
The eukaryotic cell environment is chemically complex 
and crowded, with macromolecules occupying 20–40% 
of the cell volume1,2. Most proteins attain their three-
dimensional conformations in this environment, a proc-
ess that is required for their proper function. However, 
protein folding is inherently error prone because the 
folding energy landscape for a polypeptide might 
include several off-pathway non-native intermediate 
states in addition to the state occupied by the native 
conformation3. Moreover, spontaneous errors during 
transcription and translation, genetic mutations, toxic 
compounds and cellular stresses, such as increased 
temp erature and osmotic stress, can compromise folding  
efficiency and/or rate. Finally, the chemical environ-
ment in the cell might not match the conditions that are 
required for the efficient folding of a given polypeptide. 
Not surprisingly, protein misfolding can lead to a host 
of diseases, such as cystic fibrosis, antitrypsin deficiency 
and protein aggregation diseases (such as Huntington’s, 
Parkinson’s, Alzheimer’s and prion-associated diseases). 
To prevent misfolding-induced toxicity, aberrant  
proteins are often destroyed4.

The folding of secreted proteins poses a specific 
problem. Approximately one-third of all proteins in 
eukaryotes are targeted to the secretory pathway, and 
the first compartment encountered by this diverse sub-
strate ensemble is the endoplasmic reticulum (ER)5,6. 
The ER contains molecular chaperones that assist in 
protein folding, and also contains unique enzymes 
that maintain an oxidizing environment relative to 
the cytoplasm and catalyse co- and post-translational 
modifications.

To ensure that the ER assembly line manufactures 
products that meet the needs of the cell, secreted pro-
teins are subject to ER quality control (ERQC)7. The 
primary mediators of ERQC are molecular chaperones 
that not only sample and help polypeptides to fold but 
also evaluate the conformations of their substrates.  
If a polypeptide has attained its native conformation, it 
might be targeted to its final destination. If folding is 
delayed or an illegitimate conformation arises, the sub-
strate is either subjected to additional folding cycles or 
is selected for a process termed ER-associated degrada-
tion (ERAD)8. If, however, the concentration of these 
potentially toxic protein species increases, compensatory 
pathways are induced.

Here, we present a brief historical overview of the 
ERAD pathway and focus on individual steps during 
ERAD: namely substrate recognition, targeting, retro-
translocation, ubiquitylation and proteasomal degrada-
tion. We discuss how ERAD efficiency is regulated and 
describe the intersection between the ERAD pathway, 
autophagy and the unfolded protein response (UPR), 
which can lead to apoptosis if unmitigated. Finally, we 
briefly survey the relationship between ER-protein fold-
ing, ERAD and protein transport to later compartments 
of the secretory pathway. As these fields have rapidly 
expanded, this review highlights select reports in the 
literature and emphasizes open questions.

ER degradation: an historical perspective
The existence of an ER-associated degradation pathway 
arose from studies by Klausner and colleagues9 who 
investigated the turnover of subunits in the heptameric 
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Abstract | Protein folding in the endoplasmic reticulum (ER) is monitored by ER quality 
control (ERQC) mechanisms. Proteins that pass ERQC criteria traffic to their final 
destinations through the secretory pathway, whereas non-native and unassembled subunits 
of multimeric proteins are degraded by the ER-associated degradation (ERAD) pathway. 
During ERAD, molecular chaperones and associated factors recognize and target substrates 
for retrotranslocation to the cytoplasm, where they are degraded by the ubiquitin– 
proteasome machinery. The discovery of diseases that are associated with ERAD substrates 
highlights the importance of this pathway. Here, we summarize our current understanding  
of each step during ERAD, with emphasis on the factors that catalyse distinct activities.
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T-cell receptor (TCR) complex. TCR subunits are syn-
thesized in non-stoichiometric ratios, and assembly into 
a hetero-oligomeric complex is essential for trafficking 
beyond the ER. However, it was found that isolated α and 
µ subunits were degraded in a non-lysosomal, pre-Golgi 
compartment. Two models were proposed to explain 
this observation: either TCR subunits are targeted to an 
unknown compartment for degradation or a specific pro-
tease resides within the ER10. Initially, the degradation of 
a misfolded form of the yeast vacuolar protease carboxy-
peptidase Y (also known as Cpy*) was also thought to 
occur by one of these mechanisms11. In fact, a protein resi-
dent of the mammalian ER, denoted ERP60, was isolated  
and proposed to be the quality-control protease12.

The first hint that ER-protein degradation might 
instead require a cytoplasmic factor emerged from the 
work of Sommer and Jentsch13. They discovered that a 
thermosensitive mutation in the gene that encodes Sec61, 
the ER-embedded translocation channel, was rescued 
by the disruption of UBC6, which encodes a ubiquitin-
conjugating enzyme in the ER membrane in budding 
yeast. This suggested that the cytoplasmic proteasome 
degrades misfolded ER-membrane proteins because 
ubiquitin-conjugating enzymes, or E2s, are required for 
the ubiquitylation of proteasome-targeted substrates (see 
below). Support for this model emerged from subsequent 
studies on the human cystic fibrosis transmembrane 
regulator (CFTR), a plasma membrane chloride chan-
nel that, when mutated, leads to cystic fibrosis14,15. Soon 
thereafter, it was shown in yeast that misfolded soluble 
proteins in the ER, such as mutant pro-alpha factor and 
Cpy*, are destroyed by the proteasome; in this case, the 
substrate had to be retrotranslocated (or dislocated) 
from the ER to the cytoplasm8,16,17. Concurrently, the 
proteasome was shown to be required for the regulated 
degradation of yeast hydroxymethylglutaryl coenzyme A 
reductase18, the enzyme that catalyses the rate-limiting 
step in cholesterol biosynthesis, and for the human 
cytomegalovirus (HCMv)-induced degradation of 
the major histocompatibility class I (MHCI) protein19. 
More recent data indicate that bacterial agents, such as 
cholera toxin, Shiga toxin and ricin, also use elements of  
the ERAD pathway to intoxicate host cells20.

A large number of components that are required for 
ERAD have been identified through both genetic and 
biochemical approaches21–23. based on these efforts, it 
has also become clear that ERAD substrates are recog-
nized, targeted, retrotranslocated, polyubiquitylated and 
then degraded by the 26S proteasome (FIG. 1). Individual 
components have been found to catalyse unique steps 
during ERAD, and most are conserved from yeast to 
humans (Table 1).

Substrate recognition
Potential ERAD substrates include soluble and integral 
membrane proteins, polypeptides that have failed to 
become post-translationally modified or are otherwise  
damaged or misfolded, and unassembled members of 
multiprotein complexes. With few exceptions, it remains 
mysterious how ERAD substrates are selected from pro-
teins that are properly folded or that are on the correct 

folding pathway; thus, many proteins might be mistak-
enly targeted for ERAD. In turn, increasing evidence 
indicates that a large percentage of some ‘wild-type’ pro-
teins are destroyed by the ERAD pathway24. overall, it is 
better that questionable proteins in the ER are degraded 
because the cell cannot afford to risk the acquisition of 
toxic aggregates.

Hydrophobic patches: is being ‘oily’ sufficient for ERAD? 
In the native conformation, hydrophobic patches are 
usually buried within the interior of soluble proteins 
in order to maintain the lowest energy state3. However, 
these patches might become exposed in the unfolded 
state, which can lead to aggregation. To minimize this 
event, molecular chaperones, such as members of the 
70 kDa heat-shock protein (Hsp70) family, bind to 
short polypeptide motifs with hydrophobic properties. 
binding and release of Hsp70-family substrates are ATP 
dependent and are regulated by both Hsp40-family  
co-chaperones and dedicated nucleotide-exchange 
factors (NEFs) (box 1). As might be anticipated, an 
ER-luminal Hsp70-family member — immunoglobulin 
binding protein (bIP, also known as GRP78) — and in 
some cases ER-resident Hsp40-family members, asso-
ciate with several ERAD substrates and maintain their 
solubility25–28. It is currently unclear whether the bIP-
associated NEFs have a role during ERAD, and whether 
bIP and/or Hsp40-family co-chaperones are required for 
the recognition of every ERAD substrate.

by analogy, membrane proteins with large cytoplas-
mic domains might be expected to bind to cytoplasmic 
Hsp70s and Hsp40s. Consistent with this hypothesis, 
these chaperones facilitate the ERAD of CFTR in both 
yeast29,30 and mammals31,32; CFTR contains two large, 
cytoplasmically exposed nucleotide-binding domains. 
by contrast, the cytoplasmic NEFs in mammalian cells, 
HSP-binding protein-1 (HSbP1) and b-cell lymphoma-2 
(bCl2)-associated athanogene-2 (bAG2), negatively 
regulate CFTR degradation33,34. These data are consist-
ent with the fact that the ATP-bound Hsp70s have a low 
affinity and a high release rate for peptide substrates 
(box 1).

based on these and other results (see below), it is 
likely that Hsp70s have an important, general role dur-
ing ERAD substrate selection. In one view, prolonged 
interaction between an ERAD substrate and an Hsp70 
might be sufficient to recruit a ubiquitin ligase, or E3; 
once the substrate becomes polyubiquitylated, ERAD 
can be ensured. Consistent with this model, bIP resides 
in an E3-containing multiprotein complex in the ER 
membrane35, and cytoplasmic Hsp70 family members 
recruit a cytoplasmic E3 that ubiquitylates CFTR36. 
The fundamental importance of bIP is emphasized by 
the observation that bIP-mutant knock-in mice show 
defects that are consistent with compromised ERQC and 
display profound defects in brain development37.

The selection of N‑linked glycans for ERAD. Most pro-
teins that translocate into the ER are co-translationally 
modified with an N-linked oligosaccharide (GlcNAc2-
Man9-Glc3, of which GlcNAc is N-acetylglucosamine, 

R E V I E W S

NATURE REvIEWS | molecular cell biology  volUME 9 | DECEMbER 2008 | 945

Petitioner Merck, Ex. 1087, p. 945

http://www.uniprot.org/uniprot/O13849
http://www.uniprot.org/uniprot/P30101
http://www.uniprot.org/uniprot/P32915
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=856837&ordinalpos=4&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.uniprot.org/uniprot/P13569
http://www.uniprot.org/uniprot/P11021
http://www.uniprot.org/uniprot/O95816


Nature Reviews | Molecular Cell Biology

E3 ligaseRetrotranslocon

and/
or

Other
components?

Cdc48
complex

Cytoplasm

ER

26S
proteasome

Site of lesion
N-linked glycan

PolyubiquitinRecognition
components

a  Protein recognition b  Protein targeting
c  Retrotranslocation
     initiation

d  Ubiquitylation
    and further
    retrotranslocation

e  Proteasomal targeting
     and degradation

SH

Lectin-like domain
lectins are sugar-binding 
proteins that either bind to 
soluble carbohydrate 
molecules or to carbohydrate 
moieties in glycoproteins. 
lectin-like domains are found 
in a wide range of proteins  
that are involved in 
protein–protein, protein–lipid 
and protein–nucleic acid 
interactions.

Man is mannose and Glc is glucose) that is added onto 
an Asn in a consensus Asn-X-Ser/Thr motif (in which 
X represents any amino acid) (FIG. 2). The subsequent 
removal of terminal glucose residues by glucosidases, 
and facilitated folding by the lectin-like chaperones 
calnexin and calreticulin results in a glycoprotein that 
contains a GlcNAc2-Man9 moiety. Proteins with this 
sugar are competent for ER exit and can transit to their 
final destinations. If instead the glycoprotein contains 
hydrophobic patches or is in a molten globule-like 
state, it is recognized by UDP-glucose:glycoprotein 
glucosyltransferase (UGGT)38,39, which adds a glucose 
molecule to the N-linked glycan. The resulting mono-
glucosylated, non-native species re-enters the calnexin–
calreticulin cycle40. Whether UGGT can directly detect 
terminal misfolding and target substrates for ERAD is 
currently unknown. Moreover, some ER-retained spe-
cies are modified by mannosidases, which might act as 
timers for glycoprotein degradation and thus prevent 
glycoproteins from becoming permanently trapped in 
a re-glucosylation and folding cycle41. However, it is 
important to note that only a select number of ERAD 
substrates have been shown to require these events and 
it remains contentious whether ERAD occurs only after 
a specific number of mannoses have been trimmed.

Additional features of the pathway for glycoprotein 
selection during ERAD are noteworthy. First, the number 
and position of glycans in glycoproteins might be opti-
mized for entry into or exit from the calnexin–calreticulin 
cycle42–45. Second, calnexin and calreticulin bind to glyco-
sylated and non-glycosylated proteins — mutation of 
the lectin-like domain of calnexin or calreticulin has no 
apparent effect on chaperone function in cultured cells46. 
Third, there is crosstalk between bIP and the calnexin–
calreticulin system. For example, some substrates interact 
sequentially with bIP and calnexin–calreticulin in the 
cell47, whereas calnexin and bIP synergistically suppress 
the aggregation of a non-glycosylated substrate in vitro48. 
Furthermore, bIP can compensate for the absence of the 
calnexin–calreticulin cycle by binding to glycosylated sub-
strates with which it does not normally interact49. In some 
cases, the two chaperone systems even have unique effects 
on the fate of a substrate50–53. Furthermore, budding yeast 
lack UGGT but exhibit most other aspects of glycoprotein 
quality control and ERAD.

Disulphide bond formation. The ER environment is 
more oxidizing than the cytoplasm, and this favours 
the formation of disulphide bonds. This process is cata-
lysed by protein disulphide isomerases (PDIs), which 

Figure 1 | a step-by-step illustration of endoplasmic reticulum-associated degradation. a | Protein recognition. 
Misfolded proteins containing cytoplasmic, intramembrane or endoplasmic reticulum (ER)-luminal lesions are recognized 
by cytoplasmic and luminal chaperones and associated factors, such as 70 kDa heat-shock protein (Hsp70)-family members, 
calnexin and calreticulin, and protein disulphide isomerases. b | Protein targeting. ER-associated degradation (ERAD) 
substrates are targeted to the retrotranslocation machinery (the retrotranslocon) and/or to E3 ligases. c | Retrotranslocation 
initiation. Substrate retrotranslocation into the cytoplasm might be initiated in part by the cell-division cycle-48 (Cdc48) 
complex; other components, such as molecular chaperones or the proteasome, might also be required for this step. The 
energy derived from ATP hydrolysis by Cdc48, which is a AAA+ ATPase, is coupled to retrotranslocation. d | Ubiquitylation 
and further retrotranslocation. As proteins exit the retrotranslocon they are polyubiquitylated by E3 ubiquitin ligases. This 
promotes further retrotranslocation and is aided by cytoplasmic ubiquitin-binding protein complexes. e | Proteasomal 
targeting and degradation. Once a polyubiquitylated substrate is displaced into the cytoplasm, it is recognized by receptors 
in the 19S cap of the 26S proteasome. De-ubiquitylating enzymes (not shown) remove the polyubiquitin tag, and peptide 
N-glycanase (not shown) might also be required for efficient degradation. The substrate is then threaded into the 20S 
catalytic core of the proteasome where it is broken down into peptide fragments. Ubiquitin that is generated by this process 
can be recycled for subsequent rounds of modification.
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Table 1 | Select components that are required for ERAD

component location yeast mammals*

Recognition

Hsp70 family ER BiP (also known as Kar2) BIP (also known as GRP78)

Cytoplasm Ssa1 HSP70 and HSC70

Hsp40 family ER Scj1 and Jem1 ERDJ1–5 and p58IPK 

Cytoplasm Ydj1 and Hlj1 HDJ1–2, HSJ1 and Cys string protein

Nucleotide-exchange factor ER Sil1 (also known as Sls1) and Lhs1 SIL1, GRP170 and BAP

Cytoplasm Snl1, Fes1 and Sse1 BAG1–2, HSPBP1 and HSP110

Small Hsps Cytoplasm Hsp26 and Hsp42 α-Crystallin

Hsp90 family ER Unknown GRP94

Cytoplasm Hsp82 and Hsc82 HSP90

Calnexin ER membrane Cne1 Calnexin

Calreticulin ER Unknown Calreticulin

Protein disulphide isomerase ER Pdi1 and Eps1 PDI, ERP29, ERP57, ERP72 and ERDJ5

Targeting

α-Mannosidase-like‡ Possibly ER or ER membrane Htm1 (also known as Mnl1) EDEM1–3

Mannose-6-phosphate receptor-like‡ ER Yos9 OS9 and XTP3-B

UBL domain containing ER membrane Usa1 HERP

Retrotranslocation

Sec61 complex ER membrane Sec61 complex and Ssh1 complex Sec61 complex

Derlins ER membrane Dfm1 and Der1 Derlin-1–3

Regulators? ER membrane Usa1 HERP

Ubx2 Unknown

Unknown VIMP, BAP31 and SVIP

Ubiquitylation

E1 ubiquitin-activating enzyme Cytoplasm Uba1 UBE1

E2 ubiquitin-conjugating enzyme ER membrane Ubc6 UBC6e

Membrane associated Ubc7–Cue1 complex UBCH7 (also known as UBC7)

Cytoplasm Not established UBCH5

E3 ubiquitin ligase ER membrane Hrd1–Hrd3 complex  HRD1–SEL1L complex 

Doa10 TEB4 (also known as MARCH IV)

Unknown GP78 and RMA1 (also known as RNF5)

Cytoplasm Rsp5 NEDD4–2

Unknown Parkin, CHIP and SCFFBX2 or SCF2FBS2

E4 chain-extension enzyme Cytoplasm Ufd2 UFD2a

Proteasomal targeting and degradation

Cdc48 complex Membrane associated Cdc48–Ufd1–Npl4 p97–UFD1–NPL4 

UBL and UBA domain containing Cytoplasm Rad23 and Dsk2 RAD23

Deglycosylating enzyme Possibly membrane  
associated or cytoplasm

Png1 Peptide N-glycanase

De-ubiquitylating enzyme Cytoplasm Unknown Ataxin-3

Ubiquitin receptor 19S proteasomal cap Rpn10 RPN10 (also known as S5a)

Rpn13 RPN13

Rpt5 RPT5 (also known as TBP1 or S6)

*Note that the roles of some mammalian factors in ERAD have not been conclusively established. ‡Lectin-like proteins. BAG, B-cell lymphoma-2-associated 
athanogene; BIP, immunoglobulin binding protein; Cdc48, cell-division cycle protein-48; CHIP, C terminus of HSC70-interacting protein; EDEM, ER degradation-
enhancing α-mannosidase-like lectin; ER, endoplasmic reticulum; ERAD, ER-associated degradation; ERP, ER protein; FBX, F-box only protein; FBS, F-box/SEC7 
protein; HERP, homoCys-responsive ER-resident protein; HSC, heat-shock cognate; Hsp, heat-shock protein; SCF, S-phase-kinase-associated protein-1–cullin–F-
box complex; UBA, ubiquitin association; UBL, ubiquitin-like; VIMP, valosin-containing protein-interacting membrane protein.   
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Thioredoxin-like
Thioredoxins are disulphide-
containing proteins that 
regulate the redox status of the 
cell and have a role in diverse 
oxidative cellular processes. 
The thioredoxin-like domain 
typically adopts a two- or 
three-layer β-sandwich 
structure and contains a 
conserved Cys-x-x-Cys 
active-site motif.

possess thiol oxidoreductase activity (box 1). besides 
enabling the de novo formation of disulphide linkages, 
PDIs also isomerize non-native disulphide bonds, thus 
facilitating the acquisition of the native state. To date, 
19 PDI homologues have been identified in the human 
ER, which suggests that these enzymes exhibit substrate 
specificity, that their expression is regulated and/or that 
they possess unique oxidizing potentials in vivo.

Mammalian PDI participates in the ERAD of several 
substrates and can work in tandem with bIP50,51. PDI 
enables the retrotranslocation of cholera toxin and the 
simian virus-40 (Sv40) polyoma virus, both of which 

use the endocytic pathway to invade host cells54,55. 
ERP57, a mammalian PDI homologue, associates with 
calnexin and calreticulin and is involved in glycoprotein 
quality control56. ERDJ5 also helps to retrotranslocate 
the Sv40 virion55. Interestingly, a yeast PDI homologue, 
Pdi1, recognizes a Cys-free model ERAD substrate and 
catalyses its degradation57. one recently characterized 
human PDI homologue, ERDJ5, contains four canonical 
thioredoxin-like active-site Cys-X-X-Cys motifs and is a 
bIP cofactor28. ERDJ5 regulates the degradation of null 
Hong Kong (NHK), a disease-causing α1-antitrypsin 
variant, by accelerating the formation of degradation-
competent NHK monomers from disulphide-linked 
dimers58.

because of the diversity of this enzyme family and 
the diversity of potential substrates, many questions 
remain unanswered. For example, does ERAD require 
the formation of disulphide bonds between PDIs and 
free Cys residues in substrates, as suggested for ERDJ5, 
or is polypeptide recognition sufficient for ERAD, as is 
the case for yeast Pdi1? In addition, does the retrotrans-
location of oxidized substrates require the reduction of 
all disulphide bonds? For some substrates, completely 
reduced forms cannot be identified prior to degrada-
tion50,59. However, enhanced degradation efficiencies 
have been noted in cells that have been treated with 
reducing agents60. The observed increase in degradation 
might be indirect because reducing agents also induce 
the UPR (box 2), which results in the upregulation of 
some components required for ERAD61.

Assembly of oligomeric structures and ERAD escape. The 
folding of individual subunits of multimeric complexes 
can occur either prior to the acquisition of the quaternary 
structure62,63 or after subunit oligomerization64. Whether 
assembly enhances conformational stability or results in 
a transport-competent state for most multiprotein com-
plexes remains ill-defined: ERAD might ensue from a 
folding defect or from prolonged ER retention. Assembly 
can also mask peptide signals that act as determinants of 
ER retention or degradation65–67.

The homotrimerization of the influenza virus hae-
magglutinin protein within the ER provides an example 
in which monomer folding occurs prior to oligomeri-
zation63. Haemagglutinin monomers, which fold co-
translationally and adopt a stable disulphide-bonded 
conformation, assemble into a homotrimeric complex 
prior to ER exit. A second example is the oligomerization 
of subunits of the heptameric TCR complex. In this case, 
acquisition of the quaternary structure enhances the sta-
bility of individual TCR subunits, which are otherwise 
rapidly turned over by ERAD owing to the exposure 
of basic residues in the ER membrane68. Another well-
studied example in which some of these phenomena are 
evident is the assembly of secreted immunoglobulin,  
which requires the formation of disulphide bonds 
between heavy chains (HCs) and light chains (lCs). In 
plasma cells that lack lCs, HCs are either maintained 
in a partially folded, assembly competent state by bind-
ing to bIP, or are degraded by ERAD65,69,70. The HCs 
also contain a C-terminal Cys, which is exposed in 

 Box 1 | Select molecular chaperones involved in ER quality control

The endoplasmic reticulum (ER) possesses a unique folding environment, which is 
maintained by the concerted action of distinct families of molecular chaperones.

The 70 kDa heat-shock protein  (Hsp70)-family chaperones are highly expressed in 
most eukaryotic organelles. Hsp70s contain an N-terminal ATPase domain followed by a 
substrate-binding domain, which contains a hydrophobic cleft for binding to client 
proteins, and a C-terminal lid. ATP hydrolysis is essential for Hsp70 function and is 
stimulated by Hsp40s and other J-domain-containing proteins or by peptide substrates 
(see figure). The resultant ADP-bound state possesses high affinity and low release rates 
for substrates, which prevents substrate aggregation.

Hsp40s and other J-domain-containing proteins act as co-chaperones for Hsp70s, 
although chaperone-like roles have also been described for some Hsp40s. The 
predominant feature of these proteins is the presence of an ~70 amino-acid J-domain, 
which interacts with the ATPase domain of Hsp70s and stimulates ATP hydrolysis (see 
figure). Hsp40s might also contain distinct regions for substrate binding, zinc chelation 
and/or dimerization.

The Hsp70 hydrolytic cycle might be further augmented by the catalysed release of 
ADP, as performed by nucleotide-exchange factors (NEFs; see figure). Several classes of 
NEFs have been identified, including the Hsp110s, which belong to the Hsp70 
superfamily, B-cell lymphoma-2-associated athanogenes (BAGs) and GRPE-like proteins 
(see the main text).

Calnexin and calreticulin are carbohydrate-binding lectins that are required for the 
folding and quality control of glycosylated proteins. Both bind to the N-linked core 
glycan of monoglucosylated substrates and might also bind to the hydrophobic 
polypeptide backbone of substrates.

During protein folding in the ER, protein disulphide isomerases participate in the 
oxidation and/or isomerization of disulphide bonds. These proteins are characterized by 
the presence of one or more thioredoxin-like domains with active-site Cys-X-X-Cys 
motifs (in which X represents any amino acid).
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the unassembled state and might act as a degradation 
determinant65. Degradation prevents immunoglobu-
lin subunit aggregation, which can occur through the  
incorrect formation of disulphides.

Substrate targeting
Soluble ERAD substrates must first be selected for retro-
translocation to the cytoplasm because the enzymes 
required for ubiquitylation reside in this compartment 
(box 3). For ERAD substrates that reside in the ER mem-
brane, ubiquitylation precedes or can occur concomitant 
with retrotranslocation.

Distinct yeast ERAD‑C, ERAD‑L and ERAD‑M pathways.  
Accumulating evidence suggests that the location of a 
misfolded lesion dictates the factors that are required for 
ERAD substrate targeting. Thus, proteins with lesions 
in the cytoplasmic, luminal and membrane-spanning 
domains follow the ERAD-C, ERAD-l and ERAD-M 
pathways, respectively35,71–74. ERAD-C substrates use 

a complex that contains the Doa10 ubiquitin ligase. 
Substrates that follow the ERAD-l pathway — either 
soluble or integral membrane proteins that contain a 
luminal lesion — interact with the Hrd1 ubiquitin ligase 
complex. Much less is known about the ERAD-M path-
way, but its substrates also seem to be ubiquitylated by 
the Hrd1 complex.

It is important to point out that the ERAD-C, 
ERAD-l and ERAD-M pathways have only been 
defined in yeast. As mammals possess a more elaborate 
repertoire of ERAD-requiring components (Table 1), it is 
possible that distinctions between the pathways became 
blurred as higher eukaryotes evolved larger numbers of 
and more complex secretory-pathway residents. Even 
in yeast, certain membrane substrates require both 
the Doa10 and Hrd1 ubiquitin ligases, and hence the 
ERAD-C and ERAD-l pathways can overlap72,75,76. This 
probably serves to increase degradation efficiency and 
allows the cell to compensate for substrate overload in 
one or the other pathway.

Figure 2 | N-linked glycosylation and the degradation of glycosylated proteins. Proteins that enter the 
endoplasmic reticulum (ER) are often modified by the addition of a GlcNAc

2
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3 
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of Asn residues in the consensus Asn-X-Ser/Thr motif. First, the translocon-associated oligosaccharyl transferase (OST) 
complex co-translationally transfers GlcNAc

2
-Man

9
-Glc

3 
glycans from dolichol to substrate proteins. Next, glucosidase-I 

and glucosidase-II sequentially remove two terminal glucoses, generating monoglucosylated substrates that are 
recognized by calnexin and calreticulin through their carbohydrate-binding globular domains (calreticulin is a soluble 
protein and is not shown). The interaction with calnexin and calreticulin facilitates folding. ERP57, a protein disulphide 
isomerase homologue that is associated with the arm domain of calnexin and calreticulin, catalyses disulphide bond 
formation. Following release from the calnexin–calreticulin cycle, the final glucose is trimmed by glucosidase-II. If 
glycoproteins have adopted their native conformations, they can be demannosylated (denoted by the use of parentheses 
around the mannoses) by ER mannosidases I and II (ER man-I and man-II) and exit the ER through coatomer protein 
complex-II vesicles. However, the folding of some glycoproteins requires multiple rounds of association with calnexin– 
calreticulin. Such proteins are reglucosylated by UDP-glucose:glycoprotein glucosyltransferase (UGGT), which recognizes 
non-native states and transfers a glucose from UDP-glucose to the N-linked GlcNAc

2
-Man

9
 glycan. Re-monoglucosylation 

promotes re-entry into the folding cycle. Terminally misfolded glycoproteins might also be targeted for ER-associated 
degradation (ERAD) by calnexin and calreticulin or by other ERAD-requiring components. EDEM, ER degradation-
enhancing α-mannosidase-like lectins; Glc, glucose; GlcNAc, N-acetylglucosamine; Man, mannose.

R E V I E W S

NATURE REvIEWS | molecular cell biology  volUME 9 | DECEMbER 2008 | 949

Petitioner Merck, Ex. 1087, p. 949

http://www.uniprot.org/uniprot/P40318
http://www.uniprot.org/uniprot/Q08109


Nature Reviews | Molecular Cell Biology

PP

Ire1

BiP

Folded
substrate
proteins

Unstressed 
conditions

Accumulation of
misfolded proteins

ER

ER stress

Cytoplasm

Intron Intron

Hac1

Hac1p
UPRE

Chaperones
Lipid synthesis
COPII and post-Golgi
transport
ERAD-requiring factors
Cell-wall biosynthesis

Nucleus

1

2

Splicing

Translation

Hac1

?
Hac1

HAC1 mRNA

and

UBL domain
(Ubiquitin-like domain).  
a non-enzymatic domain that 
resembles ubiquitin in 
structure. Ubl 
domain-containing proteins 
might have a role in the 
recruitment of ubiquitylated 
substrates to the 26S 
proteasome.

The coupling of recognition and targeting. Substrate 
recognition and targeting can become indistinguishable 
because ERAD substrates might not be passed between 
distinct recognition and targeting complexes. Recent 
observations suggest that factors required for recogni-
tion reside within multiprotein complexes that are also 
essential for targeting. For example, in yeast, biP is 
tethered to the ER membrane by virtue of its inter action 
with an integral membrane partner, Sec63. In turn, 
Sec63 resides in a multiprotein ensemble in the yeast ER 
membrane that includes Sec61 (ReF. 77) — a candidate 
for the retrotranslocation channel (see below). Thus, a 
complex containing biP and two associated Hsp40s in 
the ER27 might recognize and then direct selected ERAD 
substrates to the ER channel.

In mammals, a recent study implicated a trans-
membrane Ubl domain-containing protein, homoCys-
responsive ER-resident protein (HERP), as a receptor 
for non-glycosylated bIP substrates59. As HERP co-
precipitates with derlin-1, which is another candidate 
for the retrotranslocation channel78, and with ubiquit-
ylated proteins and the 26S proteasome, this targeting 
factor might bridge the ER-recognition machinery to 
the cytoplasmic ubiquitin–proteasome system. A similar 
function can be attributed to the Hrd1 complex, which 

contains ER-luminal chaperones and other targeting 
components tethered both to the membrane-integrated 
E3 ligase and to a cytoplasmic factor that drives substrate 
extraction35,73,74,79 (see below).

Recently, several ER-resident targeting factors that 
recognize glycoproteins have been characterized in 
both yeast and mammals. These include the ER degra-
dation-enhancing α-mannosidase-like lectins (EDEMs) 
(Table 1) and lectins that contain mannose-6-phosphate 
receptor-like domains, such as Yos9 (in yeast) and oS9 
and XTP3-b (in mammals). It is thought that these fac-
tors deliver ERAD substrates to the retrotranslocation 
channel80.

EDEM1 facilitates the degradation of the NHK 
α1-antitrypsin mutant, and based on its interaction 
with calnexin, the lectin might receive substrates from 
the calnexin cycle81–83. Two homologues, EDEM2 
(ReFS 84,85) and EDEM3 (ReF. 86), probably function in  
a similar way. In keeping with a role for the EDEMs  
in substrate targeting, EDEM1 associates with derlin-2 
and derlin-3 (ReF. 86), which are retrotranslocation chan-
nel candidates. Further supporting these observations, 
a yeast EDEM homologue has been implicated in the 
turnover of ERAD-l substrates71. It is unclear whether 
the EDEMs exhibit substrate specificity, whether every 

Box 2 | The unfolded protein response

Misfolded protein accumulation in the endoplasmic 
reticulum (ER) can lead to the induction of the unfolded 
protein response (UPR), which reduces ER-protein load by 
several mechanisms (see the main text).

In yeast, the sole UPR transducer is inositol-requiring 
protein-1 (Ire1), an ER-localized transmembrane Ser/Thr 
kinase and site-specific endoribonuclease. Under 
unstressed conditions, immunoglobulin binding protein 
(BiP) binds to Ire1 in the ER lumen and maintains the enzyme 
in an inactive state (see figure). When the ER is stressed, BiP 
can be titrated away to bind to misfolded substrates, in turn 
activating Ire1 (see figure, step 1). Ire1 also dimerizes and 
might directly bind to misfolded proteins owing to the 
formation of a peptide-binding pocket in the ER-luminal 
domain, thus resulting in activation (see figure, step 2).

Ire1 activation involves the transphosphorylation of its 
cytoplasmic domain, which triggers endoribonuclease 
activity and splices an intron in the mRNA that encodes 
Hac1 (homologous to ATG6/CREB), a dedicated UPR 
transcriptional activator. The processed mRNA is re-ligated 
by a tRNA ligase, Trl1, and translated. Hac1 then 
translocates into the nucleus, binds to UPR elements 
(UPREs) and possibly other sequences in the promoter 
region of target genes, and upregulates their expression.

In higher eukaryotes, the UPR consists of three 
transducers, IRE1, PERK and activating transcription 
factor-6 (ATF6) (not shown)157. IRE1 functions in a manner 
that is identical to its yeast homologue. ER-stress-activated 
PERK is a transmembrane kinase that phosphorylates the 
α-subunit of the eukaryotic translation initiation factor-2 
(eIF2α), and thus inhibits protein translation. ATF6 traffics to the Golgi under conditions of ER stress. Here, it is 
proteolytically processed by the S1P and S2P intramembrane proteases to release the ATF6-fragment transcription factor. 
This fragment translocates into the nucleus and upregulates target genes. In each case, BIP is also required for transducer 
activation. Interestingly, the IRE1 branch of the UPR seems to be anti-apoptotic, whereas persistent PERK signalling might 
trigger apoptosis158. COPII, coatomer protein complex-II; ERAD, ER-associated degradation.
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EDEM homologue acts as a mannosidase and whether 
binding to a distinct mannose-trimmed protein species 
is essential for substrate selection.

Yos9 was uncovered in a genetic screen to identify 
components that participate in glycoprotein turnover87. 
Soon after, three groups reported that Yos9 functions 
in the ERAD of soluble and membrane-bound glyco-
proteins that contain luminal lesions88–90. Yos9 was then 
shown to bind to misfolded substrates, even those 
that lack glycans, which is suggestive of a chaperone-
like activity for this targeting factor. Yos9 also forms a  

stable complex with biP and resides in the ERAD-l Hrd1 
complex, possibly regulating the selectivity of Hrd1 for 
misfolded substrates35,73,91.

Two mammalian Yos9 homologues, oS9 and XTP3-b, 
were recently characterized. oS9 interacts with an 
ER-luminal Hsp90 homologue, 94 kDa glucose-regulated 
protein (GRP94), and detects the NHK α1-antitrypsin 
variant for delivery to the mammalian HRD1 complex92. 
Short hairpin RNA (shRNA)-mediated knockdown of 
either oS9 or GRP94 slowed the degradation of the anti-
trypsin mutant; XTP3-b seemed to have a lesser role. 
by contrast, other studies suggested that XTP3-b might 
prevent the aggregation of NHK α1-antitrypsin and 
help link the bIP recognition machinery to the HRD1 
complex93. It will be important to determine whether 
members of the Yos9 family exhibit diverse substrate 
specificities, and what the relative contributions are 
between lectin-mediated binding and the observed 
chaperone-like activity.

The ER-resident factors described above do not con-
tribute to the ERAD targeting of membrane substrates 
that present misfolded domains to the cytoplasm and that  
contain short or folded luminal segments. Instead, cyto-
plasmic Hsp70s and Hsp40s mediate the interaction 
between model membrane substrates and the Doa10 
ubiquitin ligase in yeast76. Furthermore, a growing 
number of soluble proteins in the cytoplasm and in the 
nucleus require select components of the ERAD machin-
ery for their turnover94,95; in one case yeast Hsp70 and 
Hsp40 chaperones were found to mediate this process96. 
Thus, did the ERAD machinery for membrane substrates 
usurp pre-existing components of a cytoplasmic quality 
control machinery at the ER, or have some cytoplasmic 
and nuclear substrates evolved to undergo ERAD?

The retrotranslocon
Initial evidence suggested that the Sec61 translocation 
channel has a secondary role as the retrotranslocation 
channel (the retrotranslocon). First, the human Sec61 
complex interacted with MHCI molecules during their 
delivery to the proteasome in a process that is catalysed 
by a HCMv gene product19. Second, subunits of the 
Sec61 complex were found to bind to various ERAD sub-
strates en route to degradation. Third, the pre-binding of 
ribosome-nascent chain complexes to the Sec61 channel 
in ER-derived vesicles abrogated the retrotranslocation of 
cholera toxin97. Fourth, mutations in the gene that encodes 
yeast Sec61 slowed the ERAD of soluble and membrane 
substrates98,99 and interactions were noted between pro-
teasome subunits and Sec61 (ReF. 100). Furthermore, the 
formation of a disulphide bond between yeast Sec61 and 
an ERAD substrate that was trapped prior to degrada-
tion suggested that this component of the translocation 
channel intimately associates with an ERAD substrate 
during degradation101. If the Sec61 channel is indeed the 
retrotranslocon, or forms a channel component, it will 
be interesting to define whether unique subpopulations 
are dedicated to retrotranslocation and translocation. It 
might also be that the differential binding of Sec61 part-
ners re-engineers the channel for the opposing functions 
of translocation and retrotranslocation.

 Box 3 | The ubiquitin–proteasome system

Ubiquitin (Ub), a 76 amino-acid peptide, is covalently attached to ε-amino groups of  
Lys residues in substrates through an isopeptide bond. Ub itself contains several Lys 
residues, but the covalent linkage through Lys48 seems to be a hallmark for 
proteasome-mediated degradation. Degradation also requires at least a tetra-Ub chain.

Ub conjugation first requires an E1 Ub-activating enzyme. The C-terminal Gly of Ub is 
adenylated by the E1 and then displaced following the nucleophilic attack of a conserved 
Cys residue in the E1, resulting in a thioester linkage between the E1 and Ub (see figure). 
The next step involves the transfer of Ub to an E2 Ub-conjugating enzyme through the 
formation of another thioester linkage. The covalent attachment of Ub to substrates is 
catalysed by E3 Ub ligases, such as RING, U-box and HECT domain-containing proteins. 
The RING and U-box domain E3s facilitate the transfer of Ub from the E2 to selected 
substrates (see figure, step 1). The HECT domain E3s are covalently coupled to Ub by a 
thioester bond in the HECT domain. The subsequent interaction with substrates is 
required for Ub modification (see figure, step 2).

Once polyubiquitylated, a substrate can be targeted to the 26S proteasome and 
degraded. The 26S proteasome is built from two 19S caps and a 20S catalytic core.  
The 19S cap contains 19 subunits (regulatory particle ATPase-1 (RPT1)– RPT6 and 
regulatory particle non-ATPase-1 (RPN1)–RPN13) and peripheral factors. The 19S cap 
contains Ub receptors and removes Ub from substrates via the action of 
de-ubiquitylating enzymes (Dubs), either by sequential trimming or by en bloc removal 
of the poly-Ub chain. The substrate is then delivered into a central pore in the 20S core, 
which is composed of 28 subunits. The central cavity is lined by duplicate enzymes that 
possess trypsin-like (β2 subunit), chymotrypsin-like (β5 subunit) and post-glutamylpep-
tide hydrolyzing (β1 subunit) activities.
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RING domain
a Cys-rich tandem zinc-finger 
domain of 40–60 amino acids 
that is found in the RING e3 
enzymes, a main class of  
e3 ubiquitin ligases.

HECT domain
(Homologous to e6aP 
C terminus domain). a domain 
in the second largest class of 
e3 ubiquitin ligases. In contrast 
to RING ligases, HeCT-domain 
ligases form an essential 
thioester intermediate with 
ubiquitin as it is transferred 
from the e2 enzyme to the 
substrate.

SCF E3 complex
(S-phase-kinase-associated 
protein-1 (SKP1)–cullin–F-box 
e3 complex). The third largest 
class of e3 ubiquitin ligases. 
The cullin component of the 
SCF complex forms a scaffold 
and organizes substrate 
receptor and e2 recruitment 
modules at its N and C termini, 
respectively. Substrates are 
recruited to cullin by SKP1 and 
various F-box proteins, which 
regulate substrate specificity.

AAA+ ATPase
(aTPases associated with 
diverse cellular activities). an 
aTP-hydrolyzing enzyme that 
contains one or two conserved 
aTP-binding domains, which 
are in turn comprised of 
conserved a and b motifs. 
aaa+ aTPases assemble into 
oligomeric assemblies (often 
hexamers) that form a 
ring-shaped structure with a 
central pore.

UBX domian
(Ubiquitin-regulatory 
‘x’ domain). an ~80 
amino-acid domain that is 
found at the C terminus of 
ubiquitin-regulatory proteins. 
The Ubx domain is a general 
CDC48-interaction module.

The derlin family of proteins are alternative candi-
dates for the retrotranslocation channel. Yeast Der1 is 
a component of the Hrd1 ERAD-l complex through 
its interaction with a Ubl-domain-containing protein, 
U1 SNP-associating protein-1 (Usa1). Interestingly, Usa1 
is the yeast HERP homologue, which further suggests 
that the Hrd1 complex links early and late events dur-
ing ERAD (that is, recognition and retrotranslocation 
events, respectively)73. In line with this view, derlin-1, 
one of three derlin homologues in human cells, interacts 
with components of the ubiquitylation and targeting 
machinery, and partakes in the HCMv-catalysed turno-
ver of MHCI102,103, the dislocation of the Sv40 virion55 
and the retrotranslocation of a model ERAD substrate 
in vitro in semi-reconstituted ER-derived vesicles104.

The E3 ubiquitin ligases that are required for 
ERAD in yeast, Doa10 and Hrd1, are multi-spanning 
membrane proteins and are members of large protein 
complexes that include substrate-recognition, targeting 
and retrotranslocation components. Hence, it has been 
proposed that the E3s either form or are integral com-
ponents of retrotranslocation channels105,106. Housing 
the ubiquitylation and retrotranslocation activities in a 
single enzyme might be the most efficient way to target 
ERAD substrates to the proteasome. Direct tests of this 
model are actively being pursued.

other models have been put forth to describe how 
some ERAD substrates are retrotranslocated, parti-
cularly those that are large and might not completely 
unfold. For example, the retrotranslocon might form 
transiently from one or many components. It has also 
been postulated that proteins exit the ER through the 
formation of lipid droplets107. However, the search for 
a single retrotranslocon has been confounded by the 
observation that each of the factors mentioned above 
exhibit substrate specificity. or, the proteasome might 
clip or shave cytoplasmic domains from membrane 
proteins, and the resulting intramembrane and luminal 
domains might simply be transported to different cellu-
lar compartments for degradation or become substrates 
for other, ill-defined proteases. Therefore, a channel 
might not always be necessary during ERAD.

Ubiquitylation and proteasome degradation
Most ERAD substrates are ubiquitylated prior to protea-
some targeting. Protein ubiquitylation, and thus pro-
teasome-dependent degradation, requires the action of an 
E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating 
enzymes and E3 ubiquitin ligases (box 3). In select cases, 
E4 ubiquitin-chain-extension enzymes have also been 
shown to facilitate ERAD76,108,109. The importance of chain 
extension during ERAD might derive from the fact that 
the polyubiquitin appendage must reach a crucial length 
before a substrate can be retrotranslocated110.

Tagging proteins for degradation. In yeast, the Doa10 
and Hrd1 ligases have been implicated in the degrada-
tion of every studied ubiquitylated ERAD substrate. 
both enzymes contain catalytic RING domains and exhibit 
somewhat different preferences for unique E2 ubiquitin-
conjugating enzymes: Doa10-dependent ubiquitylation 

requires Ubc6 and Ubc7 (ReF. 105), whereas Hrd1 uses 
Ubc7 (ReF. 111). These E2s are also membrane-associ-
ated, but through different means. Ubc6 is an integral 
ER-membrane protein, whereas Ubc7 is held at the ER 
through interaction with an ER-membrane adaptor, 
coupling of ubiquitin conjugation to ER degradation 
protein-1 (Cue1), which is also required for ERAD112. 
In one specific case, an overexpressed ERAD substrate 
required an alternative HeCT domain-containing E3 
known as reverses SPT-phenotype protein-5 (Rsp5)113.

Mammalian orthologues of Hrd1 (ReF. 114) and 
Doa10 (ReF. 115) have also been identified, and perhaps 
not surprisingly the repertoire of E3s implicated in 
ERAD is greatly expanded in higher organisms (Table 1). 
Some of these enzymes have a role in the quality con-
trol of disease-related proteins. For example, F-box 
only protein-2, the substrate recognition component 
of an SCF e3 complex, binds to glycosylated substrates 
and affects the stability of the α-subunit of TCRα116. 
CFTR degradation, however, requires the sequential 
activity of two E3s: one is membrane-associated and 
acts co-translationally (RING-finger protein with 
membrane anchor-1 (RMA1)) and the other is a cyto-
plasmic E3 that acts post-translationally (C terminus of 
HSC70-interacting protein (CHIP))117. GP78, another 
integral membrane E3, also cooperates with RMA1 to 
target mutant CFTR for ERAD118, and interacts with p97 
(ReF. 119), which helps to provide the driving force for 
membrane extraction (see below). Finally, an E3 known 
as parkin works with UbC6 and UbC7 homologues and 
ubiquitylates an aggregation-prone G-protein-coupled 
receptor that otherwise triggers cell death120. Subsequent 
studies showed that CHIP and parkin function together 
in a Hsp70-containing complex121. These data emphasize 
the fact that ERAD substrates exhibit promiscuity when 
choosing E3 partners, and that E3 complexes exist and 
can complement one another’s activities.

Cytoplasmic extraction and proteasomal targeting. 
once a protein has become polyubiquitylated, it must be 
extracted from the membrane either prior to or during 
proteasome targeting. Although the proteasome is suf-
ficient in a few cases to retrotranslocate substrates122,123, 
another cytoplasmic protein complex, the cell-division 
cycle-48 (Cdc48) complex, has a more pivotal role in sub-
strate retrotranslocation in both yeast and mammals124. 
In yeast, the complex consists of Cdc48, which is a hexa-
meric aaa+ aTPase, and two associated factors, Ufd1 and 
Npl4. In mammals, the Cdc48 homologue p97 similarly 
associates with conserved UFD1 and NPl4 homologues. 
The complex might be recruited to the ER membrane 
in part through its interaction with the Ubx-domain-
containing membrane protein Ubx2 (in yeast)125,126 or 
with valosin-containing protein-interacting membrane 
protein (vIMP; in mammals)102,125,126. The Cdc48 com-
plex also binds to several other ER-resident components, 
including GP78, Der1 and the Hrd1 complex35,73,74,126.

It is unknown how the Cdc48 complex first ‘sees’ 
ERAD substrates, particularly those inside the ER lumen 
that need to access the cytoplasmic face of the ER. one 
possibility is that the Cdc48 complex might transiently 
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UBA domain
(Ubiquitin-association domain). 
a domain of ~45 amino acids 
that adopts a structure 
comprised of a three α-helical 
bundle. The domain binds to 
ubiquitin through a conserved 
hydrophobic surface patch.

Autophagosome
a double-membrane vesicle 
that is formed from elements 
of the cytoplasm and other 
organelles; it fuses with the 
vacuole or lysosome, in which 
the autophagosomal contents 
are subject to degradation.

embed into the putative retrotranslocon and then recog-
nize and pull substrates into the cytoplasm. Another pos-
sibility is that the polyubiquitin moiety provides a handle 
for the complex to initiate ATP-dependent extraction127. 
It is also not completely clear whether this complex is 
essential for the ERAD of each and every ubiquitylated 
ERAD substrate; in fact, recent evidence suggests that 
the extent to which a membrane protein is embedded  
in the lipid bilayer might dictate the degree to which 
Cdc48 complex function is needed128.

As Cdc48 associates with the proteasome cap129, soluble 
and integral membrane substrates might be transported 
directly from the membrane-associated Cdc48-containing 
engine to the proteasome for degradation. However, 
increasing evidence indicates that distinct Cdc48- and 
proteasome-interacting factors have important roles prior 
to substrate degradation130. Members of this family include 
Uba domain- and Ubl domain-containing proteins, which 
interact both with the proteasome and with ubiquitylated 
substrates in the Cdc48 complex. Two factors in this 
class, Rad23 and Dsk2, increase ERAD efficiency108,131. 
of interest, one Cdc48- and Rad23-associated protein is 
a deglycosylating enzyme132,133 that might be needed to 
ensure that a polypeptide is not sterically hindered from 
entering the catalytic chamber of the proteasome. It is 
unknown whether any of these factors are static members 
of the Cdc48 complex, or whether they bind to and deliver 
ERAD substrates to the proteasome by acting as mobile 
escorts.

 Ubiquitin receptors that are residents of the 19S  
proteasome subunit have also been identified. These 
include regulatory particle non-ATPase-13 (Rpn13), 
Rpn10 and regulatory particle ATPase-5. Recent data 
strongly suggest that Rpn13 mediates the highest affinity 
binding, and its position in the proteasome is consistent 
with it having a key role during substrate degradation134. 
Rpn10 is thought to bind to and then drive substrates into 
the 20S proteasome core for degradation. It is also worth 
noting that a substantial percentage of proteasomes reside 
at the surface of the ER membrane135 and are thus ideally 
positioned to receive and degrade ERAD substrates.  
This begs the question of whether an ERAD-dedicated 
population of proteasomes exists.

De‑ubiquitylation prior to or during degradation. In 
addition to ubiquitin binding, another event mediated 
both by proteasome-associated enzymes and integral pro-
teasome subunits is substrate de-ubiquitylation. Members 
of this growing family of enzymes can catalyse the  
en bloc removal of polyubiquitin moieties or catalyse 
the trimming of the polyubiquitin chain136. Similar to 
glycan removal, removal of polyubiquitin moieties might 
be essential for a substrate to enter the proteasome. 
Polyubiquitin trimming might give proteasome-targeted 
substrates a second chance to escape degradation. In fact, 
mutations in a human de-ubiquitylating enzyme known 
as ataxin-3 result in spinocerebellar ataxia. Consistent 
with the contribution of ataxin-3 to ERAD, the enzyme 
binds to the derlin–vIMP complex and the human 
RAD23 homologue; it also binds to p97 and seems to act 
downstream of the Cdc48 complex during degradation.  

In addition, a dominant-negative ataxin-3 mutant 
induces the UPR and slows the ERAD of TCRα137. 
Additional de-ubiquitylating enzymes that facilitate 
ERAD are unidentified, and this remains an important 
area of investigation.

Interplay between ERAD and other pathways
The inefficient disposal or overproduction of aberrant 
proteins in the ER can compromise ER and cell ular 
homeostasis. Therefore, ERAD must be regulated. Several 
studies showed that the transcription of a subset of fac-
tors required for ERAD is induced by the UPR61,138–140,  
which is activated through the directed interaction of 
misfolded proteins with a transmembrane sensor in 
the ER and/or through the titration of biP away from 
this sensor141 (box 2). other factors induced by the UPR 
reduce ER stress through more elaborate mechanisms: 
the volume of the ER expands by upregulated lipid syn-
thesis, the concentration of molecular chaperones and 
enzymes required for post-translational modifications 
rises, protein translation and ER translocation decreases, 
and protein transport through the secretory pathway 
probably increases, thereby emptying this compartment 
of potentially toxic polypeptides. UPR induction might 
also result in the cleavage of ER-associated mRNAs that 
encode secreted proteins142. Although the individual 
deletion of genes that encode components of the ERAD 
or UPR pathways does not compromise the viability of 
yeast, simultaneous deletions lead to synthetic effects on 
growth. These data concur with the fact that the ERAD 
and UPR have complementary roles during ERQC.

Autophagy is another pathway that reduces ER stress, 
particularly from the threat of protein aggregation. If 
ERAD efficiency is compromised, substrates that accu-
mulate over time might also aggregate, but in some cases 
this threat is reduced by autophagy-mediated destruc-
tion. During ER-stress-induced autophagy, portions 
of the ER, along with proteins and protein aggregates, 
are engulfed in double-membrane structures called 
autophagosomes and delivered to the lysosome or vacuole  
for degradation143. Therefore, autophagy serves as a 
backup for ERAD, at least for aggregation-prone sub-
strates. one substrate for which this is well shown is a 
mutant, aggregation-prone and disease-causing form of 
α1-antitrypsin, known as the Z variant (see above for a 
discussion of the soluble NHK mutant). Although this 
protein is usually degraded by ERAD, it might accumu-
late and polymerize in the ER before being delivered for 
autophagic degradation144. This phenomenon has been 
recapitulated in cells from genetically engineered mice145 
and yeast146. Although not proven, it is likely that the  
autophagosomes engulf ER fragments that contain  
the polymerized mutant protein.

The ERAD pathway is affected by and affects other 
cellular pathways, although the mechanistic basis for 
cross-pathway communication remains poorly defined. 
In mammalian cells, for example, cytoplasmic stresses 
(such as oxidative stress and heat shock) decrease ERAD 
efficiency147. Furthermore, induction of the heat-shock 
response in yeast can compensate for ER stress that is 
caused by the overexpression of Cpy* in cells that lack 
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inositol-requiring protein-1 (Ire1) (ReF. 148). Combined 
with other observations, these data suggest that factors 
induced by cytoplasmic stresses also reduce the physio-
logical consequences of ER stress and the accumulation 
of misfolded proteins in the ER.

In the event that ER stress cannot be resolved, the 
apoptotic pathway can be induced. Several models have 
been proposed to explain how ER stress is linked to 
apoptosis. one model involves the cleavage and activa-
tion of an ER-membrane-localized caspase, caspase-12 
(ReF. 149). Caspase-12 might be activated by association 
with TNF-receptor-associated factor-2 (TRAF2)150, a 
protein that is recruited to the ER membrane by the cyto-
plasmic tail of IRE1, one of the UPR transducers in mam-
malian cells151. The IRE1–TRAF2 complex might in turn  
recruit and activate the apotosis signal-regulating 
kinase-1, which signals to downstream effectors, p38 and 
c-Jun N-terminal kinase152. An alternative model sug-
gests that the ER kinase PERK, another UPR transducer 
in mammalian cells, upregulates C/EbP-homologous 
protein (CHoP), a transcriptional repressor that inhibits 
the expression of pro-survival bCl2 proteins and pos-
sibly induces a mitochondrial death-signalling cascade. 
CHoP overexpression results in cell-cycle arrest and 
induces apoptosis153. Regardless, the ER-stress signal 
does seem to be transmitted by the mitochondria, 
resulting in the induction of the mitochondrial intrinsic 
apoptotic pathway154.

Coupling folding, ERAD and ER exit
The core principle of ERQC is that only properly folded 
proteins can be allowed to transit to their final destina-
tions through the secretory pathway. Thus, the ERAD 
recognition and targeting machineries must read the 
folded state of the protein. What follows is less clear: how 
do proteins that pass an ERQC checkpoint find their way 
to specialized ER-exit sites for transport from the ER? 
What is the mechanism that underlies the handover 
of folded proteins from the recognition or targeting 
machinery to components that select cargo for coatomer 
protein complex-II (CoPII) export vesicles? A recent 
publication indicated that there is competition between 
the protein transport and ERAD selection machineries155, 
suggesting that the decision of whether to transport or 
degrade a secreted polypeptide might depend on other 
variables, such as cell type, stress, secretory-protein load 
and/or signalling processes.

based on the rate of folding and the stability of  
a protein, there should be a way to predict whether a 
polypeptide will fold and transit properly, aggregate 
or be targeted for ERAD. by analysing the folding 
efficiency and stability of a large collection of mutant 
forms of transthyretin — which when mutated can lead 
to neurodegenerative disorders and cardiomyopathies 
— a model was formulated to predict the behaviour of 
a secreted protein by correlating these parameters with 
ERAD and ER export efficiencies156. In essence, the fate 
of a protein is determined more by a network of inter-
acting factors and parameters, rather than the presence 
of a single event or interaction partner. overall, through 
continued cellular and biophysical analyses of the 
behaviour of wild-type and mutant secreted proteins, 
there is hope that this model can be further refined. 
In turn, this will help define how chemical chaperones 
and modulators of protein biogenesis can be used as 
pharmaceutical agents to treat protein conformational 
diseases.

Conclusions and remaining questions
because the term ERAD was coined only ~13 years 
ago, one might think that the field is still in its infancy. 
However, based on the studies evaluated in this review, 
it should be obvious that the field has matured quickly. 
Such growth is due to facile genetic attacks and the 
development of complementary biochemical assays 
that have resulted in the isolation and characterization 
of ERAD-affecting factors. The field has also benefited 
from the recruitment of experts who study chaperone 
action, protein transport phenomena, the ubiquitin-
proteasome system, immunology, toxicology, human 
genetics, and genomics and proteomics.

Nevertheless, many original questions remain unan-
swered. What is the nature of the retrotranslocon? Do 
membrane proteins with unique topologies use diverse 
ERAD pathways? What degree of functional redun-
dancy or competition is exhibited by factors that act 
during individual steps in the ERAD pathway? How is 
the ERAD machinery regulated both hormonally and 
develop mentally, and are there cell-specific proteins 
required for ERAD? Can the ERAD pathway be modu-
lated pharmacologically to prevent human disease? 
overall, based on the pace at which new discoveries have 
been made, we suspect that even these questions can be 
answered in the coming years.
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online summary:
•	 Endoplasmic reticulum (ER)-associated degradation (ERAD) is a 

secretory protein quality control process that results in the removal 
of aberrant proteins from the ER.

•	 ERAD substrates are selected by molecular chaperones that identify 
proteins that might be unable to fold, that fold slowly or contain a 
misfolded domain, or those that lack specific protein partners.

•	Nearly all ERAD substrates are modified with ubiquitin, a 76 
amino-acid peptide that helps target proteins to the proteasome. 
Specific E3 ubiquitin ligases are required for ERAD and reside in  
or near the ER membrane.

•	 ERAD substrates are degraded by the proteasome, a large multi-
catalytic protease that resides in the cytoplasm. Although integral 
membrane proteins in the ER can readily access the proteasome, 
soluble ERAD substrates (that reside within the lumen) must 
be retrotranslocated or dislocated from the ER to the cytoplasm 
before they are degraded.

•	The ERAD pathway is conserved from yeast to humans, and 
indeed many of the factors that contribute to this pathway were 
first identified in the yeast Saccharomyces cerevisiae.

•	A growing number of links between the ERAD pathway and 
human diseases have been identified.
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 000 One step at a time: endoplasmic reticulum-
associated degradation
Shruthi S. Vembar and Jeffrey L. Brodsky
The quality control process ERAD, endoplasmic 
reticulum (ER)-associated degradation, results in 
the removal of aberrant secreted proteins from the 
ER. Molecular chaperones and associated factors 
recognize and target substrates for retrotranslocation 
to the cytoplasm, where they are degraded by the 
ubiquitin–proteasome machinery.
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