(Ser159, Asp183 and His268), and a lid (245-265) which presumably can adopt an open

or closed conformation to regulate substrate access to the active site [11]. Several N-terminal
residues (Alal94, Arg197, Ser199, Asp201 and Asp202) are involved in the coordination
of a calcium ion into the LPL molecule. On the other hand, the C-terminal domain of LPL
contains a tryptophan-rich lipid binding region (412-422) for substrate recognition [10, 11].
The hydrophobic residues in the N-terminal lid and C-terminal lipid binding regions of
LPL create hydrophobic patches which may facilitate the entry of triglycerides to the active
site [10, 11]. At the same time, a large, flat continuous basic patch spanning both N- and
C-terminal domains of LPL may be involved in the interaction with the negatively-charged
extracellular heparan sulphate proteoglycan and transient binding of the acidic domain of
GPIHBP1 [10, 11] (Figure 1b).

Regulation of LPL Maturation in The Endoplasmic Reticulum (ER)

Nascent LPL protein undergoes folding and attains its catalytic activity in the ER, prior

to entering the secretory pathway [12]. To obtain a properly folded structure, nascent LPL
protein is subjected to two post-translational modifications, N-glycosylation and disulfide
bond formation, in the ER [13] (Figure 1a). LPL has two N-glycosylation sites on residues
Asn 70 and 386 (N70 and N386), of which glycosylation at N70 has been shown to be
essential for LPL activity and intracellular trafficking [14]. In addition, LPL forms five
intra-molecular disulfide bonds [10]. The formation of the three N-terminal disulfide bonds,
Cys 243-Cys 266 (C243-266), C291-302 and C305-310, is essential for LPL activity [13],
while the C-terminal disulfide bonds may be important for LPL and GPIHBP1 binding [10].
Below we discuss key factors involved LPL folding and maturation in the ER.
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Lipase maturation factor 1 (LMF1)

Combined lipase deficiency (Cld) is a naturally occurring mutation in mouse chromosome
17 discovered in 1983 [15]. Mice carrying the ¢/d mutation in both alleles (c/d/c/d)
develop severe hypertriglyceridemia and die within 1 to 2 days postnatally, due to the
accumulation of inactive LPL and hepatic lipase (HL) in the ER (Table 2) [15]. In 2007,
using positional cloning technique, Péterfy et al. identified the pathogenic gene, 7mem112,
in cld/cld mice and re-named it as lipase maturation factor 1 (LMF1) [16]. LMF1 has
been predicted to be an ER-resident protein containing five transmembrane domains and a
conserved C-terminal LMF1 domain [16] (Figure 1c). Mice with global LMF1 deficiency
phenocopies c/a/cld mice with severe hypertriglyceridemia, while expression of wildtype
LMF1 restores the function of LPL and HL in c/d/cld cells (Table 2) [16, 17], demonstrating
the requirement and necessity of LMF1 in lipase maturation.

The mechanism underlying the role of LMF1 in LPL maturation remains largely unclear. To
add further confusion, a series of LMF1 papers were retracted. LMF1 may stabilize LPL in
the ER by promoting its dimerization [18] (Box 2), or interact with ER-resident chaperones
such as ERp72, ERp44, ERd)5 and thioredoxin to promote disulfide bond formation of

LPL [19]. Hence, LMF1 is likely involved either directly or indirectly in the folding and
maturation of nascent LPL in the ER.

Sel-1 suppressor of Lin-12-Like 1 (SEL1L)

SEL1L is a type-1 transmembrane protein with a large N-terminal luminal domain, a
transmembrane and short cytosolic domain [20] (Figure 1d). It is an obligatory cofactor

for the E3 ligase HRD1 in ER-associated degradation (ERAD), a principal mechanism
that specifically targets ER proteins for proteasomal degradation in the cytosol [21]. In 2014,
while characterizing adipocyte-specific Se/1L-deficient mice (Table 2), we found that these
mice develop postprandial hypertriglyceridemia, as a result of LPL retention in the ER [22].
In the absence of SEL1L, LPL forms high-molecular-weight complexes or aggregates in the
ER. While at the time we proposed that SEL1L may act alone in helping LPL maturation

in the ER, whether SEL1L acts through HRD1 ERAD or not and whether nascent LPL

is a misfolding prone protein remain exciting open questions. Indeed, our recent studies
demonstrated that SEL1L-HRD1 ERAD controls many physiological processes such as
food and water intake, and energy metabolism via controlling the maturation and hence
function of specific substrates, such as proopiomelanocortin, vasopressin prohormone, and
cAMP-responsive element-binding protein 3-like protein 3 (CREBH), respectively [23-26].
In light of these new data, we now speculate that nascent LPL may be misfolding-prone and
that clearance of misfolded LPL by SEL1L-HRD1 ERAD may play a critical role in LPL
maturation and subsequent acquisition of its enzymatic activity.

Regulation of LPL in Post-ER compartments

After exiting the ER, LPL moves to the Golgi apparatus for additional trimming and
modifications of its glycans. In the trans-Golgi network (TGN), LPL is sorted to different
vesicles for secretion via distinct mechanisms, including a constitutive secretory pathway
via a non-specific “bulk-flow” mechanism or a regulated secretory pathway requiring certain
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sorting signals, as demonstrated in /n vitro studies [27, 28]. Recently, Sundberg et al.

[29] showed that LPL in TGN may enter regulated secretion following binding to the
heparan sulfate chain of Syndecan-1, an integral membrane heparan sulfate proteoglycan
enriched in sphingolipid sphingomyelin in exocytic vesicles. LPL may be stored in
intracellular vesicles in an inactive helical oligomeric form, possibly through the binding
with Syndecan-1, which move to the cell surface and is released upon nutritional signaling
[30]. However, the physiological relevance of these findings remains to be demonstrated.

Mature LPL protein may also be degraded by the lysosome-mediated mechanism [28].

A study using cardiomyocyte-specific unc-51 like autophagy activating kinase 1 (ULK1)
knockout mice showed that LPL is degraded by macroautophagy [31]. SorLA, a family
member of vacuolar protein sorting 10 (VPS10) involved in TGN-to-endosome sorting, may
mediate LPL trafficking from the Golgi to endosomes and lysosomes [32]. Future studies
are required to delineate the physiological significance and molecular mechanism underlying
autophagy-mediated LPL degradation.

Regulation of LPL Function at The Endothelium

GPIHBP1

GPIHBP1 was cloned in a screen for HDL binding factors in 2003 [33]. GPIHBP1, as
suggested by its name, is a capillary endothelial protein anchored to the cell surface via

a glycosylphosphatidylinositol (GPI-) anchor that can be cleaved by phosphatidylinositol-
specific phospholipase C [33]. The tissue distribution pattern of GPIHBP1 resembles that
of LPL, with the exception of capillaries of the lung where GPIHBP1 is expressed but

LPL is not [34]. The structure of human GPIHBP1 is highly asymmetric containing an
intrinsically disordered N-terminal acidic region and a Ly6/uPAR (LU)-domain composed of
three-fingered loop mediated by disulfide bonds [35] (Figure 1b). N-glycosylation at Asn78
of GPIHBP1 is required for its intracellular trafficking as replacing Asn78 to GIn leads

to ER retention [36]. Like other GPI-anchored proteins, GPIHBP1 contains a hydrophobic
GPI signal peptide at the C-terminal Gly151, which is replaced by a GPI moiety following
proteolytic cleavage [4].

LPL interacts with GPIHBP1 at 1:1 ratio via a dual binding mechanism: the basic residues
in the C-terminal domain of LPL first interact with the acidic domain of GPIHBP1 to
form an “encounter complex”, which then guides the complex maturation by forming a
large interface between the C-terminal domain of LPL and the LU-domain of GPIHBP1
[35, 37]. This high affinity interaction allows GPIHBP1 to quickly capture heparan sulfate
proteoglycan-bound LPL in the subendothelial spaces and then shuttle it to the capillary
lumen [38, 39]. In addition, GPIHBP1 may prevent LPL unfolding that occurs either
spontaneously or induced by endogenous inhibitors such as angiopoietin-like proteins
(ANGPTLs, more below) [4, 37, 40]. Moreover, the Tyr38 of GPIHBP1 is modified by
O-sulfate (Figure 1b), which has been shown to enhance the GPIHBP1-LPL binding and
promote LPL stabilization [35].

GPIHBP1 is also required for LPL function. Using confocal and electron microscopy,
Davies et al. [41] reported that the movement of LPL by GPIHBP1 across the endothelial
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cells is through transcytosis, independent of caveolin-1. Indeed, mice with GPIHBP1
deficiency (Gpihbp1~") develop severe chylomicronemia under chow diet due to the
retention of LPL in the interstitial space surrounding adipocytes and myocytes [34, 38]
(Table 2). Moreover, GPIHBPL1 serves as a platform for LPL and lipoproteins. Goulbourne
et al. [42] demonstrated that the physical association of triglyceride-rich lipoproteins along
the capillary endothelium depends on the presence of the GPIHBP1-LPL complex. In either
Gpihbpl™" or LPL-scarce capillaries, lipoproteins are unable to bind to the endothelial wall.

Apolipoproteins

The obligatory lipoprotein-derived cofactor for LPL activation was identified in 1970 as
apolipoprotein-CllI (apo-CllI) in HDL [43]. The first loss-of-function mutation in human
apo-C//was identified in 1978. Deficiency of apo-ClI leads to failure to clear plasma
triglycerides and subsequent development of severe hyperlipidemia [44]. Apo-Cll is
primarily produced by the liver and incorporated into chylomicrons, VLDL and HDL

[45]. The binding of apo-ClII to LPL may trigger a conformational change in LPL to

allow subsequent substrate entry to the active site [45]. The activity of apo-Cll may be
further increased by the binding of apolipoprotein-AV (apo-AV), a low abundance plasma
apolipoprotein produced by the liver [46]. It has been shown that overexpression of apo-AV
in mice promotes postprandial triglycerides clearance and lipoprotein-derived fatty acid
uptake by heart, skeletal muscle and adipose tissue [47, 48], while mice with apo-A5
deficiency develop hyperlipidemia with reduced post-heparin plasma LPL activity [49, 50]
(Table 2 and 3). Although the underlying molecular mechanism remains obscure, it has been
suggested that apo-AV may help direct lipoproteins to the site where hydrolysis occurs [51].

In contrast to apo-Cll and AV, apo-Cl and CI1I have been implicated as negative regulators
of LPL activity [52-55]. Mice with overexpression of human apo-ClI or apo-Cll1I exhibited
hypertriglyceridemia and delayed clearance of plasma lipid [54-56] (Table 2), whereas the
deletion of either apo-Cl or apo-CllI has the opposite effect [52, 53] (Table 3). Similarly,
apo-E, an apolipoprotein required for hepatic uptake of the remanent of chylomicron and
VLDL, may also be able to inhibit LPL activity, especially at high concentration [57,

58]. However, the mechanism by which they inhibit LPL activity and their physiological
relevance remain unclear.

Tissue-Specific LPL Regulators

Angiopoietin-like proteins (ANGPTLS)

ANGPTL3, 4 and 8 are endogenous LPL antagonists and contribute to tissue-specific
regulation of LPL under diverse physiological cues [59]. While ANGPTL3 is exclusively
expressed in the liver, ANGPTL4 and 8 are abundant in the liver and adipose tissue. The
loss-of-function variants of ANGPTL3, 4 and 8 have been identified in humans with reduced
plasma lipid levels [60-62], implicating them as potential targets treating cardiovascular

and metabolic diseases [59]. All ANGPTL proteins, except ANGPTLS, share a similar
molecular structure with an N-terminal coiled-coil and a C-terminal fibrinogen-like domain
connected by a linker region [63-65] (Figure 1le-g). Both ANGPTLS3 and 4 are cleaved by
proprotein convertases (PC) in the linker region between two functional domains [66, 67]. A
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conserved region, LAXGLLXLGXGL, designated as specific epitope 1 (SE1) shared by the
N-terminal domain of ANGPTL3 and ANGPTL4, is required for LPL binding and inhibition
[68]. ANGPTLS structurally resembles the coiled-coil domain of ANGPTL3 and 4, which
also contains the conserved motif for LPL binding [69]. Hence, ANGPTLS is an atypical
member of the ANGPTL family [69].

Angptl4, originally named as fasting-induced adipose factor (Fiaf), was reported
independently by three groups in 2000 in screens for novel targets of peroxisome
proliferator-activated receptors (PPARS) [70-72]. ANGPTLA4 is evolutionarily conserved
between human, mouse and rat [73], and human ANGPTL4 is 405 amino acids in length
with a molecular weight of 50 kDa. ANGPTLA4 alone is a potent inhibitor of LPL;

however, the underlying mechanisms remain controversial. It may be through different, but
not necessarily mutually exclusive, mechanisms: 1) ANGPTL4 may promote intracellular
cleavage of LPL in post-ER compartment via PC subtilisin/kexin type 3 (PCSK3) (a.k.a.
furin), leading to its subsequent intracellular degradation [74, 75]; 2) ANGPTL4 may
reversibly bind to LPL, possibly at the lid domain, to block its interaction with substrates
[76, 77]; 3) ANGPTL4 may convert LPL homodimers to monomers [78] and 4) ANGPTL4
may promote the unfolding of the hydrolase domain of LPL monomer irreversibly [40]. /n
vitro, the estimated #;,, for ANGPTL4-mediated unfolding of LPL monomer is about 45-60
min [40]. Moreover, it has been suggested that the inhibitory effect of ANGPTL4 on LPL
requires its oligomerization through disulfide bonds formed between Cys 76 and Cys 80 [64,
73, 79]. However, a more recent study reported that ANGPTL4 with reduced and alkylated
disulfide bonds has a similar capacity to inhibit LPL and that the covalent oligomerization of
ANGPTL4 may be more important for its stability rather than activity [80].

Fasting increases ANGPTL4 levels in adipose tissue, downregulating adipose LPL activity
and routing triglycerides towards oxidative tissues [59, 81, 82]. Similarly, physical exercise
has been shown to induce ANGPTL4 specifically in non-exercising muscles to shunt

fatty acids to exercising muscles [8]. Mice with ANGPTL4 overexpression developed
hypertriglyceridemia in both fed and fasting conditions [83-85], whereas ANGPTL4-
deficient mouse exhibited accelerated blood triglyceride clearance and hypotriglyceridemia
[85-88] (Tables 2 and 3). Several genome-wide association (GWAS) studies have identified
a loss-of-function variant of human ANGPTL4 with Glu40-to-Lys substitution (E40K) in the
coiled-coil domain which is associated with lower serum triglycerides and reduced risk of
coronary artery disease (Figure 1f) [60].

ANGPTL3 was initially identified in 2002 as angiopoietin-like lipoprotein modulator 1
(Allm1) in KK/San mice that exhibit abnormally low plasma triglyceride levels [89].

The inhibitory effect of ANGPTL3 towards LPL may be activated by PC-mediated
proteolytic cleavage to generate a potent N-terminal peptide [90] — a process that may

be negatively modulated by the O-glycosylation at Thr 220 immediately adjacent to the

PC cleavage site [91]. Unlike ANGPTL4, ANGPTL3 itself has low potency towards LPL.
Although overexpression of ANGPTL3 has been shown to reduce LPL activity and increase
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plasma triglyceride levels in the absence of ANGPTLS8 [92], ANGPTL3 at a physiological-
relevant concentration has little effect on plasma triglyceride levels, unless interacted with
ANGPTLS8 [93-95] (Table 2, more below).

In 2012, three groups independently identified ANGPTLS8, which was originally named as
refeeding-induced fat and liver (RIFL) or lipase inhibition (lipasin), as a novel regulator of
lipid metabolism [95-97]. The expression of ANGPTLS in liver and adipose tissue is highly
induced by feeding [98]. It has been shown that ANGPTLS is activated upon binding to
ANGPTL3 [92, 99], which in turn enhances the potency of ANGPTL3 towards LPL [93,
95, 99]. The formation of the ANGPTL3-8 complex during feeding has been proposed

to direct dietary fatty acids away from muscle and heart, which may facilitate the energy
storage in white adipose tissue [59]. In keeping with this model, LPL activity is enhanced in
cardiac and skeletal myocytes during feeding in Angpt/3- or Angptl8-deficient mice, leading
to increased fatty acids uptake by heart and muscle and reduced plasma triglyceride levels
[100-102].

Both ANGPTL4 and 8 are expressed in adipose tissue; however, how they interact remains
poorly understood. Recent studies using purified ANGPTL4 and 8 proteins showed that
ANGPTLS can interact and suppress the ANGPTL4 activity in a dose-dependent manner
[94, 103]. In line with this finding, Oldoni et al. [104] recently reported that deletion of
ANGPTLS in adipocytes leads to increased postprandial plasma triglyceride levels in mice,
and that ANGPTL4-mediated inhibition of LPL activity can be attenuated by co-expression
of ANGPTLS. Hence, these studies suggest that ANGPTLS inhibits ANGPTL4 activity to
promote LPL-mediated hydrolysis and fatty acids uptake in adipose tissue during feeding
[104]. Future studies are required to further establish the (patho-)physiological importance
of this model and delineate the underlying mechanism.

ANGPTLs vs. GPIHBP1

Although GPIHBP1 has been shown to protect LPL from the inhibitory effects of ANGPTLS
at the endothelium [4, 37, 40], several in vitro experiments suggest that ANGPTLSs still
retain substantial capacity to bind and inhibit the activity of GPIHBP1-bound LPL [105,
106]. Using a real-time system to monitor the direct interaction between LPL and GPIHBP1
in vitro, Shetty et al. [106] reported that both ANGPTL4 and ANGPTL3-8 complex may
dissociate and hence inactivate LPL from GPIHBP1 at a slow but steady rate. However, it
should be noted that, unlike the ANGPTL3-8 complex, the primary physiological locations
where ANGPTLA inhibits LPL, either in an intracellular, subendothelial, or intravascular
compartments, remain unclear and may vary according to different physiological conditions
[74].

Human Disease Mutants

To date, more than 100 mutations in the LPL gene have been reported in patients with
familial chylomicronemia. In most cases, LPL deficiency is diagnosed during infancy
or childhood [107]. Several mutations may interfere with LPL maturation and function
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by disrupting N-glycosylation [108] and disulfide bonds formation [109] (Figure 1a). In
addition, LPL Asp201Val [110] abolishes the binding of calcium to LPL, leading to LPL
misfolding and secretion defect [10]. Substitution of glycine with glutamic acid at residue
169increases lysosomal degradation of LPL, leading to LPL deficiency [111]. Several
C-terminal mutants, such as Met404Arg, Cys445Tyr and Glu448Lys, have been shown

to interfere with the interaction between LPL and GPIHBP1 [10, 112]. The Glu437Val
mutation increases the susceptibility of LPL to endoproteolytic cleavage, while having little-
to-no effect on LPL-GPIHBP1 interaction [113]. Nevertheless, the underlying molecular
mechanisms for other LPL mutants remain obscure.

Loss-of-function disease mutations leading to LPL deficiency and hyperlipidemia have also
been identified in LPL regulators such as LMF1, apo-ClI, apo-AV and GPIHBP1. Many
mutations in the LU-domain of GPIHBP1 interfere the formation of disulfide bonds in the
LU-domain, which causes multimerization of GPIHBP1 protein on the cell surface and
abolishes LPL-GPIHBPL interaction [4] (Figure 1b). Other GPIHBP1 mutations, such as
Thr80Lys and Gly175Arg that interfere with N-glycosylation and GPl-anchor of GPIHBP1,
respectively, may alter intracellular trafficking of GPIHBP1 [114]. Unlike these GPIHBP1
mutants, how the mutations of LMF1, apo-ClI and apo-AV affect LPL function requires
further investigation.

Conclusion Remarks and Future Perspectives

As a central player in systemic triglycerides partitioning and metabolism, LPL has been
intensively studied since its first discovery around 80 years ago. Today, tremendous
efforts are continuously being invested to understand LPL regulation. Recent studies have
indeed revealed that LPL function is meticulously regulated at multiple stages during its
biosynthetic process (Box 1). These mechanisms as described above may work together to
ensure a more precise lipid partitioning based on the energy needs of the cell [7].

However, despite these advances, many questions remain (summarized in Outstanding
Questions). With the identification of new factors or pathways, these future studies will
certainly help paint a more comprehensive picture for LPL regulation and function, which
will help design more accurate approaches to target LPL in vivo.
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GLOSSARY

Angiopoietin-like (ANGPTL) proteins

A family of proteins structurally resembling endothelial growth factors, angiopoietins.
Among them, ANGPTL3, 4 and 8 are involved in the regulation of plasma triglyceride
levels by inhibiting LPL activity.
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Disulfide bond

A posttranslational protein modification occurred in the ER, in which a covalent bond
formed between the thiol groups of two cysteine residues either within a protein
(intramolecularly) or between the proteins (intermolecularly).

ER-associated protein degradation (ERAD)
A principal quality-control mechanism in the ER responsible for the recruitment and
retrotranslocation of misfolded ER proteins for proteasomal degradation in the cytosol.

Familial chylomicronemia

Disease condition characterized by severe fasting hypertriglyceridemia and the accumulation
of chylomicrons in the plasma, often caused by mutations in Lp/and its cofactors such as
Gpihbpl, Apoc2and Apoa5. These patients have to restrict dietary fat intake.

Glycosylphosphatidylinositol-anchored high-density lipoprotein-binding protein 1
(GPIHBP1)

An essential capillary protein is required for LPL transcytosis from the interstitial space to
endothelial lumen, as well as for LPL stability and function.

Heparan sulfate proteoglycan

Protein found at the cell surface, extracellular matrix and vesicles with the attachment of two
or three chains of heparan sulfate. LPL bound to heparan sulfate proteoglycans is released
by heparin.

Lipase maturation factor 1 (LMF1)
An ER-resident protein required for the folding of nascent LPL in the ER.

Macroautophagy

A major type of autophagy, in which cellular protein aggregates or damaged organelles
are engulfed by a double-membrane structure, autophagosome, and degraded by lysosomal
hydrolases.

N-glycosylation

A post-translational protein modification initiated in the ER, in which oligosaccharide chains
are attached to the nitrogen atom of asparagine (Asn) at the consensus sequence, Asn—X—
Ser/Thr.

Tyrosine O-sulfation
A post-translational modification occurred in trans-Golgi, in which a sulfate group is added
to a tyrosine residue of a protein.

SEL1L-HRD1 protein complex

The most conserved and best characterized branch of ER-resident mammalian ERAD
machinery, with SEL1L being the obligatory cofactor for the E3 ligase HRD1. SEL1L is
a single-span transmembrane protein with large luminal domain.

Transcytosis
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A vesicle-mediated transportation that move macromolecules from one side of a cell to the
other.
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BOX 1
Multiple Mechanisms in Place to Control LPL Activity in vivo

The biosynthesis and function of LPL is controlled at multiple steps (Figure I). Nascent
LPL peptide is made and undergoes N-glycosylation in the ER where LMF1 and SEL1L
act to ensure its maturation and ER exit [16, 22]. Once reached the Golgi apparatus,
LPL is continuously modified with the addition of complex sugar groups [115]. In the
trans-Golgi network, LPL binds to heparan sulfate proteoglycan (HSPG), Syndecan-1,
in secretory vesicles [29] where it may be stored as oligomers [30], or is targeted for
lysosomal degradation [32]. Mature LPL may attach to HSPG at the cell surface, and
eventually be captured by GPIHBP1 expressed on the surface of nearby endothelial
cells [38, 39]. LPL bound to GPIHBP1 is then transcytosed to the endothelial lumen
[41], where LPL mediates intravascular hydrolysis of lipoproteins such as chylomicrons
and VLDL. LPL is activated by apo-Cll and apo-AV, but inhibited by apo-Cl and apo-
CIII [7]. The endogenous inhibitors of LPL, namely ANGPTL3, 4 and 8, may further
contribute to the regulation of LPL activity [59, 81].
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Figure I. The maturation, secretion and function of LPL.

Abbreviation: ANGPTLs, angiopoietin-like proteins including angiopoietin-like proteins
3, 4, and 8. Apos: apolipoproteins including apolipoprotein-Cl, -Cll, -CllIl, -AV and

-E. CM, chylomicron. ER, endoplasmic reticulum. HSPG, heparan sulfate proteoglycan.
LMF1, lipase maturation factor 1. SEL1L, Sel-1 suppressor of Lin-12-Like 1. VLDL,
very low-density lipoproteins.
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BOX 2
LPL Functional Unit: Monomer or Dimer?

The functional LPL unit has long been thought to be a homodimer [78, 116-118];
however, this model is now being challenged. Although LPL and GPIHBP1 form
dimeric 2:2 complex in the crystallography, this dimeric orientation of LPL seems

to be incompatible with its function as the active site of LPL would be blocked

by the lipid-binding region of another LPL molecule [10, 11]. Birrane et al. [10]
proposed a lipid-binding displacement model where the lipid-binding region of LPL

is flexible and can be displaced from the active site upon the binding of substrates
such as lipoproteins. In contrast, Arora et al. [11] argued that this dimeric orientation
of LPL is not physiologically relevant, but rather an artifact resulted from crystal
packing interaction. Using size exclusion chromatography coupled with multi-angle light
scattering, they observed that the molecular mass of the LPL-GPIHBP1 complex is 75
kDa, pointing to a single copy of each component in the complex [11]. In addition,
Kristensen et al. [40] showed that LPL monomer is stable and functional and that
ANGPTLA inhibits LPL activity by promoting the unfolding of LPL monomer. Using
density gradient ultracentrifugation, Beigneux et al. [119] showed that newly secreted
LPL proteins are monomers and that the use of heparin in previous studies may be
problematic as it induces its dimerization [120-122]. In conclusion, LPL may adopt
different conformations in vivo depending on its subcellular localization, cell types, the
nature of substrates and cofactors, and physiological settings. Additional future studies
delineating LPL structure in near native conditions (i.e. cryoEM) is a key to settle the
debate once and for all.
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Outstanding Questions

What is the structure of LPL in near native conditions? Does LPL adopt
different conformations in vivo depending on its subcellular localization, cell
types, the nature of substrates and cofactors, and physiological settings?

How does nascent LPL protein undergo maturation in the ER? Whether
nascent LPL protein is misfolding prone? If so, how is misfolded LPL cleared
from the ER?

Is the folding efficiency of LPL in the ER regulated by physiological signals
such as fasting and feeding in different cell types?

Does misfolded LPL form aggregates if not cleared from the ER? Whether
autophagy is involved in the clearance of LPL aggregates?

How is GPIHBP1-mediated transcytosis of LPL across the endothelial cells

regulated? How is the activity of GPIHBP1 regulated? Does apolipoproteins
regulate LPL activity by influencing the function of GPIHBP1 and/or LPL-

GPIHBP1 complex?

How are the expression and activity of ANGPTLs regulated under
physiological and pathological conditions? How do they interact with each
other to regulate LPL activity? How can they be targeted therapeutically in the
treatment of hyperlipidemia?

Disease mutants of LPL and its regulators may regulate its biogenesis and
activities, but underlying molecular mechanism remains unclear.
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Highlights

LPL is a central player in triglyceride metabolism by catalyzing intravascular
triglyceride hydrolysis. Loss-of-function Lp/ causes familial chylomicronemia
syndrome in humans and mice.

The functional unit of LPL was thought to be a dimer, but recent studies have
demonstrated that it may be a monomer.

Given its pathophysiological importance in lipid partitioning, the maturation
and activity of LPL is tightly controlled.

In the ER, the maturation and folding of nascent LPL protein requires

LMF1 and SEL1L; and in the post-ER compartments, the acitivity of LPL

is inhibited by ANGPTL3, 4 and 8 in a tissue-specific manner; in the
endothelial lumen, LPL is associated with GPIHBP1 and regulated by various
apolipoproteins.
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Figure 1. Functional domains, post-translational modifications and disease mutants of LPL and
its regulators.

Schematic diagrams of amino acid structure of LPL (a), GPIHBP1 (b), LMF1 (c), SEL1L
(d), ANGPTLS3 (e), ANGPTLA4 (f) and ANGPTLS (g). The cytosolic, transmembrane and
luminal domain of LMF1 are colored with orange, purple and gray, respectively (c). The
two cysteine residues of ANGPTL4, C76 and C80, are required for its oligomerization (f).
Several human mutations of LPL (a), GPIHBP1 (b) and ANGPTLA4 (f) are listed above the
structure. SP: signal peptide; TM, transmembrane domain.
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lumen

Regulators | Tissue distribution Major action site Function Potential mechanisms
LMF1 Ubiquitously ER Required for the acquisition of Serve as an ER chaperone to promote
expressed enzymatic activities of LPL the proper LPL folding and maturation
SEL1L Ubiquitously ER Required for the ER exit of LPL Ensure proper folding of LPL possibly
expressed by preventing LPL aggregation in the
ER
ANGPTL4 | Adipose tissue, Likely post-ER Inhibit LPL activity in autocrine Promote LPL unfolding and intracellular
liver, intestine, and compartments or paracrine manner cleavage; prevent the interaction
muscle between LPL and lipoproteins
ANGPTL3 | Liver Mostly capillary Suppress LPL activity in an Inhibit LPL activity in a complex with
lumen endocrinal manner during feeding | ANGPTL 8 via an endocrine action
ANGPTLS8 | Liver, white and Capillary lumen, Suppress LPL activity in Work with ANGPTLS3 to inhibit LPL
brown adipose possibly adipose an endocrinal manner during activity via an endocrine action; may
tissue tissue feeding; may also reduce also interact and suppress ANGPTLA4-
ANGPTLA4 activity in adipose mediated LPL inhibition in adipose
tissue during feeding tissue
GPIHBP1 Capillary Plasma membrane of Transport LPL from interstitial Capture and stabilize LPL with high
endothelium in capillary endothelium | space to endothelial lumen, affinity, bi-directionally transcytose LPL
adipose tissue, heart prevent LPL unfolding
and skeletal muscle
Apo-ClI Liver Primarily capillary Cofactor required for LPL May trigger LPL conformational change
lumen activity in endothelial lumen to allow substrate entry
Apo-AV Liver Primarily capillary Enhance LPL activity May direct lipoprotein substrates to the
lumen active site of LPL
Apo-Cl Liver Primarily capillary Reduce LPL-mediated Unclear, may displace substrates from
lumen triglyceride hydrolysis LPL
Apo-CllI Liver, small Primarily capillary Reduce LPL-mediated Unclear, may displace substrates from
intestine lumen triglyceride hydrolysis LPL
Apo-E Liver, macrophages Primarily capillary Reduce LPL-mediated Unclear

triglyceride hydrolysis when apo-
E concentration is high
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Mouse model Description The effect on LPL Phenotype Reference(s)
clascld Autosomal recessive mutation The loss of LPL Develop severe hyperlipidemia, milky [15]
in mouse chromosome 17, a (and hepatic lipase) serum, ischemia, cyanosis soon after
naturally occurring mutation activity birth, and died within 36-48 hours after
birth.
Lmif1~- Global LMF1 deficiency by gene | The loss of LPL Recapitulating the phenotypes of cld/cld | [17]
trap mutagenesis (and hepatic lipase) mice.
activity
Se/1[ Adipog-cre Adipocyte-specific SEL1L ER retention of Postprandial hyperlipidemia and [22]
deficiency using adiponectin LPL aggregates, resistant to HFD-induced obesity with
promoter-driven Cre and reduced LPL ectopic lipid accumulation in the liver
secretion upon HFD.
Angptl4-Tg Whole body overexpression of Significantly reduced Severe hypertriglyceridemia and [83, 84]
mouse ANGPTL4 postheparin LPL chylomicronemia in fasted state;
activity retention of chylomicrons in plasma
after 24-hour fasting; reduced fat mass;
increased lipolysis in adipose tissue;
mild insulin resistance
Hepatocyte Hepatocytespecific Mildly reduced post- Increased plasma triglycerides and [85]
Angptl4-Tg overexpression of human heparin LPL activity cholesterol under fed condition.
ANGPTL4 driven by the ApoE
promoter
Angptl3 and Overexpression of mouse Not tested Increased plasma triglyceride levels [93], [92]
Angptl8 ANGPTL3 by adenoviral
infection or human ANGPTLS8 by
hydrodynamic DNA delivery
Gpihbpl =~ Global deficiency in GPIHBP1 Mis-localization of Early onset of severe chylomicronemia [34, 38]
LPL in the interstitial | within 4-14 weeks of age
space
Apoab'“"; Apoas Global knockout of Apo- Decreased plasma Significantly increased plasma [49, 50]
knockdown AV; 60% knockdown of LPL activity triglyceride levels; reduced plasma lipid
hepatic Apo-AV protein clearance rate
using targeted antisense
oligonucleotide treatment
Apocl Hemizygous expression of the Not tested Markedly increased plasma triglyceride [55]
overexpression human gpocI gene; levels; mildly increased plasma
cholesterol levels
Apoc3 Overexpression of human apo- Not tested Markedly increased plasma triglyceride [54]
overexpression Clll levels; reduced clearance of VLDL

triglycerides

Abbreviation: HFD: high-fat diet; Tg: Transgenic.
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Mouse model Description The effect on LPL Phenotype Reference(s)
function
Angptl4 "~ Global deficiency in Significantly May increase the mass of white [85, 123, 124]
ANGPTL4 increased postheparin | adipose tissue; reduced plasma levels
LPL activity in both of triglycerides in both feeding and
feeding and fasting fasting conditions; reduced survival when
conditions fed saturated fat-rich diet due to the
development of ascites and peritonitis
Adlpocytespecific Adipocyte-specific Increased LPL Reduced plasma triglyceride levels when [86]
Angptl4!- ANGPTLA4 deficiency activity in both fed both chow- and highfat-diet; increased
using adiponectin adipose tissue and triglyceride clearance from the blood;
promoter-driven Cre plasma increased lipid uptake and lipolysis in
adipose tissue
Angptl3 " Global deficiency in Increased postheparin | Low plasma lipid concentration; [102, 125]
ANGPTL3 plasma activity of increased triglyceride clearance; reduced
LPL (and hepatic weight of white adipose tissue under a
lipase) HFD
Angptl8 ="~ Global deficiency in Increased postheparin | Markedly reduced plasma triglyceride [102]
ANGPTLS8 plasma activity of levels in the fed state; accelerated
LPL clearance of dietary lipid from the
blood; reduced white adipose tissue
size; reduced postprandial uptake of
triglycerides from VLDL by white
adipose tissue
Hepatocyte- specific Hepatocytespecific Significantly Reduced plasma triglycerides levels in fed | [104]
Angp[/g/* ANGPTLS deficiency increased postheparin | status

using albumin
promoterdriven Cre

plasma LPL activity

Ad-Apoab or hApoa5- | Adenoviral- mediated Increased postheparin | Accelerated clearance of VLDL- [49, 126, 127]
Tg Apo-AV overexpression; plasma LPL activity triglycerides; Reduced plasma
Transgenic mice with triglyceride levels
overexpression of human
Apo-AV
Apocl - Global knockout of apo-Cl not tested Reduced plasma triglycerides levels; [53]
accelerated clearance of dietary lipids
from the blood; increased fatty acids
uptake by white adipose tissue; reduced
hepatic production of VLDL
Apocj"/‘ Global knockout of apo- not tested Marked reduction in VLDL cholesterol [52]

Cll

and triglycerides; Accelerated clearance
of triglyceride-labeled emulsion particles

Abbreviation: Ad, adenoviral; HFD: high-fat diet;
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