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Abstract

Lipids play a critical role in energy metabolism, and a suite of proteins is required to deliver lipids 

to tissues. Several of these proteins require an intricate endoplasmic reticulum (ER) quality control 

(QC) system and unique secondary chaperones for folding. Key examples include apolipoprotein 

B (apoB), which is the primary scaffold for many lipoproteins, dimeric lipases, which hydrolyze 

triglycerides from circulating lipoproteins, and the low-density lipoprotein receptor (LDLR), 

which clears cholesterol-rich lipoproteins from the circulation. ApoB requires specialized proteins 

for lipidation, dimeric lipases lipoprotein lipase (LPL) and hepatic lipase (HL) require a 

transmembrane maturation factor for secretion, and the LDLR requires several specialized, 

domain-specific chaperones. Deleterious mutations in these proteins or their chaperones may 

result in dyslipidemias, which are detrimental to human health. Here, we review the ER quality 

control systems that ensure secretion of apoB, LPL, HL, and LDLR with a focus on the 

specialized chaperones required by each protein.

Ensuring the correct levels of lipids in the circulation is essential for supplying energy to 

tissues while preventing lipid overload (Ramasamy 2016). In order to reach tissues requiring 

triglycerides, lipids must overcome the challenge of being insoluble in the blood. 

Specialized proteins with unique structural characteristics are required to package, transport, 

and deliver lipids in the harsh extracellular environment.

Lipids are packaged and circulated through the blood in the form of lipoproteins. These 

protein-lipid assemblies have a hydrophobic core and a hydrophilic surface decorated with 

surface apolipoproteins, loss of which can result in dyslipidemias (Patni et al., 2000). For 

example, very low-density lipoproteins (VLDL), intermediate density lipoproteins (IDL), 

low density lipoproteins (LDL), and chylomicrons are defined by the hydrophobic 

scaffolding protein apolipoprotein B (apoB). VLDL, which are synthesized in the liver and 

transport endogenous fat, use apoB-100, the full-length version of apoB. However, 

chylomicrons, which are synthesized in the intestine and transport dietary fat, use apoB-48, 

the truncated form of apoB (Kane et al. 1980; Glickman et al. 1986).
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Once lipoproteins are transported to the circulation, specialized lipases aid in the release of 

their component lipids. The secreted dimeric lipases lipoprotein lipase (LPL) and hepatic 

lipase (HL) hydrolyze triglycerides (TGs) from lipoproteins and provide free fatty acids to 

tissues. LPL is secreted from the parenchyma of adipose and muscle into the capillary lumen 

and acts on VLDL and chylomicrons (Figure 1). HL is secreted from hepatic cells and acts 

on remnant lipoproteins and cholesterol-rich high-density lipoproteins (HDL; Musliner et al. 

1979; Marques-Vidal et al. 1991). LPL deficiency results in elevated serum triglyceride 

levels, which is a risk factor for acute pancreatitis (Simha and Garg 2009). Several 

pathogenic lipase variants have been characterized as causing lipase misfolding or mis-

trafficking (Fisher et al. 1997).

The low-density lipoprotein receptor (LDLR) is a cell surface receptor that binds to 

apoB-100 and other apolipoproteins to mediate endocytosis of cholesterol-rich LDL 

particles and clear them from circulation (Figure 1; Brown and Goldstein 1976). Uptake of 

LDL by LDLR provides cells with cholesterol to be used, stored, or excreted from the body. 

Loss of function variants in the LDLR gene cause familial hypercholesterolemia (FH), 

which is characterized by the inability to clear LDL from the plasma. About half of 

pathogenic LDLR variants are unable to exit the ER (Hobbs et al. 1992).

Secreting functional apoB, LPL, HL, and LDLR is critical for lipid metabolism and the 

prevention of dyslipidemias. Proper secretion requires folding and post-translational 

processing in the ER. The ER QC system acts a proofreader and gatekeeper for proteins 

exiting the ER. The QC system aids in folding of secreted and membrane proteins and 

facilitates the degradation of terminally misfolded proteins. The ER contains a unique ion, 

redox, and chaperone environment that permits several co-translational and post-

translational modifications to ensure proper protein folding. These modifications include 

disulfide bond formation, signal peptide cleavage, N-linked glycosylation, and 

glycophosphatidylinositol -anchor addition (Ellgaard and Helenius 2003). Terminally 

misfolded proteins are degraded by proteasomal or autophagic processes. The ER QC 

system operates at both a general and protein-specific level termed primary and secondary 

quality control, respectively (Ellgaard et al. 1999).

ApoB, LPL, HL, and LDLR have unique structural characteristics that warrant the assistance 

of a network of specialized secondary quality control chaperones. Here, we review the 

network of quality control proteins required for the packaging, transport, and delivery of 

lipids.

Quality Control of Apolipoprotein B

ApoB is the main scaffolding protein for the lipoproteins VLDL and chylomicrons (Kane et 

al. 1980). Mutations in apoB or the chaperones required for apoB lipidation can result in 

failure of apoB-containing lipoproteins to exit the ER (Wetterau et al. 1992; Burnett et al. 

2003; Burnett et al. 2007). This causes the dyslipidemias, familial hypobetalipoproteinemia 

and abetalipoproteinemia (Ramasamy 2016). Familial hypobetalipoproteinemia, which can 

be caused by mutations in apoB, is inherited in an autosomal codominant pattern and is 

defined by <5th percentile of plasma LDL cholesterol or total apoB levels (Heiss et al. 1980; 
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Schonfeld 2003). Clinical manifestations include a fatty liver and difficulty absorbing fats 

and fat-soluble vitamins. Abetalipoproteinemia, which is caused by pathogenic variants in 

an apoB-specific chaperone, is a rare inherited disorder characterized by the absence of 

apoB-containing lipoproteins in the plasma (Wetterau et al. 1992; Ramasamy 2016). 

Symptoms include failure to thrive, deficiencies in fat-soluble vitamins, disturbances in 

muscle coordination, and retinitis pigmentosa (Ramasamy 2016).

ApoB is a large, monomeric protein composed of five domains with alternating α-helical 

and β-sheet regions (Segrest et al. 2001). The first 1000 amino acids, referred to as the βα1 

domain, consist of β-barrel, α-helical, and C-sheet subdomains and is particularly important 

for lipid recruitment (Jiang et al. 2006). ApoB is disulfide-rich, and processing of these 

disulfide bonds is critical for secretion (Shelness and Thornburg 1996; Huang and Shelness 

1997; Tran et al. 1998). ApoB-100 contains eight disulfide bonds, seven of which are 

clustered into the βα1 domain (Figure 2; Yang et al. 1990). ApoB also contains 16 N-linked 

glycans which are required for secretion (Schumaker et al. 1994). We will describe several 

ER chaperones involved in lipidation, disulfide bond formation, and glycan-dependent 

folding of apoB such as microsomal triglyceride transfer protein (MTP), protein disulfide 

isomerase (PDI), and calnexin (Cnx)/calreticulin (Crt). Several proteins regulate ER 

degradation in the event of apoB misfolding or failure to undergo lipidation.

Lipidation is carried out by MTP

MTP is a chaperone unique to apoB and has been described as the master regulator for apoB 

lipoprotein secretion (Sirwi and Hussain 2018). MTP was first discovered in liver 

microsomes and described as a cholesteryl ester and triglyceride transferring protein 

(Wetterau and Zilversmit 1984). MTP was later characterized as a heterodimer consisting of 

MTP (M subunit) and PDI (P subunit; Wetterau and Zilversmit 1985). The addition of MTP 

is sufficient to reconstitute assembly and secretion of apoB containing lipoproteins in non-

hepatic and non-intestinal cells (Gordon et al. 1994). Furthermore, an inhibitor of MTP-

mediated lipid transport prevented apoB secretion in a concentration dependent manner 

(Jamil et al. 1996). MTP is thought to co-translationally lipidate apoB, as well as provide 

triglycerides in the ER lumen for use in lipoprotein assembly (Kulinski et al. 2002). MTP 

interacts with the N-terminus of apoB. These interactions are reduced as apoB increases in 

length and becomes more lipidated, suggesting that protein-protein interactions between 

MTP and apoB may aid in the lipidation of apoB (Hussain et al. 1997).

Loss of function mutations in MTP are a significant source of inherited 

abetalipoproteinemia. More than 30 MTP variants resulting in abetalipoproteinemia have 

been characterized (Sani et al. 2011; Barakizou et al. 2016; Ramasamy 2016). Tissue 

samples from patients with abetalipoproteinemia had decreased triglyceride transfer activity 

(Wetterau et al. 1992). PDI, the smaller subunit of the MTP complex, is necessary to prevent 

aggregation and maintain catalytic activity of the lipid transferring M subunit (Wetterau et 

al. 1991). Several pathogenic variants of the M subunit prevent its interaction with the P 

subunit, making levels of MTP unstable and resulting in abetalipoproteinemia (Rehberg et 

al. 1996; Walsh et al. 2016).
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In addition to MTP, other lipid transfer proteins may aid in generating apoB-containing 

lipoproteins. ApoB interacts with cell death-inducing DFF45-like effector B (CIDEB). 

CIDEB is a membrane protein associating with lipid droplets in the cytoplasm, smooth ER, 

and Golgi. In the absence of CIDEB, the triglyceride content of apoB-containing 

lipoproteins decreases. CIDEB is important for both maturation of VLDL and chylomicrons 

and may interact with both apoB-100 and apoB-48 (Ye et al. 2009; Zhang et al. 2014; Sirwi 

and Hussain 2018).

Disulfide bond formation is carried out by PDI

ApoB is disulfide-rich, and processing of these disulfide bonds is critical for secretion. 

ApoB-100 contains eight disulfide bonds, seven of which are clustered into the first 21 

percent of the N-terminus (Yang et al. 1990). DTT treatment during the first 20–25 percent 

of synthesis resulted in ER retention and intracellular turnover of apoB (Shelness and 

Thornburg 1996). ApoB is sensitive to DTT regardless of lipidation state as shown by 

studies using both lipid rich and lipid poor forms of apoB (Burch and Herscovitz 2000). This 

is likely due to the importance of disulfide bond formation for apoB secretion which was 

demonstrated by studies testing cysteine to serine or alanine mutations (Huang and Shelness 

1997; Tran et al. 1998). Disulfide bonds between Cys78 and Cys97 as well as Cys245 and 

Cys261 appear to be essential in apoB secretion and assembly (Huang and Shelness 1997).

In addition to its chaperone function, the oxidoreductase function of PDI may also be 

essential for the processing of apoB disulfide bonds. PDI catalyzes the formation of disulfide 

bonds co-translationally (Carmichael et al. 1977; Bulleid and Freedman 1988). Early studies 

suggest that the isomerase function of free PDI in the ER was important for apoB secretion 

(Wang et al. 1997). More recently, knockdown of PDI delayed disulfide bond formation of 

apoB100. Decreased oxidative folding, which was independent of MTP activity, decreased 

apoB100 lipidation (Wang et al. 2015). Therefore, formation of disulfide bonds, with the 

help of PDI, is a requirement for proper apoB lipidation and secretion of apoB-containing 

lipoproteins.

Glycan processing is essential for secretion

Glycosylation has an essential role in assembly and secretion of apoB, which contains 16 N-

linked glycans (Schumaker et al. 1994). Mutagenesis of several of these glycosylated 

residues impairs secretion and lipoprotein association (Vukmirica et al. 2002). Furthermore, 

treatment with tunicamycin, which inhibits N-linked glycosylation by preventing peptide 

oligosaccharide addition, increased degradation of apoB-100. Chaperones that recognize the 

N-linked glycans of apoB, including Cnx, Crt, and the oxidoreductase ERp57, play an 

important role in folding and detection of misfolding (Tatu and Helenius 1999; Michalak et 

al. 2009). When Cnx was inhibited, the amount of apoB undergoing proteasomal 

degradation increased (Chen et al. 1998).

Export of apoB-containing lipoproteins from the ER

Once nascent lipoproteins are synthesized, they must exit the ER in order to be transported 

into the circulation. Pre-chylomicrons and pre-VLDL are too bulky to fit into conventional 

COPII-coated vesicles, which are involved in transporting cargo out of the ER (Ruf and 
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Gould 1998). It was recently discovered that apoB-containing lipoproteins require TANGO1 

and TANGO1-like protein (TALI) for ER export. It is hypothesized that TANGO1 and TALI 

interact with apoB and aid in bringing the bulky lipid cargo to ER exit sites. Binding of 

TANGO1 and TALI on the cytoplasmic side of Sec23/24, the COPII inner coat, prevents 

assembly of Sec13/31, the COPII outer coat, to allow continuous fusion of ER-Golgi 

intermediate compartment membranes and transport of these bulky cargos (Santos et al. 

2016). Because TANGO1 is essential for both apoB-containing lipoproteins and collagen, 

two structurally distinct cargos, it has been proposed that an unidentified protein or 

chaperone may aid TANGO1 in recognizing different cargos (Saito et al. 2009; Santos et al. 

2016). A recent genome-wide association study (GWAS) has implicated TANGO1 in the 

development of atherosclerosis, underscoring the importance of protein trafficking in these 

metabolic diseases (Luo et al. 2017)

Degradation by ER-associated degradation or autophagy systems

In the absence of necessary chaperones, apoB can be degraded through a ubiquitin-

proteasome pathway. This pathway was first characterized when inhibiting the proteasome 

increased intracellular levels of ubiquitinated apoB (Yeung et al. 1996). Degradation by ER-

associated degradation (ERAD) is primarily due to a lack of apoB lipidation, which is a 

unique to apoB compared to other ERAD substrates. If the ER lacks sufficient lipids to 

lipidate apoB or if MTP is not functional, translocation of apoB is arrested and BiP increases 

its association with apoB in the ER lumen (Rutledge et al. 2009). Ubiquitination is carried 

out by ubiquitin ligase Gp78 and potentially Hrd1 (Liang et al. 2003). Retrotranslocation is 

likely carried out by retrotranslocation mediator Derlin-1 with help from Hrd1 and is 

extracted from the membrane by AAA-ATPase 97 complex (Chen et al. 1998; Ye et al. 

2004; Rutledge et al. 2009). An autophagy-based post-ER pathway has also been implicated 

in apoB degradation (Fisher et al. 2001; Pan et al. 2008).

Quality Control of Lipoprotein Lipase and Hepatic Lipase

The secreted dimeric lipases LPL and HL are essential for the hydrolysis and clearance of 

TGs in the blood. LPL is responsible for the hydrolysis of TGs in VLDL and chylomicrons, 

whereas HL hydrolyzes TGs within HDLs (Musliner et al. 1979; Marques-Vidal et al. 1991). 

Insufficient dimeric lipase levels or activity can result in elevated circulating triglycerides, 

termed hypertriglyceridemia. Uncontrolled hypertriglyceridemia can contribute to the 

development of pancreatitis, xanthoma, and ischemic heart disease (Wittrup et al. 1999; 

Simha and Garg 2009). Specifically, loss of LPL results in elevated VLDL and chylomicron 

levels, whereas loss of HL leads to elevated levels of circulating HDL (Andersen et al. 

2003). Over 100 loss of function mutations have been identified in LPL-deficient patients 

(Rodrigues et al. 2016). Loss of function mutations can result in misfolding, mis-trafficking, 

or enzymatic inactivation of LPL or HL.

LPL and HL are each composed of a N-terminal domain including an active site, which is 

covered by a peptide lid, as well as a C-terminal domain that includes a heparin and 

receptor-binding domain (Wong and Schotz 2002; Griffon et al. 2009). LPL and HL both 

have five intermolecular disulfides and include two or four N-linked glycans, respectively 
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(Figure 3; Murthy et al. 1996; Miller et al. 2004). In vitro, the LPL C-terminal domain folds 

quickly, whereas the N-terminal domain folds slowly and tends to form inactive aggregates 

(Zhang et al. 2005). In vivo, LPL and HL folding is also challenging and both LPL and HL 

form aggregates in the cell (Ben-Zeev and Doolittle 2004). LPL and HL require lipase 

maturation factor 1 (LMF1), which prevents aggregated LPL in the ER (Péterfy et al. 2007; 

Wong and Schotz 2002; Roberts et al. 2018). Here, we will outline both primary and 

secondary chaperones that glycosylate, fold, and degrade LPL and HL.

Glycan processing promotes interactions with Cnx/Crt

Glycosylation is essential for the maturation and secretion of LPL and HL. Glycosylation 

enables LPL and HL to interact with the lectin chaperones Cnx and Crt (Zhang et al. 2003). 

During folding in the ER, glucosidases trim glycans on LPL and HL, limiting their 

interactions with Cnx and Crt (Ben-Zeev et al. 1992; Doolittle et al. 2009) If lectin-

dependent folding is incomplete, HL and LPL can be re-glycosylated by the UDP-

glucose:glycoprotein glucosyltransferases (UGGTs) I and II (Trombetta et al. 1989; 

Doolittle et al. 2009; Roberts et al. 2018). Once folded, LPL and HL exit this cycle of 

glycosylation and folding in the ER and move to the Golgi. In the Golgi, mannosidases trim 

immature glycans on LPL and HL (Simsolo et al. 1992). Inhibitors of Golgi glycosidases 

have been used to block LPL secretion, while leaving LPL activity unchanged, indicating 

that glycan trimming is essential for the secretion of LPL and HL but not their enzymatic 

activities (Ben-Zeev et al. 1992). Several functional studies have shown the importance of 

glycosylation. For example, loss of glycosylation at Asn43 abolishes LPL secretion and 

activity (Buscá et al. 1995) and the addition of a third N-linked glycan increases LPL 

retention in the ER (Wu et al. 2018)

Disulfide processing requires PDIs and LMF1

LPL and HL each contain five sequential, intramolecular disulfide bonds (Arora et al. 2019). 

Misfolded LPL tends to form disulfide-linked aggregates in cells (Roberts et al. 2018). PDI 

family proteins interact with LPL and HL in the ER to promote native disulfide bond 

formation. HL interacts with the PDI ERp57, which specifically aids in glycoprotein 

disulfide maturation, as well as the isomerase PDIA1 (Doolittle et al. 2009). LPL maturation 

is highly dependent on the oxidoreductases ERp44, ERp72, and ERdj5, and knockdown of 

any of these PDIs greatly reduces LPL secretion (Roberts et al. 2018). However, these 

chaperones together are not sufficient for dimeric lipase maturation, since lipase maturation 

factor 1 (LMF1) plays an essential role in lipase maturation.

LMF1 was identified in 1983 when mice with the combined lipase deficiency (cld) mutation 

displayed reduced levels of circulating LPL and HL and significantly elevated plasma 

triglycerides (Paterniti et al. 1983). The mutation in cld animals was later mapped to LMF1, 

an ER resident protein with five transmembrane domains (Péterfy et al. 2007;). LMF1 is 

essential for the maturation of LPL and HL but not de novo lipase synthesis (Olivecrona et 

al. 1985). The cld mutation introduces a premature stop in the C-terminal region of 

LMF1.However, clinical mutations in earlier regions of LMF1 also abolish LPL activity and 

isolated C-terminal LMF1 is not sufficient for LPL maturation (Babilonia-Rosa and Neher 

2014; Serveaux Dancer et al. 2018). A recent investigation has uncovered a role for LMF1 in 
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maintaining ER redox homeostasis. Deletion of LMF1 exacerbates disulfide-dependent LPL 

aggregation in cells and contributes to a more oxidized ER (Roberts et al. 2018). LMF1 

interacts with the LPL partners Cnx and Crt, UGGTs I and II, and several oxidoreductases, 

as well as components of the ERAD machinery such as Sel1L (Sha et al. 2014; Roberts et al. 

2018).

Lysosomal and proteasomal forms of degradation act on dimeric lipases

LPL is degraded by autophagy (Vannier et al. 1989). Misfolded LPL, like the clinical loss of 

function variant Gly142Glu, is concentrated in the lysosomes to prepare for degradation 

(Buscá et al. 1996). Unlike LPL, HL is delivered to the proteasome for degradation. HL 

interacts with components of the ubiquitin-proteasome system including the E3 ubiquitin 

ligases RNF123 and chaperone BiP. The proteasome inhibitor MG132 reduces HL 

degradation (Doolittle et al. 2009). It is not yet known what factors contribute to the sorting 

of LPL and HL for degradation or why their degradation occurs by different pathways.

Quality Control of the Low-Density Lipoprotein Receptor Family

LDLR is the founding member of a family of receptors that bind to and mediate the 

endocytic uptake of many ligands, including lipoproteins. Other family members include 

VLDLR, ApoER2, LRP1, LRP1b, LRP4, and Megalin (Dieckmann et al. 2010). The LDLR 

mediates endocytosis of cholesterol-rich LDL particles in order to clear them from the 

circulation (Brown and Goldstein 1976). FH is a genetic disorder commonly associated with 

mutations in LDLR, PSK9, and apoB that can cause early cardiovascular disease due to 

elevated levels of LDL in the plasma. Over 1,700 variants in the LDLR gene have been 

identified in patients with a clinical diagnosis of FH, but not all of these variants have been 

functionally characterized (Chora et al. 2018). Well-characterized LDLR mutations are 

divided into five classes based on their functional defect (Hobbs et al. 1992). About 50% of 

the mutants fall into class II, which is defined as LDLR variants that fail to exit the ER 

(Hobbs et al. 1992). A study of several common class II mutants found that these proteins 

did not traffic to the Golgi at wild-type levels due to misfolding and degradation by the 

proteasome (Li et al. 2004).

LDLR is a large protein, with 860 residues before signal peptide removal, and is comprised 

of five structural domains including the LDL receptor ligand-binding type A (LDL-A) 

modules, epidermal growth factor (EGF) precursor homology region, the O-linked sugar 

domain, a transmembrane domain and a cytoplasmic region (Figure 4A; Jeon et al. 2001). 

The LDL-A modules require the assistance of a special chaperone, the LRP-receptor-

associated protein (RAP) for ER exit (Herz et al. 1991). The EGF precursor homology 

region is also the site of frequent class II FH mutations and requires a specialized chaperone, 

Mesd. The Mesd (mesoderm development) chaperone assists with the folding of a six-

bladed β-propeller domain that is contained within the EGF precursor homology region of 

LDLR family members (Culi et al. 2004). With respect to the O-linked sugar domain, 

glycosylation of this domain appears to have more of a role in stability once at the cell 

surface than initial folding (Kozarsky et al. 1988; Iijima et al. 1998). However, the 

transmembrane region may be critical for LDLR processing in the ER, as some naturally 
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occurring mutations in this domain prevent proper insertion of the LDLR into the membrane 

(Strom et al. 2015). Finally, the cytoplasmic region of the LDLR plays a role in efficient 

LDLR exit from the ER, likely by mediating binding to COPII proteins at the ER exit site 

(Strom et al. 2011). Next, we discuss some of these unique features in detail, focusing on 

how they render the LDLR particularly dependent on the protein quality control machinery 

of the ER.

Disulfide bond processing is critical for secretion

The 30 mostly nonsequential disulfide bonds in LDLR pose major challenges to its folding. 

Most disulfide bonds are in the LDL-A modules and the EGF precursor homology region. 

Disulfide bond processing plays a key role in the proper folding of the seven contiguous 

LDL-A modules at the N-terminus of LDLR (Esser et al. 1988). Each of these LDL-A 

modules is about 40 amino acids long and contains six cysteine residues that form three 

nonsequential disulfide bonds, as well as a Ca2+ ion that is coordinated by acidic residues 

(Figure 4B; Fass et al. 1997). Disulfide bond formation and Ca2+ coordination are essential 

for LDL-A folding and are interdependent processes (Atkins et al. 1998; Koduri and 

Blacklow 2001). Many class II FH mutations are clustered in the LDL-A domains and can 

be explained by disruption of key disulfide bonds and residues that coordinate a Ca2+ ion in 

these domains (Hobbs et al. 1992; Fass et al. 1997). The EGF precursor homology domain 

has two EGF-like repeats followed by a β propeller domain, which is followed by a third 

EGF-like repeat (Rudenko et al. 2002). Each EGF-like repeat also has three disulfide bonds, 

two of which are nonsequential (Figure 4C). Two of the EGF-like repeats bind Ca2+, but 

Ca2+ is not essential for EGF-like repeat folding (Kurniawan et al. 2001).

In addition to the presence of consecutive disulfide-rich domains, processing of on-pathway 

but non-native disulfide bonds must occur (Jansens et al. 2002). These transient, non-native 

disulfides connect distant domains of LDLR in order to compact its structure and potentially 

prevent the formation of inopportune disulfide bonds with other ER clients. These initial 

disulfide bonds must be reduced so that final, native disulfides can form. ERdj5 is an ER-

resident and PDI family member that is best known for its ability to reduce disulfide bonds 

in terminally misfolded proteins prior to ER export (Ushioda et al. 2008). ERdj5 processes 

the non-native disulfide bonds in LDLR such that the correct disulfides can form (Oka et al. 

2013). Indeed, depletion of ERdj5 from cells disrupts formation of native disulfide bonds 

and reduces the secretion of folded LDLR from the ER (Oka et al. 2013). LDLR also 

requires LMF1, a transmembrane protein that contributes to maintenance of the ER redox 

environment, for correct folding and secretion to the cell surface (Roberts et al. 2018).

LDLR requires specialized chaperones RAP and Mesd

Whereas most proteins fold with the assistance of general chaperones, most LDLR family 

receptors also need two private chaperones, RAP and Mesd, for efficient folding, maturation, 

and transit to the cell surface. RAP is a specialized chaperone that serves to help escort its 

clients from the ER into the Golgi and to temporary block clients from interacting with their 

ligands (Herz et al. 1991; Bu et al. 1995). RAP can also promote the folding of LDLR class 

II mutants that do not efficiently exit the ER (Li et al. 2002). RAP binds to a pair of LDL-A 

modules in the ER using metal-dependent electrostatic interactions (Fisher et al. 2006). 
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When the RAP-receptor complex reaches the slightly acidic environment of the Golgi, a 

conformational change occurs. Several solvent-exposed histidine residues become 

protonated (a “histidine switch”), resulting in release of the LDL-A modules (Lee et al. 

2006).

A chaperone named Mesd also plays a role in trafficking of LDLR family members. Mesd is 

known as Boca in drosophila, where it is important for trafficking of the LDLR family 

members Arrow and Yolkless (Culi and Mann 2003). Loss of Mesd is early embryonic 

lethal, making it difficult to study the full impact of its deletion (Wefer et al. 2003). 

However, in drosophila S2 cells lacking Boca, human LDLR is mis-trafficked (Culi and 

Mann 2003). Structural studies and deletion analysis show that Mesd specifically promotes 

folding and trafficking of the β propeller domain found in the EGF precursor homology 

region (Culi et al. 2004; Koduri and Blacklow 2007).

Misfolded LDLR undergoes proteasomal degradation

Class II mutants of LDLR do not properly fold in the ER and, as a result, do not reach the 

cell surface. This mutant, misfolded LDLR associates with the ER-resident chaperones 

Grp78, Grp94, ERp72, and calnexin (Jørgensen et al. 2000; Sørensen et al. 2005). 

Expression of class II mutants in cultured cells also activates the unfolded protein response 

(Sørensen et al. 2005). Misfolded LDLR is subsequently degraded via the proteasome. An 

analysis of several representative class II LDLR mutants showed that these variants were 

stabilized by proteasomal inhibitors (Li et al. 2004). However, inhibitors of lysosome 

acidification did not stabilize the mutants (Li et al. 2004).

Conclusion

Distributing lipids throughout the body requires an assortment of secreted macromolecules 

including lipoproteins, lipases, and receptors. These macromolecules are particularly 

dependent on both common and specialized ER quality control pathways for maturation in 

and secretion from their cells of origin (Figure 5). The reasons for their extraordinary need 

for ER quality control is unique to each component—the difficulty of assembling 

amphipathic molecules such as lipoproteins, for example, or the challenges of synthesizing 

receptors in cells that also produce their ligands. Regardless, the end result is that synthesis 

and trafficking of each component becomes a chain with many links that, if any is broken, 

can cause dyslipidemia.

We undoubtedly still have more to learn about the molecular mechanisms and players that 

ensure quality control of proteins involved in lipoprotein metabolism. For example, how 

does LMF1 affect redox homeostasis in the ER, and how many clients does it have? Why are 

LPL and HL so susceptible to misfolding? These and other questions can only be answered 

through multidisciplinary efforts. GWAS studies coupled with network analysis for 

dyslipidemic phenotypes can aid in uncovering new causal genes and lead to a better 

understanding of important proteins involved in these molecular pathways (Leiserson et al. 

2013). Subsequent biochemical characterization of pathogenic variants involved in rare 

dyslipidemias may aid in further understanding mechanisms of ER quality control of 

proteins important for lipid metabolism (MacArthur et al. 2014).
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NMR and crystal structures of LPL, LDLR, RAP, MTP and Mesd, have provided a wealth of 

information that sheds light on how these proteins function (Fass et al. 1997; Rudenko et al. 

2002; Fisher et al. 2006; Köhler et al. 2011; Arora et al. 2019, Biterova et al., 2019). 

However, there are currently no published, high resolution structures of LMF1, HL, or apoB. 

Recent advances in cryo-electron microscopy have enabled the elucidation of structures for 

many previously intractable macromolecules (Lyumkis 2019). This technique may be useful 

for macromolecules involved in lipoprotein metabolism that have not yet been structurally 

characterized, due to their size, complexity, or heterogeneous nature. New genetic and 

structural information will further enhance our understanding of the molecular basis for 

dyslipidemias. Furthermore, efforts to develop drugs to improve ER proteostasis may 

provide a therapeutic avenue for rectifying the protein misfolding that causes some cases of 

dyslipidemias (Gonzalez-Teuber et al., 2019).

Abbreviations used in this article

apoB Apolipoprotein B

ApoER2 Apolipoprotein E receptor 2

Bip Binding immunoglobulin protein

CIDEB Cell death-inducing DFF45-like effector B

Cnx Calnexin

COP Coatomer protein

Crt Calreticulin

EGF Epidermal growth factor

ER Endoplasmic reticulum

ERAD ER-associated degradation

ERp44 Endoplasmic reticulum resident protein 44

ERp57 Endoplasmic reticulum resident protein 57

ERp72 Endoplasmic reticulum resident protein 72

FFA Free fatty acid

FH Familial hypercholesterolemia

GWAS Genome wide association study

HL Hepatic lipase

IDL Intermediate-density lipoprotein

LDLR Low-density lipoprotein receptor
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LMF1 Lipase maturation factor 1

LPL Lipoprotein lipase

LRP1 LDL Receptor Related Protein 1

LRP1b LDL Receptor Related Protein 1b

LRP4 LDL Receptor Related Protein 4

Mesd Mesoderm development protein

MTP Microsomal triglyceride transfer protein

PDI Protein disulfide isomerase

QC Quality control

RAP Receptor-associated protein

TALI TANGO1-like

TANGO1 Transport and Golgi organization protein 1

UGGT UDP-glucose:glycoprotein glucosyltransferase

VLDL Very low-density lipoprotein

VLDLR Very low-density lipoprotein receptor
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Highlights

• Lipids are an important macronutrient, and appropriate distribution of lipids 

to tissues in the body is necessary for health.

• Many of the lipoproteins, lipases and cell surface receptors involved in lipid 

metabolism have an extraordinary dependence on the ER folding and quality 

control machinery.

• Some of the key players in lipoprotein metabolism require specialized 

chaperones, in addition to general chaperones, to fold and exit the ER.

• Inherited mutations in several of these key players affect protein folding, 

impair normal lipoprotein metabolism, and link protein quality control with 

dyslipidemia.
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Figure 1: Physiological overview of triglyceride metabolism.
The major scaffolding protein apoB is a defining component of lipoprotein particles released 

from the intestines and liver. Chylomicrons are lipoproteins that are synthesized from the 

intestine and transport dietary lipids. VLDL are synthesized from the liver and transports 

endogenous lipids. Both VLDL and chylomicrons contain apoB, and TGs from these 

lipoproteins are hydrolyzed in the circulation by LPL. HL hydrolyzes TGs from IDL. 

Remnant lipoproteins are taken up by LDLR.
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Figure 2: ApoB-100 domain map.
ApoB has a pentapartite structure consisting of alternating α-helical and β-strand domains. 

MTP interactions are localized to the βα1 domain, and LDLR binding sites are localized to 

the β2 domain. Disulfide linkages with residue numbers are indicated.
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Figure 3: Structural features of LPL.
LPL was crystalized in complex with its partner protein GPIHBP1, and a monomer is shown 

(PDBID: 6OB0; Arora et al. 2019). Ten cysteines that are paired in disulfide bonds are 

shown in red. Immature N-linked glycans at Asn43 and Asn386 are shown in blue. The 

Ca2+ ion is shown in green.
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Figure 4: Structural features of the LDLR.
A. Structural motifs of LDLR include the LDL-A ligand binding domain, EGF precursor 

homology domain, O-linked sugar domain, TM region, and the cytoplasmic domain. B. 

Structure of human LDL-A module 5 (PDBID: 1AJJ; Fass et al. 1997). shows the three 

nonsequential disulfide bonds. Cysteines paired in disulfide bonds are colored alike and are 

numbered sequentially from the N-terminal end of the motif. The Ca2+ ion is shown in 

green. C. The structure of an LDLR EGF-precursor homology domain is shown (PDBID: 

1N7D; Rudenko et al. 2002). Cysteines paired in disulfide bonds are colored alike and 
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numbered sequentially from the N-terminal end of the motif. The Ca2+ ion is shown in 

green.
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Figure 5: Quality control of LPL/HL, apoB, and LDLR in the ER.
Generalized and highly-specific chaperones are involved in oxidative folding, glycan 

processing, and quality control in the ER. The PDIs ERdJ5, ERp44, ERp57, ERp72, and 

PDI are abundant in the ER and facilitate the oxidative folding of LPL, HL, apoB, and 

LDLR. During oxidative folding, UGGTs glycosylate these folding proteins to promote their 

interactions with Crt, Cnx, and/or ERp57. In addition to these generalized chaperones, 

LPL/HL, apoB, and LDLR require unique chaperones to exit the ER. LMF1 is essential for 

the secretion of mature dimers of LPL and HL. ApoB is co-translationally lipidated and 

folded by MTP before leaving the ER with the help of TANGO. LDLR interacts with Mesd 

during folding before being chaperoned from the ER with the help of RAP. In the event of 

misfolding, Ubiquitin ligases and chaperones like BiP promote aggregate removal and 

eventual degradation by ERAD or autophagy.
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Table 1:
The Clinical Effects of loss-of-function in Lipoprotein-Binding Proteins Examined in this 
Review and their Translational Models

A variety of lipoprotein-associated disorders arise from mutations in lipoprotein binding proteins or their 

chaperones. Clinical loss-of-function mutations in the genes coding for ApoB, LDLR, LPL, HL, and RAP lead 

to changes in plasma lipoprotein levels and lipid transport. Similarly, loss-of-function mutations in their 

specialized chaperones (RAP, LMF1, MTP) lead to similar lipid disorders. Transgenic loss-of-function mouse 

models have been generated for most of these genes and underscore the importance of these genes in lipid 

homeostasis.

Causative 
Gene Associated Disorder Mouse model Clinical Manifestation References

ApoB Familial 
hypobetalipoproteinemia

Embryonic lethality in 
knockout animals, reduced 
plasma triglycerides in 
heterozygous mutants

Reduced plasma total cholesterol, 
LDL cholesterol, and ApoB 
levels, hepatic steatosis, fat-
soluble vitamin deficiency.

Schonfeld et al. 2003; 
Chen et al. 2002; 
Farese et al. 1995

LDLR Familial 
hypercholesterolemia

Elevated plasma LDL 
cholesterol in knockout 
animals

Elevated plasma LDL cholesterol, 
increased risk of ischemic heart 
disease

Hobbs et al. 1992; 
Usifo et al. 2012; 
Marks et al. 2003

LPL Familial LPL deficiency Severe hypertriglyceridemia, 
neonatal death

Severe hypertriglyceridemia 
(chylomicronemia) eruptive 
xanthomas, increased risk of 
pancreatitis.

Wittrup et al. 1999; 
Rodrigues et al. 2016; 
Weinstock et al. 1995

HL Hepatic Lipase Deficiency
Mild increase in total 
cholesterol, increased HDL 
cholesterol.

Elevated plasma HDL, no change 
in plasma triglycerides, increased 
risk of ischemic heart disease.

Homanics et al., 1995. 
Andersen et al. 2003

RAP Myopia Whole-animal knockout causes 
elevated plasma LDL and TGs

Severe myopia and retinal 
degeneration.

Aldahmesh et al. 2013; 
Willnow et al. 1995

LMF1 Combined Lipase 
Deficiency

Embryonic lethality in 
homozygous knockout animals

Reduced post-heparin LPL 
activity, severe 
hypertriglyceridemia, increased 
risk of pancreatitis.

Serveaux Dancer et al. 
2018; Peterfy et al. 
2007; Ehrhardt et al. 
2014

MTP Abetalipoproteinemia

Whole-animal homozygous 
knockout is embryonic lethal, 
heterozygous animals display 
reduced plasma lipoproteins

Fat malabsorption, hepatomegaly, 
hypocholesterolemia, low plasma 
apoB, low plasma triglycerides, 
fat-soluble vitamin deficiency.

Wetterau et al. 1992; 
Ramasamy 2016
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