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Abstract

The endoplasmic reticulum is the port of entry for proteins into the secre-
tory pathway and the site of synthesis for several important lipids, including
cholesterol, triacylglycerol, and phospholipids. Protein production within
the endoplasmic reticulum is tightly regulated by a cohort of resident ma-
chinery that coordinates the folding, modification, and deployment of se-
creted and integral membrane proteins. Proteins failing to attain their native
conformation are degraded through the endoplasmic reticulum–associated
degradation (ERAD) pathway via a series of tightly coupled steps: substrate
recognition, dislocation, and ubiquitin-dependent proteasomal destruction.
The same ERAD machinery also controls the flux through various metabolic
pathways by coupling the turnover of metabolic enzymes to the levels of
key metabolites. We review the current understanding and biological sig-
nificance of ERAD-mediated regulation of lipid metabolism in mammalian
cells.
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INTRODUCTION

The endoplasmic reticulum (ER) is a dynamic, membrane-bound organelle that is contiguous
with the nuclear envelope and that extends throughout the cytoplasm as a netlike array of con-
nected sacs and branching tubules. The ER hosts metabolic pathways that synthesize a variety
of lipids, including cholesterol, phospholipids, and neutral lipids [e.g., steryl esters and triacyl-
glycerol (TAG)] (93). Lipids synthesized in the ER are distributed throughout the cell to their
respective target membranes via both vesicular and nonvesicular mechanisms (93). The extensive
reticular structure of the ER enables the formation of membrane contact sites between the ER and
a myriad of organelles (e.g., mitochondria, plasma membrane, endosomes, and others), providing
sites for the rapid interorganelle transfer of lipids and signaling molecules (29, 140). The ER also
mediates the biogenesis of lipid droplets (LDs), which are organelles that specialize in the storage
and mobilization of neutral lipids for membrane biogenesis, energy production, and signaling
pathways (139, 189).

As a central hub of lipid metabolism, the ER must sense and respond to fluctuations in lipid levels
and the demand for lipids to maintain cellular homeostasis. Multiple mechanisms are employed
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to fine-tune the flux through metabolic pathways, including transcriptional programs that control
the expression of genes involved in lipid biosynthesis, allosteric regulators of enzyme activity,
and posttranslational modifications (e.g., phosphorylation) that regulate enzyme activity. Cells
also control the levels of lipid biosynthetic enzymes by targeting them for degradation by the
ubiquitin-proteasome system (UPS). In the ER, this process is termed ER-associated degradation
(ERAD) (20, 132, 197). ERAD is a sophisticated, multistep process that recognizes, extracts, and
ubiquitinates ER proteins for clearance by the cytosolic 26S proteasome (20, 132, 197).

In this review we focus on our current understanding of the ERAD mechanism and the role of
ERAD in regulating lipid metabolism in mammalian cells.

THE ENDOPLASMIC RETICULUM: THE GATEWAY INTO THE
SECRETORY PATHWAY

The ER is a major protein-folding compartment that mediates the modification, structural matu-
ration, and targeted deployment of approximately one-third of the cellular proteome (Figure 1a)
(7, 156). Proteins processed within the lumen and membrane of the ER include secreted proteins,
as well as proteins that reside in the ER, plasma membrane, Golgi complex, LDs, peroxisomes, and
lysosomes. Through its role as the gateway into the secretory pathway, the ER broadly impacts
intracellular organelle function and cellular communication with the extracellular environment.

Secretory proteins, in most cases, contain N-terminal signal sequences or transmembrane
domains that are recognized by the ribosome-associated signal recognition particle (SRP) im-
mediately upon emergence from the ribosome exit tunnel (2, 156). The binding of SRP to the
signal sequence or transmembrane domain shields the hydrophobic stretch of amino acids from
the surrounding aqueous cytoplasm and pauses translation, reducing the overall risk of protein
aggregation (2, 156). Upon association with the ER-resident SRP receptor, the emerging protein-
ribosome complex is transferred to the Sec61 translocon and translation resumes (2, 156). The
α-subunit of the heterotrimeric Sec61 complex forms the translocation channel, folding into an
hourglass-shaped aqueous pore that constricts in the middle of the lipid bilayer (185, 188). Fol-
lowing termination of translation, the signal sequence is either laterally gated into the membrane
as a transmembrane domain or cleaved by signal peptidases (143). In some cases, proteins lack
an N-terminal signal sequence and instead contain a C-terminal transmembrane domain. These
tail-anchored proteins fold in the cytoplasm and employ a posttranslational insertion pathway
termed the guided entry of tail-anchored proteins (GET) pathway (27, 156), remaining mostly
cytosolic with a short C-terminal transmembrane tether.

Proteins translocated into the ER lumen fold into functional three-dimensional conformations
within the unique oxidative environment of the ER lumen (7, 176). Protein folding occurs both
cotranslationally and posttranslationally, and is assisted by an array of ER-resident chaperones,
oxidoreductases, and glycosylation enzymes (7, 176). The relatively slow rate of cotranslational
insertion, together with the rapid association of ER-resident chaperones, constrains the rate of
protein folding and promotes the native conformation by enabling local domain folding, thus
protecting the folding intermediates from aggregation and facilitating the establishment of long-
distance interdomain interactions (7, 176).

The majority of secretory proteins are modified by N-linked glycosylation (160). The
translocon-associated oligosaccharyltransferase (OST) complex mediates the en bloc trans-
fer of a preassembled oligosaccharide, composed of two N-acetylglucosamine (GlcNAc),
nine mannose (Man), and three glucose (Glc) residues (GlcNAc2Man9Glc3), from a dolichol
pyrophosphate-linked donor to the asparagine residue within a conserved glycosylation consen-
sus sequence (NXS/T, where X is any amino acid except proline) (160). This N-linked glycan
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increases the solubility of the protein and directly influences the available protein folding path-
ways (176). The two most terminal glucose residues are rapidly removed by the successive actions
of α-glucosidase I and α-glucosidase II, exposing a single glucose that supports association with
two important ER-resident lectin chaperones, calnexin (integral membrane) and calreticulin (solu-
ble) (176). The removal of the final glucose residue by α-glucosidase II prevents reassociation with
calnexin and calreticulin (176). UDP-glucose glycoprotein glucosyltransferase 1 (UGT1) partic-
ipates in an early quality control surveillance step by detecting any remaining unfolded regions,
reglucosylating the glycan, and permitting the protein to reassociate with calnexin and calreticulin
(176). This calnexin-calreticulin folding cycle continues until the protein is fully folded. Secretory
proteins that achieve their native conformation—correct three-dimensional structure, modifica-
tions, and oligomeric partners—are packaged into COPII (coat protein complex II) vesicles for
trafficking to the Golgi complex and downstream compartments (206).

ERAD MECHANISM

ERAD Participates in Protein Quality and Quantity Control

ERAD consists of a series of temporally and spatially coupled activities that mediate the recog-
nition, cytosolic dislocation (also known as retrotranslocation), and ubiquitin-dependent protea-
somal degradation of select proteins from the ER (Figure 1a,b) (132, 197). ERAD maintains the
quality of the secretory proteome by degrading proteins that fail to achieve their native confor-
mation due to mutations, errors in transcription or translation, or inefficient assembly into their
native oligomeric complexes (Figure 1a). ERAD must achieve a precise balance to preserve both
the overall quality and function of the secretory proteome. The failure to detect misfolded pro-
teins can have disastrous consequences, such as the intracellular or extracellular accumulation of
toxic aggregates that underlie many human diseases (49). For example, the ineffective triage of
misfolded transthyretin for ERAD permits the secretion of misfolded monomeric transthyretin
that forms extracellular amyloid deposits in peripheral tissues and causes progressive peripheral
sensorimotor neuropathy, autonomic neuropathy, cardiomyopathy, and nephropathy (149, 153).
However, an overly stringent ERAD system is also not advantageous. The �F508 mutant form
of the cystic fibrosis transmembrane conductance regulator (CFTR), the most common cause
of cystic fibrosis, is retained and degraded efficiently by ERAD despite partial functionality (42,
193). The failure of the protein to mature and traffic to the plasma membrane results in the se-
vere chloride transport defect that manifests as thickened mucus in the lungs, pancreas, and other
organs. The finding that the �F508 mutant CFTR is still partially functional provides hope that
pharmacological agents that selectively impair ERAD and promote the maturation of functional

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 1
Mechanisms of protein quality and quantity control in the endoplasmic reticulum (ER). (a) Protein folding and maturation in the ER.
Proteins inserted through the Sec61 translocon are subject to cotranslational and posttranslational folding. Proteins that have achieved
their native conformation are recognized and transported to their final cellular destination. Proteins failing to achieve their proper
conformation are triaged for ER-associated degradation (ERAD) (quality control). The levels of some properly folded proteins are also
controlled by regulated degradation by ERAD (quantity control). (b) ERAD mediates the delivery of proteins from the ER to the
cytosolic 26S proteasome through a series of coupled steps:� substrate recognition,� dislocation and ubiquitin conjugation, and
� targeting of the ubiquitinated proteins to the proteasome for� proteolysis. (c) The ERAD system comprises multiple pathways that
mediate the recognition and degradation of topologically diverse substrates. These pathways are commonly designated based upon the
location of the substrate degradation signal: luminal (ERAD-L), cytosolic (ERAD-C), membrane (ERAD-M), or translocon
(ERAD-T). (Yellow star indicates degradation signal; orange triangle indicates N-glycan.)
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mutant proteins could cure cystic fibrosis as well as other diseases associated with alterations in
protein maturation (102). Thus, depending on the disease, pharmacological agents that improve
or selectively impair substrate ERAD are required.

ERAD also has an important role in controlling the abundance of properly folded, functional
proteins (Figure 1a). These quantity control substrates include a wide variety of ER-resident
and secretory proteins, such as lipid biosynthetic enzymes [e.g., 3-hydroxy-3-methylglutaryl-
coenzyme A reductase (HMGCR)] (24), calcium transporters (e.g., inositol triphosphate
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receptors) (195), regulators of transcription pathways (e.g., IRE1α) (173), receptors involved in
ligand-induced signaling (e.g., epidermal growth factor receptor) (209), and plasma membrane
nutrient transporters (e.g., glutamine transporters) (68). Early studies of ERAD were dominated
by analyses of severely misfolded mutant proteins. The identification and analysis of endogenous
ERAD substrates will help to define the cellular roles of ERAD, the features of substrates detected
by different ERAD pathways, and the complex mechanisms that regulate ERAD.

The Architecture of the ERAD System: Multiple Topologically Organized
Routes to the Proteasome

ERAD substrates reflect the topological diversity of the secretory system clientele, and can be
completely (i.e., luminal substrates) or partially (i.e., integral membrane substrates) segregated
from the cytosolic UPS. Thus, ERAD must recognize conformational determinants presented in
three very different subcellular compartments: the ER lumen, the ER membrane, and the cytosol
(Figure 1c). ERAD pathways are commonly defined by the localization of the misfolded lesion
or degradation signal that is presented by the substrate protein: ERAD-L (luminal), ERAD-C
(cytosolic), ERAD-M (membrane), and ERAD-T (translocon-associated or preemptive degrada-
tion) (Figure 1c). Although these designations can be overly simplistic, they provide a generally
useful organizational principle for the ERAD system, intuitively implying that the distinct spatial
presentations of the substrate degradation signal require the engagement of different sets of ERAD
factors for recognition and processing. ERAD pathways are largely organized around membrane-
embedded complexes that physically and functionally scaffold luminal ERAD components, mem-
brane dislocation factors, and cytosolic ubiquitination and extraction machinery (Figure 1b,c) (14,
18, 132). This is best characterized in yeast where the ERAD pathways are mostly segregated be-
tween two membrane-embedded E3 ligase complexes, the Doa10p complex (ERAD-C, ERAD-M)
and the Hrd1p complex (ERAD-L, ERAD-M, and ERAD-T) (14, 144, 177). A new ERAD
pathway in yeast that utilizes the inner nuclear membrane-localized Asi E3 ligase complex has
recently been identified, and its substrates appear to include both soluble and membrane proteins
(38, 75). In mammalian cells, the number of ERAD components has been significantly expanded,
and the various ERAD pathways utilize overlapping sets of machinery that are combinatorially
engaged to degrade substrates displaying different features (18, 132). This modular architecture
likely enables the functional recruitment of substrate-specific adaptors and processing enzymes
to accommodate the more diverse substrates that transit the mammalian secretory pathway.

Quality Control: Generalizable Mechanisms of Substrate Triage

One of the greatest challenges for the ERAD system is discriminating and segregating misfolded
proteins from productive folding intermediates, folded proteins that are being trafficked out of the
ER, and stable ER-resident proteins. This challenge is exacerbated by the diversity of secretory
proteins, which exhibit differences not only in topology (Figure 1c) but also in modification (e.g.,
disulfide bonds and glycans), size, folding rate, and oligomeric state. In most cases, the mecha-
nism of ERAD substrate recognition is incompletely understood, but clearly, the varied substrate
clientele demands a system capable of recognizing general features of protein conformation. The
recognition of aberrantly exposed regions of substrates by chaperones provides one such mech-
anism. The exposure of hydrophobic regions in aqueous environments leads to recognition by
either luminal (e.g., BiP) (130) or cytosolic chaperones (e.g., Hsp70) (48, 106), which have dual
roles in protein folding and ERAD targeting. Similarly, the failure of integral membrane proteins
to properly fold, oligomerize, or both, may expose hydrophilic residues within the hydrophobic

516 Stevenson · Huang · Olzmann

A
nn

u.
 R

ev
. N

ut
r.

 2
01

6.
36

:5
11

-5
42

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
Sh

an
gh

ai
 I

nf
or

m
at

io
n 

C
en

te
r 

fo
r 

L
if

e 
Sc

ie
nc

es
 o

n 
09

/1
9/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



NU36CH19-Olzmann ARI 10 June 2016 12:47

interior of the ER lipid bilayer that can be directly recognized by membrane-embedded ERAD
components, such as the Hrd1 E3 ligase (146).

The majority of secretory proteins are glycosylated, and the transition from protein folding to
targeted degradation is strongly influenced by the structure of substrate-conjugated glycans, which
mediate binding to functionally distinct lectins (55, 176, 197). For example, GlcNAc2Man9Gluc1

enables binding to the calnexin-calreticulin chaperones and enhances protein folding (55, 176,
197). Although the removal of the final glucose by α-glucosidase II is important for release from the
calnexin-calreticulin folding cycle and for ER exit, it is not a prerequisite for subsequent mannose
trimming and targeting towards ERAD (175). Glycan trimming by ER mannosidase I (ERManI)
and the ER degradation-enhancing α-mannosidase-like protein (EDEM) family of mannosidases
generates the trimmed glycan structures that shunt proteins toward the ERAD pathway (176,
197). EDEM2, and potentially ERManI, mediates the first mannose-trimming event, converting
GlcNAc2Man9 to GlcNAc2Man8, through the removal of a single mannose residue from the B
chain (127, 197). EDEM1 and EDEM3 mediate further trimming that exposes an α1,6-linked
mannose residue on the C branch (127, 150, 197), committing the substrate to ERAD. EDEM1
binds to both nonnative substrate proteins and the luminal domain of the Hrd1 ERAD-L adaptor
SEL1L (23), providing a mechanism for substrate delivery to Hrd1 dislocation complexes. EDEM1
also associates with ERdj5, which has reductase activity for cleavage of substrate disulfide bonds
and a J domain that binds BiP (52, 182). Thus, EDEM1 complexes are capable of mediating
substrate recognition, processing, and delivery to the SEL1L-Hrd1 dislocation complex.

The ER contains two additional lectins that have been implicated in ERAD, OS-9 and XTP3-B.
OS-9 contains one mannose-6-phosphate receptor homology (MRH) domain, and XTP3-B
contains two MRH domains. Structural analyses of OS-9 revealed selective binding of the
Manα1,6Manα1,6Man residues on the processed C branch (59, 150), identifying OS-9 as a re-
ceptor for the EDEM-trimmed glycan structure. OS-9 and XTP3-B bind to the luminal face of
SEL1L (19), supporting an attractive model in which lectins deliver ERAD substrates bearing
the trimmed glycan signal to the Hrd1 dislocation complex. In some cases, OS-9 and XTP3-B
appear to have redundant functions, and depletion of both lectins was required to impact the
degradation of a set of ERAD-L substrates (5). However, several findings argue against OS-9 and
XTP3-B as wholly interchangeable ERAD lectins. For example, OS-9 and XTP3-B interact with
distinct sets of ERAD components and display different mechanisms of substrate association (18,
19, 181). In addition, in contrast to OS-9, the C-terminal MRH domain of XTP3-B binds puri-
fied GlcNAc2Man9 in vitro and GlcNAc2Man9 conjugated to the null Hong Kong (NHK) mutant
variant of α-1 antitrypsin in vivo, not the ERAD-associated trimmed glycan structure (40). This
finding has led to speculation that XTP3-B may negatively regulate ERAD by binding and retain-
ing substrates bearing the untrimmed glycan structure (40). Finally, many ERAD components are
themselves glycosylated, and mutations in the OS-9, XTP3-B, and EDEM1 lectin domains reduce
their association with SEL1L (19, 23). Thus, these results suggest a more complex model than the
simple recognition and delivery of proteins bearing trimmed glycans. The data clearly indicate an
important role for highly coordinated glycan trimming and binding by ERAD lectins, but the pre-
cise temporal ordering of the sugar binding and substrate hand off events remains to be determined.

The mechanism of nonglycosylated substrate degradation is less clear. BiP and ERdj5 act in-
dependently of EDEM1 in the recognition and degradation pathway of at least one ERAD-L
substrate, a glycosylation-deficient mutant form of NHK (NHK-QQQ) (183). Interestingly,
NHK-QQQ is degraded more quickly than the glycosylated NHK (60, 126), supporting a role for
the substrate glycan in an additional surveillance checkpoint to prevent premature protein degra-
dation. BiP has also been implicated in the degradation of nonglycosylated ERAD-L substrates
through an ERAD pathway involving Herp (homocysteine-induced ER protein), Hrd1, Derlin-1
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(degradation in endoplasmic reticulum protein 1), and valosin-containing protein (VCP) (130).
Interestingly, glycosylated proteins utilize glycosylation-independent ERAD pathways during ER
stress conditions (183) or if the substrate is severely misfolded (126), indicating that the substrate
folding state can function as the dominant degradation signal. In rare cases, substrate misfold-
ing exposes a cryptic glycosylation site that enables posttranslational glycosylation by STT3B-
containing oligosaccharyltransferase complexes and the engagement of glycan-dependent ERAD
mechanisms (148).

Quantity Control: Implementing Substrate-Specific Adaptors

In contrast to quality control, which requires recognition of generalizable degradation signals,
regulated quantity control demands strict substrate specificity. For select quantity control sub-
strates, bona fide substrate-specific adaptors have been identified that bridge the substrate and
ERAD machinery, functioning as substrate identification and recruitment factors. For example,
the viral US2 and US11 proteins deliver major histocompatibility complex class I proteins to, re-
spectively, the E3 ligase Trc8 (translocation in renal carcinoma on chromosome 8 protein) (167,
186) and TMEM129 (184, 186, 187). Other examples include the sterol-regulated recruitment of
HMGCR to the E3 ligase gp78 by Insig (insulin-induced gene protein) 1 and 2 (24, 155, 166) and
the activation-dependent recruitment of inositol triphosphate receptors to the E3 ligase RNF170
by Erlin (endoplasmic reticulum lipid raft–associated protein) 1 and 2 (101, 135, 195).

Substrate Dislocation: Gaining Access to the Cytosol

The process of ERAD substrate transport across the ER lipid bilayer is unique, relative to other
protein translocation events, which involve the threading of mostly unfolded proteins through a
narrow proteinaceous pore (e.g., Sec61) (143). In contrast, ERAD is able to dislocate large bulky
cargo, including intact viral particles (41, 66), ligand-stabilized folded proteins (178), oligomeric
complexes (136), and glycosylated proteins (6). ERAD dislocation of large cargo is reminiscent
of peroxisome protein import, which is known to translocate oligomerized, folded substrates
and even 9-nm-sized gold particles (151). Purified peroxisome importer complexes form large,
substrate-regulated pores in planar lipid bilayer experiments (111), and it is attractive to speculate
that membrane-embedded ERAD complexes may also form similarly dynamic, substrate-induced
dislocation pores.

A number of candidates for the ERAD dislocation channel have been proposed, including
Sec61 (137), the derlin family of proteins (96, 202), and Hrd1 (15, 169). In yeast, residues within
transmembrane domains of the derlin ortholog Der1p (110) and the Hrd1 ortholog Hrd1p (15)
cross-link to residues within the ERAD-L substrate CPY∗, indicating direct physical association
during transit across the membrane. In addition, the overexpression of Hrd1p was sufficient to
bypass the requirement for several key upstream ERAD components (Der1p, Hrd3p, and Yos9p)
(15), and Hrd1p was sufficient for substrate binding, ubiquitination, and extraction in a reconsti-
tuted system using purified proteins (169). The current models suggest that Der1p may function
in the initial portion of dislocation, but that Hrd1p itself likely forms the major structural portions
of the dislocation channel (15, 110, 169). Not all substrates require Hrd1p, implying that other
dislocation channels exist or that some substrates, such as integral membrane substrates, may not
require a dislocation channel and are extracted directly from the membrane. Although several in-
tegral membrane proteins are dislocated as full-length proteins (54, 92), some integral membrane
substrates are proteolytically processed prior to extraction by intramembrane proteases, such as
the ubiquitin-dependent rhomboid protease RHBDL4 (36, 47) and signal peptide peptidase (16).
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This additional processing step may lower the energetic barrier for extraction from the membrane.
It is not clear why some membrane substrates, but not others, require this additional proteolytic
clipping step for dislocation.

The energy that drives substrate dislocation is derived from adenosine triphosphate (ATP)
hydrolysis by the abundant, ubiquitin-dependent hexameric AAA+ ATPase VCP (also known as
p97 or CDC48p in yeast) (112). VCP is recruited to ERAD dislocation complexes through direct
interactions with several ERAD components that contain a variety of VCP-recruitment domains
and motifs [e.g., VCP interacting motif (VIM), SHP, and ubiquitin regulatory X (UBX)] (112).
Interestingly, several ERAD components in the same complex often contain VCP-binding motifs
(18). It is not clear whether these multiple binding motifs coordinately orient VCP for optimal
substrate engagement or whether their interactions with VCP allow ATP hydrolysis to drive
conformational changes in the dislocation machinery that promote substrate dislocation. VCP
associates with ubiquitinated substrates directly, or indirectly through its heterodimeric cofactors
Ufd1 and Npl4, and mediates their physical extraction from the membrane (112). The cytosolic
extraction of a subset of substrates may be mediated, or assisted, by the AAA+ ATPase subunits
of the 19S regulatory particle of the proteasome (91, 97, 117).

Given the unique properties of ERAD dislocation and the challenge of irrefutably identifying
the ERAD dislocation channel, an alternative model has been proposed that couples substrate
dislocation to LD biogenesis (138). This model posits that substrates exit the ER either through
transient pores formed in the membrane during LD biogenesis (ERAD-L substrates) or through
integration into the membrane of budding LDs (ERAD-M and ERAD-C substrates). An analysis
of the degradation kinetics of multiple, topologically distinct substrates in yeast lacking LDs was
normal (131), arguing against a conserved role for LDs in the dislocation step. However, several
ERAD substrates in mammalian cells have been observed in close association with LDs, and their
degradation was inhibited by the long chain acyl-CoA synthetase inhibitor triacsin C (54, 70,
78), which blocks LD biogenesis. The LD model of substrate dislocation has not been directly
examined in mammalian cells, and it remains possible that a subset of ERAD substrates may
be influenced by LDs. It is also possible that LD association for some ERAD substrates, such
as HMGCR, may serve as a mechanism of reversible inactivation by sequestration in LDs or
LD-associated ER subdomains.

The Ubiquitin System in ERAD: Ligases, Deubiquitinases,
and Ubiquitin-Binding Proteins

Ubiquitin is a small 76 amino acid protein that can be covalently attached to substrate lysine
residues, the N terminus, and, infrequently, to serine and threonine residues (79). The addition of
ubiquitin occurs via sequential enzymatic reactions involving an E1 ubiquitin-activating enzyme,
an E2 ubiquitin-conjugating enzyme, and an E3 ubiquitin ligase that mediates the final transfer
of ubiquitin to the substrate (79). The covalent addition of ubiquitin to one of the seven lysine
residues, or the N terminus, of ubiquitin leads to the construction of a chain of linked ubiquitin
moieties (i.e., a polyubiquitin chain) (79). Deubiquitinating enzymes (DUBs) are proteases that
counteract this process by removing ubiquitin or disassembling polyubiquitin chains.

ERAD substrate polyubiquitination functions as a binding site that facilitates extraction by VCP
and acts as the canonical signal for proteasomal degradation (20). In mammalian cells, more than a
dozen E3 ligases have been implicated in ERAD, including orthologs of the yeast E3 ligases Hrd1p
[Hrd1 and gp78 (glycoprotein 78)] and Doa10p [MARCH6 (membrane-associated RING finger
protein 6)] (20). For many of the mammalian ERAD E3 ligases, the extent of their contributions to
ERAD and their substrate specificities remain mostly unknown. ERAD E3 ligases may act alone or
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cooperate as E3 ligase pairs [e.g., gp78 and Trc8 (71), Hrd1 and gp78 (210), gp78 and RNF5 (116)],
possibly functioning sequentially in chain initiation and chain elongation. Substrate polyubiquitin
chains can also be further extended or edited by VCP-associated ubiquitination machinery (123,
191). In addition to substrates targeted for degradation, ERAD E3 ligases may autoubiquitinate or
ubiquitinate other ERAD components to recruit VCP or, possibly, other ERAD components that
contain ubiquitin-binding domains [e.g., UBXD8 (UBX domain–containing protein 8), UBAC2
(UBA domain–containing protein 2), AUP1 (ancient ubiquitous protein 1), gp78] (20, 169). A role
for ubiquitin in regulating ERAD machinery is implied by the requirement for ubiquitin in the
ERAD of a nonubiquitinated mutant of the α subunit of the T cell antigen receptor-α (204, 205)
and the influence of the deubiquitinating enzyme YOD1 in the dislocation of nonubiquitinated
cholera toxin A1 (4).

DUBs have been implicated at various steps in the ERAD process, and can promote or prevent
substrate degradation. The continuous low-rate removal of ubiquitin moieties likely functions
as a checkpoint that reduces spurious degradation of integral membrane proteins and improves
detection of bona fide substrates (211). DUBs such as USP13, which is found in complex with gp78,
maintain ERAD function by preventing the ubiquitin-dependent inactivation of associated ERAD
factors (100). DUBs also act on substrates during and postextraction. Proteasome-associated DUBs
remove ubiquitin for recycling to allow the substrate to efficiently pass through the proteasomal
pore (107). A similar model for the VCP-associated DUB YOD1 has been hypothesized to allow
substrate passage through the narrow VCP pore (31). This model would require two rounds of
ubiquitination and deubiquitination for the VCP extraction and proteasomal degradation steps
(30). However, existing crystal structures of VCP indicate that a zinc ion occludes the central pore
(25) and mutations in most D1 pore residues had little effect on ERAD (26), suggesting that, in the
absence of dramatic conformational changes in vivo, substrates do not pass through the VCP pore.

Maintaining Substrate Solubility During Proteasomal Shuttling

The cytosolic dislocation of misfolded and integral membrane proteins with exposed hydrophobic
stretches of amino acids presents considerable potential for protein aggregation. Indeed, under
conditions of proteasomal impairment, dislocated ERAD substrates accumulate in the cytosol,
aggregate, and are actively targeted to ubiquitin-positive inclusion bodies called aggresomes (73).
Cells utilize several strategies to overcome this problem. The dislocation of substrates can be
directly coupled to proteasomal degradation, eliminating the cytosolic intermediate (64). In the
absence of direct proteasomal coupling, cytosolic chaperone complexes can preserve substrate
solubility. For example, a chaperone complex composed of SGTA, Bag6, Ubl4A, and Trc35
associates with the gp78 E3 ligase complex and maintains the solubility of dislocated substrates en
route to the proteasome (192, 198). Association with the surface of LDs has also been suggested as a
potential mechanism for combating protein aggregation, either passively through the sequestration
of hydrophobic regions of the substrate (128, 174) or actively through the release of detergent-like
sterols (115).

ERAD REGULATION OF CHOLESTEROL METABOLISM

Cellular Cholesterol Homeostasis

Cholesterol is essential for mammalian life (105, 161), playing vital roles in maintaining membrane
fluidity and integrity (163), facilitating membrane curvature and fusion (21), and serving as a
precursor for steroid hormones, bile acids, and oxysterols. It is also thought to be critical for the
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formation of lipid rafts, which are cholesterol and sphingolipid-enriched membrane microdomains
that concentrate proteins in an optimal environment for processes such as signal transduction (162).
The synthesis of cholesterol is energetically expensive, requiring more than 20 enzymes. Despite
its importance, cholesterol is toxic in excess (32). Thus, excess free cholesterol is sequestered as
cholesteryl esters in LDs (139, 189). At the level of the human body, high cholesterol levels are
an important risk factor for the development of atherosclerosis and cardiovascular disease (108).

Cellular cholesterol levels are maintained within a narrow range, in part through transcriptional
regulation. The proteins involved in cholesterol synthesis and uptake are targets of the sterol reg-
ulatory element–binding protein (SREBP) 2 master transcription factor, which preferentially reg-
ulates cholesterogenic genes, such as the low-density lipoprotein receptor and the rate-controlling
enzymes HMGCR and squalene monooxygenase (57, 58). SREBPs are subject to sterol-regulated
proteolysis. SREBP exists as an inactive precursor protein in the ER membrane, which under low-
sterol conditions is transported by SREBP cleavage-activating protein (SCAP) to the Golgi com-
plex. In the Golgi complex, SREBP is proteolytically processed to release the active transcription
factor, which enters the nucleus and induces the expression of cholesterogenic genes containing
sterol-response elements in their promoter regions (45). When cholesterol levels exceed approxi-
mately 5% of total ER lipids (141), SCAP undergoes a conformational change (9) that causes it to
bind to Insig-1 and Insig-2 (200) via its sterol-sensing domain (201). The association of SCAP and
Insig occludes a sequence required for recognition by COPII vesicle assembly components, re-
sulting in retention of the SCAP-SREBP2 complex in the ER (172). The predicted sterol-sensing
domain in SCAP consists of five consecutive transmembrane α-helices, but cholesterol appears to
bind to an adjacent membrane-associated luminal loop (118). The conformational change can also
be made more sensitive to lower levels of cholesterol through increased expression of Insig or via
binding of side-chain oxysterols to Insig, which are more potent regulators than cholesterol itself
(142). The plasma membrane is cholesterol rich. When the concentration of cholesterol exceeds
the complexing capacity of the surrounding lipid acyl chains, the cholesterol enters a pool of chem-
ically active cholesterol that is more susceptible to trafficking by transport proteins (168), allowing
delivery to the sterol-sensing machinery in the sterol-poor ER. In some cases, the sterol-sensing
machinery may require the conversion of cholesterol to oxysterols in mitochondria (168).

In addition to responding to direct cholesterol binding at a saturable site (118), SCAP can
also sense the properties of the bulk membrane environment of the ER. The ability of sterols to
induce the conformational change is associated with their ability to affect membrane properties,
and nonsteroid cationic amphiphiles that alter membrane structure have a similar effect (1, 9).
Similarly, the enantiomer of cholesterol is able to robustly induce conformational change and
inhibit SREBP2 processing (80). This mirror image form should not bind to a specific site on a
protein, but it exerts identical effects on the physical properties of the ER membrane.

In contrast to SREBP2, SREBP1c chiefly regulates genes involved in fatty acid (FA) synthesis,
whereas SREBP1a also has some specificity for genes involved in cholesterol synthesis (58). The
activation of SREBP1 does not appear to be controlled by sterol-regulated processing to an
appreciable extent, but rather responds strongly to the level of unsaturated FAs, which inhibit
proteolytic processing by an unknown mechanism (53, 121). Unsaturated FAs also inhibit SREBP1
at the transcriptional level by antagonizing the liver X receptor transcription factor, which targets
SREBP1 (53, 134).

ERAD Regulation of Cholesterol Synthesis

The repression of cholesterol synthesis would be a slow process if it depended on transcriptional
control alone, as it takes hours for message levels of SREBP2 target genes to fall in response to sterol
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Figure 2
ERAD regulation of cholesterol metabolism. (a) Schematic of the cholesterol synthesis pathway with the points of ERAD-mediated
regulation indicated. Regulated enzymes are shown in blue boxes and ERAD machinery in red boxes. (b) In the presence of sterols,
Insigs recruit HMGCR to the gp78 and Trc8 complexes for degradation. For simplicity, only gp78 is illustrated. Sterols also stimulate
the interaction of HMGCR with UBIAD1, which impairs the dislocation of a portion of HMGCR. Geranylgeranyl-PP binding
releases UBIAD1 from the degradation complex, promoting HMGCR dislocation and degradation. The released UBIAD1 traffics to
the Golgi complex. (c) Cholesterol induces MARCH6 degradation of squalene monooxygenase, whereas unsaturated FAs stabilize it.
Abbreviations: ERAD, endoplasmic reticulum-associated degradation; FA, fatty acid; uFA, unsaturated fatty acid; gp78, glycoprotein
78; HMGCR, 3-hydroxy-3-methylglutaryl-coenzyme A reductase; Insig, insulin-induced gene protein; MARCH6, membrane-
associated RING finger protein 6; PP, pyrophosphate; Trc8, translocation in renal carcinoma on chromosome 8 protein; UBIAD1,
UbiA prenyltransferase domain–containing protein 1.

accumulation, and this would also leave existing biosynthetic enzymes. Consequently, several levels
of posttranscriptional regulation have evolved. One of these mechanisms is through regulated
ERAD (Figure 2 and Table 1), achieved by accelerated degradation of the rate-controlling
enzymes HMGCR and squalene monooxygenase.
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Table 1 Endoplasmic reticulum–associated degradation (ERAD) factors implicated in lipid metabolism

Protein
Alternative
name(s)

ERAD
function Domain(s) Topology

Associated metabolic
process

Regulated
substrate Reference(s)

Insig-1 Substrate-
specific
adaptor

M, poly Cholesterol synthesis HMGCR 71, 154, 155,
166

Insig-2 Substrate-
specific
adaptor

M, poly Cholesterol synthesis HMGCR 71, 154

UBIAD1 Substrate-
specific
regulator

Prenyltransferase M, poly Cholesterol synthesis HMGCR 152

Hrd1 Synoviolin E3 ligase RING M, poly Cholesterol synthesis HMGCR 76

gp78 AMFR,
RNF45

E3 ligase RING, CUE,
G2BR, VIM

M, poly Cholesterol synthesis,
SREBP processing,
TAG synthesis,
lipoprotein secretion

HMGCR,
Insig-1,
DGAT2,
ApoB100

34, 71, 85, 95,
166

Trc8 RNF138 E3 ligase RING,
sterol-binding

M, poly Cholesterol synthesis,
SREBP processing

HMGCR,
Insig-1

71, 88

MARCH6 Teb4,
RNF176

E3 ligase RING M, poly Cholesterol synthesis HMGCR,
SM

39, 44, 170

Ube2g2 Ubc7 E2-
conjugating
enzyme

C Cholesterol synthesis HMGCR 113

AUP1 Ube2g2
recruitment

CUE, G2BR M, HP Cholesterol synthesis HMGCR 70

Derlin-1 Dislocation Rhomboid,
SHP box

M, poly Lipoprotein secretion ApoB100 174

Erlin-2 SPFH2 Scaffold SPFH-like M, SP Cholesterol synthesis HMGCR 72

TMUB1 DULP Scaffold UBL M, SP Cholesterol synthesis HMGCR 72

UBXD8 Faf2,
ETEA

VCP
recruitment

UBA, UAS,
UBX

M, HP TAG synthesis, TAG
degradation, SREBP
processing,
lipoprotein secretion

Insig-1,
ApoB100,
ATGL

84, 87, 133,
174

VCP p97 AAA+
ATPase

AAA+ C Cholesterol synthesis,
TAG synthesis and
degradation,
lipoprotein secretion

HMGCR,
Insig-1,
ApoB100,
SCD1

35, 74, 87, 166

Abbreviations: AAA+, ATPases associated with diverse cellular activities; ApoB100, apolipoprotein B100; ATGL, adipose triglyceride lipase; AUP1,
ancient ubiquitous protein 1; C, cytosolic; CUE, coupling of ubiquitin to endoplasmic reticulum degradation; Derlin-1, degradation in endoplasmic
reticulum protein 1; DGAT2, diacylglycerol acyltransferase 2; Erlin-2, endoplasmic reticulum lipid raft–associated protein 2; G2BR, Ube2g2-binding
region; HMGCR, 3-hydroxy-3-methylglutaryl-coenzyme A reductase; HP, hairpin; Insig-1, insulin-induced gene 1 protein; Insig-2, insulin-induced gene
2 protein; M, membrane; MARCH6, membrane-associated RING finger protein 6; poly, polytopic; SCD1, stearoyl-CoA desaturase 1; SM, squalene
monooxygenase; SP, single pass; SREBP, sterol regulatory element–binding protein; TAG, triacylglycerol; TMUB1, transmembrane and ubiquitin-like
domain–containing protein 1; Trc8, translocation in renal carcinoma on chromosome 8 protein; UBA, ubiquitin-associated; Ube2g2, ubiquitin-
conjugating enzyme E2 G2; UBIAD1, UbiA prenyltransferase domain–containing protein 1; UBL, ubiquitin-like; UBX, ubiquitin regulatory X; UBXD8,
UBX domain–containing protein 8; VCP, valosin-containing protein; VIM, VCP interacting motif.
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3-Hydroxy-3-Methylglutaryl-Coenzyme A Reductase

Acute regulation of cholesterol synthesis centers on HMGCR, a rate-limiting enzyme that cat-
alyzes the conversion of HMG-CoA into mevalonate and is the target for the blockbuster statin
class of drugs. Mevalonate is a precursor not only for sterols but also for isoprenoids that are
essential for cell growth, such as ubiquinone and heme A in the electron transport chain, dolichol
for N-linked glycosylation, and the farnesyl, geranylgeranyl, and prenyl groups that anchor pro-
teins to membranes. In addition to transcriptional control by SREBPs, translation of HMGCR
messenger RNA is reduced in response to a derivative of mevalonate (122), and HMGCR can be
inactivated by reversible phosphorylation (10, 11), likely as a mechanism for conserving energy
when ATP levels are low (147).

The accelerated proteasomal degradation of HMGCR is one of the best-studied examples of
metabolite-regulated ERAD (Figure 2a,b), in which sterols reduce the protein’s half-life from
approximately 12 hours to less than 1 hour (65, 155). Regulated turnover depends on the N-
terminal 339 residues of the enzyme (164), which contain 8 transmembrane domains embedded in
the ER membrane, including a sterol-sensing domain with sequence homology to that of SCAP.
This regulatory domain is distinct from the 548 amino acids comprising the cytosolic, catalytic
C terminus (43). Sterols cause Insig proteins to bind to the sterol-sensing domain of HMGCR,
leading to HMGCR degradation (89, 154, 155). This association involves interactions that are
similar, but not identical, to SCAP binding, suggesting that SCAP and Insigs compete for the same
binding site on HMGCR (89, 154, 155). Accordingly, sterols fail to accelerate HMGCR degra-
dation in Insig-deficient cells (90), and overexpression of the sterol-sensing domain of HMGCR
or SCAP stabilizes HMGCR unless there is a concomitant increase in Insig-1 (154). Insigs recruit
E3 ubiquitin ligases that ubiquitinate HMGCR, marking it for degradation. Sterol-dependent
ubiquitination appears to be mediated in part by gp78, which also has binding sites for VCP and
the ubiquitin-conjugating enzyme Ube2g2 (ubiquitin-conjugating enzyme E2 G2, a homolog of
yeast Ubc7p) (166). After sterol treatment, Insig-1, gp78, and HMGCR can be isolated in a sin-
gle complex, and HMGCR is stabilized through overexpression of inactive forms of gp78 (166).
Small interfering RNA depletion of gp78, or liver-specific deletion of gp78, also prevented sterol-
dependent ubiquitination of HMGCR and increased HMGCR protein levels (99, 166). Ufd1, in
addition to its established roles in VCP-mediated dislocation, acts as a gp78 cofactor that acceler-
ates HMGCR degradation by stimulating gp78 polyubiquitin chain initiation (13). A second E3
ligase, Trc8, also stimulates the degradation of HMGCR in response to sterols via binding to both
Insig-1 and Insig-2, leading to a more complete degradation in concert with gp78 (71). Ube2g2 can
act as the cognate E2 for both gp78 and Trc8, and AUP1 increases Ube2g2 recruitment and facili-
tates HMGCR degradation (70). In some contexts, the gp78 complex that ubiquitinates HMGCR
also includes Erlin-2 (also known as SPFH2), which is recruited by TMUB1 (transmembrane and
ubiquitin-like domain–containing protein 1) (72). The importance of gp78 for HMGCR degrada-
tion has been called into question recently by a report in which small interfering RNA depletion
of gp78 and knockout of gp78 in mouse cells did not impact the sterol-dependent degradation
of HMGCR (180). This suggests that additional E3 ligases may be involved, even if gp78 is the
key E3 ligase in the liver (99). Indeed, Hrd1 and MARCH6 (membrane-associated RING finger
protein 6) have been shown to play a role in the turnover of HMGCR, although this degradation
event does not appear to be sterol regulated (76, 208). In Drosophila S2 cells, the regulatory domain
of mammalian HMGCR is subject to normal sterol-regulated degradation when coexpressed with
mammalian Insigs, but in the absence of a direct gp78 homolog, HMGCR is ubiquitinated by fly
Hrd1 (124).

The major physiological sterol signal for HMGCR degradation is not cholesterol it-
self, but rather side-chain oxysterols (81, 165). This appears to be mediated primarily by
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27-hydroxycholesterol, which is synthesized from cholesterol in mitochondria, as exogenous
cholesterol failed to proteolytically inactivate HMGCR in 27-hydroxylase-deficient cells (81). In
contrast, the cholesterol precursor 24,25-dihydrolanosterol (81) and 24(S),25-epoxycholesterol
(165) also stimulate degradation of HMGCR, but are likely to be more important as signals
for the flux through the endogenous cholesterol synthesis pathway (196), smoothening homeo-
static responses by preventing sudden toxic bursts of cholesterol synthesis. The effect of 24,25-
dihydrolanosterol has also been proposed to act as an oxygen sensor because hypoxia stimulates the
degradation of HMGCR by slowing demethylation of lanosterol and inducing expression of both
Insigs (125). Also, it has long been known that the maximum degradation of HMGCR requires
an additional derivative of mevalonate. Other than sterol derivatives of mevalonate, the major
nonsterol has been shown to be geranylgeraniol, which does not affect ubiquitination but, rather,
enhances dislocation (154). It appears that a pool of HMGCR binds to the prenyltransferase UbiA
prenyltransferase domain–containing protein 1 (UBIAD1), preventing dislocation of HMGCR
from the ER (152). This interaction is stimulated by sterols via Insig, but treatment with geranyl-
geraniol, which is converted to geranylgeranyl pyrophosphate, causes UBIAD1 to dissociate from
HMGCR and traffic from the ER to the Golgi complex (152). The disassociation of UBIAD1
likely allows binding or action of the dislocation machinery required for HMGCR degradation
that is otherwise blocked. This mechanism may maintain a low level of protected active HMGCR
to allow continual low-level production of essential nonsterol isoprenoids in the presence of an
influx of exogenous sterols.

The dislocation of HMGCR appears to involve multiple steps. Sterols first trigger its translo-
cation to a membrane compartment resembling LDs, as sterol or mevalonate treatment causes
HMGCR to appear in an LD-enriched fraction (54). This localization seems to be functionally
important because inhibition of LD formation with the acyl-CoA synthetase inhibitor triacsin C
blunts HMGCR ERAD (54). Interestingly, the transfer of HMGCR to this LD-like compartment
does not require ubiquitination (54). In support of a role for ubiquitination in such a compartment,
AUP1 recruits Ube2g2 to LDs (70, 78), and LD-enriched fractions mediate ubiquitination in vitro
(78). In any case, VCP acts to extract ubiquitinated HMGCR from within the membrane to an
intermediate state associated with the membrane, akin to a peripheral membrane protein (117).
The final extraction from the membrane surface into the cytosol requires ubiquitination of the
membrane domain of HMGCR (54) and is performed by ATPases in the 19S regulatory particle
of the proteasome (117).

Squalene Monooxygenase

Owing to the importance of HMGCR in controlling cholesterol synthesis, the study of later
enzymes in the pathway has been relatively neglected. One such enzyme is squalene monooxy-
genase (formerly squalene epoxidase), which catalyzes the conversion of squalene to 2,3(S)-
monooxidosqualene [squalene-2,3(S)-epoxide], a molecule that is committed to sterol synthesis
alone, unlike mevalonate. The enzyme can also act upon its product a second time to gener-
ate 2,3(S):22(S),23-dioxidosqualene, leading to synthesis of 24(S),25-epoxycholesterol, a potent
oxysterol that is uniquely generated directly through the activity of the pathway in parallel to
cholesterol (196).

Squalene monooxygenase constitutes an important, second, rate-limiting step in cholesterol
synthesis that is subject to robust cholesterol-dependent degradation by the UPS (Figure 2a,c)
(44). This mechanism is distinct from that of HMGCR, as accelerated degradation is stimulated
by cholesterol itself, does not require Insigs, and is mediated by the E3 ligase MARCH6 (39, 44,
208). Cholesterol-regulated degradation requires the first 100 amino acids (N100) of squalene
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monooxygenase (44), which are integrally associated with the ER membrane via a single reentrant
loop (61). Thus, N100 fusion proteins are degraded with similar kinetics to the full-length enzyme,
with cholesterol reducing their half-lives from approximately 14 to approximately 3 hours (44).

Both direct cholesterol binding and bulk membrane effects appear to control squalene
monooxygenase turnover (80). Squalene monooxygenase has been observed to bind a sterol probe
in a large-scale screen (63), but the enantiomer of cholesterol can still stimulate degradation, albeit
less potently than cholesterol (80). Cholesterol accumulation causes a conformational change in
N100, detected by altered derivatization of specific residues by polyethylene glycol maleimide
(61). Treatment with the molecular chaperone glycerol, which helps to retain proteins in their
native confirmation, stabilizes the levels of N100 fused to green fluorescent protein, suggesting
that cholesterol causes squalene monooxygenase to exhibit the properties of a misfolded, quality
control substrate (61). The sterol-sensing domain of the HMGCR homolog in yeast, Hmg2p, has
previously been observed to behave analogously in response to nonsterol stimuli, as detected by
altered proteolysis (157, 158), but this has not yet been observed for the mammalian enzyme. In
contrast to mammalian HMGCR, ubiquitination of an internal lysine in the membrane-bound,
sterol-responsive N100 region of squalene monooxygenase is not required for degradation (44),
which suggests that after recognition, MARCH6 can ubiquitinate the N terminus or any one of
the accessible lysines. As the conformational changes observed in response to cholesterol appear
to be subtle, it may be that structural changes within the membrane are detected by MARCH6, as
has been previously observed for recognition of a transmembrane degron in the Sec61 β-subunit
homolog 2 by the yeast homolog of MARCH6, Doa10p (51, 61). Whether additional adaptor
proteins are required for squalene monooxygenase recognition remains to be determined, as do
the details of the squalene monooxygenase dislocation mechanism. The relative insensitivity of
squalene monooxygenase degradation to triacsin C suggests that the dislocation mechanism differs
from the mechanism employed by HMGCR (170).

Squalene monooxygenase is stabilized by unsaturated FAs, which inhibit binding and ubiqui-
tination by MARCH6 (170). This might reflect the sensitivity of the squalene monooxygenase
folding state to the nature of the local membrane environment, and it could possibly assist in coor-
dinating phospholipid and cholesterol synthesis. Importantly, accelerated degradation of squalene
monooxygenase provides the cell with a robust mechanism for regulating sterol production alone,
without affecting the synthesis of nonsterol isoprenoids produced by HMGCR. For example, it
could allow a higher rate of isoprenoid production in the presence of an acute load of exogenous
cholesterol.

ERAD REGULATION OF TRIACYLGLYCEROL METABOLISM

Cellular Triacylglycerol Homeostasis

During periods of nutrient excess, FAs are esterified to glycerol 3-phosphate to form TAG, se-
questering potentially toxic lipids and providing an on-demand source of FAs during periods of
increased cellular need (22). TAG synthesis begins with the activation of FAs through the ATP-
dependent formation of thioester-linked FA CoA conjugates (FA-CoA) (Figure 3a) (22). Activated
FAs serve as substrates for a series of acyl transferases that mediate their addition to glycerol 3-
phosphate to form lysophosphatidic acid and then phosphatidic acid, which is hydrolyzed to form
diacylglycerol (DAG) (22). A final esterification step forms TAG (22).

Intracellular TAG is stored in LDs, ubiquitous ER-derived organelles conserved from yeast to
humans (139, 189). LD biogenesis is thought to occur through the corralling of TAG deposited
between the leaflets of the ER into a lens, which subsequently buds into the cytoplasm through
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Figure 3
ERAD regulation of triacylglycerol metabolism. (a) Schematic of the triacylglycerol synthesis and degradation pathways with the points
of ERAD-mediated regulation indicated. Regulated enzymes are shown in blue boxes and ERAD machinery in red boxes.
(b) Constitutive DGAT2 degradation is mediated by gp78. Under low FA conditions, UBXD8 inhibits TAG synthesis. Increases in FA
levels release UBXD8 inhibition of TAG synthesis and promote UBXD8 trafficking to LDs. On LDs, UBXD8 impairs lipolysis
through the dissociation of ATGL from its cofactor CGI-58. Abbreviations: ATGL, adipose triglyceride lipase; DAG, diacylglycerol;
DGAT, diacylglycerol acyltransferase; ERAD, endoplasmic reticulum-associated degradation; FA, fatty acid; uFA, unsaturated fatty
acid; FA-CoA, fatty acid coenzyme A; gp78, glycoprotein 78; LD, lipid droplet; TAG, triacylglycerol; UBAC2, UBA
domain–containing protein 2; UBXD8, UBX domain–containing protein 8; VCP, valosin-containing protein.

a poorly understood mechanism involving seipin and the fat storage–inducing transmembrane
(FIT) family of proteins (139, 189). LDs consist of a neutral lipid core (i.e., TAG and steryl
esters) bounded by a phospholipid monolayer decorated with integral and peripheral proteins. The
unique LD proteome is gained through the (a) lateral diffusion of proteins from the ER into LDs,
(b) direct insertion of proteins into the LD membrane, and (c) recruitment of peripherally associated
cytosolic binding partners (139, 189). Many of the LD-associated proteins are involved in local
TAG synthesis and TAG breakdown (i.e., lipolysis) (139, 189). During lipolysis, LD-associated
lipases mediate the sequential hydrolysis and release of FA for use in energy production, membrane
biogenesis, and lipid signaling pathways (Figure 3a) (82).

TAG and cholesterol are also packaged into lipoproteins in enterocytes (i.e., chylomicrons)
and hepatocytes [i.e., very-low-density lipoproteins (VLDLs)] for the secretion and transport of
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lipids throughout the body (159). Lipoproteins are generated in the ER lumen through a two-step
process involving microsomal triglyceride transfer protein (MTP). In the first cotranslational step,
MTP transfers TAG to apolipoprotein B (ApoB) as it emerges from the Sec61 translocon. In the
second posttranslational step, MTP facilitates the association of the nascent ApoB lipoprotein
with a preformed, luminal, TAG-rich droplet. A single ApoB molecule (ApoB100 on VLDL and
ApoB48 on chylomicrons) encircles the circumference of each lipoprotein, providing structural
support and mediating the key protein-protein interactions required for processing. The maturing
lipoprotein undergoes further processing and association with additional proteins and lipids during
its transport through the secretory system (33). Interestingly, chylomicrons (up to 1,000 nm in
diameter) and VLDLs (up to 800 nm in diameter) are too large for classical COPII vesicles
(approximately 60–80 nm) and require unique COPII secretory vesicles similar to other large
cargos, such as collagen (12, 69, 103).

UBX Domain–Containing Protein 8 and Interorganelle Regulation
of Triacylglycerol

UBXD8 is a membrane-embedded VCP recruitment factor that partitions between the ER and
LDs (133, 174, 207). UBXD8 is present in both the Hrd1 (119) and gp78 (87) E3 ligase complexes,
and it mediates VCP recruitment through its UBX domain to facilitate substrate dislocation.
UBXD8 also mediates the association of the cytosolic Bag6 chaperone complex with gp78 (199).
Consistent with an important role in ERAD, depletion of UBXD8 or expression of a dominant
negative form of UBXD8 impairs the clearance of several ERAD substrates, including US11-
induced degradation of class I major histocompatibility complex heavy chains (119), Insig-1 (87),
and ApoB100 (174).

Emerging findings have indicated that UBXD8 is a conserved regulator of FA metabolism and
TAG storage (Figure 3 and Table 1) (77, 84, 133, 174, 190). In the ER, UBXD8 operates as
an FA sensor and regulator of cellular lipids that inhibits the conversion of DAG to TAG by an
unknown mechanism (84). Direct binding of unsaturated FAs by the UAS domain of UBXD8
has been proposed to induce UBXD8 oligomerization and release UBXD8 inhibition of TAG
synthesis (77, 84). The relationship between UBXD8’s role in ERAD and regulation of TAG
synthesis is presently unknown, but one possibility is that UBXD8 is involved in the degradation
of a key TAG synthesis enzyme or regulator. In response to increases in FA levels, a portion of
UBXD8 traffics from the ER to emerging LDs and recruits VCP to the LD’s surface (133, 174).
On LDs, UBXD8 binds and inhibits the rate-limiting enzyme in lipolysis, adipose triglyceride
lipase (ATGL), at least in part by stimulating the dissociation of ATGL from its activator CGI-58
(133). These findings support a model in which UBXD8 directly senses FA levels and coordinates
their sequestration into TAG in the ER and their lipolytic release from LDs.

The dual localizations and coordinated functions of UBXD8 in lipid metabolism point toward
the sorting of UBXD8 between the ER and LDs as a potentially important regulatory step. The
hairpin topology of the UBXD8 membrane domain is a shared feature of many LD proteins (189)
and it is necessary for UBXD8 membrane association (174), likely enabling the lateral diffusion of
UBXD8 from the outer leaflet of the ER into the phospholipid monolayer during LD biogenesis.
A recent large-scale proteomic analysis of the ERAD interaction network identified the ER-
resident rhomboid pseudoprotease UBAC2 as a UBXD8 binding partner that functions in ERAD
(18). UBAC2 also acts as a UBXD8 ER tethering protein that prevents FA-induced trafficking of
UBXD8 to LDs (133). Indeed, the loss of endogenous UBAC2 increased the amount of UBXD8
on LDs, and overexpression of UBAC2 blocked UBXD8 trafficking to LDs (133). One function of
UBAC2 may be to retain a specific pool of UBXD8 in ER-localized complexes, thereby preserving
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its ERAD-related functions during fluctuations in cellular FA levels and LD biogenesis. Further
studies are necessary to understand the mechanisms that control UBXD8 partitioning between
the ER and LDs.

Stearoyl-Coenzyme A Desaturase 1

Stearoyl-CoA desaturase 1 (SCD1) is an ER-resident, four-pass transmembrane �9 desaturase that
converts saturated FAs into their monounsaturated FA counterparts by introducing a double bond
between positions 9 and 10 of the carbon chain. The resulting SCD1 products, primarily palmi-
toleate and oleate, function as key substrates for the synthesis of TAG, phospholipids, cholesteryl
ester, and wax esters (37). SCD1 generation of monounsaturated FAs also facilitates their storage
as TAG in LDs and protects against lipotoxicity (98), potentially through substrate channeling
facilitated by an association between SCD1 and DGAT2 (diacylglycerol acyltransferase 2) (104).
The SCD1 yeast ortholog Ole1p is degraded by ERAD (8), and the mammalian SCD1 is similarly
presumed to be degraded via ERAD (74, 120). In support of this possibility, SCD1 is constitutively
degraded with a half-life of approximately 3 to 4 hours in cultured cell lines, and inhibition of
the proteasome partially stabilizes SCD1 and results in the accumulation of polyubiquitinated
SCD1 (74). The N terminus of SCD1 contains multiple PEST sequences, well-characterized
UPS degrons, that are necessary for SCD1 degradation and sufficient to promote the degradation
of a model ER protein (74, 120). Although SCD1 binds VCP (74), a functional role for VCP
in SCD1 degradation has not been tested, and the ERAD components that recognize and ubiq-
uitinate SCD1 remain unknown. The rate of SCD1 degradation is reduced in rats treated with
the PPARα agonist clofibric acid (179), suggesting physiologically significant regulation, but it is
unclear whether this change reflects regulation of SCD1 ERAD or other proteolytic mechanisms
(56).

Diacylglycerol Acyltransferase 2

The terminal step in TAG synthesis is the transfer of an FA from an activated FA-CoA to DAG
to form TAG (203). This committed step is catalyzed by the isoenzymes acyl-CoA:diacylglycerol
actyltransferase 1 and 2 (DGAT1 and DGAT2) (203). Despite sharing similar enzymatic activ-
ities, DGAT1 and DGAT2 are evolutionarily unrelated, exhibiting different protein structures,
expression patterns, cellular localizations, and physiological functions (203). DGAT1 is a member
of the acyl-CoA:cholesterol acyltransferase family and is an ER-restricted polytopic membrane
protein (203). In contrast, DGAT2 is a member of the monoacylglycerol acyltransferase fam-
ily and has a hairpin topology (109, 171, 203). DGAT2 contains two transmembrane domains
joined by a small number of amino acids that are potentially in the ER lumen, and the amino
and carboxyl termini are oriented toward the cytosol (109, 171). This hairpin conformation is
necessary, but not sufficient, for DGAT2 trafficking from the ER to LDs in response to FA (109,
171). On LDs, DGAT2 cooperates with other TAG synthesis enzymes and contributes to local
TAG synthesis and LD growth (194). A recent study demonstrated that DGAT2 (Figure 3), but
not DGAT1, is rapidly degraded in cultured HEK293T cells and accumulates in a ubiquitinated
form following proteasome inhibition (17). Depletion of the E3 ligase gp78, but not MARCH6,
FBXW7, or Hrd1, stabilized DGAT2 and reduced DGAT2 ubiquitination (17). DGAT2-bound
VCP and polyubiquitinated DGAT2 accumulated in cells treated with eeyarestatin (17), a small
molecule that impairs VCP-associated DUBs (17, 191), suggesting that DGAT2 is extracted by
VCP. Given the previous observation that UBXD8 inhibits the conversion of DAG to TAG (84),
it will be important to determine if UBXD8 contributes to DGAT2 degradation. In addition,
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studies are required to determine the physiological significance of DGAT2 ERAD and whether
DGAT2 degradation is regulated (e.g., by FA levels). It might be expected that FA treatment
would stabilize DGAT2 on LDs because the LD pool of DGAT2 would be sequestered away
from the gp78 ERAD pathway.

Apolipoprotein B100

ApoB100 is the principal proteinaceous component of VLDLs secreted from hepatocytes. In the
absence of sufficient lipids (28) or during MTP impairment (3), ApoB100 is degraded by ERAD.
When lipid amounts are insufficient for VLDL assembly, ApoB100 undergoes translational arrest
in the Sec61 translocon (94, 114), adopting an aberrant bitopic topology that may act as a con-
formational signal to initiate the ERAD-T degradation pathway. Cytosolic (Hsp70 and Hsp90)
(50, 212) and luminal (BiP) (145) chaperones are recruited to the translocon-stalled protein, po-
tentially contributing to both the stabilization of partially folded regions of ApoB100 and the
eventual targeting of ApoB100 for ERAD. The E3 ligase gp78 polyubiquitinates ApoB100 and
facilitates its extraction from the membrane by VCP (34, 35, 95). Strikingly, depletion of gp78,
but not VCP, increases VLDL assembly and secretion (34). This result highlights ubiquitination
as the commitment step for the degradation fate of ApoB100 and demonstrates that a portion
of ApoB100 that is competent for VLDL assembly is constitutively degraded by ERAD. Thus,
VLDL assembly is regulated, at least in part, by the competition between ApoB100 lipidation and
degradation.

A unique ERAD pathway that involves cytosolic LDs degrades lipidated ApoB100. In cultured
Huh7 cells, lipidated ApoB100 accumulates in the ER lumen in association with LDs arrested in the
ER membrane (129, 174), possibly reflecting a block in an early stage of LD biogenesis. Following
proteasomal impairment, ApoB100 is present in buoyant LD-enriched fractions, is observed on
the surface of LDs, and can be cross-linked to the LD protein perilipin 2 (174), indicating that a
portion of dislocated cytosolic ApoB100 associates with the LD surface. The presence of ApoB100
in LD-enriched fractions was blocked by MTP inhibitors (174), consistent with LD-associated
ApoB100 being in its lipidated state. Derlin-1 was required for ApoB100 cytosolic dislocation
and association with the surface of LDs (174). Depletion of UBXD8 resulted in the accumulation
of ubiquitinated ApoB100 and a small increase in the amount of LD-associated ApoB100 (174),
suggesting that UBXD8 functions downstream of Derlin-1 to facilitate VCP-dependent extraction
of ubiquitinated ApoB100 from the LD surface. The E3 ligase responsible for ubiquitination of
lipidated ApoB100 in this pathway is unknown. In addition, it is also unclear whether the association
with LDs is a requisite intermediate in the ApoB100 degradation pathway. It remains possible that
the accumulation of cytosolic, aggregation-prone ApoB100—due to proteasome impairment or
UBXD8 depletion—results in an off-pathway association with the LD surface.

ERAD CONTROL OF MASTER REGULATORS OF LIPID-RELATED
GENE EXPRESSION

In addition to regulating SREBP activity by acting as an oxysterol sensor and SCAP-binding
retention protein, Insig can also form a platform for recruiting E3 ligases, specifically gp78 for
Insig-1 and Trc8 for both Insigs (71). This is important in the sterol-regulated degradation not
only of HMGCR but also of Insig-1 itself (Figure 4; Table 1). When sterol levels are low, the
SCAP-SREBP complex dissociates from Insig-1, allowing binding of gp78, which ubiquitinates
Insig-1 and targets it for destruction (46). SREBP2 activity consequently increases the expression
of Insig-1, which is an SREBP target gene. When sterol levels are high, SCAP binding displaces
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Figure 4
ER-associated degradation control of master transcriptional regulators of lipid metabolism. In the presence of sterols, Insigs mediate
the ER retention of the SCAP-SREBP complex. In the absence of sterols, a gp78-UBXD8 complex degrades Insigs, and SCAP-SREBP
traffics to the Golgi complex. In the Golgi complex, SREBP is proteolytically processed at two sites, releasing a soluble transcription
factor that binds SRE sequences and induces expression of lipid-related genes. Abbreviations: ER, endoplasmic reticulum; gp78,
glycoprotein 78; Insig, insulin-induced gene; SCAP, SREBP cleavage-activating protein; SRE, sterol regulatory element; SREBP,
sterol regulatory element–binding protein; UBXD8, UBX domain–containing protein 8; VCP, valosin-containing protein.

gp78, stabilizing Insig-1 and retaining SCAP-SREBP2 in the ER, contributing to a convergent
feedback mechanism (46). Early studies in Chinese hamster ovary cells indicated that, in contrast
to the rapidly degraded Insig-1 (half-life ∼1 h), Insig-2 is a stable protein (half-life >4 h) (83,
86). However, deletion of gp78 in mouse liver resulted in the accumulation of both Insig-1 and
Insig-2 (99), indicating that both Insigs are degraded by ERAD in mouse liver. The loss of gp78
in the liver results in important metabolic effects, such as improved insulin sensitivity and reduced
lipogenesis by stabilizing Insigs, inhibiting activation of SREBP1 and 2 (99). Insig-1 protein levels
are also regulated by the level of unsaturated FAs, leading to stabilization at a postubiquitination
step. Unsaturated FAs inhibit binding of UBXD8 to Insig-1, which is required for recruitment
of VCP to extract the ubiquitinated protein from the ER to allow proteasomal degradation (87).
Thus, unsaturated FAs inhibit SREBP2 activation.

Independently from its E3 ligase activity, Trc8 inhibits SREBP2 processing by binding to the
SCAP-SREBP complex and preventing its packaging into COPII vesicles (67). Trc8 is degraded
rapidly in the presence of sterols, but stabilized under low sterol conditions (67), so this mechanism
may serve to fine-tune feedback responses when Insig levels are also low. In contrast to liver cells,
Trc8 in HEK293 cells mediates the degradation of the SREBP processor (88). Depletion of
AUP1 affects levels of SREBP, SCAP, and Insig (70), possibly by enhancing ubiquitination via E2
recruitment to gp78 and Trc8. The Erlins have also been shown to bind cholesterol, and Erlin-1
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and Erlin-2 association with the SREBP–SCAP-Insig-1 complex may play a role in preventing
SREBP activation (62).

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

The current metabolic disease epidemic highlights the importance of achieving a comprehensive
understanding of the regulatory mechanisms governing lipid synthesis, storage, and utilization.
The ER, as the primary site of lipid synthesis, LD biogenesis, and lipoprotein assembly, is uniquely
positioned to influence lipid physiology. During the past 20 years, ERAD has emerged as a key
posttranslational mechanism that controls the flux through the ER-resident metabolic pathways
by altering the abundance of lipid biosynthetic enzymes and their regulators. However, despite
considerable progress, many outstanding questions remain, such as how multiple metabolic sig-
nals are sensed and integrated to influence the appropriate response, what other lipid biosynthetic
enzymes and regulators are controlled by ERAD, and how different substrates are selectively rec-
ognized and dislocated for degradation. In addition, although our understanding of HMGCR
ERAD is quite advanced relative to that of other substrates, the recent discoveries of both new
regulators (e.g., UBIAD1 and MARCH6) and new points of downstream regulation (e.g., squa-
lene monooxygenase) in the cholesterol synthesis pathway indicate that the picture is far from
complete. It will be particularly interesting to determine how these new regulatory mechanisms
are coordinated to influence the flux through a bifurcating metabolic pathway that provides both
cholesterol and nonsterol isoprenoids (e.g., vitamins and ubiquinone). In contrast to the relation-
ship of ERAD and cholesterol metabolism, our understanding of the role of ERAD in regulating
FA and TAG homeostasis is still in its infancy. Although UBXD8 is clearly an important player, its
ER and LD targets remain mostly unknown. Similarly, the degradation pathways for SCD1 and
DGAT2, as well as their regulation and physiological significance, remain to be determined. Fi-
nally, ERAD does not function in isolation, but rather is integrated into complex cellular responses
that enable adaptation to fluctuating environmental conditions and metabolic states. In order to
attain a global understanding of lipid homeostasis, it will be important to establish how ERAD
regulation of ER-resident metabolic pathways is coordinated with transcriptional programs and
the activities of other organelles, such as LDs and mitochondria.

SUMMARY POINTS

1. The ER is a central hub of lipid metabolism, functioning as the site of lipid synthesis,
LD biogenesis, and lipoprotein assembly.

2. ERAD plays key roles in maintaining the fidelity of the secretory proteome (quality
control) and in mediating the regulated degradation of metabolic enzymes (quantity
control).

3. The regulated degradation of HMGCR and squalene monooxygenase by ERAD enables
rapid posttranslational control of the flux through the cholesterol synthesis pathway.

4. UBXD8 acts as a sensor of unsaturated FA levels that coordinates FA packaging into
TAG in the ER and FA mobilization from stored TAG in LDs.

5. SCD1 and DGAT2 are degraded by ERAD and may provide mechanisms for controlling
TAG synthesis.

6. The competition between ApoB100 lipidation and ERAD influences VLDL assembly
and secretion.
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7. ERAD, through its regulation of intracellular lipid synthesis pathways and the assembly
and secretion of lipoprotein particles, is capable of influencing both cell-autonomous and
noncell-autonomous lipid homeostasis.
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