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INTRODUCTION

Approximately one-third of newly synthesized proteins 
are processed within the endoplasmic reticulum (ER). Under 
normal conditions, correctly folded proteins are transport-
ed to their final destinations via the ER–Golgi pathway. Dur-
ing this process, specific asparagine residues in some proteins 
are labeled with Glc3Man9GlcNAc2. Following the remov-
al of two glucose residues by glycosidase I/II, the monogly-
cosylated form associates with calnexin/calreticulin; this pro-
motes proper folding of the protein, and its terminal glucose 
is then released. On the other hand, misfolded proteins, even 
those that have passed through the calnexin/calreticulin cycle, 
are subjected to selective degradation.1,2) It has been report-
ed that several ubiquitin (Ub) ligases are embedded in the ER 
membrane3) and that ER-associated degradation (ERAD) via 
these Ub ligases is responsible for the degradation of unfolded 
or misfolded proteins under normal/ER stress states and serves 
as a protein turnover process within the ER.4,5) Degradation of 
incompletely folded N-glycosylated proteins via the SEL1L/
Hrd1 complex, N-glycosylated protein recognition, retro-trans-
location, ubiquitination and degradation are the most studied 
parts of this process. During the recognition step, target N-gly-
cosylated proteins are subjected to mannose trimming by ER 
mannosidase I or ER degradation-enhancing α-mannosidase-
like protein (EDEM) family (EDEM1/2/3). ER mannosidase 
eliminates some mannose residues at the terminal of N-Gly-
can.6) Following these events, lectin chaperones such as OS9 

and XTP3-B recognize and bind to the 1,6-α-mannosyl link-
age that is exposed after trimming of the mannose residues.4,5,7) 
The target proteins, together with the lectin chaperones, are 
transferred to the ERAD complex and move from the ER to 
the cytosol in coordination with specialized proteins, includ-
ing SEL1L, Hrd1 and the Derlin family. SL1L acts as a scaf-
fold for the Hrd1-containing ERAD complex on the ER mem-
brane, where Hrd1 ubiquitinates substrate proteins. In parallel, 
polyubiquitin chains are added to the target proteins by E3 
Ub ligases (e.g., Hrd1 and gp78) in the same ERAD complex, 
resulting in discarding of the target proteins at the 26S pro-
teasome at the degradation step.3,4,5,8) EDEM2 is an important 
enzyme in ERAD; it functions at the earliest mannose trim-
ming step, and it has recently been reported that disulfide 
bonding of EDEM to TXNDC11 is important for maintain-
ing its activity.9,10) Although many studies involving EDEM2 
overexpression or knockdown have been conducted in an 
attempt to elucidate the ERAD mechanism,11,12,13) little has 
been learned about the mechanism that regulates endogenous 
ERAD2 protein expression. We recently used genome editing 
of SEL1L and TXNDC11 in HEK293 cells to study the regu-
latory mechanisms of the ATF6/CREB3 family as ERAD sub-
strates.14,15,16) Based on these findings, in the present work we 
examined changes in endogenous EDEM2 expression under 
various conditions, including ER stress and ERAD dysfunc-
tion.
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ment decreased EDEM2 and TXNDC11 protein levels in a time-dependent manner. The decrease in EDEM2 
protein after DTT treatment was attenuated by treatment of the cells with MG132 and by SEL1L deficiency. 
These findings demonstrate that endogenous EDEM2 protein is regulated posttranscriptionally and that it is in 
part an SEL1L-mediated ERAD substrate.
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MATERIALS AND METHODS

Materials   Thapsigargin (Tg), tunicamycin (Tm), brefel-
din A (BFA), cycloheximide (CHX), dithiothreitol (DTT) were 
obtained from Sigma–Aldrich (St. Louis, MO, USA). MG132 
(MG) and concanamycin A (CMA) were obtained from  
Peptide Institute (Osaka, Japan) and from Wako (Osaka, 
Japan), respectively.

Construction of Plasmids   gRNAs against human EDEM2 
(5’-TTCCGGCTGCTCATCCCGCT-3’ and 5’-GCTGAG-
GCAGCAGCGCGCAC-3’ (EDEM2 KD)), human SEL1L 
(5’-GAGCTTGGCCTCGGCGTCCT-3’ (SEL1L KD#1)) and 
(5′-GCAGCAGCGTCAGCCCTATC-3′ (SEL1L KD#2)) and 
human TXNDC11 (5’-CCGGCCGCTGGCGCGCCATG-3’ 
and 5’-CAGCGCGCAGCCGAGCGCCA-3’ (TXNDC11 KD)) 
aligned with tracer RNA were inserted into a pcDNA3.1-
derived vector containing a U6 promoter.16,17) To prepare donor 
genes, a DNA fragment encoding the N-terminal region of 
human EDEM2 (107 bp from the translation start site), SEL1L 
(70 bp from the translation start site) or TXNDC11 (124 bp 
from 131 bp to 254 bp for TXNDC11 KD) was fused with a 
puromycin-resistance gene via IRES and inserted into a pGL3-
derived vector. The hCas9 construct (#41815) used in this 
study was obtained from Addgene.18)

Establishment of EDEM2-, SEL1L- and TXNDC11-
Deficient HEK293 Cells   EDEM2-, SEL1L- and TXNDC11-
deficient HEK293 cells were established using the CRISPR/
Cas9 system as described previously.14,16,17) In brief, donor 
genes encoding human EDEM2, SEL1L or TXNDC11 N-ter-
minus in a pGL3-derived vector, together with constructs for 
each gRNA and hCas9, were transfected into HEK293 cells, 
and cells were selected with the appropriate concentrations 
of puromycin. To establish EDEM2- and TXNDC11-deficient 
cells, two different constructs for guide RNAs were cotrans-
fected together with the donor gene and hCas9 constructs.

Cell Culture and Treatment   HEK293 cells were main-
tained in Dulbecco’s modified Eagle’s minimum essential 
medium containing 5% fetal bovine serum. The cells were 
seeded in 12-well plates and treated with Tg (0.01 µM), 
Tm (2 µg/mL), BFA (0.5 µg/mL), CMA (50 nM), MG132  
(10 µM), CHX (20 µg/mL) or vehicle for the indicated times; 
the expression of the indicated genes and proteins was then 
measured using RT–PCR and western blot analysis.

Western Blot Analysis   Cells were lysed in homogeni-
zation buffer (20 mM Tris-HCl (pH 8.0) containing 137 mM 
NaCl, 0.2 mM EDTA (pH 8.0), 10% (v/v) glycerol, 1% (v/v) 
Triton X-100, 1 mM PMSF, 10 µg/mL leupeptin, and 10 µg/
mL pepstatin A) as described previously.14-17) The protein con-
centrations of the lysates were determined using the Brad-
ford assay, and equal amounts of lysate protein from differ-
ent samples were separated by SDS–PAGE and transferred 
to polyvinylidene difluoride (PVDF) membranes (Millipore, 
Burlington, MA, USA). The membranes were incubated with 
the indicated antibodies, and the target proteins were detect-
ed by enhanced chemiluminescence (ECL) (GE Healthcare,  
Buckingghamshire, UK) or enhanced chemiluminescence 
plus (ECL-plus) reagents (Life Technologies, Waltham, 
MA, USA). We used the following antibodies at the indicat-
ed dilutions: ATF6α (1:1200) (Proteintech, Rosemont, IL, 
USA); EDEM2 (1:1500) (Novus Biological, Centennial, CO, 
USA); GADD153 (1:1000) (Santa Cruz Biotech, Dallas, TX, 
USA); G3PDH (1:12000) (Proteintech); Herp (1:1000) (Cell  

Signaling Technology, Beverly, MA, USA); LC3 (1:3000) 
(MBL, Nagoya, Japan); OS9 (1:1000) (Cell Signaling  
Technology); SEL1L (1:1500) (Abcam, Cambridge, UK); 
and TXNDC11 (1:1200) (Abcam). The level of expression of 
each protein was analyzed using ImageJ software (National  
Institutes of Health, USA),19) and the relative amount of each 
protein was calculated based on the G3PDH value obtained 
from an identical sample of cell lysate. Protein expression was 
normalized to the value obtained from untreated control cells.

Reverse Transcription-Polymerase Chain Reaction  
(RT–PCR)   To estimate the mRNA expression level of each 
gene, we used RT–PCR as described previously.14-17) Total 
RNA was extracted using TRI Reagent (Molecular Research 
Center, Cincinnati, OH, USA). The extracted RNA was con-
verted to cDNA by reverse transcription using a mixture con-
taining DTT, dNTPs, random ninemers, RNaseOUT (Life 
Technologies), and Prime Superscript III RNase reverse tran-
scriptase (Life Technologies) as was done previously in our 
laboratory.14-17) Each cDNA sample was added to a PCR mix-
ture containing primers, dNTPs, and Taq DNA polymerase 
(Taq PCR kit, Takara, Shiga, Japan) for amplification. The RT–
PCR primers used in this study were as follows: EDEM2 sense 
primer, 5’-TGTCTGCTCATCTGCTCTCCAA-3’; EDEM2 
antisense primer, 5’-CAACAATGAAGGTCCCAATCCC-3’; 
GADD153 sense primer, 5’-CGGAAACAGAGTGGT-
CATTC-3’; GADD153 antisense primer, 5’-TGCGTATGTGG-
GATTGAGGGTC-3’; G3PDH sense primer, 5’-ACCA-
CAGTCCATGCCATCAC-3’; G3PDH antisense primer, 
5’-TCCACCACCCTGTTGCTGTA-3’; TXNDC11 sense 
primer, 5’-GTGATAATACCAGCAAAGCC-3’; TXNDC11 
antisense primer, 5’-TTTCTGCATTTCCCCTGGTT-3’; 
XBP1 sense primer, 5’-CGGCCTTGTGGTTGAGAA-3’; and 
XBP1 antisense primer, 5’-ACTTGTCCAGAATGCCCA-3’. 
The typical reaction cycling conditions were 30 sec at 96°C,  
30 sec at 58°C, and 30 sec at 72°C. The reactions were ter-
minated after 21–28 cycles of amplification, and the products 
were separated by electrophoresis on 1.5% agarose gels and 
visualized using ethidium bromide. The level of expression of 
each mRNA was analyzed using ImageJ software (National  
Institutes of Health),19) and the relative amount of each mRNA 
was calculated based on the G3PDH value obtained from an 
identical sample of cDNA. Each mRNA expression was nor-
malized to the value obtained from untreated control cells.

RESULTS AND DISCUSSION

EDEM2 plays an important role as the first enzyme in 
mannose trimming of N-glycosylated proteins in the ERAD 
machinery.4,5,6) It has also been reported that transcription of 
the EDEM2 gene is upregulated by ER stress,12) but few stud-
ies of endogenous EDEM2 mRNA and protein expression have 
been reported.12,20,21) Thus, we first evaluated EDEM2 mRNA 
and protein expression in HEK293 cells after treatment with 
three different ER stress inducers: Tg, Tm and BFA (Fig. 1).  
As reported previously,12) increases in EDEM2 mRNA were 
observed after stimulus with each individual ER stress induc-
er (Fig. 1A). TXNDC11 has been reported to form a disulfide 
bond with EDEM2 and to be involved in the mannosidase 
activity of EDEM2.10) We recently reported that transcription 
of the TXNDC11 gene is regulated by the IRE1-sXBP1 path-
way via the unfolded protein response element (UPRE) near 
the transcription start site.16) The levels of TXNDC11, sXBP1 
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and GADD153 mRNA were also increased after treatment 
with each individual ER stress inducer in this study. On the 
other hand, the effects of the individual ER stress inducers on 
EDEM2 protein expression were quite different. As shown 
in Fig. 1B, treatment of the cells with Tg for 24 h slightly 
induced EDEM2 protein expression in HEK293 cells. After 
treatment with Tm, low-molecular-weight EDEM2, which is 
thought to represent the unglycosylated form, was detected, 
and the level of expression of mature EDEM2 protein was cor-
respondingly decreased. BFA treatment also reduced the level 
of mature EDEM2 protein in HEK293 cells, although the pre-
cise mechanism through which this occurred is unclear. On the 
other hand, the amount of TXNDC11 protein did not clearly 
decrease after stimulation with Tm or BFA. GADD153 mRNA 
and protein was respectively induced by each treatment  
(Fig. 1).

We then investigated the degradation and stability of the 
EDEM2 protein in HEK293 cells. After 6 h of treatment with 
the proteasome inhibitor MG132 (MG), the lysosome inhibi-
tor concanamycin A (CMA), or the protein synthesis inhib-
itor cycloheximide (CHX), the level of EDEM2 mRNA was 
reduced by approximately 30% (Fig. 2A). These results differ 
from the reported effects of these agents on TXNDC11 mRNA 
expression;16) the level of TXNDC11 mRNA was unchanged 

after treatment with MG or CMA and slightly increased after 
CHX treatment (Fig. 2A). On the other hand, TXNDC11 pro-
tein expression was slightly downregulated by 24 h of CHX 
treatment (Fig. 2B). Regarding EDEM2 protein expression, a 
low-molecular-weight band was observed after treatment of 
the cells with MG132 for 24 h (Fig. 2B). Since the bands about 
50 kDa was observed in untreated EDEM2-deficient HEK293 
cells (Fig. 3), it is likely that after MG132 treatment, the 
cleaved EDEM2 overlaps with nonspecific bands. CMA treat-
ment increased LC3 expression but had no effect on EDEM2 
protein expression (Fig. 2B). Our previous study showed that 
CHX treatment almost completely abolished ATF6/CREB3 
family expression in HEK293 cells within 4 h,15,16) but EDEM2 
protein was reduced by about 50% even after 24 h of CHX 
treatment compared to that in untreated control cells (Fig. 2B). 
These findings suggest that the EDEM2 protein is a relative-
ly stable protein, although it is partly subject to cleavage and 
degradation through a proteasome pathway. Since the anti-
EDEM2 antibody used in this study recognizes the C-terminal 
100 amino acid residues of human EDEM2, the low-molecu-
lar-weight EDEM2 that appeared in the MG132 treatment was 
deduced to be its C-terminal fragment.

We recently established HEK293 cells that are deficient in 
SEL1L, Herp, and TXNDC11 and analyzed the proteins pre-

Fig. 1.   Effects of ER Stress-Inducing Reagents on EDEM2 Expression in HEK293 Cells
Wild-type HEK293 cells were treated with Tg (0.01 μM), Tm (2 μg/ml), BFA (0.5 μg/ml) or vehicle (Con) for 6 h (A) or 24 h (B). The expression of the indicated mRNAs (A) 

and proteins (B) was measured as described in Materials and Methods. Representative results obtained for four independent cultures are shown. The amount of EDEM2 mRNA and 
protein in untreated cells was set at 1. An open arrowhead indicates the unglycosylated form.
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sent in the ER of those cells, including members of the ATF6/
CREB3 family.14-16) As shown in Fig. 3, ERAD-related fac-
tors such as Herp, OS9, and TXNDC11 are highly expressed 
in SEL1L-deficient cells even under unstimulated conditions. 
Therefore, we examined changes in EDEM2 protein expres-
sion in SEL1L- and TXNDC11-deficient cells. EDEM2 pro-
tein expression was slightly increased in SEL1L-deficient cells 
compared to wild-type cells. In particular, EDEM2 mRNA 
was present in SEL1L-deficient clone #1 at levels slight-
ly higher than those observed in the wild-type cells, but this 
did not occur in clone #2 (Supplementary Fig. 1A). In our pre-
vious study, the TXNDC11 protein level in SEL1L-deficient 
cells increased approximately 1.5-fold.16) Both EDEM2 and 
TXNDC11 are thought to be regulated by the IRE1-sXBP1 
pathway; however, there may be other regulatory mecha-
nisms, such as posttranscriptional mechanisms. On the oth-
er hand, EDEM2 protein levels were markedly decreased in 
the TXNDC11-deficient cells (Fig. 3B) and did not correlate 
with the EDEM2 mRNA levels in the cells (Supplementary  
Fig. 1B). A decrease in the amount of EDEM2 protein was 
also observed in TXNDC11-deficient cells established using 
other gRNAs (data not shown).

George et al. reported that EDEM2 and TXNDC11 asso-

ciate with each other via disulfide bonds.10) Therefore, we 
attempted to determine whether the reducing agent DTT 
affects EDEM2 protein expression. As shown in Fig. 4A, treat-
ment of wild-type HEK293 cells with 1 mM DTT decreased 
EDEM2 and TXNDC11 protein levels in a time-dependent 
manner. Since DTT, like Tg, Tm and BFA, is also used as an 
ER stress inducer,22) we examined the mRNA levels of EDEM 
and TXNDC11 and found that both increased remarkably 
after DTT treatment (Supplementary Fig. 2). DTT treatment 
also induced GADD153 protein expression. The results sug-
gest that DTT decreases EDEM2 protein expression in a post-
transcriptional manner. Finally, we used our SEL1L-deficient 
cells (#2) to examine changes in EDEM2 protein levels after 
DTT treatment in the presence or absence of MG132 (Fig. 4B) 
and CMA (Fig. 4C). Interestingly, in wild-type HEK293 cells, 
the decrease in EDEM2 protein that normally occurred after 
DTT treatment was partially suppressed by MG132 treatment 
(Fig. 4B). On the other hand, in SEL1L-deficient cells, there 
was almost no decrease in EDEM2 after DTT treatment. The 
expression of c-Myc protein, a cytoplasmic/nuclear protein 
that is degraded by proteasome,23) was markedly increased by 
MG132 treatment (Fig. 4B). This c-Myc expression was also 
decreased by DTT treatment. In addition to ERAD, a lysoso-

Fig. 2.   Evaluation of the Stability of EDEM2 in HEK293 Cells
Wild-type HEK293 cells were treated with MG132 (MG) (10 μM), CMA (50 nM), CHX (20 μg/ml) or vehicle (Con) for 6 (A) or 24 (B) h. The expression of the indicated mR-

NAs (A) and proteins (B) was measured as described in Materials and Methods. Representative results obtained for four independent cultures are shown. The amount of EDEM2 
mRNA and protein without treatment was set at 1. The bands indicated by an open arrowhead are considered truncated EDEM2 containing nonspecific bands.
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mal degradation mechanism called ER-phagy also contributes 
to protein quality control in the ER.24,25) However, CMA treat-
ment did not affect EDEM2 protein expression in either wild-
type or SEL1L-deficient cells although CMA treatment appar-
ently increased LC3 expression (Fig. 4C).

EDEM2 plays an important role in mannose trimming, the 
first step in the degradation of N-glycosylated proteins in the 
ER.4-6) This is also demonstrated by the increased expression 
of full-length ATF6 protein in our EDEM2-deficient HEK293 
cells (Fig. 3B). The amount of full-length ATF6 protein in 
SEL1L- and EDEM2-deficient cells was comparable and high-
er than in wild-type HEK293 cells (Fig. 3), suggesting that 
the EDEM2-SEL1L pathway is important for the regulation 
of ATF6 protein within the ER. Our study and others show 
that ATF6 levels also increase under conditions of TXNDC11 
deficiency.10,16) On the other hand, SEL1L deficiency, but not 
EDEM2 deficiency, increased the levels of Herp, OS9 and 
TXNDC11 proteins under resting conditions (Fig. 3AB), sug-
gesting that failure of ERAD substrates to be removed from 
the ER and ubiquitinated due to SEL1L deficiency has a great-
er impact on cells than does EDEM2 deficiency. Further stud-
ies are needed to determine the details surrounding the regu-
lation of endogenous substrates by SEL1L and/or EDEM2 
and the mechanisms by which the levels of these proteins are 
regulated. Interestingly, the amount of EDEM2 protein was 

reduced in our TXNDC11-deficient cells, and the molecular 
weights of EDEM2 and TXNDC11 appeared to shift slight-
ly upward in the TXNDC11- and EDEM2-deficient cells  
(Fig. 3B). This indicates that the TXNDC11-EDEM2 complex 
affects the mannose trimming within the ER. A detailed anal-
ysis of the complex containing TXNDC11 and EDEM1/2/3 is 
necessary, since George et al. recently reported that TXNDC11 
also interacts with EDEM1/3.26)

The results of our experiments in which cells were treat-
ed with CHX indicate that the EDEM2 protein is relatively 
stable; although the results obtained in MG132-treated cells 
showed that EDEM2 is partially degraded via the proteasome 
after its cleavage, it is unclear where and how cleavage occurs 
(Fig. 2). We consider that further characterization is needed, 
as the truncated EDEM2 appeared to overlap with a nonspe-
cific band in our experiments. On the other hand, DTT treat-
ment decreased the expression of full-length EDEM2 and 
TXNDC11 protein in a time-dependent manner (Fig. 4A). 
DTT may have destabilized both proteins by affecting their 
disulfide bonds, but DTT treatment also reduces c-Myc pro-
tein (Fig. 4B). Therefore, the results obtained with DTT are 
not specific, and further studies are needed.

In this study, we used several reagents and ERAD-defi-
cient cell lines to elucidate the posttranscriptional regulation 
of the EDEM2 protein. In particular, DTT treatment caused a 

Fig. 3.   Effect of SEL1L and TXNDC11 Deficiency on EDEM2 Protein Expression in HEK293 Cells
Expression of the indicated proteins in wild-type (WT), SEL1L (SEL1L KD)- (A) and in EDEM2 (E2 KD)- and TXNDC11 (TXN11 KD)-deficient HEK293 cells (B) was 

measured as described in Materials and Methods. Representative results obtained for 3 independent cultures are shown. The bands indicated by open arrowheads are considered 
truncated EDEM2 containing nonspecific bands.
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Fig. 4.   Degradation of EDEM2 Protein Caused by DTT Treatment Is Dependent on SEL1L

(A) Wild-type (WT) HEK293 cells were treated with DTT (1 mM) for the indicated times. (B and C) Wild-type and SEL1L-deficient 
(SEL1L KD) HEK293 cells were treated with or without DTT (1 mM), MG132 (MG, 10 μM), CMA (50 nM) or vehicle (Con) for 8 h. The 
expression of the indicated proteins was measured as described in Materials and Methods. Representative results obtained for four independent 
cultures are shown. The amount of EDEM2 protein without treatment was set at 1.
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decrease in EDEM2 protein expression, which was suppressed 
by MG132 treatment and SEL1L deficiency. According to Uni-
prot, EDEM2 does not have intramolecular disulfide bonds. 
Therefore, the downregulation of EDEM2 protein that occurs 
after DTT treatment may be the cleavage of the disulfide 
bond with TXNDC11. Future analysis of the effect of reduc-
ing reagents, including DTT, on the association of EDEM2 
and TXNDC11 and the stability of unbound EDEM2 is need-
ed. Recently, high expression of EDEM2 in several cancer cell 
lines, including glioma,27,28,29) has been reported, although it is 
unclear whether high EDEM2 expression is related to cancer 
cell proliferation and poor prognosis via ERAD enhancement. 
Further investigations of this finding will contribute not only 
to the regulation of the basic molecular mechanisms of ERAD 
but also to tumor control.
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