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The mammalian HRD1-SEL1L complex provides a scaffold
for endoplasmic reticulum (ER)-associated degradation (ERAD),
thereby connecting luminal substrates for ubiquitination
at the cytoplasmic surface after their retrotranslocation
through the endoplasmic reticulum membrane. In this study
the stability of the mammalian HRD1-SEL1L complex was
assessed by performing siRNA-mediated knockdown of each
of its components. Although endogenous SEL1L is a long-lived
protein, the half-life of SEL1L was greatly reduced when HRD1
is silenced. Conversely, transiently expressed SEL1Lwas rapidly
degraded but was stabilized when HRD1 was coexpressed. This
was in contrast to the yeastHrd1p-Hrd3p,whereHrd1p is desta-
bilized by the depletion of Hrd3p, the SEL1L homologue.
Endogenous HRD1-SEL1L formed a large ERAD complex
(Complex I) associating with numerous ERAD components
including ERAD lectin OS-9, membrane-spanning Derlin-1/2,
VIMP, and Herp, whereas transiently expressed HRD1-SEL1L
formed a smaller complex (Complex II) that was associatedwith
OS-9 but not withDerlin-1/2, VIMP, orHerp. Despite its lack of
stable association with the latter components, Complex II sup-
ported the retrotranslocation and degradation of model ERAD
substrates �1-antitrypsin null Hong-Kong (NHK) and its vari-
ant NHK-QQQ lacking the N-glycosylation sites. NHK-QQQ
was rapidly degraded when SEL1L was transiently expressed,
whereas the simultaneous transfection of HRD1 diminished
that effect. SEL1L unassociated withHRD1was degraded by the
ubiquitin-proteasomepathway,which suggests the involvement
of a ubiquitin-ligase other than HRD1 in the rapid degradation
of both SEL1L and NHK-QQQ. These results indicate that the
regulation of the stability and assembly of the HRD1-SEL1L
complex is critical to optimize the degradation kinetics of ERAD
substrates.

Misfolded or unassembled proteins that accumulate in the
endoplasmic reticulum (ER)3 are degraded by cytosolic protea-
somes through ER-associated degradation (ERAD) (1, 2). Dur-
ing the process of substrate retrotranslocation from the ER,
proteins are ubiquitinated by ubiquitin ligases embedded in the
ER membrane (3–5). Hrd1p/Der3p ubiquitin-ligase, which
contains a cytosolic RING-H2 finger E3 domain, ubiquitinates
ERAD substrates in Saccharomyces cerevisiae (6, 7).
Hrd1p is an unstable protein with six N-terminal transmem-

brane segments that is stabilized by formation of a stoichiomet-
ric complexwithHrd3p, a type-I transmembrane proteinwith a
large luminal domain containing SEL1 repeats (8, 9). Mammals
have two yeast Hrd1p homologues: HRD1/synoviolin (10, 11)
and gp78/AMFR (12). SEL1L, the homologue of Hrd3p (13, 14),
associates stoichiometrically with HRD1 (13, 15) but not with
gp78 (16). HRD1-SEL1L ubiquitin-ligase forms a large complex
in the ER membrane by physically interacting with Der1-like
proteins 1 and 2 (Derlin-1/2), valosine-containing protein
(VCP)/p97-interacting membrane protein (VIMP), p97/VCP,
and Herp (15, 17).
Derlin is a human homologue of yeast Der1p containing four

transmembrane regions. Mammals have three such homo-
logues, Derlin-1, -2, and -3 (18, 19), andmay be a part of the ER
membrane retrotranslocation channel. The small membrane
protein VIMP connects p97/VCP to Derlins (15, 19). p97/VCP
is an AAA-ATPase involved in the extraction of ERAD clients
(20). Herp exposes its N-terminal ubiquitin-like and C-termi-
nal domains on the ER cytosolic surface (21) and interacts with
HRD1 (17, 22).
Formation of a large complex containing Hrd1p-Hrd3p and

Der1p has been reported in S. cerevisiae (23), as has the associ-
ation of the ERAD lectin Yos9p and ER chaperone Kar2p on the
luminal side of the complex (24–26). A recent study identified
the analogousmembrane ERADcomplex and regulationmech-
anism of glycoprotein quality control in yeast and mammals
(for review, see Refs. 27–30). Mammalian homologues of yeast
Yos9p (OS-9 and XTP3-B) (16, 31) and the ubiquitin conjugat-
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ing enzyme UBC6e (32) were shown to bind to the ERAD
complex.
ERAD substrate degradation, which is well characterized in

yeast, is mediated by distinct pathways containing different
ubiquitin ligases (33, 34). ERAD-C substrates with misfolded
cytosolic domains are degraded by Doa10p (35, 36), whereas
ERAD-L proteins with misfolded ER-luminal domains require
Hrd1p (37, 38). ERAD-M proteins with misfolded intramem-
brane domains also useHrd1p for degradation, but the complex
required is different, andDer1p andUsa1p are dispensable (26).
In mammals, the required ubiquitin ligases and E3-containing
complexes for each ERAD client are less clear. Mammalian
ERAD-LS substrates, defined as soluble polypeptideswith lumi-
nal lesions, were recently found to depend onHRD1-SEL1L and
the ERAD lectins OS-9/XTP3-B (39). However, pathways for
various ERAD clients remain to be elucidated.
To assess the functions of SEL1L and HRD1 in ERAD, each

was silenced by RNA interference (RNAi). This revealed that
SEL1L is destabilized when HRD1 is silenced. This mechanism
is different from that of the yeast homologue Hrd1p-Hrd3p
complex, where association with Hrd3p stabilizes the short-
lived Hrd1p (8, 9). With the endogenously assembled large
complex (Complex I), transiently expressed HRD1-SEL1L
forms a smaller-sized complex (Complex II).While Complex II
does not cosediment with the complex containing Derlin-1/2,
Herp, and VIMP, Complex II does support the retrotransloca-
tion and degradation of model ERAD substrates of misfolded
glycoprotein NHK and non-glycosylated NHK-QQQ (16, 40,
41).WhileNHK-QQQ is degradedmore rapidly when SEL1L is
transiently expressed, the simultaneous transfection of HRD1
diminishes this effect. Accordingly, a model is proposed
whereby formation and stabilization of HRD1-SEL1L ERAD
complex regulates mammalian ERAD.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and Cell Extracts—HEK293 and
HeLa cells were cultured in DMEM supplemented with 10%
FBS, 100 units/ml penicillin, and 100�g/ml streptomycin. Plas-
mids were transfected using FuGENE 6 (Roche Applied Sci-
ence) or Lipofectamine 2000 transfection reagent (Invitrogen),
according to the protocol supplemented by the manufacturer.
The siRNA (30 nM) was transfected using Lipofectamine
RNAiMAX (Invitrogen). Cells were harvested�24 h after plas-
mid transfection and 48 h after siRNA treatment. Cells were
lysed in a buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.5) con-
taining 1% Nonidet P-40 or 3% digitonin supplemented with
protease inhibitors (0.2 mM 4-(2-aminoethyl)benzenesulfonyl
fluoride, 2 mM N-ethylmaleimide, 1 �g/ml leupeptin, 1 �g/ml
pepstatin). Digitonin was used to maintain HRD1-SEL1L com-
plexes formed in the ER membrane (16, 32). After centrifuga-
tion at 12,000 � g for 20 min, the supernatant was used for
further analysis.
Antibodies—Anew lot of anti-SEL1L antibodywas generated

as described previously (16). Briefly, rabbits were immunized
with the same peptide sequence conjugated to keyhole limpet
hemocyanin as the antigen. This new lot was used for both
Western blotting and immunoprecipitation. Themousemono-

clonal antibody for SEL1L (LifeSpan Bioscience) was also used
for Western blotting where indicated.
Mouse monoclonal anti-HRD1/synoviolin antibody was

kindly provided by Dr. Toshiro Nakajima (St. Marianna Uni-
versity School of Medicine, Japan), and rabbit polyclonal anti-
Herp antibody was a generous gift from Dr. Koichi Kokame
(National Cerebral and Cardiovascular Center, Japan). The fol-
lowing antibodies were purchased from the companies indi-
cated: rabbit polyclonal anti-OS-9 (ProteintecGroup Inc.), rab-
bit anti-�1 antitrypsin (�1AT) (DAKO), rabbit anti-Derlin-1
and -2 (MBL), rabbit polyclonal anti-VIMP (Abcam), mouse
monoclonal anti-p97 (Affinity Bioreagents), mouse anti-BiP
(BDTransduction Laboratories), rabbit anti-c-myc (SantaCruz
Biotechnology), mouse anti-actin (Chemicon), horseradish
peroxidase-conjugated anti-rabbit IgG (BTI), horseradish per-
oxidase-conjugated anti-mouse IgG (Zymed Laboratories Inc.),
and alkaline phosphatase-conjugated anti-mouse IgG (Jackson
ImmunoResearch Laboratories).
Plasmid Construction and siRNA Sequences—The plasmids

used for transfection were described previously as follows:
SEL1L (16), HRD1myc and theHRD1mycmutant lacking ubiq-
uitin-ligase activity (42), NHK (43), and NHK-QQQ (41).
StealthTM siRNAs (Invitrogen) were used to silence specific
proteins. The targeting sequences to knockdownHRD1were as
follows:HRD1-2 (5�-3�, UGGAGGAGGCAGCAGCAACAA
CUGU) andHRD1-3 (5�-3�, UGUGGUGUCAGGGCAGUC
UCUUGGC). The siRNAsused to silence SEL1L (16) andOS-9
(44) were described previously. StealthTM siRNA Negative
Control Low GC and Medium GC were used as control non-
specific siRNAs.
Metabolic Labeling and Pulse-Chase Experiments—Cells

weremetabolically labeledwith [35S]methionine/cysteine (Pro-
tein-labeling mixture, PerkinElmer Life Sciences) as previously
described (44). For pulse-chase experiments, cells were labeled
for 15 or 20 min as indicated and chased in normal growth
medium for the indicated time. Cell extracts prepared as above
were subjected to immunoprecipitation, and the specific signal
was quantified after exposure on phospho-imaging plates. Pro-
teasome inhibitor MG132 was added to the medium at a final
concentration of 20 �M 4 h before pulse labeling and was pres-
ent both during the pulse and chase periods.
Immunoprecipitation—Cell extracts prepared as above were

mixed with appropriate antibodies and incubated overnight at
4 °C. Immune complexes were collected by Protein A- or Pro-
tein G-Sepharose beads and eluted by incubating in Laemmli
buffer at 65 °C for 15 min. The eluates were separated by SDS-
PAGE and quantified or used for Western blotting.
Western Blotting—Cell lysates separated by SDS-PAGE were

blotted on a nitrocellulose or nylon membrane. The specific
signals probed by the antibodies were visualized using an ECL
kit (GE Healthcare) and were detected by exposure to x-ray
films (Fuji Film) or by LAS4000 (GE Healthcare). Specific sig-
nals were visualized using alkaline phosphatase-conjugated
2nd antibodies and nitro blue tetrazolium/5-bromo-4-chloro-
3-indolyl phosphate solution (Sigma).
Sucrose Density Gradient Centrifugation—Cell extracts were

applied to a 10–40% linear sucrose density gradient with a
cushion of 60% sucrose or to a 10–40% sucrose density gradi-
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ent generated by Gradient MasterTM (BioComp) without a
cushion. Extracts were then centrifuged at 36,000 rpm for 16 h.
Each 250-�l fraction collected from the topwas adjusted to 1�
Laemmli buffer for separation by SDS-PAGE.
RT-PCR—The total RNA was prepared from cells using an

RNA extraction kit (Qiagen). The cDNAwas synthesized using
1 �g of total RNA and SuperScript III reverse transcriptase
(Invitrogen). Specific DNA fragmentswere amplified using LA-
Taq (Takara). The primers were SEL1L forward (5�-3�, CTC
GCT AAC AGG AGG CTC AGT AG), SEL1L reverse (5�-3�,
GGT GCC ACT GGC ATG CAT CTG AG), HRD1 forward
(5�-3�, GCA TGG CAG TCC TGT ACA TCC), and HRD1
reverse (5�-3�, GCA CCA TCG TCA TCA GGA TGG). The
primers for �-actin are as described (45).

RESULTS

siRNA-mediated HRD1 Knockdown Destabilizes SEL1L—To
analyze the function of the HRD1-SEL1L complex in ERAD,
SEL1L or HRD1 was knocked down by small interfering RNA
(siRNA)-mediatedRNAi.Unexpectedly, in contrast to the yeast
homologue Hrd1p-Hrd3p complex (8, 9), SEL1L disappeared
not only by silencing SEL1L but also by the depletion of HRD1
in HEK 293 cells (Fig. 1A, SEL1L blot). The HRD1 expression
level detected byWestern blotting was unaffected when SEL1L
was silenced (Fig. 1A,HRD1 blot). Similar results were obtained
in HeLa cells (supplemental Fig. S1).
The specificity of each siRNA was analyzed by RT-PCR.

Treatment of cells with two siRNAs targeted for SEL1L

depleted the SEL1L mRNA, leaving the HRD1 transcript unaf-
fected (Fig. 1B, lanes 3 and 4). Similarly, two siRNAs targeted
for HRD1 down-regulated only the HRD1 transcript and did
not influence the SEL1L or �-actin mRNA expression (Fig. 1B,
lanes 5 and 6). The specificity of the siRNA for HRD1 was
further assessed by Northern blotting analysis (supplemen-
tal Fig. S2). The results indicated that elimination of the
SEL1L peptide by RNAi-mediated HRD1 silencing occurred
post-translationally.
The intracellular half-life of endogenous SEL1L was assessed

by pulse-chase experiments, and SEL1L was a stable protein
with a half-life ofmore than 12 h (Fig. 1C, control siRNA). How-
ever, when HRD1 was silenced, approximately half of the
SEL1L synthesized during the pulse period disappeared in 6 h
(Fig. 1C, HRD1 siRNA). Collectively, these results suggest that
endogenous SEL1L is a long-lived protein that is stabilized by
HRD1.
Silencing SEL1L orHRD1Alters the SedimentationRate of the

HRD1-SEL1L-containing ERAD Complex—SEL1L and HRD1
are known to form a stoichiometric complex, and a large ERAD
complex was generated by the association of various ERAD
components including Derlin-1/2/3, Herp, VIMP, p97/VCP,
OS-9, and so on (see Fig. 7,Complex I). Therefore, the sedimen-
tation rate of each component of the large HRD1-SEL1L-con-
taining ERAD complex was analyzed on a 10–40% linear
sucrose density gradient when HRD1 or SEL1L was silenced.
Endogenous SEL1L, HRD1, and OS-9 formed a large complex

FIGURE 1. SEL1L is destabilized by HRD1 knockdown. A, expression of SEL1L and HRD1 in HEK293 cells treated with siRNA targeted for SEL1L or HRD1 is
shown. HEK293 cells were treated with 30 nM of StealthTM siRNA for 48 h. As a negative control, StealthTM siRNA Negative Control Low GC (L) and Medium GC
(M) were used. Twenty �g of cell lysates were separated by 10% SDS-PAGE. The expression of each protein was analyzed by Western blotting. Mouse
monoclonal anti-SEL1L antibody was used to detect SEL1L (upper panel). The positions of the molecular weight standards are shown on the left. B, detection of
SEL1L and HRD1 transcripts by RT-PCR is shown. One mg of total RNA prepared from HEK293 cells treated with siRNA as in A was used. C, pulse-chase analysis
of endogenous SEL1L is shown. HEK293 cells treated with siRNA (as in A) were labeled for 20 min and then chased for the time indicated. Cells were extracted
in a buffer containing 3% digitonin. The positions of SEL1L, OS-9v2, and HRD1 are indicated by a bracket, gray arrowhead, and arrow, respectively. The positions
of the molecular weight standards are indicated on the left. The relative radioactivity of SEL1L was quantified, and the signal intensity at the end of pulse-
labeling period was set as 100% (lower panel). Data shown are the mean and corresponding S.E. of three independent experiments. IP, immunoprecipitate.
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that was detected in fractions 13–16 (Fig. 2, solid bars). In
cells treated with siRNA targeted for SEL1L or HRD1, SEL1L
was not detected in any fraction (Fig. 2A). When SEL1L was
silenced, HRD1 was fractionated in slightly smaller fractions
(Fig. 2B, fractions 10–15). Endogenous OS-9 formed two sepa-
rate complexes (Fig. 2C, fractions 6–9 (dotted line) and frac-
tions 12–15 (solid line)) but converged in a single peak of
smaller sedimentation rates by the depletion of SEL1L orHRD1
(Fig. 2C).
Next, the sedimentation rates of ERAD components, includ-

ing Herp, Derlin-1/2/3, VIMP, and p97/VCP, were analyzed
when SEL1L or HRD1 was silenced. Fractions that included
Herp, Derlin-1, Derlin-2, VIMP, and p97/VCP remained
unchanged by the depletion of either SEL1L or HRD1 (supple-
mental Fig. S3). Thus, the membrane complex containing
HRD1-SEL1L and OS-9 behaves differently than a complex
comprised of Herp, Derlin-1/2, and VIMP.
The mass spectrometric analysis of the immunoprecipitates

by the affinity-purified anti-SEL1L antibody revealed that

HRD1 coimmunoprecipitated stoichiometrically as reported
(15). In addition, OS-9 was found in the complex at a ratio of
�1:3 (OS-9: HRD1-SEL1L) (supplemental Fig. S4A). The
immunoprecipitation of metabolically labeled cells using spe-
cific antibodies against OS-9 and SEL1L confirmed the associ-
ation of OS-9 with HRD1-SEL1L (supplemental Fig. S4B, lanes
1, 2, 7, and 8). These results suggest that the complex formation
of HRD1-SEL1L with OS-9 is relatively stable, with an approx-
imate ratio of 1:1:1/3. The ratio of OS-9 binding to HRD1-
SEL1L was confirmed by assessing the radioactivity of co-im-
munoprecipitated proteins in radiolabeled cells after peptide
N-glycosidase F (PNGase F) digestion (supplemental Fig. S4C).
It should be noted that HRD1 remained in the SEL1L immuno-
precipitates when OS-9 siRNA was used (supplemental Fig.
S4B, lanes 9 and 10).
Transiently Expressed SEL1L Is RapidlyDegraded, but Co-ex-

pression of HRD1 Stabilizes SEL1L—To further analyze the sta-
bility of SEL1L, SEL1L was transfected with or without HRD1.
When only SEL1L was transfected, the total amount of SEL1L
detected by Western blotting did not increase over the endog-
enous level (Fig. 3A, SEL1L blot, lanes 1 and 2). However, the
SEL1L expression was increased mildly by the simultaneous
transfection of SEL1L and HRD1. The total amount of SEL1L
increased less than 2-fold over the endogenous level under our
experimental conditions (Fig. 3A, SEL1L blot, lanes 1 and 3).
Transfectedmyc-taggedHRD1was expressedmore than 5-fold
over the endogenous HRD1 (Fig. 3A, HRD1 blot, lane 3). The
overexpression of either SEL1L orHRD1-SEL1Ldid not change
the amount of OS-9.
The half-life of SEL1L transfectedwith or withoutHRD1myc

was examined by pulse-chase analysis. When SEL1L was over-
expressed, newly synthesized SEL1L was rapidly degraded with
a half-life of 1 h. SEL1L was markedly stabilized when HRD1
was cotransfected (Fig. 3B, quantified in the lower panel). These
results are consistent with the destabilization of endogenous
SEL1L when HRD1 is knocked down (Fig. 1).
Transient Expression of HRD1-SEL1L Forms a Smaller

Complex (Complex II) in Addition to the Endogenously
Assembled Complex (Complex I)—Next, the sedimentation
rate of transfected HRD1-SEL1L was determined on a
sucrose density gradient. SEl1L and HRD1myc were frac-
tionated in broad fractions of 9–19 (Fig. 4B, Complex I and
II, black and double-lined bars, respectively), although
endogenous HRD1-SEL1L segregated in fractions close to
the bottom (Fig. 4A, Complex I, black bars).
OS-9 has four splice variants. In HEK 293 cells, OS-9v1 and

v2 are abundantly expressed and detected by Western blotting
(16, 31, 46). However, the functional differences between these
two splice variants remains unclear. Interestingly, OS-9v2 was
fractionated broadly when HRD1 and SEL1L were overex-
pressed, similar to the distribution of SEL1L and HRD1myc.
However, the total amount of OS-9v2 detected by Western
blotting did not increase (Fig. 3A). In contrast, the OS-9v1 dis-
tribution was almost unchanged, forming two separate peaks
(Fig. 4, A and B, solid and dotted bars). These results suggest
that OS-9v2, but not v1, preferentially associates with the
HRD1-SEL1L complex.

FIGURE 2. Analysis of HRD1-SEL1L complex by sucrose density gradient
centrifugation. HEK293 cells were treated with 30 nM of StealthTM siRNA of
negative control (Control) or targeted for SEL1L (siSEL1L), HRD1 (siHRD1), or
OS-9 (siOS-9) for 48 h and were extracted by a buffer containing 3% digitonin.
After fractionation by 10 – 40% sucrose density gradient centrifugation with a
60% sucrose cushion, SEL1L (A), HRD1 (B), and OS-9 (C) were detected by
Western blotting. Solid bars indicate the fractions where the large ERAD
complex containing HRD1-SEL1L and OS-9 sedimented. The dotted line
shows the fractions of OS-9 with lower sedimentation rates. Asterisks indi-
cate the nonspecific signals detected by the mouse monoclonal anti-
SEL1L antibody. Open and gray arrowheads indicate the positions of
OS-9v1 and v2, respectively.
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Notably, the sedimentation fractions of Herp, Derlin-1/2,
VIMP, and p97 remained unchanged even when HRD1-SEL1L
was overexpressed (Fig. 4 and data not shown). These results
suggest that HRD1-SEL1L is capable of forming two distinct

complexes with different sedimentation rates, designated here
as Complexes I and II. Endogenous HRD1-SEL1L forms a large
Complex I associatedwith other ERADcomponents containing
Herp, Derlin-1/2, andVIMP.However, whenHRD1 and SEL1L

FIGURE 3. Cotransfection of HRD1 stabilizes the transiently expressed SEL1L. A, HEK293 cells were transfected with SEL1L or SEL1L and myc-tagged HRD1.
Equal amounts of cell lysates were separated by SDS-PAGE and analyzed by Western blotting. Open and closed arrows indicate the transfected HRD1myc and
endogenous HRD1, respectively. Open and gray arrowheads are as in Fig. 2. The asterisk shows the nonspecific band detected by the anti-HRD1/synoviolin
antibody. B, cells were transfected with SEL1L, HRD1myc, or SEL1L and HRD1. At 24 h after transfection, cells were pulse-labeled for 15 min. Cells were harvested
and lysed in a buffer containing 1% Nonidet P-40 at the chase time indicated for immunoprecipitation (IP). The relative radioactivity of SEL1L is calculated as
in Fig. 1C.

FIGURE 4. Transient expression of SEL1L and HRD1 forms a smaller complex in addition to the large endogenous complex. Cell extracts transfected with
mock (A) or SEL1L and HRD1 (B) were fractionated with a 10 – 40% sucrose density gradient generated using Gradient MasterTM without the 60% sucrose
cushion. Black bars indicate the fractions where the large ERAD complex containing HRD1-SEL1L, OS-9, Herp, and Derlins was sedimented (Complex I).
Double-lined bars show the smaller fractions detected by the transient expression of HRD1-SEL1L (Complex II). Dotted bars indicate the fractions containing
OS-9 of a lower sedimentation rate. Fractions containing the second peak of Herp are indicated by the gray bars. The asterisk denotes the nonspecific signal
observed by the anti-HRD1/synoviolin antibody. Arrows and arrowheads are as in Fig. 3.
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were transiently expressed, we also observed the formation of
Complex II associatedwithOS-9v2 but notHerp,Derlin-1/2, or
VIMP.
HRD1-SEL1L-containing Complex II Is Functional in ERAD,

and NHK-QQQ Degradation Is Enhanced by Transient SEL1L
Expression—Silencing SEL1L abrogates the degradation of two
model ERAD substrates, glycoprotein NHK and the non-glyco-
sylated mutant NHK-QQQ (16, 31). HRD1 is also required for
NHK disposal (31). The requirement of HRD1 for the degrada-
tion of NHK-QQQ was analyzed by RNAi (supplemental Fig.
S5). However, because HRD1 silencing also eliminates the
SEL1L peptide, knockdown experiments do not discriminate
between the functions of SEL1L and HRD1 in ERAD. There-
fore, we examined the effects of transiently expressing SEL1L
and/or HRD1 on the degradations of NHK and NHK-QQQ.
Transient expression of HRD1moderately inhibited NHK deg-
radation, whereas the transfection of SEL1L or both SEL1L and
HRD1 did not affect the NHK degradation kinetics (Fig. 5A,
quantified in B).
When cells were lysed in a buffer containing 3% digitonin,

SEL1L was found to be associated with OS-9v2, endogenous
HRD1, and transfected HRD1myc (supplemental Fig. S6A).
The transient expression of HRD1 inhibited NHK-QQQ deg-
radation, similar to the effect on NHK. However, transiently
expressed SEL1L markedly enhanced the disposal of NHK-
QQQ (Fig. 5C, quantified in D). Cotransfection of SEL1L and
HRD1 slightly accelerated the disappearance of NHK-QQQ,
but the effect was relatively weak (Fig. 5C, quantified in D). As
indicated by sucrose density gradient centrifugation, transient
expression ofHRD1-SEL1L forms a smaller Complex II in addi-
tion to the endogenous Complex I. If Complex II, which does
not stably associate with Derlins, VIMP, or Herp, cannot sup-
port the retrotranslocation and degradation of ERAD sub-
strates, then the degradation of client proteins should be inhib-
ited. The observation of similar degradation kinetics for NHK
andNHK-QQQunder conditions of HRD1-SEL1L overexpres-
sion thus suggests that the HRD1-SEL1L-containing Complex
II is capable of sorting ERAD substrates for retrotranslocation
and proteasomal degradation.
To confirm the interaction of the client proteins with the

SEL1L complexes, we analyzed the immunoprecipitates ofmet-
abolically labeled cells. TheNHK-QQQbandwas hardly visible
in the endogenous SEL1L immunoprecipitates (Fig. 5E, lanes
14–16, and supplemental Fig. S6B, lanes 14–16) but was
detected when the proteasome inhibitor MG132 was added
(Fig. 5E, lanes 17–19, and supplemental Fig. S7, lanes 5–7). In
cells overexpressing SEL1L, coimmunoprecipitation of NHK-
QQQ with SEL1L was easily observed even in the absence of
MG132 (Fig. 5E, lanes 20–22, and supplemental Fig. S6B, lanes
17–19). Degradation of NHK-QQQ was markedly suppressed

by the addition of MG132 (Fig. 5E, lanes 4–6). Notably, the
enhanced disappearance ofNHK-QQQ in the presence of over-
expressed SEL1L was also strongly inhibited by MG132. This
suggests that NHK-QQQ is degraded by the cytoplasmic pro-
teasome even when SEL1L is overexpressed.
Transiently Expressed SEL1L Is Degraded by ERAD—To

determine the degradation pathway of transiently expressed
SEL1L, the half-life of SEL1L was examined in the presence or
absence of MG132. SEL1L degradation was inhibited by
MG132 (Fig. 6A, quantified in B), suggesting that SEL1L is
degraded by the proteasome.
Because the association with HRD1 stabilizes SEL1L, the E3

enzyme responsible for SEL1L ERADmust be an E3 other than
HRD1. We further assessed the requirement of HRD1 ubiqui-
tin-ligase activity for SEL1L stabilization. An HRD1 RING-H2
domainmutant lacking the enzyme activity stabilized SEL1L to
a similar extent as wild-type HRD1 (Fig. 6C, lanes 9–12, quan-
tified inD). This finding suggests that the E3 activity of HRD1 is
irrelevant to SEL1L turnover.
Finally, the sedimentation rate of transiently expressed

SEL1L in the presence or absence of the proteasome inhibitor
MG132 was determined. SEL1L was detected in lower molecu-
lar mass fractions 6–11 (Fig. 6E, dotted line) as well as in high
molecular mass fractions containing the endogenous HRD1-
SEL1L complex. The lowmolecularmass fractionswere smaller
than Complex II formed by cotransfection of SEL1L and HRD1
(compare with Fig. 4B). When MG132 was added, the SEL1L
degradation products accumulated, but the sedimentation
rates of SEL1Lwere the same as in cells without the proteasome
inhibitor (Fig. 6E). The distribution of endogenous HRD1 did
not change in cells transiently expressing SEL1L even in the
presence of the proteasome inhibitor, which confirms that
SEL1L that is not associated with HRD1 is unstable.

DISCUSSION

In the present studywe analyzed the effect of silencing SEL1L
orHRD1 on the ERADcomplex and found that SEL1L turnover
is determined byHRD1. The half-life of endogenous SEL1Lwas
longer than 12 h in our assay system, which coincides with the
previously reported 15-h half-life of endogenous and trans-
fected HRD1 in HeLa cells (10). When the relative amount of
HRD1was decreased, SEL1L wasmore rapidly degraded. Thus,
the mode of HRD1-SEL1L ubiquitin-ligase complex regulation
in the ER membrane is completely different from that of the
yeast homologue Hrd1p-Hrd3p, in which unstable Hrd1p is
stabilized by its association with Hrd3p (8, 9). The half-life of
endogenous SEL1L is reported to be 3 h in human U373 glio-
blastoma-astrocytoma cells (13), which is inconsistent with our
present results. Because we used human 293 cells, the discrep-
ancy might depend upon the cell lines used. The amount of

FIGURE 5. Effect of transiently expressed HRD1-SEL1L on the degradation of NHK and NHK-QQQ. A, cells transfected with NHK, SEL1L, and/or HRD1 were
pulse-labeled for 15 min and chased for the times indicated. Aliquots of cells extracted by 3% digitonin were immunoprecipitated (IP) with anti-�1 antitrypsin
(�1AT) antibody. The arrowhead indicates the position of NHK. The open arrow shows coimmunoprecipitated HRD1myc. B, shown is quantification of NHK
degradation in A. The relative radioactivity of NHK was calculated by setting the NHK intensity at the end of the pulse time as 100%. Results are the mean and
S.E. (n � 3). C, cells transiently expressing NHK-QQQ, SEL1L, and/or HRD1 were metabolically labeled, and the degradation kinetics of NHK-QQQ was analyzed
as in A. The arrowhead indicates the position of NHK-QQQ. D, radioactivity of NHK-QQQ in C was quantified as in B. E, cells were transfected with NHK-QQQ and
SEL1L and treated with or without MG132 for 4 h before metabolic labeling. Arrowheads and brackets indicate the positions of NHK-QQQ and SEL1L, respec-
tively. Asterisks are the degradation products generated from transiently expressed SEL1L.
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SEL1L and HRD1 synthesized in some cell lines may not be
stoichiometric, whichwould result in a rapid degradation of the
excess SEL1L that was not associated with HRD1. Additional
studies are required to clarify this discrepancy.
Sedimentation analyses revealed that the ERAD lectin OS-9

dissociates from the large ERADcomplexwhen either SEL1L or
HRD1 is silenced (Fig. 7). OS-9 in 293 cells is composed of two
splice variants, v1 and v2. Interestingly, OS-9v2 but not v1 pref-
erentially associated with overexpressed HRD1-SEL1L. This
finding suggests a functional difference between the two splice
variants. Two models have been proposed for the function of
OS-9. OS-9may carry misfolded ERAD substrates to the mem-
brane ERAD complex and/or may stably associate with the
membrane complex to proofread the substrates (Ref. 31; for

review, see Refs. 28 and 30). These twomodels are notmutually
exclusive. Association of endogenous OS-9 with overexpressed
HRD1-SEL1L suggests that at least a portion of OS-9 is a stable
component of the complex. It is also unclear whether OS-9
regulates glycosylated substrates only as a lectin or if it also
recognizes the misfolded polypeptides. Additional studies are
required to clarify the function of OS-9. Moreover, near-stoi-
chiometric association of OS-9 to the HRD1-SEL1L complex
(�1:3) suggests that HRD1-SEL1L has room for additional
OS-9. Alternatively, the surface of SEL1L used forOS-9 binding
can be occupied by other molecules, such as XTP3-B.
The sedimentation rates of Derlin-1/2, Herp, and VIMP did

not change when either SEL1L or HRD1 was silenced. Both
Herp (47) and Derlin-2 (48) are ER stress-responsive genes and

FIGURE 6. Transiently expressed SEL1L is degraded by the function of an E3 other than HRD1. A, cells transfected with mock or SEL1L were treated with
or without MG132 for 4 h before metabolic labeling. Cells were labeled for 15 min and chased for the time indicated. SEL1L was immunoprecipitated (IP) using
specific antibody. B, quantification of SEL1L immunoprecipitated in A. C, SEL1L was transfected with mock, HRD1myc, or mutant HRD1myc lacking ubiquitin-
ligase activity. Cells were metabolically labeled and chased as in A. Cell aliquots extracted in 3% digitonin were subjected to immunoprecipitation. D, quanti-
fication of SEL1L analyzed in C. E, cells transfected with mock or SEL1L were treated with or without MG132 for 6 h, and cell extracts were fractionated with a
10 – 40% sucrose density gradient as in Fig. 4. Black bars indicate the fractions where the large molecular mass ERAD complex containing endogenous
HRD1-SEL1L was detected, and dotted bars show the fractions that contained proteins with lower molecular mass where overexpressed SEL1L was detected.
The arrowheads and arrows indicate SEL1L and HRD1, respectively. Small arrowheads indicate the degradation products of SEL1L. The asterisks denote the
nonspecific signal observed with the anti-HRD1/synoviolin antibody.

FIGURE 7. Model for the formation of the ERAD complex containing HRD1-SEL1L in the ER membrane and ERAD regulation. The large complex
containing HRD1-SEL1L (Complex I) regulates the ERAD of glycosylated NHK and non-glycosylated NHK-QQQ. By the transient expression of HRD1-SEL1L, a
smaller-sized complex (Complex II) was formed in which OS-9 associates at the luminal side. Complex II was also capable of extraction and degradation of both
NHK and NHK-QQQ. SEL1L that does not associate with HRD1 is rapidly degraded by an E3 other than HRD1. NHK-QQQ interacting with SEL1L was also rapidly
degraded through the function of this E3. Destabilization of SEL1L by the silencing of HRD1 as well as depletion of SEL1L by siRNA treatment targeted for SEL1L
resulted in the release of OS-9 from the membrane complex. Only the molecules analyzed in this study are shown. O/E, overexpression; K/D, knockdown.
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are up-regulated by SEL1L depletion, as SEL1L deficiency
causes ER stress (49). Although we also detected an increase in
Herp and Derlin-2, the sedimentation profiles of these proteins
remained unchanged (supplemental Fig. S3). Collectively, these
results suggest that the largemembrane ERADcomplex is com-
posed of the dynamic association of two sub-complexes; one
containing Derlin-1/2, Herp, and VIMP and the other contain-
ing HRD1-SEL1L and OS-9.
In yeast, the Hrd1p-Hrd3p complex is required for both

ERAD-C and ERAD-M pathways. However, Der1p and Usa1p
are dispensable for the ERAD-M pathway (26), and the associ-
ation of Der1p to the Hrd1p-Hrd3p complex is relatively weak
(23). Themammalianhomologues ofDer1p andUsa1p areDer-
lin-1/2/3 and Herp, respectively. Therefore, the HRD1-SEL1L
complex may be formed similar to the complex assembled
in yeast ER, with non-inclusion of Derlin-1/2(/3) and Herp
(Complex II).
Transiently expressed HRD1-SEL1L formed a smaller com-

plex (Complex II) in addition to the large endogenous complex
(Complex I) (Fig. 7). Complex II was associated with OS-9 but
did not cosediment with Derlin-1/2, Herp, and VIMP. This is
consistent with the two-subcomplex model suggested by the
knockdown of either SEL1L or HRD1. NHK degradation
depends on the Derlin2/3 complex (48). Because Complex II
supports the extraction and degradation of ERAD substrates of
both glycosylated NHK and non-glycosylated NHK-QQQ,
Complex II likely interacts transiently or weakly with the Der-
lin-containing complex. Alternatively, the HRD1-SEL1L com-
plex may be too saturated for cosedimentation with Derlins/
Herp/VIMP. In the latter case, HRD1-SEL1L may associate
with another complex for the retrotranslocation of ERAD cli-
ents when the Derlin-containing complex is unavailable.
Transiently expressed SEL1L was rapidly degraded by the

proteasomal pathway with a half-life of 1 h, but coexpression of
HRD1 markedly stabilized SEL1L. Conversely, when endoge-
nous SEL1L was dissociated from HRD1 (i.e. by way of
siRNA-mediated HRD1 knockdown), SEL1L became destabi-
lized. These stabilization effects of HRD1 were independent of
the ubiquitin-ligase activity. Thus, HRD1-unassociated SEL1L
is degraded by another ubiquitin-ligase localized in the ER
membrane (Fig. 7C, an E3, shown in pink).

NHK-QQQ was degraded more rapidly when SEL1L was
overexpressed, decreasing the t1⁄2 of NHK-QQQ from 60 to 30
min. Although coimmunoprecipitation of NHK-QQQ with
SEL1L was easily detected, it is unlikely that NHK-QQQ was
degraded in its SEL1L-bound form, as the half-life of overex-
pressed SEL1L is 1 h. Rather, the faster degradation was likely
because of the function of the E3 that recognized NHK-QQQ
(Fig. 7, an E3, shown in pink). The requirement of the HRD1-
SEL1L complex for ERAD likely prevents the rapid degradation
of discrete substrates and affords time for proofreading. Vari-
ous ERAD substrates require SEL1L or HRD1 for degradation
(10, 13, 16, 22, 31, 39, 50, 51) but are still not completely iden-
tified now. The stabilization and assembly of the HRD1-SEL1L
complex thus play a central role in mammalian ERAD
regulation.
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