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Abstract

Many human diseases are associated with mutations causing protein misfolding and aggregation in 

the endoplasmic reticulum (ER). ER-associated degradation (ERAD) is a principal quality-control 

mechanism responsible for targeting misfolded ER proteins for cytosolic degradation. However, 

despite years of effort, the physiological role of ERAD in vivo remains largely unknown. Several 

recent studies have reported intriguing phenotypes of mice deficient for ERAD function in specific 

cell types. These studies highlight that mammalian ERAD has been designed to perform a wide-

range of cell-type-specific functions in vivo in a substrate-dependent manner.
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The ER is the major site of protein synthesis and folding in the cell. In mammalian cells, an 

estimated one third of total proteome enter the ER through a channel known as the 

translocon (1). These newly synthesized proteins enter the ER in an unfolded state and 

become modified and folded with the help of a myriad of chaperones and enzymes. Upon 

reaching a native conformation, they are either transported to various organelles or released 

from cells via the secretory pathway (1). However, protein folding is inherently error prone, 

with a subpopulation of newly synthesized polypeptides failing to reach a native 

conformation. Moreover, many proteins containing disease-associated mutations are 

structurally incapable of reaching a native conformation, thereby becoming ‘permanently” 

entrapped in the ER (2). Indeed, accumulation of misfolded proteins disrupts ER 
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homeostasis, which has been linked to altered immune response, metabolic regulation, 

insulin resistance, tumor growth and some degenerative diseases (3, 4).

Three pathways of quality control are integrated to maintain ER homeostasis: unfolded 

protein response (UPR), ER-associated degradation (ERAD) and autophagy. The latter two 

degrade misfolded proteins and protein aggregates. Failure to degrade misfolded proteins in 

the ER triggers UPR (Figure 1), a coordinated response including cytoplasmic-to-nuclear 

signaling designed to increase ER folding capacity, reduce protein input into the ER, activate 

ERAD and possibly autophagy. ERAD is responsible for the recognition and clearance of 

terminally misfolded proteins in the ER (Figure 1), thereby maintaining ER homeostasis. 

Pointing to its physiological significance, genetic deletion of several components of ERAD 

including Hrd1, Sel1L and p97 (VCP/CDC48) are embryonic lethal in mice (5-7). Moreover, 

nearly 70 human diseases have been linked to ERAD (2). While the biochemical processes 

of ERAD have been well characterized in the last two decades (8-10), the physiological 

significance of mammalian ERAD at the organismal level remains vague. This is an 

especially challenging problem given a vast number of different cell types and their crosstalk 

in mammals. Recent studies using cell type-specific ERAD-deficient animal models have 

begun to highlight the (patho)physiological significance of ERAD in vivo and to unveil the 

nature of endogenous substrates in the context of health and disease (11-17).

Several recent excellent reviews have focused on the biochemical processes of ERAD in 

yeast and mammalian cells (8-10). In this review, we focus on recent advances in 

understanding the nature of specific endogenous ERAD substrates and the physiological role 

of ERAD in mouse models. These studies underscore that knowledge of ERAD lags behind 

that of other branches of ER quality control, and that an improved understanding of how 

ERAD functions in a cell type-specific manner is critically important for understanding the 

pathogenesis of multiple diseases.

Cell Biology of ERAD

Misfolded proteins are retained in the ER and are in most cases recognized and translocated 

to the cytosol for proteasomal degradation by the ERAD machinery. One example is the 

cystic fibrosis transmembrane conductance regulator (CFTR), which is highly misfolding 

prone (18). Indeed, a majority of newly synthesized wildtype CFTR protein is quickly 

degraded (19, 20). In addition, in some cases ERAD can recognize and degrade certain 

proteins that are considered to be properly folded in order to regulate protein concentration. 

The best-characterized substrate for this is the 3-hydroxy-3-methylglutaryl acetyl-

coenzyme-A reductase (HMGCR), a rate-limiting enzyme in sterol biogenesis (21). Indeed, 

remarkable insights into the molecular mechanisms underlying ERAD have been garnered 

from investigation of the turnover of resident ER membrane proteins, in yeast and human 

cells (8, 21-26).

The mechanisms underlying substrate recognition by ERAD remain poorly defined in 

mammalian cells (1, 27). In general, ERAD substrates can be recognized by maturation tags 

due to post-translational modifications and/or chaperone associations. Some nascent proteins 

are glycosylated cotranslationally in the ER, which can be used as a maturation tag to help 
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direct intracellular processing, trafficking and degradation by ERAD (27). Trimming of 

several terminal mannose residues by ER mannosidases may direct terminally misfolded 

cargo to the ERAD pathway (28). Misfolded glycoproteins also can be targeted to the ERAD 

pathway independent of glycosylation signals (29, 30). In both instances, many ER 

chaperones are likely to participate in the recognition and recruitment of misfolded proteins 

to the ERAD complex, including BiP/GRP78, ER degradation enhancing α-mannosidase 

like protein 1 (EDEM1), Osteosarcoma amplified 9 (OS9), and XTP3B (29, 31-36). These 

chaperones, which can bind to unfolded proteins in a glycan-(in)dependent manner, deliver 

them to the Sel1L-Hrd1 ERAD complex in preparation for transport to the cytosol.

Among over a dozen E3 ligases in mammalian ERAD, Hrd1 is a principal ER-resident E3 

ligase that forms a complex with the ER-resident Sel1L (also known as mammalian Hrd3) – 

together this complex is responsible for the degradation of a subset of misfolded proteins in 

the ER (21, 22, 29, 37-40) (Figure 1). Hrd1 protein consists of six transmembrane domains, 

and its cytoplasmic tail has a catalytic RING finger needed for E3 ligase activity, plus a long 

proline-rich C terminus. The transmembrane regions of Hrd1 may form a retrotranslocation 

channel to export ER proteins (41-43). The RING finger domain is strategically positioned 

in the cytosol to serve at least two distinct purposes. First, Hrd1-dependent 

autoubiquitination of the RING finger domain gates its own channel function (42). This 

finding raises the possibility that deubiquitinases might counter the ubiquitination reaction 

and control the retrotranslocation event as well. Whether autoubiquitination is a general 

feature that regulates the channel activity of other E3 ubiquitin ligases dedicated to ERAD is 

unclear at this point. Second, Hrd1 catalyzes ubiquitination of the misfolded substrates once 

exposed to the cytosol, which in turn are tagged for proteasomal degradation. A recent study 

showed that another E3 ligase gp78 may act downstream (or in parallel) with the Sel1L-

Hrd1 complex to increase the solubility of retrotranslocated protein substrates for 

proteasomal degradation (44).

The activity of Hrd1 is tightly regulated by many different mechanisms. In addition to 

transcriptional induction by extracellular signals that are detailed below, two most prominent 

regulatory mechanisms for Hrd1 ERAD activity are Hrd1 self-ubiquitination (see above) and 

its interaction with the cofactor Sel1L (38, 39). Sel1L, a type I transmembrane protein with a 

large luminal domain (45), may form a dimer or oligomer and interact with the N-terminal 

domain of Hrd1 (46). Sel1L is necessary for the ERAD process for a subset of model 

substrates (29, 37-40) as well as endogenous substrates including luminal hedgehog (47), 

transmembrane CD147 (48) and ATF6 (49). However, until recently, the role of Sel1L in the 

mammalian Hrd1 ERAD complex has been considered dispensable (37, 50, 51). Indeed, like 

its yeast counterpart Hrd3p (22), the mammalian Sel1L is absolutely required for the 

stability of Hrd1 (12) and may directly interact with and recruit substrates to Hrd1 (13). 

Acute loss of Sel1L leads to premature death in adult mice within 3 weeks, with profound 

pancreatic atrophy; and the loss of Sel1L renders Hrd1 unstable and increases ER stress, 

promoting pancreatic cell death. Interestingly, loss of Sel1L causes the aggregation of both 

small and large ribosomal subunits, thereby attenuating protein translation (13). Acute loss 

of Hrd1 in adult mice also exhibited a similar premature lethality around 2 weeks post-Hrd1 

deletion (17), suggesting that Sel1L and Hrd1 act largely in the same pathway and that they 

are indispensable postnatally in mammals. Of note, a recent study in yeast showed a more 
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direct role of Hrd3p in the stimulation of Hrd1p ubiquitination activity, in addition to Hrd1p 

stabilization (52). Whether this finding may be applicable in mammals remains to be tested.

Physiological role of ERAD in mouse models

The physiological role of Sel1L-Hrd1 ERAD has been difficult to assess due to the 

embryonic lethality of Sel1L- or Hrd1-deficient mice (5, 6). The recent generation of cell 

type-specific ERAD-deficient mouse (and cellular) models has offered a unique opportunity 

to delineate the significance of ERAD in physiology and disease pathogenesis. These studies 

have pointed to a cell type-specific requirement of Sel1L-Hrd1 ERAD. Moreover, these 

studies have identified a number of endogenous substrates for the Sel1L-Hrd1 complex, 

including not only soluble ER proteins such as OS9, and membrane-bound ER proteins or 

protein complexes such as EDEM1, IRE1α and pre-B cell receptor (pre-BCR), but even 

nuclear proteins such as peroxisome proliferator-activated receptor coactivator β (PGC1β), 

NF-E2-related factor 2 (NRF2) and B lymphocyte-induced maturation protein 1 (BLIMP1). 

[How Hrd1 recognizes nuclear substrates for proteasome degradation remains unclear, but 

recent studies indicate that the degradation of inner nuclear membrane proteins requires a 

distinct protein complex called Asi localized to the inner nuclear membrane in yeast (53, 

54)].

Below we discuss the phenotypes of mice with cell type-specific Sel1L or Hrd1 deficiency, 

leading to the identification of new ERAD substrates. For simplicity, we break our 

discussion in two major categories, metabolism and immunity. Key findings are summarized 

in Table 1 and schematically shown in Figure 2.

ERAD in metabolism

Adipocytes

Adipocytes store energy in the form of lipid droplets and regulate food intake, systemic 

energy homeostasis and lipid metabolism via the secretion of many bioactive molecules 

collectively known as adipokines. Both Sel1L and Hrd1 are induced during cellular 

differentiation to mature adipocytes (11). To understand the role of Sel1L in mature 

adipocytes, adipocyte-specific Sel1L-deficient (Sel1LΔadipo) mice were generated by 

crossing Sel1L floxed mice with mice expressing adiponectin-promoter-driven Cre (11). 

These mice have comparable body and adipose tissue weights and are largely normal before 

12 weeks of age on regular low-energy chow diet. When fed an energy-dense Western diet, 

they are resistant to diet-induced obesity. Sel1LΔadipo mice also develop postprandial 

hypertriglyceridemia – a condition with elevated circulating triglyceride levels after a meal – 

which is caused at least in part by the ER retention and accumulation of lipoprotein lipase 

(LPL). In the absence of Sel1L, LPL accumulates and aggregates in the ER. A similar 

observation was made in other LPL-secreting cells such as myocytes and macrophages. 

Biochemical analysis demonstrated that Sel1L is a cofactor required for the ER exit of LPL 

to the Golgi complex. When LPL cannot be delivered to the endothelium of adipose tissue, 

triglycerides in circulating lipoproteins are not efficiently hydrolyzed after feeding, leading 

to postprandial hypertriglyceridemia. Interestingly, knockdown of Hrd1 in 3T3-L1 

adipocytes has no effect on the ER exit of LPL, suggesting a possible ERAD-independent 
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function of Sel1L in LPL maturation in the ER. Whether LPL maturation is controlled by 

Hrd1 remains to be established in vivo; nevertheless, it is tempting to speculate that a pool of 

Sel1L might not be physically complexed with Hrd1, enabling it to operate in an Hrd1-

independent manner.

Using the same Cre mice, adipocyte-specific Hrd1 knockout mice were generated 

independently and were found to exhibit a normal growth rate for the first 8 weeks of life, 

before becoming leaner than their wildtype littermates - similar to the phenotypes of 

adipocyte-specific Sel1L knockout mice (17). In this instance, the transcriptional coactivator 

PGC1β directly interacts with Hrd1 and is degraded by the proteasome. Hrd1 deficiency 

stabilizes PGC1β, thereby enhancing PPARα-mediated transcriptional activation of genes 

involved in mitochondrial biogenesis and fatty acid oxidation. Indeed, in the absence of 

Hrd1, mitochondrial number, size and respiratory activity are significantly elevated in 

adipocytes (17). Injection of LS-102, an Hrd1-specific small molecule inhibitor (55), into 

wildtype mice activates PGC1β and attenuates body weight gain due to elevated 

mitochondrial activity and basal energy expenditure (17). Although further studies are 

required to delineate the role of Hrd1 in lipid and glucose metabolism as well as in other 

metabolic tissues, Hrd1 in adipose tissue may represent a viable option in the treatment of 

obesity.

Exocrine pancreas

Global inducible Sel1L knockout mice were recently generated by crossing Sel1L floxed 

mice with transgenic mice expressing estrogen receptor-Cre recombinase fusion protein 

driven by the actin promoter (12, 17). The knockout mice develop exocrine pancreatic 

insufficiency (12) with a dramatic reduction of eosinophilic zymogen granules and increased 

basophilia-marked anisokaryosis in exocrine pancreas. Protein levels of two major 

components of acinar cell zymogen granules, pancreatic α-amylase and pancreatic lipase are 

significantly reduced in the Sel1L-deficient pancreas. Moreover, both OS9 and EDEM1, ER-

resident chaperones involved in substrate recruitment to the ERAD machinery (26, 31, 32), 

are highly elevated in the Sel1L deficient pancreas, without changes in their respective 

mRNA levels (12). These data suggest that both OS9 and EDEM1 are possible ERAD 

substrates in vivo. The stabilization of OS9 was later confirmed in Sel1L-deficient 

adipocytes (11). Degradation of these chaperones most likely represents a self-regulatory 

mechanism to prevent excessive ERAD activity in the cell.

Enterocytes

Enterocytes form the lining of the intestinal epithelium responsible for nutrient absorption, 

as well as serving as the first-line of defense (by forming a physical barrier) between the 

host and gut microbiota. There are several specialized cell subtypes for enterocytes including 

absorptive enterocytes, highly secretory Paneth and Goblet cells. Unexpectedly, these mice 

grow normally with largely normal morphologies of epithelium, enterocytes and Goblet 

cells, with the exception of Paneth cells in which the ER is dilated and secretory granules are 

much smaller (13, 14). Cell death is elevated only in the crypts of the small intestine but not 

in the colon under basal conditions (13, 14). When challenged orally with 3% dextran sulfate 

sodium (DSS) or with the protozoan parasite Toxoplasma Gondii, Sel1L deficient mice 
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exhibit increased susceptibility with massive colitis and edema of the colon (13) and ileitis 

(14), respectively. These data suggest that Sel1L-Hrd1 ERAD function may be dispensable 

for normal absorptive function of intestinal epithelium, but is required for the defense 

against external challenges.

IRE1α is the most highly conserved UPR sensor from yeast to humans, with bifunctional 

kinase and endoribonuclease activities (56-60) (Figure 1). IRE1α regulates ER folding 

capacity in response to the accumulation of misfolded proteins in the ER (3, 4). In addition, 

IRE1α also regulates the expression of Sel1L-Hrd1 ERAD both in yeast (61) and 

mammalian cells (13, 37, 61-63). In enterocytes, IRE1α accumulates over 20-fold in the 

absence of Sel1L-Hrd1 ERAD (13). Sel1L-Hrd1 ERAD degrades IRE1α under basal 

conditions both in vivo and in vitro in a BiP-dependent manner (13). Upon ER stress, IRE1α 
dissociates from BiP and the ERAD complex, leading to its stabilization and accumulation. 

Hydrophilic residues in the transmembrane domain of IRE1α are required for IRE1α 
degradation by Sel1L-Hrd1 ERAD (13). In vivo, IRE1α heterozygosity in intestinal 

epithelium partially rescues the colitis phenotype of DSS-treated epithelial-specific Sel1L-

deficient mice. Further analysis revealed that IRE1α degradation by ERAD occurs in many 

different cell types, including adipocytes, enterocytes, pancreas, and mouse embryonic 

fibroblasts (13). This regulatory feedback mechanism of IRE1α by ERAD represents a novel 

aspect of quality-control that adjusts the capacity of protein folding and disposal in the ER to 

environmental and (patho-)physiological changes. [Of note, an earlier study showed that, 

although IRE1α could be ubiquitinated by Hrd1 in vitro, knockdown of Hrd1 by siRNA fails 

to alter IRE1α protein level in WT fibroblasts (64). The disparity may stem from insufficient 

knockdown of Hrd1 in vitro].

Hepatocytes

The liver is a key processor and distribution center for energy homeostasis. In cirrhotic livers 

induced by multiple injections of CCl4, the IRE1α-XBP1 pathway of the UPR is activated, 

which in turn induces the expression of Hrd1 (15). In liver cirrhosis, NRF2 is a key nuclear 

transcription factor regulating expression of genes involved in oxidative responses (65). 

NRF2 is known to be degraded through cytosolic E3 ligases such as Keap1/Cul3 (66) and 

Skp1-Cul1-F-bpx (SCF)-β-TrCP (SCFβ-TrCP) complexes (67) in a redox-dependent fashion. 

Using mice in which floxed Hrd1 was deleted in liver after i.v. injection of adenoviruses 

carrying Cre recombinase, it was shown recently that Hrd1 targets NRF2 for proteasomal 

degradation (15). Hrd1 deficiency in the cirrhotic liver results in NRF2 accumulation and 

elevated NRF2 signaling, thereby attenuating oxidative stress and liver cirrhosis. Moreover, 

inhibition of Hrd1 activity using the small molecule inhibitor LS-102 also protects the mice 

against liver cirrhosis. This interesting study shows the implications for tissue-specific 

targeting of Hrd1 as a potential therapeutic approach to hepatotoxcity.

Moreover, a recent genome-wide association study identified Sel1L as a candidate gene for 

variance in serum total bile acid concentrations (68). In this study, authors compared the 

sensitivity to atherosclerosis in two different mouse strains A/J and C57BL/6J fed a high-fat/

cholesterol/cholate atherogenic Paigen diet [a diet commonly used to examine the sensitivity 

of different strains to atherosclerosis by inducing sustained hypercholesterolemia (69)]. The 
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effect of Sel1L on serum bile acids is mediated through the suppression of hepatocyte 

nuclear factor 1A/4A (HNF1A/4A) gene expression, two known modifiers of bile acid 

transporters, independently of UPR. While the overall finding from the genome-wide 

association analysis is very interesting, the underlying molecular mechanisms by which 

Sel1L regulates bile acids and the expression of HFN1A/4A remains unclear. Future studies 

using liver-specific Sel1L or Hrd1 deficient mice will be required to establish a causal 

relationship between Sel1L, Hrd1 and serum bile acid levels, and to address whether this is 

related to ERAD.

ERAD in Immunity

B cells

B lymphocytes secrete antibodies that function in the humoral component of adaptive 

immunity. To reach the antibody-producing mature stage, B cell precursors undergo a 

stepwise differentiation process in the bone marrow (BM) from pro-B cells to cycling large 

pre-B cells, resting small pre-B cells, and then to immature B cells (70). Indeed, B 

lymphocyte development requires the complicated yet well-defined and developmentally-

restricted expression of many growth factors and cell surface-associated proteins. Using B 

cell specific Sel1L knockout mice driven by CD19-Cre, a recent study showed that Sel1L-

Hrd1 ERAD deficiency in B cells regulates the transition from the large pre-B cell to small 

pre-B cell stage (71). The effect of ERAD on B cell development is independent of ER stress 

or CHOP expression. Rather, ERAD regulates the turnover and signaling of a key 

developmental marker: pre-BCR, consisted of an IgL-chain-like structure known as the 

surrogate light chain paired with Igμ heavy chain. In the absence of Sel1L-Hrd1, the pre-

BCR protein complex is stabilized and accumulates in large pre-B cells, leading to enhanced 

pre-B cell proliferation and a block of further B cell differentiation. Sel1L-Hrd1 ERAD does 

not seem to affect either mature B cell function or plasma cell differentiation (71). How 

ERAD distinguishes the pre-BCR complex in developing B cells vs. the BCR complex in 

mature B cells (which share the common heavy chain Igμ) remains an open question.

Dendritic cells

Dendritic cells are key antigen presenting cells derived from bone marrow, or differentiated 

from monocytes under inflammatory conditions. Dendritic cells are important for the 

induction of antigen-specific immunity against pathogens, as well as the maintenance of 

immune tolerance to self antigens (70). Hrd1 is transcriptionally induced in response to LPS 

activation of the TLR4 signaling pathway, which in turn regulates the gene transcription of 

MHC class II via a key transcription factor BLIMP1 (16). Hrd1 targets BLIMP1 for 

proteasomal degradation. BLIMP1 transcriptionally represses the expression of MHC class 

II (72). In the absence of Hrd1, BLIMP accumulates, which reduces surface MHC class II 

levels and the priming of CD4+ T cells. By contrast, Hrd1 has no effect on the expression 

nor stability of MHC class I in dendritic cells, and hence no effect on MHC class I-mediated 

activation of CD8+ T cells. Pointing to a critical role of dendritic cell Hrd1 in disease 

pathogenesis, loss of Hrd1 in dendritic cells protects mice from an autoimmune condition 

known as experimental autoimmune encephalomyelitis (72). Importantly, Hrd1 deficiency 
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has no effect on cell survival and death in dendritic cells, indicating that its activity is 

substrate-specific rather than a global effect of ER stress on cell death.

Concluding Remarks and Future Perspectives

Although ERAD is the only known mechanism in the cell dedicated exclusively to the 

disposal of misfolded proteins in the ER, its function controls (and is controlled by) the 

other quality control systems such as UPR and autophagy. Moreover, ERAD function may 

directly or indirectly influence gene transcription and protein translation as discussed above. 

Hence, the physiological function of cell type-specific ERAD components in vivo yields 

phenotypes that might not be predicted simply from studies of those same components in 

simpler cell culture models. This physiological understanding has been made possible using 

cell type-specific ERAD-deficient mice. These studies demonstrated that ERAD regulates 

many fundamental cellular processes in various cell types via mediating the turnover of 

specific substrates (Figure 2), rather than simply via the activation of ER stress responses. 

Certainly, in some cell types with a diverse secretome and large secretory demand such as 

pancreatic exocrine cells (12) and Paneth cells (14), ERAD-deficient cells undergo cell death 

when the burden of misfolded substrates becomes insurmountable. However, it should be 

emphasized that other cell types examined to date including adipocytes, enterocytes, 

developing B cells and dendritic cells seem to survive well under basal conditions with 

chronic ER stress. Therefore, chronic ER stress often associated with (patho-)physiological 

conditions may not necessarily trigger a cascade of deleterious changes, such as 

inflammation and/or cell death in vivo as proposed (73) – as cells have an adaptive capacity 

to reset ER homeostasis (more below). Therefore, we believe, one should not automatically 

adopt the commonly reported assumption that (patho)physiological perturbation of ER 

homeostasis will definitely lead to insurmountable ER stress followed by inflammation 

and/or cell death. Before making such conclusions, one should carefully quantitate the stress 

level in the ER by analyzing the phosphorylation state of UPR sensors including IRE1α and 

PERK and their immediate downstream signaling events (74, 75), rather than relying 

exclusively on the level of a subset of ER chaperones (such as BiP) as an ER stress indicator. 

A deeper understanding of cell type-specific ERAD in pathophysiological settings may 

reveal key insights into many human diseases where protein misfolding and incomplete 

turnover lies at the root cause. Three major disease areas that need further exploration are 

cancer (76), neurodegeneration and aging. Genetic studies in lower organisms indicate that 

the fidelity of protein quality control breaks down as the organism ages (77), but it is unclear 

if this is also true for ERAD in aging mammals and other disease settings.

Secretory capacity of the cell varies from organ to organ and may fluctuate according to 

metabolic needs and nutrient status. Unlike pancreatic exocrine cells (12) and Paneth cells 

(14) where ERAD deficiency causes cell death, other cells such as adipocytes (11, 17), 

enterocytes (13), dendritic cells (16), and developing B cells (71) seem able to tolerate 

ERAD deficiency and chronic ER stress under basal conditions. This is likely a result of 

cellular adaptation due to other compensatory mechanisms including, but not limited to, 

UPR-mediated regulation of overall ER capacity, alternative ERAD pathways, autophagy, 

and/or a combination of all. How cells handle the accumulation of certain substrates and 

survive without functional Sel1L-Hrd1 ERAD should be considered on a case-by-case basis 
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for different substrates and cell types. In the next several years, more cell- and tissue- type 

specific knockout mice will certainly emerge, which will undoubtedly identify more specific 

processes and signaling pathways that are regulated by ERAD. We believe that ERAD 

deficient models represent an excellent window into the study of human diseases associated 

with defects in protein folding and ER protein turnover.

There is also a need for further investigation into the role of Sel1L-Hrd1 in human diseases 

caused by both loss- and gain-of-function mutations in proteins that encounter the classical 

ERAD machinery described in this review. Many disease-associated mutant proteins 

identified to date arise from point mutations, some of which cause protein misfolding, ER 

retention, protein aggregation and/or degradation. A few well-known examples include 

proinsulin in the syndrome of Mutant INS gene-induced Diabetes of Youth (MIDY) (78, 79), 

pro-opiomelanocortin (POMC) in early-onset obesity (80), pro-vasopressin (pro-AVP) in 

autosomal dominant form of diabetes insipidus (81, 82), and thyroglobulin in congenital 

hypothyroidism (83). Most of the mutations affect the folding and maturation of nascent 

proteins that transverse the secretory pathway. In the gain-of-toxic-function mutations, a 

dominant negative behavior in the ER is commonly seen as a result of mispairing of 

disulfide bonds that may engage both mutant and wildtype oligomerization partners (84). 

The Sel1L-Hrd1 ERAD complex participate in the turnover of mutant proinsulin in the ER 

(85), but the extent to which it is involved in the clearance of other disease-associated 

mutants requires further studies. We predict that many fundamental questions about ERAD 

under pathophysiological conditions will be addressed in the next few years (see 

Outstanding Questions), including the specific engagement of ERAD machinery in the 

disposal of disease-associated mutant proteins. The extent to which activating selective 

components of the ERAD machinery could be a therapeutic target, such as to partially block 

the dominant-negative effect of misfolded proteins and thereby inhibit disease progression, 

offers an exciting new challenge at the interface of cell biology and medicine.
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GLOSSARY

Endoplasmic reticulum (ER)
the cellular organelle where synthesis and folding of secretory and membrane proteins take 

place.

ER-associated degradation (ERAD)
a highly conserved protein quality-control mechanism in the cell that retrotranslocate 

misfolded ER proteins for cytosolic proteasomal degradation. The Sel1L-Hrd1 protein 

complex, consisting of the ER-resident E3 ubiquitin ligase Hrd1 and its cofactor Sel1L 

protein (Hrd1p and Hrd3p in yeast, respectively), is the most conserved ERAD machinery.

E3 ubiquitin ligase
a protein that catalyzes the transfer of ubiquitin from E2 ubiquitin-conjugating enzyme to its 

protein substrate.

Proteasome
a multi-protein complex responsible for protein degradation in the cell, in a process also 

known as proteolysis.

Quality control
a system that ensures the quality of a process or product.

ERAD substrates
Proteins that are recognized and targeted for proteasomal degradation by the ERAD 

machinery.
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Unfolded protein response (UPR)
A key cellular quality control mechanism identified at the late 1980s and 1990s. It involves 

the sensing of misfolded proteins in the ER by distinct ER-resident protein sensors including 

IRE1α, PERK and ATF6, and the subsequent initiation of downstream signaling events 

leading to the adaptation of ER homeostasis and/or cell death.
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OUTSTANDING QUESTIONS

• What are the physiological function and significance of Sel1L-Hrd1 
ERAD in cell type-specific manner at the whole-organism level? Does 

ERAD function regulate other importance cellular processes such as lipid 

droplet biogenesis, mitochondrial function and etc? What kind of proteins are 

ERAD substrates?

• What is the pathological significance of Sel1L-Hrd1 ERAD in human 
diseases? Human diseases are often associated with protein misfolding and 

aggregation. Are mutant proteins simply resistant to ERAD quality control or 

does the fidelity of ERAD break down in the face of protein aggregation?

• How does the crosstalk between ERAD and other quality-control 
processes such as UPR and autophagy affect ER homeostasis, and health 
and disease? What is the mechanism underlying cellular adaption to ERAD 

deficiency? Do UPR and autophagy play complementary roles in vivo in 

ERAD-deficient cells?

• How many ERAD machineries are there in mammalian cells and what 
are their functions? More than a dozen ERAD complexes composed of 

different E3 ubiquitin ligases have been identified, and their importance and 

relevance in vivo remains largely unclear.
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TRENDS

• ERAD is the principal stress management mechanism used to clear both 

misfolded and normal proteins from the ER for cytosolic proteasomal 

degradation.

• The protein complex consisting of the E3 ligase Hrd1 and its cofactor Sel1L 

is the most conserved branch of ERAD.

• Sel1L-Hrd1 ERAD plays important roles in regulating ER homeostasis, 

metabolism and immunity in a cell type-specific manner.

• Several proteins including the UPR sensor IRE1α and pre-B cell receptor 

(pre-BCR) have recently been identified as endogenous ERAD substrates.
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Figure 1. Two key ER quality control systems in mammals
While folded proteins exit the ER, terminally unfolded or misfolded proteins in the ER 

activate UPR via three sensors IRE1α, PERK and ATF6, which initiate multiple signaling 

pathways leading to the induction of ER chaperones and ERAD, expansion of ER 

membranes and translation inhibition. In addition, misfolded proteins can be recruited to the 

ERAD complex via the activity of various ER chaperones such as BiP, EDEM, OS9 and 

XTP3B for cytosolic degradation. The Sel1L-Hrd1 protein complex represents the most 

conserved ERAD complex in mammals. Following retrotranslocation into the cytosol, 

substrates are ubiquitinated and, with the help of p97 (VCP/CDC48), degraded by the 

proteasome in the cytosol.
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Figure 2. Recently identified endogenous substrates by Sel1L-Hrd1 ERAD
Three types of misfolded proteins, ER luminal (OS9), transmembrane (EDEM1, IRE1α and 

pre-BCR), and nuclear proteins (NRF2, PGC1β and BLIMP1), have been identified as 

Sel1L-Hrd1 ERAD substrates using ERAD-deficient mouse models. Substrates in bold (OS9 

and IRE1α) have been tested in several different cell types while those in plain fonts have 

been tested in only one cell type. Substrate-related function is indicated in parentheses. 

Among all the substrates, the pre-BCR protein complex is unique in that it is consisted of 

heavy chain Igµ and light chains λ5 and VpreB.
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Table 1

Cell-type-specific ERAD mouse models and endogenous substrates

Cell type specificity Cre strain (source) Phenotypes Substrates References

Global inducible 
deletion in adult mice

CAGGCre-ER (B6.Cg-
Tg(CAG-cre/Esr1*)5A 
mc/J, JAX 004682)

Progressive loss of body weight and 
premature death within 2-3 weeks 
following the deletion of Sel1L or Hrd1 
(12, 17); Exocrine pancreatic 
insufficiency with ER dilation and 
defects in secretory granules (12).

OS9 and EDEM1: Dramatic 
accumulation of ER 
chaperones OS9 and EDEM1 
(but not XTP3B) in pancreas 
(12).

(12, 17)

Adipocytes Adipoq-Cre (B6;FVB-
Tg(Adipoq-cre)1Evdr/J, 
JAX 010803)

Normal growth rate on low-fat diet up to 
16 weeks, no increase of adipocyte 
apoptosis, and resistant to diet-induced 
obesity (11, 17), postprandial 
hypertriglyceridemia associated with 
intracellular retention of lipoprotein 
lipase (LPL) (11).

OS9 and LPL (11): 
Accumulation and 
stabilization of OS9; 
Intracellular retention and 
aggregation of LPL in the 
ER. PGC1β (17): PGC1β 
accumulation, leading to 
increased mitochondrial 
number and basal energy 
expenditure.

(11, 17)

Enterocytes Villin-Cre (B6.SJL-
Tg(Vil-cre)997Gum/J, 
JAX 004586)

Normal growth rate on LFD in both 
males and females; normal appearance 
of small and large intestines; apoptosis 
only increased in DSS-induced colitis 
(13). Paneth cells lack secretory 
granules and exhibit ER dilation with 
elevated cell death under basal 
conditions (14).

IRE1α (13): Degraded under 
basal conditions, and 
degradation is attenuated 
under UPR; accumulates by 
over 20-fold in intestinal 
epithelium in the absence of 
Sel1L-Hrd1; heterozygosity 
of IRE1α reduces colitis 
severity in the DSS model in 
Sel1L-deficient mice.

(13, 14)

Hepatocytes Hrd1f/f mice injected i.v. 
with Cre-encoding 
adenoviruses

No characterization of liver-specific 
Hrd1 knockout mice; pharmacological 
inhibition of Hrd1 (LS-102) reduces the 
development of liver cirrhosis and CCl4-
indcued liver damage in an NRF2-
dependent manner.

NRF2: elevated NRF2 
protein level in the absence of 
Hrd1 in vivo and in vitro.

(15)

Overexpression of Hrd1 
reduces NRF2 protein level.

Dendritic cells CD11c-Cre (B6.Cg-
Tg(Itgax-cre)1-1Reiz/J, 
JAX 008068)

TLR4 signaling by LPS stimulates the 
expression of Hrd1. Hrd1 deficiency 
reduces transcription of MHC class II 
gene via BLIMP1 and protects the mice 
against experimental autoimmune 
encephalomyelitis (EAE).

BLIMP1: in the absence of 
Hrd1, BLIMP1 accumulates 
which in turn represses MHC 
class II expression.

(16)

B cells CD19-Cre 
(B6.129P2(C)-
Cd19tm1(cre) Cgn/J, 
JAX 006785)

B-cell-specific Sel1L deficiency blocks 
the large pre-B cell transition to small 
pre-B cells due to the persistent pre-
BCR signaling, hence dramatically 
reducing peripheral mature B cells in 
spleen and lymph nodes.

Pre-BCR: In the absence of 
ERAD, pre-BCR 
accumulates and is increased 
at the cell surface, thereby 
increasing proliferation and 
attenuating differentiation. 
Note that the BCR complex 
in mature B cells is not 
degraded by Sel1L-Hrd1 
ERAD.

(71)
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