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Background:Derlins are a family of membrane proteins involved in ER-associated degradation with unknownmechanism.
Results: Derlin2 is an integral component of the HRD1-SEL1L complex required for retro-translocation of SHH and NHK,
independent of its glycosylation status.
Conclusion: Derlin2 plays an essential role in HRD1-mediated retro-translocation of SHH and NHK.
Significance: DERL2 but not DERL1 or DERL3 is required for retro-translocation of HRD1-mediated SHH and NHK.

Endoplasmic reticulum-associated degradation (ERAD) is an
important system that eliminates misfolded proteins from the
ER. Three derlins have been implicated in this process, but their
precise function remains unknown. In this study, we report that
although both derlin1 and derlin2 are capable of binding the
ERAD-specific ubiquitin ligase HRD1, they associate with the
HRD1-containing complex with different affinities. Accord-
ingly, these derlins have nonredundant functions in ERADwith
derlin2 being an essential functional partner for HRD1-medi-
ated ERAD of SHH and NHK. We show that derlin2, but not
derlin1orderlin3, is required forERADofboth glycosylated and
nonglycosylated SHH, as well as NHK. Derlin2 appears to act at
a post-targeting step for HRD1-dependent retro-translocation.
Without derlin2, the assembly of HRD1 into a functional retro-
translocation homo-oligomer proceeds normally, and substrate
targeting to theHRD1 complex also occurs.However, the ERAD
substrate SHH-C is largely trapped inside the ER lumen. These
observations raise the possibility that derlin2 may regulate the
movement of substrates through the HRD1-containing retro-
translocon.Our study is the first to report that derlin2 functions
with HRD1 in ERAD of certain substrates independent of their
glycosylation status. ThemammalianERADsystemmay require
multiple derlins that each functionswith a distinct E3 partner to
eliminate a specific subset of substrates. This is different from
the model in Saccharomyces cerevisiae, in which Hrd1p alone is
sufficient for retro-translocation.

Proteins that misfold in the endoplasmic reticulum (ER)2 are
cleared through a ubiquitin-proteasome-dependent mecha-

nism known as ER-associated degradation (ERAD) (1). Many
misfolded proteins are recognized by chaperones and lectins
in the ER and delivered to the ubiquitin ligaseHRD1 complex in
the ER membrane (1, 2). By a not yet understood mechanism,
the substrates are retro-translocated from the ER lumen to the
cytosol, ubiquitinated by the RING (really interesting gene)
domain of HRD1, extracted by the AAA (ATPase associated
with diverse cellular functions) ATPase p97, and targeted to the
proteasome for degradation. When overexpressed, Hrd1p
(HMG-CoA reductase degradation), the homolog of HRD1 in
Saccharomyces cerevisiae, can carry out the retro-translocation
function in the absence of any known interacting partners (3),
suggesting that it plays an essential role in retro-translocation.
However, the identity of the retro-translocon(s) and the precise
mechanism of retro-translocation remain unclear.
Derlins are a family of membrane proteins involved in ERAD

(4, 5). Although the interactions of derlins with other retro-
translocation machineries have been characterized, the role of
derlins in ERAD remains unclear. Studies in S. cerevisiae
revealed that Der1p, one of the two derlin orthologs, is part of
the Hrd1p membrane complex required for the degradation of
ERAD substrates with luminal lesions, but not of substrates
with membrane lesions (6–9). It links to the Hrd1p-Hrd3p
complex through Usa1p (10, 11). As demonstrated by in vivo
cross-linking studies, Der1p also interacts directly with an
ERAD substrate, and the interaction is independent of Hrd1p,
its associated components Hrd3p, and Yos9p, an ER lectin (3,
12). Thus, Der1p is proposed to function in substrate binding
and delivery to a putative retro-translocon containing Hrd1p
(3, 12). Dfm1p, the other derlin ortholog in S. cerevisiae, does
not appear to function in ERAD (9, 13).
In mammalian cells, three derlins, derlin1 (DERL1), derlin2

(DERL2), and derlin3 (DERL3), have been identified. DERL1 is
involved in virally induced degradation of major histocompat-
ibility complex (MHC) class I through interacting with the
transmembrane domain (TMD) of the human cytomegaloviral
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protein US11 (4, 5). DERL1, but not DERL2, also facilitates the
retro-translocation of cholera toxin (14). On the other hand,
DERL2 and DERL3 aremore homologous to each other than to
DERL1 (15, 16). Oda et al. reported that DERL2 and DERL3 are
involved in the degradation of null Hong Kong (NHK), a glyco-
sylated luminal ERAD substrate, but not its nonglycosylated
variant (15). It is unclear whether the glycan dependence is
applicable to other ERAD substrates. In addition, Oda et al.
showed that DERL1 does not associate with ERAD substrate or
other derlins (15). However, other studies reported that DERL1
and DERL2 can co-immunoprecipitate with each other and
with the HRD1 complex (16, 17), although more DERL2 pre-
cipitates with HRD1 and/or SEL1L than DERL1 (16, 18). Given
the controversy (15–18), the function of different derlins in
ERAD remains to be clarified. Themechanism that controls the
differential requirement of derlins for ERAD is also unknown.
Furthermore, how derlins affect the process of retro-transloca-
tion is to be investigated.
Previously, we discovered that sonic hedgehog (SHH) under-

goes an autocleavage reaction in the ER, resulting in an N-ter-
minal fragment for signaling and a C-terminal fragment (19).
The C-terminal fragment of SHH (SHH-C) contains an N-gly-
can and is degraded by an ERAD pathway requiring HRD1,
SEL1L, and p97 (19). To understand the roles of derlins in
ERAD, we have evaluated the contribution of the individual
derlin for ERAD of SHH-C and its nonglycosylated variant
N278A. Interestingly, we found that only DERL2 is essential for
ERAD of SHH-C, independent of its glycosylation status. Fur-
ther analysis revealed that retro-translocation and subsequent
ubiquitination of SHH proteins do not occur when DERL2 is
absent. The substrates are trapped inside the ER with a fraction
of it in complex with the HRD1-SEL1L complex. The results
reveal a critical role for DERL2 in HRD1-mediated retro-trans-
location of SHH-C.

EXPERIMENTAL PROCEDURES

Materials—The following materials were used in this study.
Anti-HA was purchased from Roche Applied Science. Anti-
p97,Myc, GAPDH, HRD1, calnexin,and calreticulin antibodies
were from GeneTex Inc., Taiwan. Anti-SEL1L, XTP3-B, and
ubiquitin antibodies were from Santa Cruz Biotechnology.
Anti-OS-9 antibodies were from Abcam (Novus). Anti-FLAG
andM2 beads were from Sigma. Anti-VIMP was from Abnova.
Anti-BiP antibodies were from BD Biosciences. Protein G-Sep-
harose beads were from GE Healthcare. Anti-DERL1 antibody
was described previously (4). The DERL2 antibody was gener-
ated using the peptides NH2-EERPGGFAWGEGQRLGG-
COOH and NH2-KAIFDTPDPNYN-COOH. Anti-HERP anti-
body was a generous gift from Dr. K. Kokame (National
Cerebral and Cardiovascular Center, Suita, Osaka, Japan).
Stealth siRNA duplexes were custom synthesized by Invitro-
gen. TransIT-siQUEST was from Mirus. MG132 was from
Enzo Life Science. DSS (disuccinimidyl suberate), DSP (dithio-
bis-succinimidyl propionate), and EGS (ethylene glycolbis-suc-
cinimidyl succinate) were purchased from Thermo Scientific.
DNA Constructs for Mammalian Cell Transfection—Full-

length SHH with an HA tag in pIRES-EGFP (Takara Bio, Inc.)
was described before (19). Expression plasmids coding for

DERL2-FLAG and WASP-FLAG were generated by PCR from
human cDNA libraries and cloned to pIRES-EGFP vector. Site-
directedmutagenesis was carried out using theQuikChange kit
(Stratagene) to generate N278A on SHH and mutations/trun-
cations on DERL2-FLAG. Different expression plasmids for
HRD1 plasmids were kindly provided by Billy Tsai (University
of Michigan, Ann Arbor, MI) (14).
Cell Culture, Generation of Stable Cells, and Transfection of

Plasmids and siRNAs—Human 293T cells were grown in
DMEM supplemented with 10% fetal bovine serum, 0.1% pen-
icillin, and streptomycin. To generate DERL2-FLAG stable cell
lines, constructs encoding DERL2-FLAG in pIRES-EGFP vec-
tor were transfected to 293T cells and selected for cells express-
ing the proteins by flow cytometry. The expression of the
DERL2-FLAGproteins was confirmed byWestern blot analysis
with both FLAG and DERL2 antibodies. Transfection of plas-
mids was carried out using Lipofectamine 2000 (Invitrogen)
according to themanufacturer’s instructions. siRNAswere car-
ried out as described (19). siRNA duplexes were transfected
using a transfection reagent (TransIT-siQUEST) at a final con-
centration of 50 nM siRNA according to the manufacturer’s
instructions. siRNA transfection was performed twice, on days
1 and 3 of the experiments. On day 5, the cells were harvested,
and the cell lysates were prepared. Proteins were analyzed by
SDS-PAGE and immunoblotting. siRNA sequences used are
shown in Ref. 19 and Table 1. Except in Fig. 1 as labeled, siRNA
oligonucleotide DERL2-A was used in the rest of the RNA
interference studies. Plasmid coding for NHK was a kind gift
from Dr. N. Hosokawa, Kyoto University, Kyoto, Japan.
Cycloheximide Chase Assay—A cycloheximide chase assay

was carried out as described (19). Cells were cultured in 6-well
plates and incubated with 100 �g/ml cycloheximide in culture
medium at 37 °C. At the times indicated in the figures, cells
were removed and treated on ice for 10 min in lysis buffer con-
taining 50mMTris-HCl, pH7.4, 150mMNaCl, and 1mMEDTA
supplemented with protease inhibitors and 1% Triton X-100.
The lysate was centrifuged at 20,000� g for 20min at 4 °C. The
supernatant was collected and denatured in SDS-PAGE sample
buffer before separation on SDS-PAGE.
Quantitative RT-PCR Analysis—Total RNA was extracted

with TRIzol reagent, and cDNA was synthesized with reverse
transcriptase (ImProm-IITM; Promega). Quantitative PCRwas

TABLE 1
Sequences of siRNA duplexes used in this study

Gene Nucleotides Primers (forward and reverse)

DERL1 3� CAACUGCGUUCUGGCUAACACUGUU
AACAGUGUUAGCCAGAACGCAGUUG

DERL2-A 381 AGGCCUUUACAAUAAUGCUCGUCUA
UAGACGAGCAUUAUUGUAAAGGCCU

DERL2-B 435 UUGAGAAGGCCGAAGAAGUUCAUGC
GCAUGAACUUCUUCGGCCUUCUCAA

DERL3-A 447 UCAACUUCUUCGGCCUGCUCACUUU
AAAGUGAGCAGGCCGAAGAAGUUGA

DERL3-B 309 CCGACUUCGUCUUCAUGUUUCUCUU
AAGAGAAACAUGAAGACGAAGUCGG

VIMP 418 CAGAAGAUUGAAAUGUGGGACAGCA
UGCUGUCCCACAUUUCAAUCUUCUG

HRD1–7 159 CCUACUACCUCAAACACCAGUUCUA
UAGAACUGGUGUUUGAGGUAGUAGG

SEL1L-2 450 GAAACCAGCUUUGACCGCCAUUGAA
UUCAAUGGCGGUCAAAGCUGGUUUC
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performed on anABI Prism 7900 cycler using SYBRGreen PCR
MasterMix (Applied Biosystems). The degree of siRNA knock-
down was calculated relative to HPRT (hypoxanthine guanine
phosphoribosyl transferase) mRNA levels. The primers used to
quantify mRNA knockdown were shown in our previous pub-
lication (19) and Table 2.
Immunoblotting and Immunoprecipitation—For immuno-

precipitation of any components of HRD1-SEL1L-DERL2-p97
complex, cells were lysed on ice for 20 min in HKM buffer (20
mMHEPES, pH 7.4, 100mMKOAc, and 2mMMgOAc) supple-
mentedwith protease inhibitors and 1%digitonin (or 1%deoxy-
bigChap), unless indicated. The lysate was centrifuged for 20
min at 4 °C and 20,000 � g before immunoprecipitation. For
detecting ubiquitinated SHH-HA, the cells were lysed in dena-
turing buffer with 0.8% SDS, 4 mM DTT, and 5 mg/mlN-ethyl-
maleimidewith protease inhibitors. Afterward, the lysates were
diluted 5-fold with denaturing buffer without SDS before
immunoprecipitation. For interaction between derlins and
ERADsubstrates (see Fig. 2), the lysis and immunoprecipitation
were carried out in the buffer containing 50 mM Tris-HCl, pH
7.4, 150 mM NaCl, and 1% Nonidet P-40 with protease inhibi-
tors as described (15).
Chemical Cross-linking—Cross-linking with DSS, DSP, and

EGS was carried out according to the manufacturers’ instruc-
tions. Specifically, the cross-linkers were prepared and diluted
to a final concentration of 1 mM for the treatment as suggested
by the manufacturers. The cells on the culture dishes were
washed by PBS first before the addition of the cross-linker. The
cross-linker was directly added on top of the intact cells and
incubated at room temperature for 1 h. 10–20 mM Tris-HCl,
pH 7.5, was added to stop the reaction before the cells were
harvested by centrifugation. The cell lysate were prepared and
subjected to SDS-PAGE analysis followed by immunoblotting
with HRD1 and DERL2 antibodies.

RESULTS

DERL2 Is Required for ERADofHRD1 Substrates—Tounder-
stand the function of derlins in ERAD, we first used siRNA to
knock down individual derlins in cells stably expressing the
glycosylated SHH. Whenever possible, immunoblotting was
used to determine the knockdown efficiency. Otherwise, quan-
titative RT-PCR was used to monitor the mRNA depletion.
Depletion of DERL1 did not affect the degradation of SHH-C
(Fig. 1A), consistent with our previous study (19). Depletion
of DERL3 using two different siRNA oligonucleotides also
had no significant effect on SHH-C turnover (Fig. 1B). By
contrast, two different siRNA oligonucleotides targeting
DERL2 both significantly inhibited the degradation of glyco-
sylated SHH-C (Fig. 1C).

To investigate the function of derlins in the ERAD of non-
glycosylated substrate, we have generated a mutant SHH variant
carrying a point mutation (N278A) at the predicted glycosyla-
tion site. Upon entry into the ER lumen, SHH undergoes a cho-
lesterol-dependent cleavage (19), but the N278A mutation
abolished this cleavage (Fig. 1D). Cycloheximide chase experi-
ments showed that N278Amutants were similarly degraded by
a HRD1-dependent mechanism (data not shown), suggesting
that the N-glycan may not be important for ERAD of SHH.
Depletion of individual derlin was carried out in cells stably
expressing N278A proteins. As shown, depletion of DERL2
but not DERL1 or DERL3 inhibited the degradation of
N278A (Fig. 1D).
To testwhether the specific involvement ofDERL2 inHRD1-

dependent ERADmay be applicable to other ERAD substrates,
we established a 293T cell line stably expressing a misfolded
�1-antitrypsin variant, NHK, which was previously established
as a HRD1 substrate (20). Once again, depletion of DERL2, but
not DERL1 or DERL3, inhibited the degradation of NHK (Fig.
1E). Thus, DERL2, but not DERL1 or DERL3, is required for
HRD1-dependent ERAD.
Interaction of Derlins with ERAD Substrates—We next

wished to determine whether the function of DERL2 in ERAD
involves specific substrate engagement. Because ERAD sub-
strates are constantly transferred from one machinery protein
to another during retro-translocation, the interaction of ERAD
substrates with endogenous HRD1 components is difficult to
detect in cells expressing low levels of substrates (15, 20, 21).
Therefore, to detect the interaction of derlins with ERAD sub-
strates, we transiently expressed FLAG-tagged derlins or as a
control, an unrelated protein WASP (Wiskott-Aldrich syn-
drome protein) in 293T cells stably expressing the HA-tagged
ERAD substrates. Cell extracts were subjected to immunopre-
cipitationwithHA antibodies. As expected, all three substrates,
SHH-C, N278A, and NHK, did not precipitate WASP proteins
(Fig. 2A–C, lanes 1). By contrast, these substrates could readily
precipitated DERL2 and DERL1 (Fig. 2A–C, lanes 2 and 3).
Interestingly, DERL1 bound SHH-C and N278A with a slightly
reduced affinity, but its interaction with NHK was significantly
weaker than DERL2 (lane 2 versus 3). All together (Figs. 1 and
2), our results suggest that even though both DERL1 and
DERL2 associate with SHH and NHK, only DERL2 plays a
major role in ERAD of these substrates independent of their
glycosylation status. In comparison, DERL1 is dispensable
despite its ability to associate with these HRD1 substrates.
DERL1 may tag along these ERAD substrates through the
reported hetero-oligomerization with DERL2 (17).
DERL2 Is Part of the HRD1-SEL1L Retro-translocation

Complex—Both SHH-C and N278A proteins require HRD1-
SEL1L for their retro-translocation.3 (19). We therefore deter-
mined whether endogenous DERL2 is part of the HRD1-SEL1L
complex in 293T cells using immunoprecipitation with HRD1
antibodies, or as a negative control, with IgG. Immunoblotting
showed that HRD1 antibody, but not control IgG, pulled down
HRD1 together with the known HRD1-associated components

3 H. Y. Tang, C. H. Huang, J. Christianson, Y. H. Zhuang, Y. R. Chu, and X. Chen,
unpublished data.

TABLE 2
Primer sequences for quantitative PCR used in this study

Homo sapiens gene Nucleotides Primers (forward and reverse)

DERL2 358–491 GTCTATGTGTGGAGCCGAAGGA
AACAAGGAAAATCCCATGAGCA

DERL3 314–459 GCGTCCTTATGACCCTGCTGG
GAACGGTGCCTGGAAAGTGAGC

VIMP 444–544 CCTGAAACGGAAATCGGACA
CTCTGCGTCCAGGTCTCCAG
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SEL1L and HERP as well as derlins. By contrast, the HRD1
antibody did not precipitate calnexin or the abundant ER chap-
erone BiP, demonstrating the specificity of the observed inter-
actions. In accordance with the notion that DERL2 is a func-
tional partner ofHRD1, a larger fraction ofDERL2was detected
in complex with HRD1 than DERL1 (Fig. 3A). The results are
consistent with a previous report done with a different experi-
mental setup (16, 17).
To further test the interaction of DERL2 with the HRD1

complex, we established a 293T cell line stably expressing
FLAG-tagged DERL2 at a level comparable with endogenous
DERL2 (supplemental Fig. 1A). The expression of DERL2-
FLAG did not affect the degradation of SHH-C, indicating that
DERL2-FLAG is functional (supplemental Fig. 1B). The compo-
nents that interactwithDERL2were analyzed by immunoprecipi-
tationwithFLAGantibody followedby immunoblotting.Asantic-
ipated, HRD1 and its associated ERAD components including

SEL1L, HERP, VIMP, DERL1, and p97 were all readily co-precip-
itated with DERL2 (Fig. 3B). The soluble ER lectins OS-9 and
XTP3-B were also co-precipitated with DERL2 (Fig. 3B), likely
through their interactions with SEL1L (20, 22, 23). By contrast,
the abundant ER chaperons such as calnexin and BiP were
undetectable in the precipitates, indicating that the interactions
detected for DERL2 were specific (Fig. 3B). The interaction of
DERL2 with the HRD1-SEL1L complex could also be demon-
strated by immunoprecipitation using SEL1L antibody (see
below, Fig. 5C). These data indicate that DERL2 is an integral
component of a HRD1-SEL1L-containing retro-translocation
complex.
To determine how DERL2 interacts with the HRD1 mem-

brane complex, we analyzed the interaction of DERL2 with
HRD1anda fewHRD1 truncationmutants carryingdifferent por-
tions of this E3 enzyme. HRD1-TMD contains only the TMDs of
HRD1, whereas HRD1-cyto consists of the cytosolic portion of

FIGURE 1. DERL2 is required for the degradation of SHH-C, SHH N278A, and NHK. The extent of the depletion (in parentheses) was determined by
quantitative RT-PCR (shown in parentheses on top of the figure) and immunoblotting if the antibodies were available. Immunoblotting with p97 antibodies was
used as loading control. A, 293T cells stably expressing SHH-HA were depleted of DERL1, and the fate of glycosylated SHH-C proteins was followed after
cycloheximide (CHX) addition. Controls were treated with a negative control siRNA duplex (Invitrogen). All samples were analyzed by SDS-PAGE and immu-
noblotting with HA antibodies. The right graph shows quantification of SHH-C in the experiment. Error bars, S.E. B is as in A, but with depletion of DERL3 using
two different siRNA oligonucleotides. C is as in A, but with depletion of DERL2 using two different siRNA oligonucleotides. D is as in A, but with 293T cells stably
expressing N278A-HA and depletion of DERL1, DERL2, and DERL3 by siRNA oligonucleotides. E is as in D, but with 293T cells stably expressing NHK.
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HRD1 including the catalytic RING finger (14). DERL2-
FLAG-expressing cells were transfected with plasmids expressing
Myc-taggedHRD1variants. Immunoblotting showed thatHRD1-
TMD was expressed at a much lower level than full-length
HRD1, but the relative level of HRD1-TMD co-precipitated
with DERL2-FLAG was comparable with full-length HRD1
(Fig. 3C, lane 4 versus 2). By contrast, very little HRD1-cyto
could be co-immunoprecipitated with DERL2 despite its
high level of expression (Fig. 3C, lane 3). Reciprocal immu-
noprecipitation of HRD1-Myc further confirmed that HRD1
associates with DERL2 directly or indirectly through its
TMD regions (Fig. 3D).
Interaction of DERL2with p97—DERL1 contains a conserved

SHP motif at the C-terminal region that mediates its interac-
tion with p97, a large oligomeric ATPase complex proposed to
extract polyubiquitinated ERAD substrates from the ER mem-
brane (17, 24). A similar motif is present in DERL2. We con-
structed a mutant DERL2 lacking the SHP box by deleting the
last 20 amino acids (DERL2-�C20) and tested whether this
motif is required for p97 interaction by co-immunoprecipita-
tion. As demonstrated previously, wild-type DERL2 but not an
unrelated control protein WASP interacted with p97 and sev-
eral previously identified HRD1-interacting partners such as
HERP and VIMP (Fig. 3E, lane 2). By contrast, immunoprecipi-
tation of DERL2-�C20 did not precipitate p97 (Fig. 3E, lane 4).
However, this mutant still interacted with HRD1 and its asso-
ciated protein HERP and VIMP similarly to wild type DERL2
(Fig. 3E, lane 4). Thus, the interaction of DERL2 with HRD1 is
independent of p97 binding. Another DERL2 mutant that had

two hydrophobic residues in the predicted TM5 domain
replaced by charged Arg (L147R/F161R) still interacted with
p97 and HRD1 (Fig. 3E, lane 3). Taken together, our data show
that DERL2 interacts with p97 and HRD1 independent of each
other.
To test whether DERL2 may serve as an adaptor in ERAD by

linking the ubiquitination and substrate extractionmachineries
together, we investigated whether DERL2 depletion would
abolish the interaction of p97 with HRD1-Myc. Co-immuno-
precipitation experiments showed that the amount of p97 co-
precipitated with HRD1-Myc was comparable in control and
DERL2 knockdown cells, suggesting that DERL2 was not
required for an association of HRD1 with p97 (Fig. 3F). How-
ever, our results did not exclude the possibility that DERL2may
modulate the interaction between p97 andHRD1 to coordinate
their activities in ERAD.
DERL2 Is required for Retro-translocation of SHH-C—To

understand how DERL2 facilitates ERAD, we wished to deter-
mine the step in ERAD that is specifically affected whenDERL2
is depleted. We took advantage of the fact that SHH-C is a
glycosylated protein that undergoes ubiquitination and degly-
cosylation once retro-translocated into the cytosol (19). Thus,
deglycosylated SHH accumulated upon proteasome inhibition
reflects the retro-translocation activity. To determine whether
depletion of DERL2 affects retro-translocation of SHH, we first
compared the percentage of deglycosylated SHH-C in protea-
some-inhibited control and DERL2-depleted cells. HRD1
knockdown cells were also included in this study to serve as a
positive control given the proposed role of HRD1 in retro-

FIGURE 2. Interaction of derlins with the ERAD substrates. A, 293T cells stably expressing SHH-HA precursor were transfected with FLAG-tagged DERL1,
DERL2, or WASP plasmids as indicated. The cells were lysed in buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 1% Nonidet P-40 with protease
inhibitors and immunoprecipitated (IP) by HA antibodies. Precipitates were separated on SDS-PAGE and immunoblotted (IB) with FLAG antibodies to detect
the interaction with SHH. B is as in A, but with cells stably expressing N278A proteins. C is as in A but with cells stably expressing NHK.
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translocation. In control cells,�46% of SHH-C accumulated in
the deglycosylated form after treatment with MG132 (Fig. 4, A
and B). However, in HRD1-depleted cells, the deglycosylated
SHH-C levels were reduced to �7% (Fig. 4, A and B). This is
consistent with the proposed role of HRD1 in retro-transloca-
tion. Similar to HRD1 depletion, DERL2 knockdown also sig-
nificantly reduced the amount of deglycosylated SHH-C
(�11%) (Fig. 4, A and B), indicating that DERL2 is required for
HRD1-dependent retro-translocation of SHH-C. Consistent
with this idea, less ubiquitinated SHH-C was detected in
DERL2- and HRD1-depleted cells compared with control cells
(Fig. 4C).

DERL2 Acts at a Post-targeting Step to Promote ERAD—Lack
of SHH-C retro-translocation in DERL2 knockdown cells
might be due to defective substrate delivery to the HRD1-SEL1
complex. To test this possibility, we investigated whether
DERL2 depletion affects the association of SHH-C with SEL1L
orHRD1 in a cell line stably expressing SHH. SHH-Cwas barely
detectable when cell extract from control cells was subject to
immunoprecipitation with either HRD1 or SEL1L antibodies
(Fig. 4D, lanes 1 and 5), consistent with the notion that ERAD
substrates do not form stable interaction with the machinery
proteins under normal condition. However, when DERL2 was
depleted, a significant amount of SHH-Cwas detected inHRD1

FIGURE 3. DERL2 associates with HRD1-SEL1L complex requiring TMD of HRD1. A, 293T cells were lysed in HKM buffer with 1% deoxy-bigChap and
protease inhibitors and immunoprecipitated (IP) with HRD1 antibodies. The precipitates were separated in SDS-PAGE and immunoblotted (IB) with the
indicated antibodies. B is as in A but with 293T cells stably expressing DERL2-FLAG and immunoprecipitated with FLAG-M2 beads. Immunoblotting was carried
out with the indicated antibodies. C, Myc-tagged HRD1 expression plasmids were transfected to 293T cells stably expressing DERL2-FLAG. The cells were lysed
in HKM buffer with protease inhibitors and 1% digitonin and immunoprecipitated by FLAG-M2 beads. Precipitates were separated on SDS-PAGE and immu-
noblotted with FLAG or Myc antibodies. D, Myc-tagged HRD1 or WASP plasmids were transfected to 293T cells. The cells were lysed in HKM buffer with 1%
Triton X-100 and protease inhibitors, immunoprecipitated by Myc antibodies, and immunoblotted with Myc, SEL1L, calnexin (CNX), DERL1, and DERL2
antibodies. E, 293T cells were transfected with various FLAG-tagged DERL2 plasmids as indicated. Cells were lysed, and immunoprecipitation was carried out
with FLAG-M2 beads. Precipitates were separated on SDS-PAGE and immunoblotted with the indicated antibodies. The asterisk (*) marks the dimeric DERL2.
F, 293T cells stably expressing Myc-HRD1 proteins were depleted of DERL2 by siRNA oligonucleotides. The cells were lysed and immunoprecipitated using Myc
antibodies in HKM buffer containing 1% deoxy-bigChap. The immunoprecipitate and cell lysates were separated on SDS-PAGE and immunoblotted with the
indicated antibodies.
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or SEL1L precipitates (Fig. 4D, lanes 2 and 6), indicating that
the substrate was delivered to theHRD1-SEL1L complex, but it
fails to properly engage this retro-translocation machinery to
be dislocated. Taken together (Fig. 4), we conclude that DERL2
acts at a post-targeting step to facilitate HRD1-dependent
retro-translocation.
DERL2 Depletion Did Not Affect the Stability of ERAD

Component and HRD1 Oligomerization—To understand
how DERL2 depletion led to a retro-translocation defect, we
investigated several possibilities. First, we tested whether
DERL2 depletion changed the stability of individual retro-
translocation components associated with HRD1. To this end,
we depleted the indicated components including HRD1,
SEL1L, VIMP, DERL1, DERL2, or p97 in cells stably expressing
SHH precursors. Knockdown of these ERAD essential genes all
resulted in the accumulation of SHH-C at the steady state due
to inhibition of its degradation (Fig. 5A). In comparison, deple-
tion of DERL1 or a nonrelated control siRNA had no effect on
SHH degradation (Fig. 5A). Immunoblotting by antibodies
against various ERAD components showed that depletion of
DERL2 did not affect the steady-state levels of these proteins,
nor their stability as demonstrated by chase experiments (Fig.
5A). By contrast, depletion of SEL1L with two different siRNA
oligonucleotides significantly reduced the amount of HRD1
proteins (Fig. 5B). This result was different from a previous
report (25), but consistent with the reported regulation of
Hrd1p by Hrd3p (the SEL1L homolog) in S. cerevisiae (26, 27).
Collectively, we concluded that DERL2 depletion did not affect
ERAD by altering the stability of other HRD1-associated ERAD
components.

We then determined whether DERL2 depletion affects the
composition of the HRD1-SEL1L complex by immunoprecipi-
tation of endogenous SEL1L from 293T cell extracts prepared
from either control or DERL2 knockdown cells. In control cells,
HRD1, DERL2, DERL1, and OS-9 were all detected in complex
with SEL1L (Fig. 5C). BAG6, a soluble holdase working down-
stream of ERAD (28), was not stably associated with SEL1L
pulldowns (Fig. 5C). The interactions of the SEL1L-HRD1 com-
plex with other ERAD components were maintained in DERL2
knockdown cells, indicating that DERL2 is not required for the
assembly of the HRD1-SEL1L complex.
In yeast, Hrd1p homo-oligomerization is essential for its

activity during retro-translocation (3). In mammalian cells,
exogenously expressed HRD1 can co-immunoprecipitate with
endogenous HRD1 or overexpressed HRD1 bearing a different
tag, suggesting that HRD1 oligomerization is evolutionarily
conserved (14, 29). To determine whether DERL2 regulates
HRD1 oligomerization, we first used chemical cross-linking to
confirm that endogenous HRD1 forms homo-oligomers in
mammalian cells. Upon treating cells with various cross-linkers
(e.g. DSP, DSS, and EGS), a band corresponding to the size of
HRD1 dimer was readily detected by immunoblotting using
HRD1-specific antibodies (Fig. 6A, lanes 3, 5, and 7 versus 1).
The identity of this cross-linking product was further verified
by siRNA-mediated knockdown of HRD1, which abolished
both HRD1 monomer and dimer (Fig. 6B). As expected, cross-
linking by the disulfide-containing cross-linker DSP, but not
DSS or EGS, could be reversed by treatment with the reducing
agent DTT (Fig. 6A, lane 4 versus 6 and 8). siRNA-mediated
depletion of DERL2 did not affect the cross-linking pattern of

FIGURE 4. Depletion of DERL2 traps the substrates inside ER. The extent of the depletion was carried out by immunoblotting with the indicated antibodies.
A, cells stably expressing SHH-HA were depleted of DERL2 or HRD1 by siRNA. Cells were then treated with MG132 (150 mM) for 4 h before lysed in lysis buffer
containing 1% Triton X-100 and protease inhibitors. Cell lysates were separated in SDS-PAGE and immunoblotted with HA antibodies. Immunoblotting with
p97 was used as loading control. SHH-C, glycosylated or not, was as indicated. Three independent repeats are shown. B, quantifications of the percentage of
deglycosylated SHH-C based on A were carried out and are shown. C is as in A, but lysed in denaturing buffer containing SDS (28). Immunoprecipitation (IP) was
carried out with HA antibodies as described under “Experimental Procedures.” The precipitates were separated on Bis-Tris gradient gel and immunoblotted (IB)
with ubiquitin (UB) antibodies. Total cell lysates were also separated on SDS-PAGE and immunoblotted with HRD1, DERL2, p97, and HA antibodies. Immuno-
blotting with p97 was used as loading control. D, cells stably expressing SHH-HA were depleted of DERL2 by siRNA oligonucleotides. The cells were lysed in
HKM buffer containing 1% deoxy-bigChap. The cell lysates were immunoprecipitated with HRD1 or SEL1L antibodies. The precipitates and the total cell lysates
were separated on SDS-PAGE and immunoblotted with the indicated antibodies.
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HRD1 (Fig. 6B), suggesting that DERL2 is not required for
HRD1 homo-oligomerization. Collectively, these results rule
out the possibility that DERL2 regulates the stability or the
composition of the HRD1-SEL1L complex or the oligomeriza-
tion of HRD1.

DISCUSSION

DERL1 and DERL2 are essential proteins in mammals. Mice
lacking either of them die during embryonic development (30,
31). Given that the ERAD system is not essential in yeast, mam-
malian derlins likely regulate other essential pathways. How
derlins act in ERAD and related cellular processes is unclear. In
yeast, the derlin ortholog Der1p is required only for turnover of
misfolded luminal substrate (6–9). In mammals, a handful of
model ERAD substrates have been discovered, but their degra-
dations aremostly unaffected by depletion of individual derlins,
prompting the idea that derlins may play redundant roles in
protein quality control at the ER. Lack of a robust derlin sub-
strate and/or the potential functional redundancy has ham-

pered our understanding of the functions of this important
class of cellular factors.
In this study, we report novel ERAD substrates that require

specifically DERL2, but not DERL1 or DERL3, for degradation.
Our study is the first to report that a nonglycosylated ERAD
substrate (SHH N278A) also requires DERL2 for degradation.
The finding provides a new tool for future study of DERL2-de-
pendent ERAD of nonglycosylated proteins. Our study shows
that a small amount of DERL1 is present in the HRD1 complex
together with ERAD substrates, consistent with a previous
report (16). However, our data indicate that DERL1 is not func-
tional in ERAD of HRD1 substrates in 293T cells (Fig. 1).
DERL1 and DERL2 form a complex with each other, with
ERAD substrates, and with HRD1. However, the association of
DERL1withHRD1 and the substrates ismuchweaker than that
of DERL2 (Figs. 2 and 3A).
When viewed in the context of previous work (16, 17), our

study demonstrates that these derlins are functionally different.
Only DERL2 is required for ERAD of several HRD1 substrates
investigated here, including SHH-C, SHH N278A, and NHK.
DERL1 may function primarily through a HRD1-independent
pathway. In accordance with this idea, DERL1 has been impli-
cated in US11-mediated degradation ofMHC class I protein (4,
5), which depends on an E3 ligase other than HRD1 (32). Our
observation that DERL2, but not DERL1 or DERL3, has a more
significant and specialized role in ERAD of NHK is different
fromaprevious report, which establishedDERL3, in addition to
DERL2, as a regulator of NHK degradation (15). In previous

FIGURE 5. DERL2 depletion does not affect the amount, stability, and
composition of HRD1-SEL1L complex. A, 293T cells stably expressing
SHH-HA were depleted of individual component of ERAD as indicated. The
cells were lysed in buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1
mM EDTA, and 1% Triton X-100. Cell lysates were separated on SDS-PAGE and
immunoblotted with the indicated antibodies. Immunoblotting with GAPDH
antibodies was used as loading control. The extent of the depletion (in paren-
theses) was determined by quantitative RT-PCR (shown in parentheses on top
of the figure). B is as in A but depleted by two different siRNA oligonucleo-
tides. Immunoblotting with DERL2 antibodies was used as loading control. C,
293T cells were depleted of DERL2 by siRNA oligonucleotides. The cells were
lysed and immunoprecipitated (IP) using SEL1L antibodies in HKM buffer con-
taining 1% deoxy-bigChap. The immunoprecipitate and cell lysates were sep-
arated on SDS-PAGE and immunoblotted with the indicated antibodies.

FIGURE 6. Depletion of DERL2 does not affect oligomerization of HRD1. A,
293T cells were treated with chemical cross-linkers DSP, DSS, or EGS as indi-
cated by the manuals provided by the manufacturers. Cell lysates were incu-
bated with the sample buffers with or without DTT (50 mM) before being
separated on SDS-PAGE. Immunoblotting (IB) with HRD1 antibodies was car-
ried out. The asterisk (*) marks a nonspecific band. B, 293T cells were depleted
of DERL2 or HRD1 by siRNA oligonucleotides. The cell lysates were prepared
after EGS or DSS treatment to preserve the HRD1 dimers and separated on
SDS-PAGE. Immunoblotting with HRD1 and DERL2 antibodies was carried
out.
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study, NHK was overexpressed by transient transfection, and
the degradation kinetics was slow even for control cells (15). By
contrast, in our study, we used a stable cell line that expresses
NHK at a low level to avoid potential artifact of protein overex-
pression. The clearance of NHK was much more efficient, and
the differential effect of derlin knockdown on the degradation
of NHK was obvious and reproducibly observed (Fig. 1E).
Moreover, ourmodel is consistentwith a previous report show-
ing that DERL2 is the major derlin in complex with HRD1 (16).
In further support of our conclusion, DERL2, but not DERL1,
interacted preferentially with the HRD1-interacting proteins
such as SEL1L and UBXD2 as well as with the HRD1 substrate
NHK (Fig. 2C) (18).

Mammalian derlins may each act with a distinct E3 part-
ner(s) to promote turnover of different substrates. In line with
this view, a recent proteomic study reveals that DERL1 and
DERL2 have very different interactomes (18). Interestingly, other
than theHRD1complex,DERL2wasalso reported to interactwith
another ERAD-specific ubiquitin ligase gp78, which was con-
firmed by our study (supplemental Fig. 2 and Ref. 18).
Whether DERL2 has a role for gp78-mediated ERAD awaits
further investigation using gp78-specific substrates. The
majority of endogenous derlins in cells appear to exist as
homo-oligomers that have distinct E3 partners. On top of E3
diversity, different modes of E3 engagement as well as addi-
tional ERAD accessory proteins may also contribute to the
division of labor for derlins.
We demonstrated that within the HRD1-SEL1L complex,

DERL2 functions to facilitate the ERAD of SHH and NHK.
DERL2 appears to be specifically involved at the step of retro-
translocation because in its absence, the ERAD substrate
SHH-C accumulates in the ER lumen as a glycosylated retro-
translocation precursor that remains associated with the
HRD1-SEL1L complex. Our results also suggest that upon
docking of substrate at the HRD1-SEL1 complex, DERL2 may
be required to move the substrates through the HRD1 retro-
translocation complex. Regarding the role(s) of DERL2 in
ERAD, there are several possibilities. DERL2 might be part of
the retro-translocon essential for ERAD. Alternatively, DERL2
might prime ERAD substrates for subsequent retro-transloca-
tion, as suggested previously for DERL1 (17). It is also possible
that DERL2 might serve as a gating factor that controls the
entry of the substrates into the putative HRD1-containing
retro-translocon. Future studies using purified proteins in an in
vitro reconstituted ERAD assay would be required to define
howDERL2modulates the HRD1-SEL1L-p97 pathway to facil-
itate ERAD.
Our results suggest that DERL2 may interact with p97

through its C-terminal SHP box on the cytosolic side of the ER
membrane. This function appears to be conserved among der-
lin family members in humans (17, 24). The association of
DERL2with theHRD1 complexmay bemediated by the TMDs
of these proteins because a HRD1 truncation mutant bearing
just the TMDs is sufficient to interact with DERL2. Without
DERL2, p97 still binds HRD1, suggesting that DERL2 is not
necessary for the interaction (Fig. 3F). This is not entirely sur-
prising because p97 has been shown to interact with several
components of the HRD1-SEL1L complex including HRD1,

VIMP, and UBXD8 (4, 17, 18, 33). On the other hand, without
the SHP motif, the DERL2-�C20 mutant may interfere with
binding to p97, even though it can still associate with HRD1.
Our results demonstrate that the retro-translocon(s) in

mammalian cells is more complex than previously thought,
requiring many factors, including DERL2, to work together
withHRD1. This is in sharp contrast to the study from S. cerevi-
siae, in which overexpression of Hrd1p alone was sufficient for
retro-translocation of an ERAD substrate from ER to cytosol
without the presence of any other known ERAD components,
such as Hrd3p, Usa1p, and Der1p (3). The findings in yeast
argue against the model that the derlins form the pore of a
retro-translocon. Recent structure modeling suggests that by
itself, derlins are unlikely to be the elusive retro-translocon
because they do not have a pore-like structure (24). On the
other hand, several lines of evidence suggest that HRD1 is most
likely the key component of this elusive retro-translocon at
least for HRD1-mediated ERAD (3). Hrd1p was proposed to go
through an oligomerization process during ERAD in S. cerevi-
siae (3).We detected endogenousHRD1 in oligomeric forms in
mammalian cells (Fig. 6). It is not clear whether the change of
oligomerization state of HRD1 occurs in mammalian cells. In
vitro reconstitution of retro-translocation process will shed
light on the composition and regulation of the retro-translocon.
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