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Stress in the endoplasmic reticulum (ER) plays an important
causal role in the pathogenesis of several chronic diseases such
as Alzheimer, Parkinson, and diabetes mellitus. Insight into the
genetic determinants responsible for ER homeostasis will
greatly facilitate the development of therapeutic strategies for
the treatment of these debilitating diseases. Suppressor
enhancer Lin12 1 like (SEL1L) is an ER membrane protein and
was thought to be involved in the quality control of secreted
proteins. Here we show that the mice homozygous mutant for
SEL1L were embryonic lethal. Electron microscopy studies
revealed a severely dilated ER in the fetal liver of mutant
embryos, indicative of alteration in ER homeostasis. Consistent
with this, several ER stress responsive genes were significantly
up-regulated in the mutant embryos. Mouse embryonic fibro-
blast cells deficient in SEL1L exhibited activated unfolded pro-
tein response at the basal state, impaired ER-associated protein
degradation, and reduced protein secretion. Furthermore,
markedly increased apoptosis was observed in the forebrain and
dorsal root ganglions of mutant embryos. Taken together, our
results demonstrate an essential role for SEL1L in protein qual-
ity control during mouse embryonic development.

The endoplasmic reticulum (ER)2 plays a critical role in the
biosynthesis of proteins destined for the secretory pathway.
Nearly all newly synthesized secreted or membrane-bound
proteins must fold and assemble into their functional confor-
mations in the ER before they are released into the post-ER

compartments. Proteins that fail to or incorrectly undergo con-
formational maturation are retained in the ER and are eventu-
ally degraded through proteolysis (1). The protein folding/mat-
uration process in the ER is both aided and monitored by ER
chaperons and folding enzymes (2).
ER folding capacity and client protein load are precisely cou-

pled to ensure ERhomeostasis. Several cellular conditions, such
as high demand for protein synthesis and secretion (3, 4), viral
infection (5), deprivation of nutrients/oxygen (6, 7), and mis-
sense mutations affecting both client protein folding (8–11)
and ER folding machinery function (2) enhance protein mis-
folding and cause accumulation of unfolded or misfolded pro-
teins, leading to ER stress. Mammalian cells use several adap-
tive mechanisms, collectively known as the unfolded protein
response (UPR), to cope with acute ER stress (12). Upon ER
stress, translation is generally attenuated to reduce production
of ER client proteins. Concomitantly, transcription of genes
encoding ER chaperones and ER-associated degradation
(ERAD) machinery is increased. Although up-regulation of ER
chaperons enhance the ER folding/assembling capacity (13),
increase of ERAD components ensures more efficient removal
of terminally unfolded or misfolded proteins (14). These adap-
tive measures provide a multifaceted strategy to maintain ER
homeostasis under temporary and reversible ER stress
conditions.
The UPR is initiated by signal transducers, which are ER

transmembrane proteins (15). Mammalian cells express three
UPR signal transducers: inositol-requiring transmembrane
kinase and endonuclease 1 (IRE1), protein kinase-like ER ki-
nase (PERK), and activating transcription factor 6 (ATF6). All
three transducers are maintained in an inactive state through
interaction with the ER chaperone protein BiP (16). Upon ER
stress, BiP is released from IRE1 and PERK to bind unfolded
proteins, resulting in IRE1 and PERK undergoing homodimer-
ization and activation (17). Activated IRE1 has endoribonucle-
ase activity and cleaves 26 nucleotides from the mRNA encod-
ingX-box-binding protein 1 (XBP1), causing a frameshift in the
translation of XBP1 (18, 19). The spliced XBP1 (XBP1s) func-
tions as a transcriptional activator for a large set of genes encod-
ing ER chaperones and components of the ERAD and apoptosis
pathways (20, 21). Activated PERK phosphorylates eukaryotic
initiation factor 2�, which in turn leads to a general attenuation
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of protein translation (22, 23). Release of BiP from membrane-
boundATF6 facilitates its translocation to theGolgi, where it is
cleaved by Site-1 and Site-2 proteases (S1P and S2P) to free the
cytosolicN terminus, a basic leucine zipper transcription factor
(24). Activated ATF6 translocates to the nucleus where it binds
to the ER stress responsive element in genes encoding ER chap-
erone proteins (25, 26).
SEL1L (suppressor enhancer Lin12 1 like) is a widely

expressed ER membrane protein (type I) with a complex
domain structure (27). Biochemical and molecular studies in
vitro revealed that in eukaryotic cells SEL1L nucleates an ER
membrane protein complex that is required for dislocation of
unfolded or misfolded proteins from the ER lumen into the
cytosol for degradation (28–33). Sel1l expression is inducible
by ER stress and appeared to be controlled by ER-stress respon-
sive transcription factors ATF6 and XBP1 (34). Several splicing
isoforms of SEL1L have been identified and were shown to be
involved in novel mechanisms of protein degradation or secre-
tion (35). Together, these studies have underscored the impor-
tance of Sel1l in maintaining ER homeostasis in mammalian
cells.
The developmental and physiological roles of Sel1l in verte-

brates have not yet been determined. To characterize the in vivo
functions of Sel1l, we have introduced a gene trapmutation into
the Sel1l genomic locus. Analysis of the mutant embryos dem-
onstrates that Sel1l is essential for embryonic survival. SEL1L
deficiency results in impaired ERAD and protein secretion in
mammalian cells. Thesemolecular defects cause increased apo-
ptosis in mutant embryos and hypersensitivity of embryonic
cells to ER stress-inducing reagents. Sel1l thus plays a key role
in maintaining ER homeostasis during vertebrate embryonic
development.

MATERIALS AND METHODS

Mice—The Sel1lmutantmice were generated bymicroinjec-
tion of a gene-trappedmouse embryonic stem cell line, CA0017
(Sanger Institute Gene Trap Resource), into C57/BL6 blasto-
cysts. The resulting chimeric male founders were backcrossed
to C57BL/6 females to generate heterozygous (Sel1l�/�) mice.
Sel1l�/� mice were then intercrossed to generate homozygous
Sel1l�/� embryos. Genotyping of all animals or embryos was
done by PCR using the following primers: F1-Sel1l, 5�-TGG-
GACAGAGCGGGCTTGGAAT-3�; R1-Sel1l, 5�-CACCAG-
GAGTCAAAGGCATCACTG-3�; R-�Geo, 5�-ATTCAGG-
CTGCGCAACTGTTGGG-3�. All animal experiments were
performed in accordance with the Cornell Animal Care and
Use Guidelines.
Expression Plasmids—The Gaussia luciferase reporter plas-

mid was from New England Biolabs. The pNHK-GFP fusion
expression plasmid was a kind gift fromDr. Nobuko Hosokawa
of Kyoto University. The full-length (FL) and deletion mutant
(DM) SEL1L-GFP fusion constructs were generated by PCR
amplification of the corresponding Sel1l cDNA fragments fol-
lowed by subcloning into the EcoRI and BamHI sites in
pEGFP-N2 vector (Clontech). ThePCRprimers used to amplify
the full-length and 5� portion Sel1l cDNA fragments were:
F2-Sel1l, 5�-GAATTCCGCCACCATGCAGGTCCGCGTC-
AGG-3�; R2-Sel1l, 5�-GGATCCtCTGTGGTGGCTGCTG-

CTC-3�; R3-Sel1l, 5�-GGATCCTAACTTGAACGCCTCT-
TCC-3�. The subcloned Sel1l cDNA fragments were verified by
sequencing and the expression of fusion proteins were verified
by GFP fluorescence microscopy in transfected HEK293 cells.
TUNELAssay—Embryos were fixed in 4% paraformaldehyde

in phosphate-buffered saline (PBS), processed, and paraffin-
embedded using a standard procedure. Sections were cut at 5
�M and TUNEL assay was performed using the DeadEnd Col-
orimetric Apoptosis Detection System (Promega). Briefly, sec-
tions were rinsed 3 times with distilled H2O, once in PBS, and
permeabilized with 200 �g/ml of Proteinase K in PBS for 30
min. The permeabilized sections were incubated with equili-
bration buffer for 10 min at room temperature. DNA strand
break labeling and colorization were performed as essentially
recommended by the manufacturer. The TUNEL-stained tis-
sue sections were counterstained lightly with hematoxylin,
dehydrated, and mounted with Permount (Daigger).
Embryonic RNA Isolation and Quantitative RT-PCR—Total

RNA was isolated from embryos of defined genotypes at E12.5
using the TRIzol RNA Isolation Kit (Invitrogen). For quantita-
tive RT-PCR analysis, total RNA was treated with DNase I
for 10 min and purified using the RNAqueous-Micro Kit
(Ambion). First-strand cDNA was synthesized using
SuperScript III Reverse Transcriptase (Invitrogen). Quantita-
tive PCR was performed using Power SYBR Green PCRMaster
Mix on an ABI Prism 7000 Sequence Detection System
(Applied Biosystems). Quantification and normalization of
mRNA expression was performed essentially as described (36).
Expression difference between wild-type and mutant cells was
statistically analyzed by performing Student’s t tests using the
normalized mean value.
Embryonic Protein Isolation and Immunoblotting Analysis—

Embryos from Sel1l�/� inter-crosseswere dissected at E7.5 and
lysed in a buffer containing 10 mM Tris-HCl (pH 7.4), 150 mM

NaCl, 1% Nonidet P-40, protease inhibitors (Halt TM Protease
Inhibitor Mixture EDTA-free, Pierce), 1 mM phenylmethylsul-
fonyl fluoride, 1 mM EDTA, and 1 mM sodium fluoride. The
protein concentration of the embryonic lysates was determined
by BCA assay (Thermo Fisher Scientific) and 12 �g of each
lysate was resolved on 9% SDS-polyacrylamide gel, blotted to
polyvinylidene difluoride, and then immunodecorated with
specific antibodies: anti-SEL1L (37), anti-�-galactosidase
(1:1000) (Chemicon International), anti-�-tubulin using stan-
dard procedures (43). Western blot hybridizations were per-
formed using X-blot-100 chamber (Isenet.it) and proteins were
detected using an ECL kit (Thermo Scientific) according to the
manufacturer’s specifications, and developed using the UVP
Chemi Camera.
Establishment of Sel1l�/�, Sel1l�/�, and Sel1l�/� Mouse

Embryonic Fibroblast (MEF) Cell Lines—MEFs with de-
fined genotypes were prepared and cultured essentially as
described with minor modifications (38). Briefly, females were
sacrificed at day 12.5–13.5 of gestation. Embryos were decapi-
tated and eviscerated and carcasses were homogenized. The
homogenate was passed through a mesh to remove large tissue
debris. The flow-through was plated on a gelatin-coated tissue
culture plate and cultured in Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum (Atlanta Biologicals).
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Cells were split 1:3 every 2–3 days. To establish MEF cell lines,
primary MEF cells of defined genotypes were maintained at
80–90% confluence in 10-cm dishes for two to three months.
Tunicamycin Treatment and Crystal Violet Assay—Tunica-

mycin (TM) treatment of MEF cells was performed essentially
as described (39). TM stock was prepared in Me2SO at �1000
concentration (2 mg/ml) and held as single-use aliquots. MEF
cells of defined genotypes (primary or cell lines) were plated
into five 6-cmdishes at 2� 105 cells per dish and allowed to rest
overnight before application of stress. MEFs were then treated
with 2 �g/ml of TM for 0, 1, 2, and 4 h. For untreated cells,
Me2SO alone was added to a final concentration of 0.1%. TM-
treatedMEFswere rinsed twicewith PBS, trypsinized, re-plated
into 10-cm dishes, and cultured for 5 days. Crystal violet stain-
ing was performed essentially as described (26). Briefly, MEFs
in 10-cm dishes were rinsed with PBS and stained with 1 ml of
0.2% (w/v) crystal violet (Sigma) in 2% ethanol for 10 min at
room temperature, washed three times with water, and dried.
Stained MEFs were solubilized with 600 �l of 1% SDS, and
absorbance of the resulting solution was measured at 570 nm.
Relative cell viability was calculated as a percentage of absor-
bance of stressed cells relative to that of unstressed cells.
MEF Cell Transfection and Pulse-Chase Assay of NHK—All

MEF cell transfections were done using polyethylenimine
(Sigma). MEF cells of defined genotypes were seeded at a den-
sity of 0.5 � 106 cells/well in 6-well dishes. After an overnight
rest, MEF cells were rinsed twice with PBS, once with Opti-
MEM reduced serum medium (Invitrogen), and incubated for
12–16 h with 1 ml of Opti-MEM reduced serum medium con-
taining 3 �g of expression plasmid encoding GFP-tagged NHK
(for co-transfection, 3 �g of each expression plasmid was used)
and 2 �l of polyethylenimine. Protein pulse-chase assay was
performed as previously described (40). MEF cells were treated
with 50 �g/ml of freshly prepared cycloheximide for 0, 1, 1.5, 3,
4.5, and 6 h. MEF cell lysates were prepared in 100 �l of Tris-
buffered saline (pH 7.5) containing 1% Triton X-100 and pro-
tein concentrations were determined by bicinchoninic acid
assay (BCA). For immunoblotting, 20 �g of each lysate was
mixed with an equal volume of 2� sample buffer (100mMTris,
25% glycerol, 2% SDS, 0.01% bromphenol blue, 10% 2-mercap-
toethanol), boiled for 5 min and loaded into a 9% gel for SDS-
PAGE. Electrophoresis, blotting, and antibody probing were
performed using standard procedures (41). Immunodetection
was done using theWestern blotting Luminol ReagentKit (Ori-
gene) according to the manufacturer’s specifications. GFP
(Abcam) and tubulin (Cell Signaling) antibodies were used at
1:5,000 and 1:10,000, respectively).NHK-GFP and tubulin band
intensities were quantified using the AlphaEase FC software on
an AlphaImager 2200 imaging system. The NHK level in each
treatment was normalized using the corresponding tubulin
level. Relative NHK degradation was calculated as a percentage
of the NHK level in non-treated cells. Experiments were per-
formed three times and the data were expressed as the mean �
S.D. Statistical significance was considered as p � 0.05.
Gaussia Luciferase Assay—Gaussia luciferase assay was per-

formed essentially as described (42). Briefly, MEF cells were
grown to 60–70% confluence in 6-cm dishes and transfected
with 7 �g of expression plasmid encoding Gaussia luciferase

(Gluc) reporter (New England Biolabs). Conditioned medium
of the transfected cells were sampled in triplicate at 12, 24, and
36 h post-transfection and mixed with an equal volume of
freshly prepared 2� coelenterazine solution (Prolime Ltd./
Nanolight). Gluc activity was measured at a wavelength of 470
�M for 10 s using a luminometer (Dynex). Tomeasure intracel-
lular Gluc activity, transfected MEF cells were washed 3 times
with PBS and lysed in fresh culture medium through repeated
freezing and thawing. Gluc activity in cell lysates was measured
using the aforementioned luciferase assay protocol. Relative
Gluc activity was calculated by normalizing to corresponding
wild-type or mutant controls.
Transmission Electron Microscoping—Sel1l�/�, Sel1l�/�,

and Sel1l�/� embryos were dissected at E12.5. The livers of
these embryos were fixed in EMS Karnovsky’s fixative mix (2%
paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate
buffer) for 1 h at room temperature. Specimen processing, sec-
tioning, and transmission electron microscoping image acqui-
sition were performed by the Electron Microscopy and Histol-
ogy Core Facility, Department of Cell and Developmental
Biology, Weill Cornell Medical College.
Statistical Analysis—Differences between groups were eval-

uated by performing two-tailed Student’s t test and p � 0.05 is
considered significant.

RESULTS

SEL1L Function Is Essential for Early Mouse Embryonic
Development—Sel1l gene trap mice were generated using a
commercially available embryonic stem (ES) cell clone,
CA0017. This ES cell clone contains an exon trap (consisting of
a splicing acceptor site and a �-galactosidase-neomycin fusion
cassette) in intron 14 of Sel1l, as revealed by the rescued cDNA
sequence. To determine the gene trap insertion site in Sel1l, we
amplified the genomic fragment surrounding the gene trap
insertion site using long-range PCR. Sequencing of the PCR
products revealed that the gene trap cassette is located 79 base
pairs upstream of exon 15 (Fig. 1A). The gene trap in Sel1l
consists of a strong splicing acceptor site and a galactosidase-
neomycin (�geo) fusion gene and is expected to block splicing
between exons 14 and 15. This will cause a truncation of wild-
type SEL1L, resulting in a fusion protein containing the N-ter-
minal 465 amino acids of SEL1L and�geo (Fig. 1,B and E). PCR
analysis of genomic DNAs from wild-type, heterozygous, and
homozygousmutant embryos produced the expected band pat-
terns, thus confirming the presence of the gene trap in Sel1l
(Fig. 1C). RT-PCR analysis of RNAs from wild-type, heterozy-
gous, and homozygous mutant embryos showed that the gene
trap in Sel1l efficiently blocks RNA splicing between exons 14
and 15 (Fig. 1D), resulting in a truncated SEL1L and �-galacto-
sidase fusion protein (Fig. 1E).

Heterozygous gene trap mice (Sel1l�/�) appeared morpho-
logically normal and were fertile. Of the 469 offspring obtained
from intercrossing Sel1l�/� mice, no homozygous mutant
(Sel1l�/�) was found, suggesting that disruption of SEL1L func-
tion causes embryonic lethality (Fig. 1F). To determine at what
developmental stage embryonic lethality occurs, we examined
embryos from timedmatings of Sel1l�/�mice. No live Sel1l�/�

embryos were observed at E16.5 and only 2 (of 140) remained
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alive at E15.5. The number of homozygousmutants obtained at
E11.5 (28 of 191) was nearly 50% below the expected number
(48), suggesting that some homozygous mutants were dead
before E11.5. Nearly 95% of the homozygous mutant embryos
at E12.5 were significantly smaller than their wild-type or het-
erozygous littermates. Half of the homozygous mutant
embryos surviving to E13.5 showedmorphological abnormality
in the brain region (Fig. 1G).
Sel1l�/� Embryos Develop Systemic Endoplasmic Reticulum

Stress—SEL1L is a homologue of the yeast protein Hrd3p,
which has been implicated in protein quality control in the ER
(32). To determine whether SEL1L deficiency leads to an
impaired ER homeostasis and thereby ER stress in the develop-

ing embryo, we first compared the
mRNA levels of 10 UPR genes
between wild-type and mutant
embryos using quantitative RT-
PCR. These genes encode ER
stress responsive transcription
factors (Atf6, Chop, and Xbp1), ER
chaperons (Herp, Edem1, Erdj3,
Bip, p58IPK, and Ramp4), or
ERAD component (Hrd1). Of the
10 genes, 7 were significantly up-
regulated in the mutant embryos
(Fig. 2A). Bip, Herp, and P58IPK,
all encoding ER chaperons,
showed 2.4-, 2.8-, and 2.5-fold
increases, respectively, in mRNA
levels in mutant embryos. The
total Xbp1 mRNA level increased
1.7-fold in mutants and, impor-
tantly, the level of the spliced form
of Xbp1 mRNA, which encodes
the active form of XBP1, increased
more than 2.5-fold. We speculated
that SEL1L deficiency would lead
to morphological changes of the
ER. To test this, we compared the
ultrastructure of the ER inwild-type
and mutant hepatocytes using elec-
tron microscopy. Wild-type ER
appeared thin or “relaxed” (Fig. 2B),
whereasmutant ER appeared signif-
icantly dilated (Fig. 2C). Interest-
ingly, fewer mitochondria were
observed inmutant hepatocytes rel-
ative to wild-type controls. Similar
morphological changes of the ER
and mitochondria were observed in
MEF from mutant embryos (data
not shown). These results indicate
that Sel1l�/� embryos develop sys-
temic endoplasmic reticulum stress.
Increased Apoptosis in Mutant

Embryos and Enhanced Cellular
Sensitivity to ER Stress-inducing
Reagents—ER stress has been

shown to play a causal role in programmed cell death (43, 44).
Therefore, we next investigated whether mutant embryos have
increased apoptosis. Sections of E12.5 wild-type and mutant
embryos were examined by TUNEL assay. Clear apoptotic sig-
nals were detected in the neural epithelium of the forebrain of
mutant embryos, but not in the corresponding region of wild-
type embryos (Fig. 3,A and B). Dorsal root ganglions of mutant
embryos contained significantly more apoptotic cells than
those of wild-type embryos (Fig. 3, C and D). These findings
indicate that Sel1l function is critical for cell survival in vivo.
PrimaryMEF cells from Sel1l�/� embryos grew significantly

slower relative to those from Sel1l�/� and Sel1l�/� embryos
(supplemental Fig. S1).We speculated that thismight be due to,

FIGURE 1. Generation and characterization of Sel1l gene trap mice. A, schematic representation of wild-
type (Sel1l�) and gene-trapped (Sel1l�) alleles in the Sel1l genomic locus. Filled boxes represent exons; the open
box in Sel1l� indicates the trap cassette. Dashed lines indicate RNA splicing events. B, schematic representation
of wild-type and DM-SEL1L peptides generated from Sel1l� and Sel1l� alleles, respectively. The number amino
acids (aa) of each peptide is indicated. Note that the mutant peptide is a fusion protein containing the N-ter-
minal 465 amino acids of SEL1L and �geo. C, PCR analysis of genomic DNAs from Sel1l�/�, Sel1l�/�, and
Sel1l�/� embryos at E11.5. D, RT-PCR analysis of RNAs from Sel1l�/�, Sel1l�/�, and Sel1l�/� embryos at E11.5.
Arrows in C and D indicate PCR primers. E, Western blot analysis of wild-type and mutant SEL1L using anti-SEL1L
and anti-�-galactosidase antibodies. Mutant SEL1L was detected as a 250-kDa SEL1L-�-geo fusion protein.
F, distribution of Sel1l�/�, Sel1l�/�, and Sel1l�/� mice or embryos. Numbers in parentheses indicate expected
distribution. G, representative images of Sel1l�/� (right) and Sel1l�/� (left) embryos. Note that the mutant
embryo is markedly smaller than its wild-type littermate and its brain region is not properly formed.
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at least partially, reduced cell viability of the mutant MEF. To
assess this possibility, we stained equal numbers of wild-type
and mutant MEFs with crystal violet. Mutant MEF showed a
slightly lighter staining than wild-type MEF, an indication of
reduced cell viability (Fig. 3E, 0 h TM treatment). We next
investigatedwhethermutantMEF cells aremore sensitive to ER
stress-inducing reagents. Wild-type and mutant MEFs were
treated for 1, 2, 3, and 4 h with 2 �MTM (an ER stress-inducing
reagent) and then assayed for cell viability using crystal violet
staining. TM treatment, whereas sharply reducing the viability
of mutant MEF (�50% reduction after a 4-h TM treatment),
onlymodestly affected that of wild-typeMEF (�10% after a 4-h
TM treatment) (Fig. 3, E and F). These results indicate that
SEL1L deficiency predisposes embryonic cells to ER stress-in-
ducing reagents.
To investigate the molecular basis underlying the hypersen-

sitivity of mutant cells to ER stress-inducing reagents, we com-
pared the intracellular level and phosphorylation of two ER
stress signal sensors, PERK and IRE1a, in wild-type andmutant
MEFs. MutantMEFs contained significantly higher IRE1a than

wild-type control MEFs (Fig. 3G,
compare lane 7 to lane 1). To assess
the effect of SEL1L deficiency on ER
stress signaling transduction, we
treated wild-type and mutant MEFs
with 75 nM thapsigargin (TG) for
various durations and analyzed the
treated cells by immunoblotting for
IRE1a expression and PERK phos-
phorylation. As expected, TG treat-
ment of wild-type MEFs induced a
time-dependent increase of IRE1a
levels and PERK phosphorylation
(Fig. 3,G, lanes 1-6, andH, lanes 1-6,
respectively). TG treatment slightly
increased IRE1a levels (Fig. 3G,
lanes 7-13) and induced normal
PERK phosphorylation (Fig. 3, G,
lanes 7-13, and H, lanes 8-13) in
mutant MEFs. These data indicate
that SEL1L deficiency does not
compromise ER stress signaling
transduction. The elevated intracel-
lular levels of IRE1a and PERK may
be responsible for the hypersensitiv-
ity of Sel1l mutant MEFs to ER
stress-inducing reagents.
SEL1L-deficient MEF Cells Are

Defective in ER-associated Degrada-
tion of Unfolded Proteins—SEL1L
was thought to play a critical role in
facilitating ERAD of unfolded/mis-
folded proteins (31, 45). To investi-
gate whether the absence of SEL1L
results in ERAD deficiency, we
characterized the degradation of
secretion-incompetent variant mu-
tant human �1-antitrypsin (also

known as the null Hong-Kong mutation or NHK) in mutant
MEF cells using a protein pulse-chase assay. This mutant
�1-antitrypsin was previously shown to be defective in folding
into its functional conformation and was therefore targeted for
degradation in the proteasomes (46). Immunoblotting showed
thatNHKwas progressively degraded inwild-typeMEFs. How-
ever, it was significantly stabilized in mutant MEFs (Fig. 4A).
Quantification of NHK indicated that after 4 h of cyclohexi-
mide treatment (a potent protein synthesis inhibitor), as much
as 90% of the transiently expressed NHK remained in mutant
MEFs, whereas less than 20% of the transiently expressed NHK
remained inwild-typeMEFs (Fig. 4D). These observations indi-
cate that disruption of SEL1L function severely compromises
the ERAD function in mammalian cells.
To further assess the role of SEL1L in ERAD, we tested

whether re-introduction of SEL1L could rescue the ERAD defi-
ciency of mutant MEFs. NHK was transiently co-expressed in
mutant MEFs with either full-length SEL1L or a deletion
mutant that lacks the C-terminal 249 amino acids. In mutant
MEFs co-expressing full-length SEL1L, NHK showed progres-

FIGURE 2. Sel1l�/� embryos develop systemic endoplasmic reticulum stress. A, quantitative analysis of ER
stress-responsive genes in Sel1l�/� embryos. Total RNAs were isolated from Sel1l�/� and Sel1l�/� embryos at
E12.5. The mRNA expression of several ER stress-inducible genes in Sel1l�/� and Sel1l�/� embryos was ana-
lyzed by quantitative RT-PCR. Data are expressed as expression-fold differences between Sel1l�/� (set to 1) and
Sel1l�/� embryos. n � 3 embryos per genotype, *, p � 0.05; **, p � 0.01 mutant versus wild-type control. B and
C, electron micrographs of liver sections from Sel1l�/� and Sel1l�/� embryos at E12.5. Arrows indicate endo-
plasmic reticulum; N, nucleus; M, mitochondria. Note that Sel1l�/� hepatocytes exhibit a significantly dilated
ER (arrows in C) relative to those of Sel1l�/� hepatocytes (arrows in B).
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sive degradation; whereas inmutant
MEFs co-expressing the truncated
form of SEL1L, NHK was stabilized
(Fig. 4C). Quantification of the
transiently expressed NHK in both
groups indicated that transient ex-
pression of SEL1L restored more
than 90% of the ERAD capacity of
mutant MEFs (Fig. 4D). These
results verify that SEL1L function is
essential for ERAD in mammalian
cells. In addition, these data indicate
that the C terminus of SEL1L con-
tains important ERAD signals.
SEL1L-deficient Cells Have a

Severely Impaired Protein Secretory
Pathway—Blocking or a decrease of
processing in the secretory pathway
is a hallmark of ER stress in eukary-
otic cells (47). To determinewhether
SEL1L deficiency blocks or impairs
protein secretion, we compared the
secretion ofGluc reporter, a naturally
secreted protein (42), by wild-type
and Sel1l mutant MEF cells. Wild-
type and mutant MEFs were tran-
siently transfectedwith an expression
plasmid encoding Gluc. Conditioned
medium of the transfected wild-type
and mutant MEFs were collected at
12, 24, and 36 h post-transfection
(hpt) and assayed for Gluc activity
(Fig. 5A). Gluc activity was clearly
detectable in the medium of both
wild-type and mutant MEFs starting
at 12hpt.At this stage, theGluc activ-
ity inwild-typeMEFmediumwas3.8-
fold higher than that in the mutant
MEF medium. Gluc activities in both
wild-type and mutant MEF medium
peaked around 24–36 hpt. The Gluc
activity in wild-type MEF medium
around this time was 9-fold higher
than that in mutant MEF medium.
We speculated that the majority of
Gluc reporter protein might be
retained within the mutant MEF
cells. Therefore, we analyzed Gluc
activity in the lysates of trans-
fected wild-type and mutant MEFs
at 24 hpt. Indeed, Gluc activity in
the lysate of mutantMEFs was 9.4-
fold higher than that in the lysate
of wild-type MEFs (Fig. 5B). Alto-
gether, these results indicate that
SEL1L-deficient MEF cells have a
severely impaired protein secre-
tory pathway.

FIGURE 3. SEL1L deficiency induces apoptosis in vivo and predisposes MEF cells to ER stress-inducing
reagents. A–D, increased apoptosis in Sel1l�/� embryos. Forebrain (A and B) and dorsal root ganglion (DRG)
region sections (C and D) from Sel1l�/� and Sel1l�/� embryos at E12.5 were assayed by TUNEL. Apoptotic cells
are indicated by arrows. E, representative images of crystal violet staining of tunicamycin-treated MEF cells.
Sel1l�/� and Sel1l�/� MEF cells in 10-cm dishes were treated with 2 �g/ml of TM for the indicated periods,
trypsinized, and re-plated (1 � 104 cells/per well) into 10-cm dishes. Five days later, the resulting cells were
stained with crystal violet. F, quantification of MEF cell viabilities before and after TM treatment. Crystal violet-
stained MEF cells in E were solubilized with 600 ml of 1% SDS, and absorbance of the resulting solution was
measured at 570 nm. Relative cell viability was calculated as a percentage of absorbance of TM non-treated
cells. G, Western blot analysis of IRE1a expression in Sel1l�/� and Sel1l�/� MEFs. Sel1l�/� and Sel1l�/� MEFs
were treated with TG for the indicated periods. IRE1a and HSP90 (loading control) expression were analyzed by
immunoblotting. Note that Sel1l�/� MEF has a noticeably higher basal level IRE1a expression than Sel1l�/�

MEF (lane 7 versus 1). H, Western blot analysis of PERK phosphorylation. Sel1l�/� and Sel1l�/� MEFs were
treated with TG for the indicated periods in the presence or absence of calf intestinal alkaline phosphatase
(CIP). Lysates of the treated cells were blotted and probed with PERK antibody.
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Employinga similar technical approach,wenext testedwhether
re-expression of full-length SEL1L could rescue the protein secre-
tory defect inmutantMEF cells. Gaussia luciferasewas transiently
co-expressed in mutant MEF cells with either SEL1L-GFP or
DM-SEL1L-GFP.Western blot analysis revealed that SEL1L-GFP
and DM-SEL1L-GFP fusion proteins were expressed at a similar
level in themutantMEF (Fig. 5C). Gluc activity in the conditioned
medium was analyzed at 24 and 36 hpt. Although expression of
DM-SEL1L-GFP had no or little effect on the secretion of Gaussia
luciferase protein in mutant MEFs, expression of SEL1L-GFP
exhibited a remarkable rescuing effect on the secretion of the
Gaussia luciferase reporter by mutant cells (Fig. 5D). We specu-
lated that re-expressionof SEL1L restores protein secretion rather
than protein production inmutantMEF cells. To test this idea, we
analyzed Gluc activity in the lysates of mutant MEFs transiently
expressingSEL1L-GFPandDM-SEL1L-GFP. Indeed, the intracel-
lular Gluc activity of SEL1L-expressing cells was 12- and 13-fold
lower than that of Gluc alone and DM-SEL1L-expressing cells
(Fig. 5E). Together, these results suggest that SEL1L functional
deficiency causes blocking or dysfunction of the protein secretory
pathway inmammalian cells.

The fact that transient expression of DM-SEL1L leads to a
slight reduction of the Gaussia luciferase (Fig. 5D) indicates
that DM-SEL1Lmay act as a dominant-negative SEL1L protein
in vitro and in vivo. To test this possibility, we transiently
expressed DM-SEL1L-GFP in HEK293 cells and assessed
whether DM-SEL1L-GFP expression induces ER stress. Quan-
titative RT-PCR analysis revealed that the transcription of both
Bip and Herp was significantly up-regulated in HEK293 cells
expressing DM-SEL1L, as compared with HEK293 cells express-
ing GFP (Fig. 5F). This result suggests that ectopic expression of
DM-SEL1L causes ER stress inHEK293 cells. Next, we transiently
co-expressed Gaussia luciferase with DM-SEL1L-GFP in wild-
typeMEF cells and analyzedGaussia luciferase activity in the con-
ditioned medium at 12, 24, and 36 hpt. Co-expression of
DM-SEL1L with Gaussia luciferase caused a drastic reduction of
Gluc activity in the conditioned medium (Fig. 5G). These results
are consistent with the hypothesis that DM-SEL1L functions as a
dominant-negative protein. In addition, these results indicate that
theC terminus of the SEL1Lpeptide contains important sequence
elements essential for mediating the ERAD function in mamma-
lian cells.

FIGURE 4. Sel1l�/� MEF cells are defective in ER-associated protein degradation. A, analysis of unfolded protein degradation in Sel1l�/� and Sel1l�/� MEFs.
Sel1l�/� and Sel1l�/� MEFs were transfected with an expression plasmid encoding the GFP-tagged Hong Kong variant of mutant �1-antitrypsin (NHK-GFP).
NHK-GFP proteins in Sel1l�/� and Sel1l�/� MEF cells were pulse-chased for the indicated time and analyzed by Western blot analysis using a GFP antibody. The
immunoblot was also probed with anti-tubulin antibody to ensure equal protein loading. B, quantification of NHK degradation rate in A. Relative NHK levels
were calculated by dividing the normalized NHK signals in cells after 1.5, 3, and 4.5 h of cycloheximide (CHX) treatment with that of untreated cells. C, analysis of NHK
degradation in Sel1l�/� MEF cells transiently expressing FL or a C-terminal DM-SEL1L. Sel1l�/� MEF cells were co-transfected with expression plasmids encoding
NHK-GFP and FL-SEL1L-GFP or DM-SEL1L-GFP. Pulse-chase and immunoblot analyses were as described in A. SEL1L-GFP, DM-SEL1L-GFP, and NHK-GFP were detected
as 116-, 78-, and 73-kDa protein products, respectively. D, quantification of NHK degradation rate in Sel1l�/� MEF cells co-expressing FL-SEL1L and DM-SEL1L. For all
the NHK-GFP pulse-chase analyses, experiments were performed 3 times and the values were expressed as mean � S.D.
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FIGURE 5. Protein secretion is severely impaired in Sel1l�/� MEF cells. A and B, rates of protein secretion by Sel1l�/� and Sel1l�/� MEF cells. Sel1l�/� and
Sel1l�/� MEF cells were transfected with an expression plasmid encoding Gluc. Conditioned medium of the transfected cells were sampled at 12, 24, and 36 hpt
and relative light units were measured by luciferase assay. The relative light units in the medium of Sel1l�/� MEF at 12 hpt was set to 1 and used to calculate
relative Gluc activities (A). The Gluc-transfected Sel1l�/� and Sel1l�/� MEF cells were lysed at 24 hpt and their intracellular Gluc activities determined (B). *, p �
0.05; **, p � 0.01 wild-type versus mutant MEFs. C, Western blot analysis of SEL1L-GFP and DM-SEL1L-GFP expression in transfected Sel1l�/� MEF cells. The
immunoblot was probed with anti-GFP and anti-tubulin antibodies. SEL1L-GFP, DM-SEL1L-GFP, and NHK-GFP were detected as 116- and 78-kDa protein
products. D, rates of protein secretion by Sel1l�/� MEF transiently expressing SEL1L-GFP and DM-SEL1L-GFP. Sel1l�/� MEF cells were co-transfected with
expression plasmids encoding Gluc and SEL1L-GFP or DM-SEL1L-GFP. Conditioned medium were sampled at 24 and 36 hpt and relative Gluc activities
determined. *, p � 0.05; **, p � 0.01 Gluc � SEL1L-GFP/DM-SEL1L-GFP- versus Gluc-expressing cells. E, intracellular Gluc activities of the Sel1l�/� MEF cells in
D at 36 hpt. *, p � 0.05; **, p � 0.01 Gluc or Gluc � DM-SEL1L-GFP- versus Gluc � SEL1L-GFP-expressing cells. F, quantitative RT-PCR analysis Bip and Herp mRNA
expression in HEK293 cells transiently expressing GFP (control) and DM-SEL1L-GFP. *, p � 0.05; **, p � 0.01, DM-SEL1L-GFP- versus GFP-expressing HEK293 cells.
G, rate of protein secretion by Sel1l�/� MEF transiently expressing DM-SEL1l. Sel1l�/� MEF cells were co-transfected with expression plasmids encoding Gluc
and GFP or DM-SEL1L-GFP. Conditioned medium of the co-transfected cells were sampled at 12, 24, and 36 hpt and relative Gluc activities were measured. *,
p � 0.05; **, p � 0.01 GFP- versus DM-SEL1L-GFP-expressing cells. Statistical analysis was based on data from three independent experiments.
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DISCUSSION

We report thatmice homozygous for a gene trapmutation in
Sel1l die during mid-gestation with significantly elevated apo-
ptosis in the developing brain, dorsal root ganglions, and liver.
The ER in mutant hepatocytes is severely dilated. Mutant MEF
cells exhibit growth retardation, increased sensitivity to ER
stress-inducing reagents, defective degradation of unfolded
proteins, and a severely blocked protein secretory pathway.
Furthermore, genes encoding endoplasmic chaperone proteins
and ERAD components are markedly up-regulated in homozy-
gous mutant embryos. These data support the hypothesis that
Sel1l regulates ER homeostasis duringmouse embryonic devel-
opment. To the best of our knowledge, this represents the first
in vivo functional study for Sel1l.
Two lines of evidence strongly suggest that disruption of the

Sel1l gene is responsible for the observed embryonic and cellu-
lar phenotypes. First, we have observed a consistent segregation
of the observed embryonic phenotype with homozygosity for
the gene trap insertion in Sel1l (Fig. 1). Second, we demonstrate
convincingly in vitro that transient transfection of the full-
length cDNAof Sel1l intomutantMEF cells rescues the defects
in both unfolded protein degradation and protein secretion
(see Figs. 4 and 5). However, it remains uncertain whether the
homozygous gene trap mice are SEL1L null mutants. The gene
trap Sel1l allele is predicted to generate a partial Sel1l peptide
that lacks the carboxyl-terminal 329 amino acids. The trun-
cated region contains several highly conservedmotifs/domains
that were shown to be critical for suppression of tumor cell
growth (48). We have demonstrated that transient expression
of the partial Sel1l peptide fails to rescue the ERAD and protein
secretory defects in Sel1l�/� MEF cells (see Figs. 4 and 5). Nev-
ertheless, it is possible the partial SEL1L peptide has other cel-
lular function(s). Additionally, the mammalian Sel1l gene
expresses multiple transcripts derived through alternative
splicing among exons in the 5� and 3� ends of the gene (27).
Indeed, our Northern analysis has detected at least two smaller
transcripts in themutant embryos. Thus, themutant Sel1l allele
may generate functional proteins. Further proof of this will
require a detailed biochemical analysis of the Sel1l gene prod-
ucts in homozygous mutant embryos. Further studies are also
needed to define the underlying cause(s) of the developmental
failure of Sel1lmutant embryos.
Biochemical studies in vitro have shown that SEL1L is an ER

membrane protein and is involved in the assembly of a multi-
protein complex essential for retrotranslocation of unfolded/
misfolded proteins from the ER lumen into the cytosol for pro-
teasomal degradation (30, 32, 45). Consistent with this notion,
we have provided three lines of evidence suggesting that
SEL1L-deficient embryos develop systemic stress in the endo-
plasmic reticulum, most likely due to the functional failure of
the ERAD system. First, a number of UPR response genes are
significantly up-regulated in SEL1L-deficient embryos. These
genes encode either ER chaperone proteins (Herp, Edem1,
Erdj3, Bip, Hrd1, p58IPK, and Ramp4) or ERAD components
(Hrd1 and Sel1l). The up-regulation of these UPR responsive
genes is considered to be an essential adaptive mechanism to
enhance the folding and degradation capacities of cells to tem-

porarily cope with stress in the ER (15). Second, electron
microscopy analysis shows that SEL1L-deficient MEF cells dis-
play a dilated ER. The change of ERmorphology in Sel1lmutant
cells is a clear indication that unfolded ormisfoldedproteins are
accumulating, which is in line with SEL1L function in ERAD.
Last, we demonstrate in vitro that SEL1L-deficient MEF cells
have a greatly reduced ability to degrade NHK-GFP, a secre-
tion-incompetent null variant of the human�1-antitrypsin that
contains a natural mutation that disrupts proper folding of the
protein (46).
SEL1L facilitates ER-associated protein degradation by inter-

acting with HRD1 (an E3 ubiquitin ligase) and several other ER
membrane proteins (30, 45). In this regard, it is not surprising
that the phenotype of the Sel1l gene trap mutant embryos
shows similarity to that of the Hrd1 (Synoviolin) knock-out
mouse embryos. For instance, both Hrd1 null and Sel1l gene
trapmutantmice are embryonic lethal and develop systemic ER
stress. It is noteworthy, however, that several clear differences
exist between the two lines ofmutant embryos. Over 95% of the
Sel1l mutant embryos are growth retarded, but no growth
retardation was reported for Hrd1 null knock-out embryos. In
addition, 80% of the Sel1lmutant embryos showmorphological
abnormality in the brain region, but the reported null Hrd1
knock-out embryos appear to be morphologically normal. The
phenotypical differences of the Sel1l gene trap andHrd1 knock-
outnullmutantmicesuggest thatSEL1Lmayfunction inHRD1-
dependent and HRD1-independent manners during mouse
embryonic development. Further studies are needed to identify
and characterize the HRD1-independent function(s) for
SEL1L.
An intriguing question arising from our current study con-

cerns the role(s) that Sel1l plays in adult mice. Sel1l is predom-
inantly expressed in the islets and acinar cells of the pancreas
(49, 50). Pancreatic islets secrete endocrine hormones into the
bloodstream to regulate glucose homeostasis, while acinar cells
produce hydrolytic enzymes for intestinal digestion. Given the
highly secretory nature of the pancreatic cells, we speculate that
SEL1L may be critically required for the functions and survival
of pancreatic cells by maintaining their ER homeostasis.
In conclusion, we report a gene trap mouse mutation for

Sel1l. Homozygous mutants are embryonic lethal and develop
systemic endoplasmic reticulum stress. Mutant embryonic
cells exhibit defective ER-associated degradation of unfolded
proteins and have a severely impaired protein secretory path-
way. Our data support a molecular model where SEL1L nucle-
ates an ER membrane protein complex that facilitates ER
homeostasis.
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