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Misfolded proteins compromise cellular homeostasis. This is especially problematic in the
endoplasmic reticulum (ER), which is a high-capacity protein-folding compartment and
whose function requires stringent protein quality-control systems. Multiprotein complexes
in the ER are able to identify, remove, ubiquitinate, and deliver misfolded proteins to the 26S
proteasome for degradation in the cytosol, and these events are collectively termed ER-
associated degradation, or ERAD. Several steps in the ERAD pathway are facilitated by mo-
lecular chaperone networks, and the importance of ERAD is highlighted by the fact that this
pathway is linked to numerous protein conformational diseases. In this review, we discuss the
factors that constitute the ERAD machinery and detail how each step in the pathway occurs.
We then highlight the underlying pathophysiology of protein conformational diseases asso-
ciated with ERAD.

PROTEIN FOLDING, MOLECULAR
CHAPERONES, AND PROTEOSTASIS

T
he birth of a protein begins in the cytoplasm
with the emergence of a polypeptide chain

from the ribosome exit tunnel. For a protein to
attain its native conformation, it must navigate a
complex folding landscape and endure the re-
lentless surveillance of quality-control pathways.
The information for a protein’s tertiary structure
is contained within its primary amino acid se-
quence (Anfinsen 1973), yet the growing poly-
peptide does not exit the ribosome in isolation.
Rather, it emerges into a crowded environment
filled with other proteins, lipid membranes, and
cellular metabolites, which can alter the folding

pathway. In addition, exposed hydrophobic side
chains in soluble proteins must be shielded
from solvent, whereas integral membrane pro-
teins and proteins that enter the secretory path-
way are directed to the endoplasmic reticulum
(ER). Moreover, translated regions may need to
interact withmore carboxy-terminal regions be-
fore the native structure is attained, leaving un-
folded polypeptide chains to linger in solution
(van den Berg et al. 1999; Frydman 2001; Bra-
selmann et al. 2013). Consequently, proteins
are initially deposited in an energetically unfa-
vorable environment, and there is a strong pro-
pensity to reach an unproductive or deleterious
energy minimum that can give rise to toxic pro-
tein aggregates (Hartl et al. 2011).
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To overcome these challenges, a conserved
and extensive network of proteins, known as
molecular chaperones, are dedicated to usher-
ing newly translated polypeptides through the
folding and maturation process. Molecular
chaperones also aid in the identification and
elimination of polypeptides that are unable to
fold (Klaips et al. 2018). Collectively, the group
of diverse factors thatmaintain these protein ho-
meostatic systems is known as the proteostasis
network (Sala et al. 2017). Although there is an
enormous investment of cellular resources ded-
icated to maintaining proteostasis, some pro-
tein-folding errors are unrecognized or the ma-
chinery that comprises the proteostasis network
malfunctions. In turn, some misfolded proteins
are prematurely captured and destroyed before
they can fold. These phenomena lie at the heart
of several protein conformational diseases in hu-
mans and have been implicated in cellular and
organismal aging (Labbadia and Morimoto
2015; Higuchi-Sanabria et al. 2018).

In this review, we will first briefly discuss the
biogenesis of proteins in the ER and the major
chaperone classes that engage nascent polypep-
tides. Wewill then review the individual steps in
the ER-associated degradation (ERAD) path-
way and highlight how chaperones and other
factors facilitate these steps. We conclude with
a discussion of select diseases associated with
this pathway.

MOLECULAR CHAPERONES PLAY CRITICAL
ROLES DURING PROTEIN BIOGENESIS
IN THE ER

The ER is the entry point to the secretory path-
way and assembles integral membrane proteins
in eukaryotes (Fig. 1). Soluble ER-directed pro-
teins contain a signal sequence at the amino
terminus. During signal sequence emergence
from the ribosome, this short peptide is recog-
nized and bound by the signal recognition par-
ticle (SRP), a ribonucleoprotein complex, which
temporarily interrupts translation and directs
the ribosome to the ERmembrane after docking
to the SRP receptor (Saraogi and Shan 2011).
The SRP–SRP receptor interaction positions
the polypeptide at the translocation channel,

which is composed of the trimeric Sec61 protein
complex along with several regulatory subunits
(Rapoport 2007). After SRP dissociates, transla-
tion continues, and Sec61 allows passage of the
polypeptide into the ER or, for membrane pro-
teins, into the ER bilayer by virtue of a lateral
gate in Sec61 (Osborne et al. 2005). The signal
sequence is cleaved inside the ER by signal pep-
tidase. In contrast, the first transmembrane helix
(TMH) in integral membrane proteins often
serves as a signal sequence and in most cases is
not cleaved (Shao and Hegde 2011).

Proteins that enter the ER progress through
several maturation steps that require the addi-
tion, formation, and/or modification of sugar
moieties, cis–trans prolyl isomers, disulfide
bonds and—for integral proteins—the adoption
of complex transmembrane topologies (Braak-
man and Bulleid 2011). An Hsp70 molecular
chaperone, known as BiP (Gething 1999), is a
central player in ER homeostasis. Hsp70s have
two allosterically linked functional domains, a
substrate-binding domain that interacts with
short stretches of hydrophobic residues, and an
ATP-binding domain that drives a conforma-
tional change in the protein via ATP hydrolysis
to regulate substrate-binding affinity (Hageman
et al. 2011; Zhuravleva et al. 2012; Zuiderweg
et al. 2013). By associating with exposed hy-
drophobic patches, Hsp70s, like BiP, shield a
polypeptide from aggregating until productive
intramolecular interactions occur (Mayer and
Bukau 2005; Otero et al. 2010; Young 2010;
Mayer 2013). This is especially important given
the vectorial nature of protein translocation. In
fact, BiP has also been shown to augment pro-
tein translocation (Brodsky et al. 1995; Matlack
et al. 1999) as well as ERAD, as discussed below.
More recently, the reversible oligomerization of
BiPwas found to be associatedwith the unfolded
protein load in the ER (Preissler et al. 2015), and
oxidation of a key cysteine in the chaperone reg-
ulates its activity in response to oxidative stress
(Wang et al. 2014). These data indicate that the
activity of this chaperone also responds to the ER
environment.

The peptide binding and release cycle of
Hsp70 is intrinsically slow but is stimulated by
Hsp40 cochaperones (Kampinga and Craig
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2010; Kityk et al. 2018) and by nucleotide ex-
change factors (NEFs) (Bracher and Verghese
2015), both of which also reside in the ER and
facilitate protein folding and quality control.
Hsp40s can also bind and deliver substrates to
Hsp70. Recent data indicate that Hsp40s in the
ER aid in the assembly of oligomeric membrane
proteins (Li et al. 2017), regulate protein trans-
location (Schorr et al. 2015), and differentially
recognize unique motifs in nascent polypep-
tides, some of which are aggregation-prone
(Behnke et al. 2016).

As noted above, the activity of Hsp70 chap-
erones is also enhanced by NEFs, and in the ER
several members of this family are important
during early steps in protein biogenesis. NEFs

in the Hsp110/170 family resemble Hsp70 in
that they contain an ATP-binding domain as
well as a substrate-binding domain, but they
also harbor an extended carboxy-terminal motif
and acidic insertions in the substrate-bind-
ing domain (Liu and Hendrickson 2007). Like
Hsp70s and Hsp40s, members of this family
bind protein substrates and prevent aggregation
(Park et al. 2003; Goeckeler et al. 2008; Behnke
and Hendershot 2014), but the importance of
this activity—at least for the cytosolic homo-
logs—is unclear (Garcia et al. 2017). Neverthe-
less, conserved ER NEFs liberate bound ADP
from BiP (Steel et al. 2004; Andréasson et al.
2010; Hale et al. 2010). This event drives sub-
strate release not only because the exchange of
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Figure 1.Nascent polypeptide biogenesis in the endoplasmic reticulum (ER). After docking at the ERmembrane
on the Sec61 translocation channel, the ribosome cotranslationally translocates a polypeptide (in yellow) into the
ER lumen. Chaperones, including Hsp70s, Hsp40s, NEFs, lectins, disulfide isomerases, and peptidyl proline
isomerase, act as “profolding” factors (see text for details). If the polypeptide acquires its native conformation
and—as shown in one example, oligomerizes (in green)—it traffics from the ER in COPII vesicles. Genetic
mutations, errors in transcription or translation, defects in the acquisition of posttranslational modifications,
and/or ER stress can result in misfolding or a misassembled intermediate (in orange). If the substrate is unable to
fold, “prodegradation” chaperones facilitate ER-associated degradation (ERAD). In contrast, partially folded
intermediates can aggregate (in red) and are instead cleared by ER-phagy. One route for this pathway leads to
the formation of an “omegasome,” as depicted (Simonsen and Stenmark 2008). For simplicity, only a soluble ER
lumenal protein is presented.
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bound ADP with ATP lowers peptide affinity,
but because some NEFs possess a peptide-like
motif that displaces the BiP-associated substrate
(Rosam et al. 2018). Another recent finding is
that the Sil1 NEF in yeast acts as a BiP reductant,
thereby altering its substrate-binding properties
after an oxidative stress has been resolved (Sie-
genthaler et al. 2017).

Nearly all secreted proteins contain disulfide
bonds, which are formed in the more oxidizing
environment of the ER and stabilize native con-
formations (Frand et al. 2000; Tu andWeissman
2004). To this end, protein disulfide isomerases
(PDIs) catalyze the formation of disulfide bonds
in nascent polypeptides (Feige and Hendershot
2011) and can associate with other chaperones,
such as BiP, which deliver substrates to the PDIs
(Jessop et al. 2009). One PDI family member,
ERdj5, is both anHsp40 and a PDI family mem-
ber. Unlike other PDIs, ERdj5 is a reductase and
helps unfold proteins before ERAD (see below)
(Ushioda et al. 2008).

Most secreted and membrane proteins con-
tain glycans, which are added cotranslationally
by the action of the ERoligosaccharyltransferase
(Aebi et al. 2010; Cherepanova et al. 2016). Gly-
cosylation occurs on an asparagine in the N-X-
(S/T) consensus site and serves several purposes,
such as stabilizing the protein and preventing
aggregation. As discussed in the next paragraph,
glycans also engage ER chaperone-like lectins,
which monitor protein folding (Caramelo and
Parodi 2007; Pearse and Hebert 2010). Final-
ly, glycans mediate cell–cell contact and sig-
naling cascades when positioned on cell surface
proteins.

Soon after the addition of the core glycan,
which is composed of Glc3Man9(GlcNAc)2, two
of the three outer glucose residues are trimmed
by glucosidases (Deprez et al. 2005). The mono-
glucosylated glycan is then recognized by two
calcium-binding lectins, calnexin (CNX), an in-
tegral ER membrane protein associated with
Sec61, and calreticulin (CRT), an ER lumenal
protein (Schrag et al. 2001). Both CNX and
CRT act as chaperones, stabilizing ER proteins,
promoting folding, and recruiting other folding
components, such as PDIs. Removal of the final
glucose by another glucosidase results in release

from CNX/CRT and, potentially, transport of a
folded protein from the ER. However, the fold-
ing status of the released substrate is assessed by
the UDP glucose glycosyltransferase (UGGT)
(Sousa and Parodi 1995; Trombetta and Helen-
ius 2000; Taylor et al. 2004; Ritter et al. 2005). If
the protein has not yet folded, UGGT adds back
a single glucose to the appended glycan so CNX/
CRT can rebind, allowing for additional cycles of
protein folding.

Another rate-limiting step during protein
folding is cis–trans isomerization of prolines
(Reimer et al. 1998), which is catalyzed by the
peptidyl-prolyl isomerases (PPIs) (Schmid et al.
1993; Gothel and Marahiel 1999). Spontaneous
isomerization of proline is too slow to support
protein folding, and specific prolines may need
to isomerize multiple times before a native con-
formation is achieved. Consistent with their role
in protein folding, one PPI associates with both a
PDI as well as a chaperone-like lectin that facil-
itates protein folding in the ER (Kozlov et al.
2017).

Finally, the ER in most eukaryotes contains
an Hsp90 homolog, known as Grp94. Cytosolic
and nuclear Hsp90s are best known for their role
in the maturation of transcription factors, pro-
tein kinases, and cell surface receptors (Pratt et
al. 2008; Taipale et al. 2012), which has spurred
interest in the development of Hsp90 inhibitors
in cancer. In the cytoplasm, Hsp70 and Hsp90
interact through a cofactor known as Hop that
also regulates their activity (Johnson et al. 1998;
Alvira et al. 2014). Surprisingly, however, the
ER lacks a Hop homolog, and there is a relative-
ly small number of known Grp94 substrates
(Ansa-Addo et al. 2016).

Overall,molecular chaperones assemble into
large multifunctional complexes, which aug-
ment protein folding and other processes (Frei-
lich et al. 2018; Joshi et al. 2018). This is espe-
cially critical in the ER,which receives, sorts, and
posttranslationally modifies one-third of the eu-
karyotic proteome. However, the efficiency of
the ER-folding machinery is not foolproof, and
when errors in posttranslational modification
occur ormutations compromise protein folding,
aberrant species must be removed or cellular ho-
meostasis will fail. Somewhat surprisingly, some
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of the same chaperones dedicated to the folding
of nascent polypeptides in the ER also become
essential recognition components of the degra-
dation machinery (Brodsky 2007). However, by
associating with proteins during folding, chap-
erones are in a prime position to identify when a
protein has failed to reach its native state. The
switch from a profolding to a prodegradative
function may be based on interactions with dif-
ferent motifs in the protein or by differential
association with cofactors. The mechanism of
how this switch is made is not understood, but,
as discussed above, glycosylation can act as a
switch (Roth and Zuber 2017). Notably, slow-
acting mannosidases interrupt CNX/CRT bind-
ing and impart a time frame for folding (Liu et al.
1999; Kanehara et al. 2007). Specifically, after the
initial removal of mannose, an unfolded protein
becomes a substrate for the ER degradation-en-
hancing mannosidase (EDEM) (Molinari et al.
2003; Oda et al. 2003; Clerc et al. 2009). EDEM
binding results in further glycan processing and
ERdj5 recruitment (see above), which breaks di-
sulfide bonds in preparation for ERAD(Ushioda
et al. 2008; Ninagawa et al. 2014). At this point,
the commitment to degradation has been made
and EDEM hands a substrate to the OS9 or
XTP3-B lectin, which escorts it to the ERAD
machinery (Christianson et al. 2008; van der
Goot et al. 2018). There is also evidence of spatial
separation of the mannosidases, which allow
folding attempts to occur before mannose trim-
ming (Pan et al. 2013; Benyair et al. 2015). Nev-
ertheless, some proteins in the ER are not glyco-
sylated. In some of these cases, the lectins still
function as ER quality-control gatekeepers, and
in other cases alternate mechanisms of substrate
recognition exist or recognition is mediated by
BiP (Brodsky et al. 1999; Okuda-Shimizu and
Hendershot 2007; Ushioda et al. 2013).

ENDOPLASMIC RETICULUM QUALITY
CONTROL AND ERAD

The clearance or repair of misfolded proteins in
the ER depends on ERADaswell as the unfolded
protein response (UPR) and ER-phagy (Fig. 1).
The UPR has been reviewed in detail elsewhere
(see, for example, Karagöz et al. 2018; Preissler

and Ron 2018), but in brief this transcriptional
response is activated by the accumulation ofmis-
folded proteins in the ER and triggered by inte-
gral ER membrane sensors. The UPR mitigates
stressbyslowinggeneralprotein translation, thus
reducing the protein load in the ER while simul-
taneously up-regulating factors that facilitate the
folding or clearance ofmisfolded species, includ-
ingERAD-requiring factors (Travers et al. 2000).
However, continued ER stress shifts the UPR
from a protective to a proapoptotic pathway,
which underlies the pathology of numerous dis-
eases. In contrast, ER-phagy selectively removes
portions of the ER after the UPR has been re-
solved (Schuck et al. 2014) or more directly tar-
gets substrates via recently identified ER-phagy
receptors (Smith and Wilkinson 2017). Select
ERAD substrates become substrates for ER-
phagy when overexpressed (Kruse et al. 2006b;
Ishida et al. 2009), but to date it is unclearwheth-
er these substrates are targeted for autophagy
after retrotranslocation and aggregation in the
cytoplasm or through encapsulation of ER frag-
ments (Fig. 1).

ERAD takes place in distinct yet coordinated
steps (Fig. 2). First, misfolded substrates are rec-
ognized, which is followed by substrate tagging
via the conjugation of a polyubiquitinmotif. Ac-
quisition of this motif serves as a signal for the
energy-dependent extraction of the substrate
from the ER as well as its subsequent delivery
to the proteasome (Meusser et al. 2005; Vembar
and Brodsky 2008; Araki and Nagata 2011;
Smith et al. 2011; Ruggiano et al. 2014; Pisoni
and Molinari 2016; Berner et al. 2018).

ERAD substrates are recognized by molecu-
lar chaperones and the chaperone-like lectins
discussed above. Chaperone-based recognition
takes advantage of surface-exposed, hydropho-
bic polypeptides that should be sequestered
within the protein interior. Early results impli-
cated BiP as a partner of misfolded or orphaned
proteins in mammalian cells (Bole et al. 1986;
Knittler et al. 1995), and later genetic studies in
yeast directly implicated BiP in ERAD substrate
selection (Plemper et al. 1997; Brodsky et al.
1999; Kabani et al. 2003). The contributions of
Hsp40 partners (Nishikawa et al. 2001) and
NEFs (Buck et al. 2013; Williams et al. 2015)
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during BiP-mediated selection and the mainte-
nance of substrate solubility underscores the im-
portance of chaperone-based complexes in pro-
moting both folding and ERAD.

In the second step, the identified substrate is
ubiquitinated.Ubiquitin is a 76-amino-acid pro-
tein that forms isopeptide-linked polyubiquitin
chains, which serve as a signal for proteasome-
mediated degradation during ERAD (Preston
and Brodsky 2017). Ubiquitin is primed for ad-

dition to misfolded proteins by an enzymatic
cascade starting with a ubiquitin-activating en-
zyme (E1). Next, ubiquitin becomes covalently
linked to a ubiquitin-conjugating enzyme (E2)
before a ubiquitin ligase (E3) catalyzes the final
transfer of ubiquitin to exposed lysine residues
in the targeted substrate (Deshaies and Joazeiro
2009; Finley 2009). In yeast, where ERAD was
first defined and has been extensively studied,
there are two ER-localized E3 ligases associated
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Figure 2. Endoplasmic reticulum-associated degradation (ERAD) of lumenal and integral membrane substrates.
(Top) During translocation through Sec61 (RCSB PDB 3JC2), a soluble ERAD substrate (in red) encounters BiP,
which aids in polypeptide folding and translocation across themembrane. BiP activity is enhanced by ER lumenal
Hsp40s. The polypeptide can be modified by the formation of disulfide bonds by protein disulfide isomerases
(PDIs) and by addition of N-linked glycans, which are bound by lectins such as OS9 or XTP-3 (in mammals). If
the polypeptide fails to fold, it is transferred to Hrd1. The E3 ligase/RING domain of Hrd1 is located in the
cytoplasm, so lumenal substrates must be partially retrotranslocated for ubiquitin conjugation, which occurs via
an enzymatic cascade that includes an E1 (ubiquitin-activating enzyme), E2 (ubiquitin-conjugating enzyme such
asUBE2G2/AUP1 orUBE2J1), and E3 (ubiquitin ligase such asHrd1 or gp78), which build a polyubiquitin chain
(lime hexagons) on the substrate. AUP1 tethers the E2 to the ERmembrane and functions analogously to Cue1 in
yeast. Following ubiquitination, the substrate is bound by the p97 (RCSB PDB 5C1A) complex, which is recruited
to the membrane by UbxD8 and interacts with the substrate via ubiquitin-binding partners Ufd1 and Npl1.
(Bottom) Integral membrane ERAD substrates (in orange) may also interact with BiP, but also have access to
cytoplasmic chaperones such as Hsp70-Hsp40 that recognize folding lesions. Cytoplasmic lysines are then
polyubiquitinated by E3 ligases such as TEB4, gp78, and/or CHIP (cyan, RCSB PDB 2C2L) in mammals. The
p97–Ufd1–Npl1 heterotrimer is recruited by UbxD8 and, in some cases, Derlin family members, which facilitate
retrotranslocation. The nature of the retrotranslocon channel (green) for membrane proteins is not established.
Finally, the retrotranslocated protein can be deglycosylated by PNGase, followed by delivery to the 26S protea-
some (RCSB PDB 4CR2), deubiquitinated by components in the 19S particle (purple/blue), and proteolyzed in
the 20S core particle (yellow/salmon).

P.G. Needham et al.

6 Cite this article as Cold Spring Harb Perspect Biol 2019;11:a033928

 on August 27, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


with this pathway, Hrd1 (Wilhovsky et al. 2000)
and Doa10 (Swanson et al. 2001), but the con-
tributions of other E3s were uncovered more
recently (Kohlmann et al. 2008; Stolz et al.
2013; Foresti et al. 2014). As anticipated, based
on the greater number of potential ERAD sub-
strates, the list of ERAD-contributing E3s in
mammals is significantly longer (Claessen
et al. 2012; Olzmann et al. 2013a).

Based on the specific site of the misfolded
lesion within a protein, different branches of the
ERAD pathway have been described (Huyer et
al. 2004; Vashist and Ng 2004; Carvalho et al.
2006; Denic et al. 2006). These distinctions are
most clearly defined in yeast but are somewhat
blurred in mammalian cells (Bernasconi et al.
2010). Nevertheless, the term ERAD-L has
been used to designate a soluble protein within
the ER lumen or an ER membrane–associated
protein with a misfolded domain facing the lu-
men. Hrd1 is the E3 ubiquitin ligase used for
ERAD-L.Other factors that recognize and trans-
fer substrates from lumenal chaperones to Hrd1
or stabilize the Hrd1 complex include the Der-
lins (Knop et al. 1996), Usa1 (Horn et al. 2009;
Carroll and Hampton 2010) or HERP in mam-
mals (Okuda-Shimizu and Hendershot 2007),
and Hrd3 (or Sel1 in mammals) (Gardner et
al. 2000; Mueller et al. 2008; Vashistha et al.
2016). Hrd3 interacts with BiP as well as an
Hsp40 partner and even shows chaperone-like
properties (Mehnert et al. 2015), which may
help retain a misfolded protein in solution be-
fore retrotranslocation.

An ER membrane protein with a misfolded
cytoplasmic-facing domain is inaccessible to ER
resident chaperones. In this case, recognition
requires cytoplasmic chaperones, and a different
E3 ligase, Doa10, is used along with a distinct set
of E2-conjugating enzymes and cofactors in
yeast (Vashist and Ng 2004; Carvalho et al.
2006; Ravid et al. 2006). This route is known as
ERAD-C, and the recognition and ubiquitina-
tion of ERAD-C substrates depends on Hsp70
and Hsp40 partners (Youker et al. 2004; Han
et al. 2007; Nakatsukasa et al. 2008). More re-
cently, the yeast cytosolic protein disaggregase,
Hsp104, was shown to enhance the degradation
of an aggregation-prone ERAD-C substrate

(Preston et al. 2018). Based on the diversity of
potential ERAD-C substrates (i.e., membrane
proteins with cytoplasmic domains), it is likely
that other recognition factors exist.

The identification of integral membrane
proteins with folding lesions within the lipid
bilayer is especially problematic as no classical
chaperones have been identified that possess this
activity. However, a single-pass transmembrane
protein with low hydrophobicity was transiently
displaced into the ER lumen in which BiP could
bind and facilitate ERAD (Feige and Hender-
shot 2013). For more firmly anchored mem-
brane proteins, the Hrd1 ubiquitin ligase, along
with the associated Hrd3 cofactor, appears to
bind and then ubiquitinate these ERAD-M sub-
strates (Sato et al. 2009). Nevertheless, based on
the complex nature of membrane proteins,
which deposit domains in three unique chemi-
cal environments (i.e., the ER, the lipid bilayer,
and the cytosol), it is likely that most misfolded
integral membrane proteins will follow more
than one of these three ERAD pathways (see,
for example, Buck et al. 2010).

Once selected, ERAD substrates are trans-
ported or retrotranslocated from the ER lumen
or membrane back to the cytosol where they are
delivered to and degraded by the 26S protea-
some. Initially, it was assumed that an ER resi-
dent protease handled misfolded ER proteins
(Needham and Brodsky 2013), but it subse-
quently became evident that aberrant soluble
and even membrane proteins are retrotranslo-
cated to the cytosol for disposal (Hiller et al.
1996; McCracken and Brodsky 1996; Wiertz et
al. 1996; Plemper et al. 1997; Nakatsukasa et al.
2008; Garza et al. 2009). Initially, the Sec61
translocation channel was the best candidate
for a retrotranslocation channel (Pilon et al.
1997; Romisch 1999), and more recently an ER
metalloprotease was shown to help clear sub-
strates that become trapped in Sec61 caused by
the premature folding of a cytoplasmic domain
(Ast et al. 2016). Hrd1 is involved in the destruc-
tion of similar substrates (Rubenstein et al.
2012). Other work suggested that the Derlins
might be the retrotranslocation channel, or at
least act as a major contributor to retrotranslo-
cation (Lilley and Ploegh 2004; Ye et al. 2004;
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Wahlman et al. 2007; Greenblatt et al. 2011;
Mehnert et al. 2014). However, more recent
data are consistent with Hrd1 acting as both a
ligase and a retrotranslocation channel, at least
for soluble substrates (Baldridge and Rapoport
2016; Schoebel et al. 2017). It also remains pos-
sible that integral membrane proteins are ex-
tracted directly from the lipid bilayer or are
somehow solubilized within the bilayer and ret-
rotranslocatedwithout the aid of a channel (Avci
and Lemberg 2018).

The force to pull substrates from the ER is
provided by the AAA-ATPase Cdc48 in yeast or
the homologous p97 protein in mammals (Bays
et al. 2001; Rabinovich et al. 2002; Ye et al. 2004).
Hexameric, chaperone-like AAA-ATPase ring
structures form components of multichaperone
complexes and proteolytic machines. In general,
this class of proteins act as force-generating en-
gines in numerous energy-dependent processes,
such as protein degradation and disaggregation
and DNA and lipid remodeling (Mogk et al.
2008; Sauer and Baker 2011; van den Boom
and Meyer 2018). Cdc48/p97 functions in a
complex with Ufd1 and Npl4, which recognize
polyubiquitinated substrates and bind several
components at the ER membrane (Stolz et al.
2010; Buchberger et al. 2015; Neal et al. 2018).
The appended polyubiquitin chain not only
marks the substrate for proteasome-dependent
degradation, but Cdc48 uses this motif as a han-
dle (and the ER membrane as an anchor) for
substrate retrotranslocation by coupling ATP
hydrolysis to drive the motor. Only a few sub-
strates can be extracted in a ubiquitin-indepen-
dent manner, and in this case AAA-ATPases in
the proteasome are sufficient (Lee et al. 2004). A
recent study also reported that more hydropho-
bic transmembrane domains were less efficiently
retrotranslocated, suggesting that degradation at
the ER, perhaps via clipping by integral mem-
brane proteases (Loureiro et al. 2006; Fleig et al.
2012), contributes to retrotranslocation/degra-
dation (Guerriero et al. 2017). Other recent
data indicate that polyubiquitinated substrates
are threaded through theCdc48 core after partial
deubiquitination (Bodnar and Rapoport 2017).
Whether species with shorter polyubiquitin
chains interact efficiently with the proteasome

or whether another round of polyubiquitination
is needed is unknown.

After a polyubiquitinated substrate is re-
moved from the ER, it is delivered to the protea-
somewith the help of the Rad23 and Dsk2 shut-
tling factors (Medicherla et al. 2004). In some
cases, appendedglycansare removedbyaprotein
N-glycanase (PNGase) before proteasome deliv-
ery (Hirayama et al. 2015). Rad23 also interacts
with this enzyme (Kim et al. 2006), suggesting
that delivery is coupled with glycan removal,
which might otherwise impede proteasome en-
try. The proteasome has a barrel-like catalytic
core housing two copies of three unique prote-
ases (Voges et al. 1999; Bard et al. 2018), and
entry into a narrow aperture at the end of the
barrel is regulated by the 19S “cap,” which itself
recognizes ubiquitinated substrates and possess-
es deubiqutinating enzymes as a substrate is fed
into the proteasome core for degradation (Finley
2009; Liu and Ye 2012).

REGULATION OF PROTEIN ABUNDANCE
BY ERAD

The ER serves as a portal for residents of the ER,
Golgi, lysosome, and plasma membrane, as well
as secreted proteins. Included among this di-
verse group of substrates are hormones, en-
zymes, cell surface receptors, and nutrient and
ion transporters and channels. This positions
the ER as a potential regulator of downstream
pathways (Halperin et al. 2014). Indeed, ERAD
is implicated not only in quality control but in
quantity control (Printsev et al. 2017). For ex-
ample, HMG-CoA reductase catalyzes the rate-
limiting step in cholesterol biosynthesis and is
the target of cholesterol- lowering statins (Gold-
stein and Brown 1990). The appearance of sterol
end products or biosynthetic intermediates
leads directly to the acquisition of a structurally
disordered form of the enzyme, which triggers
ubiquitination and ERAD (Jo and Debose-Boyd
2010; Wangeline et al. 2017). Other enzymes in
the sterol and lipid droplet biosynthetic pathway
are also regulated by ERAD (Foresti et al. 2013;
Olzmann et al. 2013b; Ruggiano et al. 2016).
Another example of regulated degradation oc-
curs when the ERAD pathway is hijacked by a
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viral pathogen. The human cytomegalovirus
(HCMV) genome encodes several proteins that
reduce surface expression ofmajor histocompat-
ibility class I (MHC-1), thus disabling of the host
immune response. MHC-1 degradation is in-
duced via an ERAD-like pathway that requires
select HCMV gene products. A similar situation
exists after HIV infection (Morito and Nagata
2015; van den Boomen and Lehner 2015). Inter-
estingly, none of these processes require molec-
ular chaperones, consistent with the idea that
ERAD-mediated quality and quantity control
can proceed via distinct routes.

In contrast, the metabolic regulation of apo-
lipoprotein B (ApoB), a protein component
of chylomicrons, very low-density lipopro-
teins (VLDLs), and LDLs (Fisher and Gins-
berg 2002), is chaperone-dependent.When lipid
availability is limited, the cotranslational trans-
location ofApoB through Sec61 is halted and the
protein is instead routed for ERAD in an Hsp70,
Hsp90, and PDI-dependent manner (Fisher
et al. 1997; Gusarova et al. 2001; Grubb et al.
2012); the PDIs also play a role in ApoB lipida-
tion (Wanget al. 2015). Interestingly, theHsp110
chaperone, which shows substrate-binding ac-
tivity and functions as an NEF (see above), pro-
tects ApoB, potentially acting as a holdase as the
protein translocates into the ER (Hrizo et al.
2007).

ERAD SUBSTRATE RECOGNITION

As outlined above, ERAD substrate recognition
requires chaperones and chaperone-like lectins,
but the biochemical and biophysical features of a
misfolded protein or an orphaned subunit that
are sufficient for ERAD targeting are poorly
defined. Simply exposing hydrophobic motifs fa-
vors chaperone binding, but whether the chaper-
onenowplays a profolding or prodegradative role
clearly requires other events, which were dis-
cussed in the previous section. Nevertheless,
the presence of an aggregation-prone domain
was recently shown to support ERAD-C target-
ing (Preston et al. 2018), and studies on a related
substrate indicated that aggregation propensity
influences whether a substrate is delivered to the
ERAD or lysosomal/vacuolar degradation path-

way (Sun and Brodsky 2018). However, aggre-
gation propensity for many ERAD-L substrates
may be less relevant as the ER has an unusually
robust capacity to prevent protein aggregation
compared with the cytosol (Rousseau et al. 2004;
Vincenz-Donnelly et al. 2018). Thus, the ER pro-
vides a protective environment in which most ag-
gregation-prone proteins remain soluble for rec-
ognition by chaperones and lectins. Nevertheless,
several proteins can still aggregate or illegiti-
mately oligomerize in the ER and undergo ER-
phagy (Kruse et al. 2006a,b; Ishida et al. 2009).

PROTEIN CONFORMATIONAL DISEASES
AND ERAD

In principle, proteins can adopt a stunning array
of conformations during folding—estimated to
be as high as 10300 (Levinthal 1969; Karplus
1997)—and given the diverse conformations of
secreted proteins and the preponderance of ge-
netic mutations it is not unreasonable to imag-
ine that many of the∼6700 secretory proteins in
humans may be a harbinger of disease. To date,
64 diseases in which the conformationally de-
fective protein is destroyed by ERAD are known
(Table 1). For inclusion, a mutant protein asso-
ciated with a human disease must be retained in
the ER and stabilized by treatment with a pro-
teasome inhibitor and/or is polyubiquitinated.
In contrast to a more extensive previous list
(Guerriero and Brodsky 2012), we excluded tox-
ins that masquerade as ERAD substrates and
diseases associated with the ERAD-like action
of viral pathogens.

The manifestation of a protein conforma-
tional diseases depends on how a mutation al-
ters the structure and function of the gene prod-
uct. Loss-of-function mutations that lead to
conformational diseases usually result in protein
misfolding and/or defects in multiprotein com-
plex assembly. For proteins that enter the ER,
the most common outcome is ERAD.

A mutant form of the cystic fibrosis trans-
membrane conductance regulator (CFTR) was
the first disease-causing/loss-of-function pro-
tein linked to ERAD (Cheng et al. 1990; Jensen
et al. 1995; Ward et al. 1995). CFTR is a mem-
ber of the ATP-binding cassette (ABC) family,
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which are made-up of two membrane-spanning
domains, each with six TMHs and two cyto-
plasmic nucleotide-binding domains (NBDs).
CFTR is unique among ABC transporters in
that it is a chloride channel and contains a reg-
ulatory domain between NBD1 and MSD2. The
topological complexity of CFTR combined with
extensive co- and posttranslational folding result
in a substantial amount of the wild-type protein
and essentially all of the F508del disease-causing
mutant allele being targeted for ERAD (Jensen
et al. 1995; Ward et al. 1995; Kleizen et al. 2005;
Thibodeau et al. 2005, 2010; Du and Lukacs
2009; Khushoo et al. 2011). In addition to the
common F508del variant, ∼120 other disease-
causing mutations have been identified in CFTR
(Sosnay et al. 2013), many of which also affect
protein folding (Veit et al. 2016). F508del CFTR
is recognized byHsp70, Hsp40, small HSPs, and
PPIs, and is then polyubiquitinated and deliv-
ered to the proteasome (Meacham et al. 1999,
2001; Youker et al. 2004; Grove et al. 2011; Hutt
et al. 2012).

Cystic fibrosis patients are facedwith pathol-
ogies in multiple organ systems, including the
respiratory and gastrointestinal tracts and the
reproductive and endocrine systems, which is
caused by increased viscosity of lumenal secre-
tions (Rowe et al. 2005; Cutting 2015). In the 29
years since theCFTR genewas identified (Kerem
et al. 1989; Riordan et al. 1989; Rommens et al.
1989), small molecules that facilitate F508del
CFTR biogenesis have been actively sought. Ear-
ly work focused on nonspecific chemical chap-
erones that enhance the cellular folding environ-
ment (Brownet al. 1996; Sato et al. 1996;Howard
et al. 2003). In addition, simply subjecting cells to
low-temperature increased F508del CFTR mat-
uration and cell surface activity, presumably by
decreasing kinetic barriers during folding (Den-
ning et al. 1992).More recently, combinations of
a folding “corrector” and a channel potentiator
significantly increasedF508delCFTRsurface ex-
pression and activity (Van Goor et al. 2009,
2011). This drug combination was approved by
the Food and Drug Administration (FDA) in
2015, and even with some positive outcomes
the effects inpatients have shown limited efficacy
and give rise to unwanted side effects (Horsley

and Barry 2017). Improved corrector–potentia-
tor combinations will undoubtedly be forth-
coming. In theory, the addition of an ERAD in-
hibitor might further improve the efficacy of
these therapeutics (Chung et al. 2016).

Under some circumstances, misfolded con-
formers may overwhelm or even escape the de-
tectionofquality-controlpathways, resulting ina
toxic gain-of-function phenotype. For example,
transthyretin (TTR) is secreted into the vitreous
humor by retinal pigment epithelial cells, the ce-
rebrospinal fluid by the choroid plexus, and the
bloodstream by the liver (Hamilton and Benson
2001). More than 135 mutations in TTR have
been identified, which vary in their amyloidoge-
nicity and, in turn, the age of onset and disease
presentation (Connors et al. 2003; Hammar-
ström et al. 2003; Sekijima et al. 2005). Some
mutant TTR variants escape ERAD and form
amyloids in the heart and peripheral nerves,
which presents as TTRcardiomyopathy, familial
amyloid polyneuropathy, or central nervous sys-
tem amyloidosis. Mutations that destabilize the
TTR tetramer are more prone to oligomerize
(Hammarström et al. 2002). Interestingly, the
D18G variant is one of the most highly aggrega-
tion-prone TTR forms in vitro, but gives rise to a
milddiseasephenotype, likelybecauseof thepro-
tective effect of ERAD (Hammarström et al.
2003; Sekijima et al. 2003, 2005). Another TTR
mutant, A25T is secreted more efficiently, and
recent data indicate that an ER lumenal Hsp40
chaperone, ERdj3, escorts the mutant protein
through the secretory pathway, potentially sup-
pressing ERAD and extracellular aggregation
(Genereux et al. 2015). Although a drug that sta-
bilizes the TTR tetramer shows efficacy for some
mutant alleles (Klabundeet al. 2000;Bulawaet al.
2012; Rappley et al. 2014), these data highlight a
more general role for chaperones as therapeutic
targets (LindquistandKelly2011;Brandvoldand
Morimoto 2015; Li et al. 2016).

CONCLUDING REMARKS

In this review, we introduced ER quality-control
pathways, highlighted themolecular chaperones
and other factors required for protein folding in
the ER as well as ERAD, and provided a resource
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list in which disease-associated proteins are de-
stroyed by ERAD (Table 1). Given the magni-
tude of coding variations in human genome
databases (Telenti et al. 2016)—and the astro-
nomical number of possible mutations that
might compromise protein folding—it is possi-
ble that any protein that enters the ER might
ultimately be included in this list.

One category of disease-causing substrates
we predict will increasingly be linked to ERAD
is ion channels. Ion channels present cells with
multiple folding challenges as they are large,
show complex topologies, form hetero- or homo-
oligomers, and/or contain charged residues
within their membrane-spanning domains,
which allows for ion permeation or voltage sens-
ing (Green 1999). For example, the epithelial so-
dium channel, ENaC forms a heterotrimer of
homologous α, β, and γ subunits (Buck and
Brodsky 2018). In some cells, the β and γ sub-
units are constitutively produced and are tar-
geted for ERAD, whereas the α subunit is only
synthesized after aldosterone secretion. When
expressed individually, each subunit is degraded
in an Hsp40-dependent manner (Buck et al.
2010). In contrast, only the orphaned α subunit
is degraded in an Lhs1/Grp170-dependentman-
ner (Buck et al. 2013). Mutations in ENaC that
alter ERAD and lead to salt-wasting have not yet
been identified, but based on these complex reg-
ulatory and folding pathways—and because the
assembled channel can still be degraded by
ERAD (Staub et al. 1997; Valentijn et al. 1998;
Malik et al. 2001)—we anticipate that syndrome-
associated ENaC polymorphisms will be iden-
tified. Similarly, loss-of-function mutations in
the thiazide-sensitive NaCl cotransporter, NCC,
cause the salt-wasting disorder Gitelman syn-
drome (Simon et al. 1996). One Gitelman-caus-
ingNCCmutation truncates the cytoplasmic tail
of the protein, which binds more readily to
Hsp70 and Hsp40 (Donnelly et al. 2013). Future
work will be required to determine whether this
mutant and anyof the other∼40disease-causing
mutants ismore efficiently targeted forERAD,as
these data suggest.

Although drugs have been identified to treat
both loss-of-function (e.g., CFTR) and gain-of-
function (e.g., TTR) diseases, these examples

represent the exception rather than the rule.
Thus, another important future goal is to find
chemical—or better, pharmacological—chaper-
ones that facilitate the folding of mutant
proteins and prevent ERAD. Proteostasis mod-
ulators such as 4-phenylbutyric acid, celastrol,
verapamil, and suberoylanilide hydroxamic acid
(SAHA) have been used with some success (see
Kelly 2018), and in one study the combined ad-
ministration of SAHA and an ERAD inhibitor
led to synergistic, corrective effects on a mutant
ion channel (Han et al. 2015). One hopes that
other examples of this approachwill soon follow.
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