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Proteomic screens of SEL1L-HRD1 ER-asso-
ciated degradation substrates reveal its role
in glycosylphosphatidylinositol-anchored
protein biogenesis

Xiaoqiong Wei 1,2,7, You Lu2,3,7, Liangguang Leo Lin1,2,7, Chengxin Zhang 4,
Xinxin Chen1,2, Siwen Wang2, Shuangcheng Alivia Wu1,2, Zexin Jason Li1,5,
Yujun Quan1, Shengyi Sun 6 & Ling Qi 1,2

Endoplasmic reticulum-associated degradation (ERAD) plays indispensable
roles in many physiological processes; however, the nature of endogenous
substrates remains largely elusive. Herewe report a proteomics strategy based
on the intrinsic property of the SEL1L-HRD1 ERAD complex to identify endo-
genous ERAD substrates both in vitro and in vivo. Following stringent filtering
using a machine learning algorithm, over 100 high-confidence potential sub-
strates are identified in human HEK293T and mouse brown adipose tissue,
among which ~88% are cell type-specific. One of the top shared hits is the
catalytic subunit of the glycosylphosphatidylinositol (GPI)-transamidase
complex, PIGK. Indeed, SEL1L-HRD1 ERAD attenuates the biogenesis of GPI-
anchored proteins by specifically targeting PIGK for proteasomal degradation.
Lastly, several PIGK disease variants in inherited GPI deficiency disorders are
also SEL1L-HRD1 ERAD substrates. This study provides a platform and
resources for future effort to identify proteome-wide endogenous substrates
in vivo, and implicates SEL1L-HRD1 ERAD in many cellular processes including
the biogenesis of GPI-anchored proteins.

Endoplasmic reticulum-associated degradation (ERAD), a principal
protein quality-control mechanism in the ER, plays an essential role in
regulating protein abundance and biogenesis in the ER and the
crosstalk among organelles1–3. Among several ERAD protein com-
plexes, the SEL1L–HRD1 (Hrd3–Hrd1 in yeast) complex represents the
most conservedbranchof ERAD. SEL1L is not only a scaffoldingprotein
for the ERAD complex andHRD1 stability4–8 but also recruits substrates
through the ER-resident lectins OS9 and ERLEC1 (XTP3-B)9–11. Recent

studies using cell type-specificmousemodels including those fromour
laboratory have demonstrated the vital importance of SEL1L and HRD1
in a cell type- and substrate-specific manner in physiology2,12–35.
Moreover, we recently reported the identification of 11 patients car-
rying SEL1L and HRD1 variants with ERAD-associated neurodevelop-
mental disorders with onset infancy (ENDI) syndrome36,37. Despite
these recent advances in elucidating its pathophysiological impor-
tance, our understanding of this complex remains limited as the
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number and nature of its endogenous substrates, especially in vivo,
remain largely unknown.

Previous attempts to identify proteome-wide substrates by
blocking, either chemically38 or genetically39–41, of the ERAD pathway,
have generated a few hits—likely those with high abundance or high
propensity to misfold. This was largely due to the transient nature of
the interactions between the ERAD complex and misfolded protein
substrates. For example, a SILAC-based screening based on elevated
abundance in HRD1 knockout (KO) vs. wildtype (WT) HEK293T cells
identified only 56 potential candidate substrates, most of which are
components of highly abundant ERAD machinery such as OS9, BiP/
HSPA5 andUBE2J1, and ER chaperones40. Tyler et al.41 identified 14OS9-
interacting proteins in SEL1L KO vs. WT HEK293T cells, most of which
were ERAD cofactors and ER chaperones. These results highlight an
urgent need for a new, more sensitive, approach to identify endo-
genous substrates. As the importance of SEL1L–HRD1 ERAD in health
and disease is emerging35–37, gaining a comprehensive picture of
endogenous substrates in vivo will not only be a key to uncover the
pathophysiological significance of SEL1L–HRD1 ERAD and its under-
lying molecular mechanism but also be important for future ther-
apeutic strategies to target this protein complex.

Many ER luminal proteins lacking transmembrane domains are
anchored to the membranes via glycosylphosphatidylinositol (GPI), a
post-translational modification with a glycolipid42. In humans, there
are over 150 GPI-anchored proteins with a wide array of functions,
including enzymes, adhesion molecules, receptors, protease inhibi-
tors, transporters, and complement regulatory proteins43. Attachment
of pre-assembled GPI to the protein moiety is mediated by the ER-
resident GPI transamidase complex, composed of five subunits phos-
phatidylinositol glycan anchor biosynthesis class K (PIGK), S (PIGS), T
(PIGT), U (PIGU), and glycosylphosphatidylinositol anchor attachment
1 (GPAA1). PIGK cleaves GPI signal peptides and generates a
substrate–enzyme complex via a thioester bond44. PIGK forms an
intermolecular disulfide bond with PIGT, which stabilizes PIGK and is
required for its assembly into the GPI transamidase complex45,46.
Importantly, many genetic variants have been identified in compo-
nents of this complex in patients with neurodevelopmental

disorders47–53, termed inherited GPI deficiency disorders (IGDs). How-
ever, how the biogenesis and maturation of nascent GPI transamidase
complex, both WT and disease mutants, take place in the ER remains
largely unknown.

Here we have developed an immunoprecipitation (IP)-based
proteomic screening strategy to identify endogenous ERAD substrates
both in vitro (HEK293T cells) and in vivo (brown adipose tissue, BAT).
The principle behind this screen is that SEL1L–substrate interactions
are prolonged and stabilized in the absence of E3 ligase HRD1, which
can be recognized by a high-affinity SEL1L antibody32. By applying a
machine learning algorithm, over 100 hits are identified as potential
endogenous substrates in each cell type including many membrane
and luminal proteins involved in many cellular processes. This list is
available on our server [https://lingqiserver.github.io/ipmassspec].
Following the validation of several hits, we further show that
SEL1L–HRD1 ERAD attenuates the biogenesis of GPI-anchored pro-
teins, at least in part, by targeting PIGK protein for proteasomal
degradation. Providing the clinical relevance of these findings, we
further show that several PIGK disease mutants are SEL1L–HRD1 ERAD
substrates, which prevents them from forming high molecular-weight
protein aggregates.

Results
Development of SEL1L IP-based proteomic screen
In SEL1L–HRD1 ERAD, SEL1L is involved in substrate recruitment and
HRD1 stability5,7,54–56. The interaction between SEL1L and a model
substrate HA-tagged ProAVPG57S, a previously characterized ERAD
substrate14,37, was barely detectable inWTHEK293T cells following HA-
IP (lane 6, Fig. 1a), in line with the transient and unstable nature of
SEL1L–substrate interaction. However, loss of HRD1 stabilized the
interaction between SEL1L and the substrates in human kidney cell line
HEK293T cells (lane 8 vs. 6–7, Fig. 1a).

To leverage this intrinsic property of the SEL1L–HRD1 ERAD
complex to identify proteome-wide endogenous ERAD substrates, we
generated several SEL1L-specific antibodies and vigorously verified
their efficacy in IP. One of them was suitable for IP of endogenous
SEL1L protein in mammalian cells (Fig. 1b). The antibody efficiently
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Fig. 1 | Development of a SEL1L IP-based proteomic screen strategy. a Immu-
noprecipitation of HA-ProAVPG57S in HEK293T cells transfected with a known ERAD
substrate ProAVPG57S-HA, showing that the association between the substrate and
SEL1Lwas stabilized inHRD1KO cells (n = 3 independent repeats). Asterisk indicates
a non-specific cross-reactive band. b Immunoprecipitation using anti-SEL1L anti-
body in HEK293T cells showing the efficient immunoprecipitation of endogenous

ERAD components HRD1 and OS9 (n = 2 independent repeats). c Flow chart of anti-
SEL1L IP-MS to detect endogenous SEL1L-interacting proteins in HEK293T.
d Comparative analysis with previously reported interactors of the
SEL1L–HRD1–ERAD complex. e Heatmap of SEL1L interactors. Plotted values are
peptide-spectrum matches (PSMs) for each protein in each sample from three
independent experiments. Source data are provided as a Source Data file.
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immunoprecipitated known endogenous SEL1L–HRD1 ERAD
complex including HRD1 and OS9 proteins in WT, but not SEL1L KO,
HEK293T cells (lane 5 vs. 4, Fig. 1b). Indeed, quantitative liquid
chromatography–tandemmass spectrometry (LC–MS/MS) analyses of
endogenous SEL1L interactome in WT vs. SEL1L KO HEK293T cells
(Fig. 1c) identified 55 hits, almost half of which were known to interact
with SEL1L as previously reported8,41,57 (Fig. 1d). Most of the known
components of the SEL1L–HRD1 ERAD complex, including HRD1
(SYVN1), OS9, ERLEC1 (XTP3-B), FAM8A1 and UBE2J1, were indeed
identified as the top hits (Fig. 1e). Hence, we have successfully devel-
oped a system applicable to pull down the whole SEL1L–HRD1
complex.

Identification of high-confidence endogenous SEL1L–HRD1
ERAD substrates
Using this system, we next went on to identify endogenous substrates
from HRD1 KO samples compared to WT and SEL1L KO samples
(Fig. 2a). To gain a glimpse of cell type-specific ERAD substrates both
in vitro and in vivo, we performed the experiments in both human
HEK293T cells and mouse BAT. We also developed a streamlined data
analysis pipeline that selected protein hits enriched in HRD1 KO cells
relative to WT to a higher degree than changes in mRNA levels mea-
sured by transcriptomics RNA-seq analyses, followed by a data-driven
machine learning algorithm that generated a confidence score for
unbiased substrate selection (Supplementary Fig. 1a). This machine
learning model was trained on proteins previously confirmed to be
ERAD substrates as positive hits, and proteins determined to be non-
substrates based on the subcellular localization, post-translational
modifications, transmembrane regions, and signal peptides (or lack
thereof) as negative hits. Input features of the model were derived
from peptide-spectrum matches (PSMs) of the proteins in different
samples and fed into a logistic regression model, which was then
optimized by gradient descent tomaximize the prediction accuracy of
substrate versus non-substrate on the training set (see the “Methods”
section for details).

A total of 2923 unique protein hits were identified from three
independent SEL1L-IP-MS experiments. To exclude candidates
enriched inHRD1 KO vs. WTHEK293T cells due to transcriptional up-
regulation, we measured their transcriptomes using RNA-seq (Sup-
plementary Fig. 1b). There were near-zero Pearson correlation
coefficients when comparing changes in PSMs vs. those in themRNA
levels between HRD1 KO and WT HEK293T cells, suggesting the
enrichment of SEL1L-immunoprecipitants in HRD1 KO cells was lar-
gely independent of transcriptional upregulation (Supplementary
Fig. 1c). Upon selecting the hits with high confidence scores and
excluding those with significant upregulation inmRNA levels, a total
of 119 positive hits were identified in at least two independent
repeats (Fig. 2b and Supplementary Data 1). The PSMs distribution
for these hits were highly consistent between the experiments with
high Pearson correlation coefficients (Supplementary Fig. 1d). We
classified these hits into two groups based on whether they were
detected in WT samples or not (Fig. 2c): Group A contained 47
proteins that were detected in WT samples and further accumulated
in HRD1 KO samples, including several known ERAD substrates such
as major histocompatibility class I (MHC-I) heavy chain molecules
HLA-C58, unfolded protein response (UPR) sensor ATF659 and ERAD
components OS940 (Fig. 2d and Supplementary Fig. 2a). Group B
contained 72 proteins which were only detectable in HRD1 KO cells,
but not in WT cells, representing those whose interaction with
SEL1L–HRD1 ERAD is very transient or protein level is relatively low
inWTHEK293T cells (Fig. 2e and Supplementary Fig. 2b). BothMHC-
I, including HLA-E and HLA-F, and mitochondria-associated mem-
branes protein SigmaR1, a previously reported endogenous
SEL1L–HRD1 ERAD substrate34,58, were in this group. Most of the
candidates were new, with 12 and 4 hits identified in previous

studies40,41, including OS9 and a cell adhesion protein CERCAM
(Fig. 2f, g). These findings not only validated our system but also
highlighted the sensitivity of our screening methods.

61% of the putative SEL1L–HRD1 substrates were membrane pro-
teins with the rest being luminal soluble proteins, 69% with glycosy-
lation, and 31% with disulfide bonds (Fig. 2d, e and Supplementary
Fig. 2a, b). Moreover, pathway analyses showed that putative sub-
strates are involved in a wide array of cellular processes, from many
occurring in the ER (e.g. protein glycosylation, protein folding, protein
targeting to ER, UPR, antigen presentation, regulation of immune
response, and GPI-anchored protein biosynthesis) to processes asso-
ciatedwith other organelles or extracellularmatrix (e.g. mitochondrial
function, lysosomal function, nuclear transport, glycosaminoglycan
metabolism, transmembrane transport, collagen biosynthesis, lipid
metabolism, and cell adhesion) (Fig. 2h).

We next took a step further to ask whether this label-free strategy
is applicable in vivo. To this end, we performed SEL1L IP-MS using BAT
from Sel1LUcp1Cre or Hrd1Ucp1Cre mice34, as well as differentiated Sel1L KO
and Hrd1 KO white adipocytes generated using the CRISPR/Cas9
technology. We identified a total of 152 proteins enriched in Hrd1-
deficient BAT/adipocytes relative to their WT samples in at least two
experiments (Fig. 3a; Supplementary Data 2). Consistent with the
findings in HEK293T cells, putative ERAD substrates enriched in HRD1
KO overWT cells were largely uncoupled from changes inmRNA levels
(Supplementary Fig. 3a, b). Similarly, we divided substrates into two
groups based on whether the interaction was detected inWT samples:
Group A with 18 hits that were detected in WT samples and Group B
with 134 candidates that were not (Fig. 3b–d, Supplementary Fig. 3c).
~60% of the hits were, similar to those in HEK293T cells, transmem-
brane proteins with ~45% being glycosylated and ~30% with disulfide
bonds. Group A included OS9, UBE2J1, MHC class I (H2-K1), and lipo-
protein lipase (LPL)32,33, while Group B included calnexin (CANX)
(Fig. 3c, d). Functional categorization revealed that these candidates
are associated with many cellular processes, including processes
occurring in the ER, mitochondrial function, transmembrane trans-
port, collagen biosynthesis, lipid metabolism, and cell adhesion
(Fig. 3e). One noticeable difference with the HEK293T dataset was that
a large number of the candidates wasmitochondrial proteins involved
inmitochondrial organization (AarF domain-containing protein kinase
ADCK1), mitochondrial transport (SLC25A1, 16 and 35 proteins) or
respiratory electron transport chain (NADHdehydrogenaseNDUFA1, 9
and 13 proteins) (Fig. 3e).

Shared vs. cell-type-specific ERAD substrates
We next performed comparative analyses between the two datasets to
identify cell type-specific vs. common substrates (Fig. 4a; Supple-
mentary Data 3). Among the total 238 hits identified in both cell types,
29 (25% for HEK293T and 19% for BAT) were shared between the two
cell types (Fig. 4a, b). The shared pathways included diverse cellular
processes, such as ER protein folding and processing, cell adhesion
and migration, GPI-anchored protein biosynthesis, cell cycle and dif-
ferentiation, collagen biosynthesis, and transmembrane transport
(gray, Fig. 4e). The pathways enriched among shared hits included
proteins involved in ERAD, protein glycosylation, immune responses
and protein targeting to the ER (yellow, Fig. 4e), pointing to a possible
close relationship between ERAD and these cellular processes, esp.
protein glycosylation.

About 87 (75% for HEK293T) and 122 (81% for BAT) hits were cell
type-specific (Fig. 4a, c–e; Supplementary Data 3). In line with the
thermogenic function of brown adipocytes, substrates involved in
mitochondrial function, lipid metabolism, redox regulation, and
secretory pathway were highly enriched in BAT (Fig. 4d and pink,
Fig. 4e). By contrast, proteins involved in lysosomal function, glyco-
saminoglycan biosynthesis, nuclear transport and UPR were highly
represented in HEK293T cells (Fig. 4c and blue, Fig. 4e). Cell type-
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specific expression of a subset of these hits based on the mRNA levels
such as adiponectin (ADIPOQ) in BAT (purple circles, Fig. 4c, d) could
explain cell type-specific effect of ERAD, but not for the other proteins
that are expressed in both cell types. These findings highlight the
importance of identifying cell-type-specific SEL1L–HRD1 ERAD sub-
strates and provide strong support for its cell-type-specific effect
in vivo as recently reported2,3,35.

Validation of putative ERAD substrates
Wenext validated a subset of the hits, including two shared substrates,
Group XIIA secretory phospholipase A2 (PLA2G12A) and ER chaperone
Malectin (MLEC), and cell type-specific substrates, alpha-L-fucosidase
(FUCA2), ADIPOQandLPL. PLA2G12A is a secretedphospholipase,with
no predicted glycosylation and disulfide bond60, while MLEC involved
in protein glycosylation is a transmembrane ER-resident glycoprotein
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with one transmembrane domain and no predicted disulfide bond61,62

(Fig. 5a). PLA2G12AandMLECwere accumulated inbothHEK293Tcells
and BAT when SEL1L or HRD1 were deficient (Fig. 5b), in a
transcription-independent manner (Supplementary Fig. 4a). Degrada-
tion of PLA2G12A and MLEC in HEK293T cells was indeed SEL1L- and
HRD1-dependent as both proteins were significantly stabilized in the
absence of SEL1L–HRD1 ERAD (Fig. 5c, d).

FUCA2 is a secreted enzyme with three N-glycosylation sites
(Fig. 5e), which has been implicated as a prognostic biomarker for
multiple cancer types63 and is involved in Helicobacter pylori adhesion
to human gastric epithelial cells64. FUCA2 was accumulated at much
higher levels in ERAD-deficient HEK293T cells compared to WT cells
(Fig. 5f), uncoupled from gene transcription (Supplementary Fig. 4b).
This was specific for HEK293T cells, as FUCA2 protein level was
unchanged in ERAD-deficient BAT (Fig. 5f). Degradation of FUCA2 in
HEK293T cells was indeed SEL1L- and HRD1-dependent as FUCA2 was
significantly stabilized in the absence of SEL1L–HRD1 ERAD (Fig. 5g-h).

LPL and ADIPOQ are two abundant secreted proteins specifically
expressed in adipocytes with important metabolic functions65,66. LPL
contains multiple disulfide bonds and two N-glycosylation sites, while
ADIPOQ only has one intermolecular disulfide (Fig. 5i). In line with a
recently published study32, LPL was indeed an adipocytes-specific
ERAD substrate and accumulated in ERAD-deficient BAT (Fig. 5j).
Similarly, ADIPOQ accumulated in BAT when SEL1L–HRD1 ERAD was
abolished (Fig. 5k). Accumulation of both LPL and ADIPOQ in ERAD-
deficient BAT was uncoupled fromgene transcription (Supplementary
Fig. 4c). Hence, we concluded that PLA2G12A, MLEC, FUCA2, ADIPOQ,
and LPL are bona fide endogenous SEL1L–HRD1 ERAD substrates, the
first two being shared substrates and the latter three being cell type-
specific substrates.

PIGK is an endogenous SEL1L–HRD1 ERAD substrate
One of the shared pathways was GPI-anchored protein biosynthesis
(Fig. 4e), and one of the top hits among the shared ERAD substrates
was PIGK (Fig. 6a). PIGK is the catalytic subunit of the ER-resident
GPI–transamidase complex, which catalyzes the generation of nas-
cent GPI-anchored proteins42,67 (Supplementary Fig. 5a). PIGK con-
tains a single-pass transmembrane domain and forms an
intermolecular disulfide bond with PIGT (Supplementary Fig. 5a),
with no predicted N-glycosylation site. PIGK was ubiquitously
expressed in mouse organs and tissues (Supplementary Fig. 5b).
PIGK protein level was elevated by 30–60% in ERAD-deficient
HEK293T cells compared to that of WT cells (Fig. 6b), independent
of transcriptional regulation (Supplementary Fig. 5c). This was
confirmed using immunofluorescent staining (Supplementary
Fig. 5d). Similarly, PIGK protein level was higher in Sel1LUcp1Cre BAT by
over 3 folds than that of WT BAT, without changes in mRNA levels
(Fig. 6b and Supplementary Fig. 5c). Previous observations that
many patients carrying pathogenic PIGK variants present a neuro-
developmental syndrome47 prompted us to further examine whe-
ther PIGK protein level is regulated by SEL1L–HRD1 ERAD in brains.

Using a tamoxifen-inducible Sel1L-deficient mouse model, we
showed that endogenous PIGK protein levels were elevated by ~3
and 2 folds in the cortex and cerebellum, respectively, following
acute SEL1L deletion (Fig. 6c), in keeping with the findings in
HEK293T and BAT.

Mechanistically, endogenous PIGK and SEL1L physically inter-
acted with each other in WT HEK293T cells, which was further
enhancedwhenHRD1was ablated (Fig. 6d, e). In denaturing IP of PIGK,
PIGK was found to be polyubiquitinated in an HRD1-dependent man-
ner in cells treatedwith a proteasome inhibitorMG132 (Fig. 6f). Loss of
either SEL1L or HRD1 stabilized endogenous PIGK protein in
HEK293T cells (Fig. 6g).We concluded that nascent PIGK is a bona fide
endogenous substrate of SEL1L–HRD1 ERAD.

We then asked how SEL1L–HRD1 ERAD recognizes PIGK. In the
SEL1L-IP-MS proteomic screens, other subunits of the
GPI–transamidase complex including PIGT, PIGS, PIGU, and GPAA1
were either not identified as high confidence hits or not immunopre-
cipitated by SEL1L (Supplementary Fig. 6a). Unlike PIGK, PIGT was
unchanged after acute SEL1L deletion in the cortex and cerebellum of
inducible Sel1L-deficientmousemodel (Fig. 6c). In addition, in SEL1L-IP
of HEK293T cells, PIGT–SEL1L interaction was not increased in the
absence of HRD1, unlike that of PIGK-SEL1L (Fig. 6d). Lastly, unlike
PIGK, PIGT, and three other subunits were not stabilized in HRD1 KO
HEK293T cells (Fig. 6g and Supplementary Fig. 6b). Therefore, we
concluded that SEL1L–HRD1 ERAD specifically targets PIGK protein for
proteasomal degradation.

SEL1L–HRD1 ERAD attenuates the biosynthesis of GPI-APs, at
least in part, via PIGK
Intriguingly, PIGK–PIGT interaction was enhanced by 30% in SEL1L- or
HRD1- deficient cells (Fig. 6e), pointing to a likely enhanced formation
of the GPI–transamidase complex. We next asked whether
SEL1L–HRD1 ERAD plays a role in the biogenesis of GPI-anchored
proteins. Total GPI-anchored proteins at the cell surface probed with
fluorescent aerolysin (FLAER) were elevated by 21–40% in ERAD-
deficient cells compared to those of WT HEK293T cells (Fig. 7a).
Indeed, surface abundance of a specific GPI-anchored protein CD59
was elevatedby ~25% in ERAD-deficient cells (Fig. 7b). This increasewas
accompanied by an increase in intracellular CD59 following the clea-
vage of surface GPI-APs with a phosphatidylinositol (PI)-specific
phospholipase C (PI-PLC) (Supplementary Fig. 7a, b). In line with PIGK
being the catalytic subunit of GPI-transamidase complex68, GPI-
anchored proteins became undetectable at the cell surface of PIGK
KO cells, while free GPI levels accumulated (Fig. 7a–c and Supple-
mentary Fig. 7c). Moreover, deletion of PIGK in SEL1L KO cells abol-
ished the surface accumulation of FLAER and CD59 proteins, while
increased surface free GPI (Fig. 7d–f and Supplementary Fig. 7c),
indicating that regulation of GPI-anchored protein biogenesis by
SEL1L–HRD1 ERAD is PIGK-dependent. Restoring the expression of
SEL1L or HRD1 in the corresponding ERAD-deficient cells reduced the
surface levels of CD59, to a level similar to those inWT cells (Fig. 7g, h).

Fig. 2 | Proteomic screening for SEL1L–HRD1 ERADsubstrates inHEK293T cells.
a Flow chart of the SEL1L-IP-MS strategy to screen for endogenous ERAD substrates
in HEK293T cells. b Venn diagram showing the overlaps of substrate candidates
identified from three independent experiments. Pearson correlation coefficients (r)
were calculated using the PSMs from HRD1 samples for each overlapping candi-
date.c Scatter diagramshowingpeptide-spectrummatches (PSMs) inWTandHRD1
KO samples for each non-redundant protein hit from SEL1L-IP-MS in HEK293T. The
slope of the dashed black line denotes the cutoff value calculated from PSMs of the
bait (SEL1L) in HRD1 KO compared to WT samples used for substrate selection.
ERAD substrate candidates detectable or non-detectable in WT samples are clas-
sified asGroupA (in blue) and B (in purple). Dot size is proportional to the protein’s
mean score from three experiments. Known ERAD pathway component proteins
are highlightedwith green circles.d and eHeatmaps showingmeanPSMs from IgG,

SEL1L KO, WT, andHRD1 KO SEL1L-IP-MS samples and RNA log2 fold change (FC) in
KO relative toWTsamples for the topERAD substrate candidates inGroupA (d) and
Group B (e) ranked bymeanweighted scores from three experiments. Dot plots on
the right indicate the presence of protein N-glycosylation, disulfide bonds, and
transmembrane domains. f and g Venn diagrams showing the overlap between
putative ERAD substrates identified in this study and the HEK293T SILAC pro-
teomics dataset published in Ye et al. 201840 (f) and the S peptide-tagged OS9.2 IP-
MS inHEK293T published in Tyler et al. 201241 (g). Substrate candidates in common
are listed to the right. h Functional categorization and mean fold enrichment in
HRD1 KO over WT samples for each ERAD substrate candidate. Luminal or mem-
brane topology is annotated as filled red dots or open red circles, respectively, for
both ER and mitochondrial proteins. GPI-AP, Glycosylphosphatidylinositol-
anchored protein.
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The effect of ERAD on GPI-APs was not related to ER stress as
treatment with ER stress inducer thapsigargin (Tg) triggered strong
ER stress but failed to increase surface CD59 level (Supplementary
Fig. 7d, e) and as SEL1L- and HRD1-deficiency only caused subtle, if
any, ER stress in HEK293T cells (Supplementary Fig. 7e). Hence, we
concluded that SEL1L–HRD1 ERAD attenuates the biosynthesis of
GPI-anchored proteins, at least in part, via PIGK.

PIGK disease mutants are SEL1L–HRD1 ERAD substrates
Lastly, we explored the clinical relevance of our findings by asking
whether at least a subset of PIGK disease mutants in patients with
neurodevelopmental syndromeor severe infantile encephalopathy are
SEL1L–HRD1 ERAD substrates. We randomly picked five disease-
causing PIGK variants in the N-terminal luminal domain of the pro-
tein (Fig. 8a). Notably, based on AlphaFold2 predicted PIGK structure,
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three mutants (L86P, A87V and D88N) are localized at the interface
with N-terminal domain of PIGT69, close to the intermolecular disulfide
bond between PIGK and PIGT, hence may impair the assembly of the
complex. On the other hand, Y160S and D204H are located at the
catalytic site of PIGK69, and therefore may affect the overall folding of
the protein as well as its activity (Fig. 8b). All five variants were accu-
mulated inHRD1 KO cells compared toWT cells (Fig. 8c) and degraded
by SEL1L–HRD1 ERAD, as ablation of HRD1 significantly stabilized the
mutant protein (Fig. 8d and Supplementary Fig. 8a). Moreover, PIGK
variants formed high molecular weight (HMW) protein aggregates in
transfected HRD1 KO cells, to a much more extent, than those in
transfected WT cells (Supplementary Fig. 8b). These HMW complexes
were formed via aberrant intermolecular disulfide bonds as they were

sensitive to the reducing agent β-mercaptoethanol (Supplementary
Fig. 8b). These findings suggested that SEL1L–HRD1 ERAD degrades
misfolded PIGK disease variants and limits the pathogenicity of the
disease variants by preventing the formation of HMW aggregates.

Discussion
SEL1L–HRD1 ERAD is a key quality-control mechanism for the clear-
ance of misfolded ER proteins, thereby maintaining ER homeostasis.
Although much advance has been made recently in elucidating its
biochemical structure in yeast4 and physiological importance in
mammals2,3,35, our current understanding of how SEL1L–HRD1 ERAD
achieves such a prominent role under physiological conditions
remains limited, largely due to our limited understanding of the nature

Fig. 3 | Proteomic screening for SEL1L–HRD1 ERAD substrates in adipocytes.
a Venn diagram showing the overlaps of substrate candidates identified from three
independent experiments including two experiments from brown adipose tissues
(BAT, n = 4 mice in Expt. 1 and 1 mouse in Expt. 2) and one experiment from
differentiated white adipocytes. b Scatter diagram showing peptide-spectrum
matches (PSMs) in WT and Hrd1 KO samples for each non-redundant protein hit
from SEL1L-IP-MS in brown adipocytes and brown adipose tissue (BAT). The slope
of the dashed black line denotes the cutoff value calculated from PSMs of the bait
(SEL1L) in Hrd1 KO compared to WT samples used for substrate selection. ERAD
substrate candidates detectable or non-detectable in WT samples are classified as
Group A (in blue) and B (in purple). Dot size is proportional to the protein’s mean

score from three experiments. Known ERAD pathway component proteins are
highlighted with green circles. c and d Heatmaps showing mean PSMs from IgG,
Sel1L KO, WT, and Hrd1 KO SEL1L-IP-MS samples and RNA log2 fold change (FC) in
Sel1LKO andHrd1 KO relative toWT for the topERADsubstrate candidates inGroup
A (c) and Group B (d). Dots on the right indicate the presence of protein N-glyco-
sylation, disulfidebonds, and transmembranedomains. e Functional categorization
and mean fold change in Hrd1 KO over WT samples for each ERAD substrate can-
didate. Luminal or membrane topology is annotated as filled or open red circles,
respectively, for both ER and mitochondrial proteins. GPI-AP glycosylpho-
sphatidylinositol-anchored protein.

Fig. 4 | Shared and cell type-specific putative SEL1L–HRD1 ERAD substrates.
a Circular heatmap showing the overlaps of ERAD substrate candidates between
HEK293T and brown adipose tissue (BAT). Counts and percentages for each group
are indicated in a pie chart. Human HLA and mouse H2 proteins were grouped as
MHC class I and counted once. The color scale indicates the mean fold change of
PSMs in theHrd1 KO samples over theWT samples on a logarithmic scale (log2).b–d
Heatmaps of log2 fold change (Hrd1 KO/WT) of PSMs in SEL1L-IP-MS for the 29
shared hits (b), the top 20 cell type-specific substrate candidates in HEK293T (c)

and BAT (d). Proteins expressed in a cell type-specific manner defined based on
their transcript abundance from RNA-seq data are highlighted with a circle to the
right of the heat maps. e Ternary plot showing the pathways enriched in the shared
or cell type-specific substrate groups. The count of candidate substrate proteins in
each group was normalized to the total number in the corresponding group. The
cutoff for enriched and shared pathways was indicated as dashed lines in the
ternary plot. Circle sizes are proportional to the number of hits affiliated with each
pathway.
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of endogenous ERAD substrates in vivo. Here we report the develop-
ment of a robust label-free affinity purification MS-based method for
high-throughput screening of endogenous SEL1L–HRD1 ERAD sub-
strates both in vitro and in vivo (Fig. 8e). Distinct from previously
published studies, our design for proteomic screen of ERAD substrates
does not require any drug treatment (such as chemical inhibitors of
certain ERAD components—which is often fraught with off-target
effects) or isotope labeling for quantitation,making it compatible with
much broader sample types, especially tissues. By immunoprecipitat-
ing SEL1L in HRD1 KO cells or tissues, endogenous substrates in asso-
ciation with SEL1L are enriched in the IP samples (Fig. 8e). By
leveraging this intrinsic property of SEL1L–HRD1 ERAD, we achieved
high sensitivity in identifying endogenous substrates in the proteome
both in vitro and in vivo—over 100 potential high confidence sub-
strates of SEL1L–HRD1 ERAD in each cell type, implicating SEL1L–HRD1

ERAD in a wide array of cellular processes in different cell types. These
findings are in line with recent studies showing the profound sig-
nificance of SEL1L–HRD1 ERAD in a number of physiological processes
in various cell types2,3,35.

A significant portion of the cell type-specific ERAD substrates
could likely be explained by their cell type-specific expression, such
as adipocyte-specific expression of LPL or adiponectin. However, we
also observed some substrates, such as FUCA2 expressed in both
HEK293T and BAT, which were only degraded by ERAD in HEK293T.
We speculate that differences in biosynthetic rates, expression of
specific chaperones, and/or post-translational modifications may
contribute to the cell type-specific substrate selection. In addition,
the presence of other degradative pathways, such as ER-phagy, may
compensate for the loss of SEL1L–HRD1 ERAD in a cell type-specific
manner31.
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Fig. 5 | Validation of a subset of shared or cell type-specific ERAD substrates.
a Domain diagram for human PLA2G12A and MLEC. “SP”, Signal Peptide; “TM”,
Transmembrane. N-glycosylation site is highlighted by the asparagine residue
position.b Immunoblot analysis showing elevatedprotein abundanceof PLA2G12A
andMLEC in ERAD-deficientHEK293Tcells andbrown adipose tissue relative toWT
samples with quantitation shown below the blot (n = 4–6 samples from 2 inde-
pendent experiments). c Immunoblot analysis showing ERAD-dependent degra-
dation of PLA2G12A and MLEC in HEK293T cells following cycloheximide (CHX)
treatment for the indicated durations, with quantitation from three independent
experiments shown in (d). a.u. arbitrary units. eDomain diagram for human FUCA2
with three N-glycosylation sites. f Immunoblot analysis in HEK293T cells and BAT

with quantitation shown below the blots (n = 4 samples from two independent
experiments).g Immunoblot analysis inHEK293Tcells followingCHXtreatment for
the indicated durations, with quantitation shown in h (n = 4 independent repeats
for WT and HRD1 KO, 3 for SEL1L KO). a.u., arbitrary units. i Domain diagram for
human LPL and ADIPOQwith positions of N-glycosylation sites and disulfide bonds
shown. CTD C-terminal domain. j and k Immunoblot analysis showing elevated
protein abundance of LPL (j) and ADIPOQ (k) in BAT (n = 3-4 mice each). Values
represent mean± SEM. *P <0.05, **P <0.01 using two-tailed one-way ANOVA fol-
lowed by Dunnett’s multiple comparisons test (for HEK293T) and two-tailed Stu-
dent’s t-test (for BAT). Source data are provided as a Source Data file.
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In many of the cell types with impaired SEL1L or HRD1 function,
the ERbecomesdilated5,30, presumably to adapt to the accumulationof
misfolded proteins. Given the plausible activation of several compen-
satory mechanism(s), it is highly likely that substrates identified by
SEL1L-IP-MSmay be underestimated. In addition, a subset of substrate
candidates may also be subjected to transcriptional regulation as a
result of mild UPR observed in the ERAD-deficient cells, leading to the
overestimation of the potential substrates. This indirect response to
ERAD deficiency, however, is not mutually exclusive with the possibi-
lity that they are also targeted by SEL1L–HRD1 ERAD for degradation.
Hence, vigorous validation for each candidate is needed.

We showed that SEL1L–HRD1 ERAD targets PIGK for proteasomal
degradation, thereby negatively regulating the abundance of func-
tional GPI-transamidase complex and hence the biogenesis of GPI-
anchored proteins in the ER. Intriguingly, this effect of SEL1L–HRD1
ERAD on the activity of the GPI-transamidase complex seems specifi-
cally mediated through PIGK, not the other subunits (Fig. 8e). Pro-
viding further clinical relevanceof ourfindings, SEL1L–HRD1 ERADalso
degrades PIGK disease variants thereby preventing pathogenic
aggregation. Given the profound importanceof GPI-anchoredproteins
in health and disease47, these findings may not only provide novel

insight into the pathological significance of SEL1L–HRD1 ERAD in this
process but also help identify new therapeutical targets and strategies
in the treatment of patients with PIGK deficiency47,48.

The finding that SEL1L–HRD1 ERAD regulates the biogenesis of
GPI-anchored proteins is surprising, as it has long been assumed that
ER quality control seems limited for GPI-anchored proteins. A previous
study in yeast has shown that following the addition of the GPI tag,
most proteins, even those known to be misfolded, can evade the ER-
quality control systems to efficiently exit the ER70,71. While our data did
not explore whether and how many GPI-anchored proteins are direct
ERAD substrates, our data showed that overall biogenesis of the GPI-
anchored proteins in the ER is likely regulated by SEL1L–HRD1 ERAD.
Moreover, in contrast to our findings, a recent study showed that PIGK
is not an HRD1 substrate in WT HEK293T cells and only becomes an
ERAD substrate when PIGT is absent72. The basis for the discrepancy is
currently unclear.

In addition to candidate proteins that are ER-resident, our screen
also identified a handful of candidates in both cell types that are
mitochondrion-localized. It remains unclear how they became asso-
ciatedwith SEL1L. Speculatively, theymay be eithermis-targeted to the
ER73,74 or transiting to the ER prior to reaching mitochondria75 in their

Fig. 6 | PIGK is anendogenousSEL1L–HRD1 ERAD substrate. aHeatmap showing
the PSMs of PIGK from SEL1L-IP-MS experiments in HEK293T cells, BAT, and dif-
ferentiated brown adipocytes. b Representative immunoblot analyses of endo-
genous PIGK in HEK293T cells (upper) and BAT (lower), with quantitation shown
below the blots (n = 4–5/9 independent repeats for HEK293T/BAT). c Immunoblot
analysesof endogenous PIGK andPIGT in the cerebral cortex and cerebellumofWT
and Sel1LERCre mice with or without 100mg/kg tamoxifen injection (n = 4–5 from 3
independent repeats). d Representative Western blot analysis following IP of
endogenous SEL1L in HEK293T cells with quantitation shown below the blots (n = 5
independent repeats). e Representative Western blot analysis following IP of
endogenous PIGK in HEK293T cells showing the interactions between PIGK and

SEL1L or PIGT (n = 4 independent repeats). f Immunoblot analyses of poly-
ubiquitination following denaturing IP of PIGK-FLAG in transfected WT and HRD1
KO HEK293T cells treated with or without MG132 treatment for 2 h (n = 2 inde-
pendent repeats). g Immunoblot analyses of endogenous PIGK or PIGT protein in
HEK293T cells treated with 50 μg/ml cycloheximide (CHX) for the indicated times
with quantitation shown below (n = 5/3 independent repeats for PIGK/PIGT). a.u.
arbitrary units. Values represent mean ± SEM in b–e and g, mean in c. n.s. not
significant, *P <0.05, **P <0.01, ***P <0.001 using two-tailed one-way ANOVA fol-
lowed by Dunnett’s multiple comparisons tests (for HEK293T, cortex and cere-
bellum) and two-tailed Student’s t-test (for BAT). Source data are provided as a
Source Data file.
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life cycle. In addition, given that mitochondria and the ER form phy-
sical tethers76 and ERAD regulates mitochondrial fusion and fission
dynamics34, it is tempting to speculate that SEL1L–HRD1ERADmayalso
selectively target proteins present in other organelles, such as mito-
chondrion, for proteasomal degradation. Taken together, while we
acknowledge that a caveat of our proteomic screening is its limited
ability to identify HRD1 cytosolic substrates, further studies are
required to delineate the importance of SEL1L–HRD1 ERAD in the
quality control of proteins in other organelles and its underlying
mechanism(s).

Methods
Animals and animal experiments
Themice used in this study were age- and gender-matched littermates
on the C57BL/6 J background. Sel1Lflox/flox, Sel1LUcp1Cre and Sel1LERCre mice
were described previously5,33,34. All animal procedures were approved
by and done in accordance with the Institutional Animal Care & Use
Committee (IACUC) at the University of Michigan Medical School
(PRO00010658). The mice were housed in a pathogen-free animal
facility at 22 °Cwith 40–60%humidity on a 12-h light/dark cycle. Brown
adipocyte tissues were collected from 12 to 13-week-old mice at room

Fig. 7 | SEL1L–HRD1 ERAD attenuates the biosynthesis of GPI-anchored pro-
teins, at least in part, via PIGK. a–c Flow cytometry analysis of total GPI-APs
(FLAER), CD59protein or freeGPI (T5-mAb) inWT, SEL1L KO,HRD1 KO, andPIGKKO
HEK293T cells, with quantitation shown below (n = 8 independent samples for WT,
9 for SEL1L KO andHRD1 KO, 6 for PIGK KO in a; n = 5 independent samples for WT,
SEL1L KO andHRD1 KO, 6 for PIGK KO in b; n = 7 independent samples forWT, 6 for
SEL1L KO andHRD1 KO, 5 for PIGKKO in c).d–f Flow cytometry analysis of total GPI-
APs, CD59 or free GPI in WT, PIGK KO, SEL1L KO, SEL1L; PIGK DKO HEK293T cells,

with quantitation shown below (n = 4 independent samples in d, 3 in e and f). g and
h Flow cytometry analysis of CD59 surface expression in SEL1L KO and HRD1 KO
HEK293T cells transfected with SEL1L and HRD1, respectively, with quantitation
shown on the right (n = 4 from two independent repeats). Values represent
mean ± SEM. n.s., not significant, *P <0.05, **P <0.01 and ***P <0.001 by two-tailed
one-way ANOVA followed by Dunnett’s multiple comparisons test. Source data are
provided as a Source Data file.
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Fig. 8 | A subset of PIGK disease mutants are SEL1L–HRD1 ERAD substrates.
a Schematic illustration of human PIGK. “SP”, Signal Peptide; “TM”, Transmem-
brane. Green lines represent disulfide bonds. Five randomly selected point muta-
tions associated with human disease are highlighted. b Structural modeling of
human PIGK by AlphaFold2 showing the location of five pathogenic mutations
highlighted in blue and 3 cysteine residues involved in disulfide bond formation in
green. c Immunoblot analyses ofWT andmutant PIGK in transfectedWT andHRD1
KOHEK293T cells (n = 10 independent repeats for WT-PIGK, 9 for L86P, 8 for A87V
and D88N, 5 for Y160S, 4 for D204H), with quantitation shown below. a.u. arbitrary
units.dRepresentative immunoblot analyses ofWT andmutant PIGK in transfected
WT andHRD1KOHEK293T cells treatedwith 50μg/ml cycloheximide (CHX) for the

indicated durations (n = 8 independent repeats forWT-PIGK, 6 for L86P, 5 for A87V
and D88N, 3 for Y160S and D204H), with quantitation shown below. a.u. arbitrary
units. e Graphic abstract of the paper: a label-free strategy to identify high con-
fidence endogenous SEL1L–HRD1 ERAD substrates in two different cell types by
combining SEL1L IP-MS, RNA-seq, and machine learning-assisted selection. One of
the top shared candidates is PIGK, a catalytic subunit of the GPI transamidase
complex. Misfolded PIGK protein is degraded by SEL1L–HRD1 ERAD, thereby lim-
iting the abundanceof functional GPI-transamidase complex and the production of
GPI-APs. Values representmean ± SEM. *P <0.05, **P <0.01 and ***P <0.001 by two-
tailed Student’s t test. Source data are provided as a Source Data file.
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temperature. For tamoxifen treatment, Sel1Lflox/flox and Sel1LERCre mice
were intraperitoneally injected with 100mg/kg tamoxifen (Sigma
T2859-1G) for 5 consecutive days. Body weights weremonitored daily.
The mice were sacrificed on day 14 after the last injection.

Cell culture and generation of knockout cell lines
HEK293T cells wereoriginally obtained fromATCC.WTpre-adipocytes
were isolated from brown adipose tissue of mice and immortalized
using SV40 large T antigen as described previously32,77. Briefly, con-
fluent pre-adipocytes were induced to differentiation in DMEM sup-
plemented with 10% FBS and a cocktail containing 10 µg/mL insulin
(Sigma), 0.5mM IBMX (VWR), and 1 µMdexamethasone (Calbiochem),
followed by differentiation with 10 µg/mL insulin (Sigma).
HEK293T cells and adipocytes were cultured in Dulbecco’s modified
Eagle medium (Invitrogen 11995081) supplemented with 10% fetal
bovine serum (FBS) (Fisher brand FB12999102) and 1%
penicillin–streptomycin at 37 °C with a 5% CO2 atmosphere. SEL1L-,
HRD1- or PIGK-deficient HEK293T cells, and Sel1L- or Hrd1-deficient
brown adipocytes were generated with the CRISPR/Cas9 system as
previously described34. Cells transfected with empty plasmids without
sgRNA were used as wild-type control. The sequences for sgRNA oli-
gonucleotides are human SEL1L 5’-GGCTGAACAGGGCTATGAAG-3’,
human HRD1 5’-GGACAAAGGCCTGGATGTAC-3’, human PIGK 5’-
GGCTCTAGCTAGTAGTCAAG-3’. PIGK-SEL1L-DKOcellsweregenerated
by the CRISPR/Cas9 system with two different sgRNA oligonucleo-
tides. The sgRNA oligonucleotides for generating Sel1L- and Hrd1-
deficient adipocytes are as follows: mouse Sel1L 5’-GAGCATAGGA-
CACTCTCTCC-3’, mouse Hrd1 5’-GTACGCCATTCTGATGACCA-3’.

Immunoprecipitation (IP)
Mouse tissues or cells were harvested, snap-frozen in liquid nitrogen
and sonicated in lysis buffer [150mMNaCl, 0.2% Nonidet P-40 (NP40),
0.1% Triton X-100, 25mM Tris–HCl pH 7.5] with protease inhibitors
(Sigma-Aldrich, P8340), protein phosphatase inhibitors (Sigma-
Aldrich, P5726) and 10mM N-ethylmaleimide. Lysates were incubated
on ice for 30min and centrifuged at 16,000 × g for 10min. Super-
natants were collected and analyzed for protein concentration using
the Bio-Rad Protein Assay Dye (Bio-Rad, 5000006). A total of ~5mg
protein lysates were incubated with 10μl anti-SEL1L (home-made)34,
anti-PIGK (Abcam, ab201693) or normal rabbit IgG (Cell Signaling
Technology, #2729) overnight at 4 °C with gentle rocking. On the fol-
lowing day, lysates were incubated with protein A agarose (Thermo
Fisher Scientific, 5918014) for 6 h, washed three times with lysis buffer,
and eluted in the 5× SDS sample buffer (250mM Tris–HCl pH 6.8, 10%
sodium dodecyl sulfate, 0.05% Bromophenol blue, 50% glycerol, and
1.44M β-mercaptoethanol) at 95 °C for 5min followed by SDS–PAGE
and immunoblot.

IP-based mass spectrometry
HEK293T cells or differentiated white adipocytes were collected and
pooled from 4 × 10 cm culture dishes. IP in BAT was performed using
frozen BAT from 12-week-oldmice (n = 4 in Expt. 1; and n = 1 in Expt. 2).
Cells or tissues were lysed with cold IP lysis buffer [150mMNaCl, 0.2%
Nonidet P-40 (NP40), 0.1% Triton X-100, 25mM Tris–HCl pH 7.5] with
protease inhibitors (Sigma-Aldrich, P8340), protein phosphatase
inhibitors (Sigma-Aldrich, P5726). 10mg protein lysates for each
sample were incubated with anti-SEL1L or IgG overnight at 4 °C and
then incubated with Protein A agarose beads for 4 h at 4 °C. After
washing the beads with cold IP buffer three times, samples were sub-
mitted to the Proteomics Resource Facility at the University of Michi-
gan Medical School on a fee-for-service basis. Briefly, the beads were
resuspended in 50 µl of 0.1M ammonium bicarbonate buffer (pH~8).
Disulfide bonds in proteins were reduced by adding 50 µl of 10mM
DTT and incubating at 45 °C for 30min. Samples were cooled to room
temperature and alkylation of cysteines was achieved by incubating

with 65mM 2-chloroacetamide, under darkness, for 30min at room
temperature. An overnight digestion with 1 µg sequencing-grade
modified trypsin was carried out at 37 °C with constant shaking in a
Thermomixer. Digestion was stopped by acidification and peptides
were desalted using SepPak C18 cartridges using the manufacturer’s
protocol (Waters). Samples were completely dried using vacufuge.
Resulting peptides were dissolved in 0.1% formic acid/2% acetonitrile
solution and were resolved on a nano-capillary reverse phase column
(Acclaim PepMapC18, 2micron, 50 cm, ThermoScientific) using a 0.1%
formic acid/2% acetonitrile (Buffer A) and 0.1% formic acid/95% acet-
onitrile (Buffer B) gradient at 300 nl/min over a period of 180min
(2–25% buffer B in 110min, 25–40% in 20min, 40–90% in 5min fol-
lowed by holding at 90% buffer B for 10min and requilibration with
Buffer A for 30min). Eluent was directly introduced into Q exactive HF
mass spectrometer (Thermo Scientific, San Jose, CA) using an Easy-
Spray source. MS1 scans were acquired at 60K resolution (AGC
target = 3 × 106; max IT = 50ms). Data-dependent collision-induced
dissociation MS/MS spectra were acquired using Top speed method
(3 s) following each MS1 scan (NCE ~ 28%; 15K resolution; AGC target
1 × 105; max IT 45ms).

Proteins were identified by searching the MS/MS data against
UniProt entries using Proteome Discoverer (v2.4, Thermo Scientific).
Search parameters included: MS1 mass tolerance of 10 ppm and frag-
ment tolerance of 0.2 Da, two missed cleavages were allowed, carba-
midomethylation of cysteine was considered fixed modification and
oxidation of methionine, and deamidation of asparagine and gluta-
mine were considered as potential modifications. False discovery rate
(FDR) was determined using Percolator and proteins/peptides with an
FDR of ≤1% were retained for further analysis.

Denaturing IP for ubiquitination assay
HEK293T cells were transfected with PIGK-FLAG plasmids for 16 h and
then treated with 10μMMG132 for the last 2 h. Cells were snap-frozen
in liquid nitrogen andwhole cell lysate was prepared in the NP-40 lysis
buffer [50mM Tris–HCl at pH 7.5, 150mM NaCl, 1% NP-40, 1mM
EDTA], followed by centrifugation at 16,000 × g for 10min. Super-
natant was treated with 200nM USP2 at 37 °C for 1 h and then dena-
tured with 1% SDS and 5mM DTT at 95 °C for 10min. Subsequently,
supernatants were diluted 1:10 with NP-40 lysis buffer and incubated
with 15μl anti-FLAG agarose (Thermo Fisher, 26182) overnight at 4 °C
with gentle rocking. Agarose beads were washed three times with NP-
40 lysis buffer and eluted in the SDS sample buffer at 95 °C for 5min,
followed by SDS–PAGE and immunoblot.

Western blot
Mouse tissues or cells were harvested and processed as described
above. 20–50μg of protein were denatured at 95 °C for 5min in 1× SDS
sample buffer. For PIGK experiments, protein lysates were denatured
at 37 °C for 5min. SDS–PAGE was performed and followed by elec-
trophoretic transfer to the PVDF membrane (EMD Millipore,
IPVH00010). The blots were incubated with primary antibodies in 2%
BSA containing Tris-buffered saline with 0.1% tween-20 (TBST) over-
night at 4 °C. On the following day, membranes were washed with
TBST for three times and incubated with secondary antibodies for 1 h
at room temperature. After washing three times with TBST, mem-
branes were incubated with Clarity Western ECL Substrate (Bio-Rad,
1705061). The chemiluminescence detection system (Bio-Rad) was
used to collect images and quantify band intensity. The primary anti-
bodies were described as below: anti-HSP90 (Santa Cruz, sc-7947,
1:5000), anti-SEL1L (home-made, 1:10,000)34, anti-HRD1 (Proteintech,
13473-1, 1:2000), anti-OS9 (Abcam, ab109510, 1:5000), anti-PLA2G12A
(Proteintech,16009-1-AP, 1:2000), anti-MLEC (Proteintech, 26655-1-AP,
1:1000), anti-FUCA2 (Proteintech, 15157-1-AP, 1:1000), anti-LPL (Novus
Biologicals, AF7197, 1:500), anti-PIGK (Abcam, ab201693, 1:2000), anti-
Ubiquitin (Santa Cruz, sc-8017, 1:1000), anti-HA (Sigma-Aldrich,
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H3663, 1:1000), anti-FLAG (Sigma-Aldrich, F1804, 1:1000), anti-PIGT
(Proteintech, 16906-1-AP, 1:1000), anti-PIGU (Abclonal, A18538,
1:1000), anti-PIGS (Proteintech, 18334-1-AP, 1:1000), anti-GPAA1 (Santa
Cruz Biotechnology, sc-373710, 1:500). Source data are provided as a
Source Data file.

Identification of SEL1L-interacting proteins in HEK293T and
comparative analyses
SEL1L-interacting proteins were selected from the SEL1L-IP-MS data in
WTand SEL1L KOHEK293T. ER-resident ormembraneprotein hitswith
PSMs in SEL1L KO negative control smaller than one-tenth of the PSMs
in WT samples were considered as SEL1L-interacting proteins. To
compare with previously reported SEL1L-interacting proteins, a refer-
ence list was compiled as a union set from the String database using
SEL1L as a query to search for direct physical interactors in the human
proteome with high confidence score (>0.7), and the proteins hits
from previously published proteomics screening studies in HEK293T
using overexpressed baits8,41,57. Specifically, 58 SEL1L-interactors in
Fig. 1d were generated using the OS9-interacting proteins reported in
Tyler et al.41, HRD1-interacting proteins reported in Fenech et al.57, and
the SEL1L-centered ERAD network reported in Christianson et al.8,
which was reconstituted using prey and bait proteins that either
directly interact with SEL1L or indirectly via only one intermediate
interactor. The SEL1L-interacting proteins identified in this study and
not in the overlapwere considered as novel SEL1L-interacting proteins.

ERAD substrate candidate selection
The peptide-spectrummatch (PSM) counts data were processed using
a data-driven machine learning method to identify high-confidence
ERAD substrate candidates. Based on the published literature, we
found out and labeled known ERAD substrates such as SIGMAR1, HLA,
OS9, and soon as positive hits in our datasets. Thehits that donot have
any signal peptide, transmembrane domain, glycosylation, or disulfide
bonds, or are not localized in ER, Golgi, lysosome, or membrane, were
labeled as negative hits. Logistic regression was performed and con-
fidence score y was calculated based on the following equation:

y =
1

1 + exp �ðw0 +w1 � x1 +w2 � x2Þ
� � ð1Þ

x1 =
hko

maxðwt,IgGÞ ð2Þ

x2 =
hko

maxðsko,IgGÞ ð3Þ

Here, y is the confidence score, while w1 and w2 are the weight
factors for feature x1 and feature x2. hko represents the PSM value in
the HRD1 knock-out cell or tissue, sko represents the PSM value in the
SEL1L knock-out cell or tissue and IgG represents the PSM value in the
IgG control sample. Coefficients of the model (w0, w1, and w2) were
optimized on all labeled hits by gradient descent to maximize the
Matthews correlation coefficient (MCC):

MCC=
TP � TN� FP � FN

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TP+ FPð Þ TP+FNð Þ TN+FPð Þ TN+FNð Þ

p ð4Þ

Here TP, TN, FP, FN are true positive, true negative, false positive,
and false negative, respectively. The value of MCC ranges from −1 to 1.
Higher MCC indicates higher consistency between prediction and
known positive/negative labels.

After getting the confidence score for each hit, the cutoff values
for the confidence scorewere searchedwith the lowest score fromhits
identified only in the HRD1 KO samples with 2 PSMs.

After removing hits derived from keratin (KRT) and keratin-
associated protein (KRTAP), each hit was subsequently filtered based
on the following criteria: PSM ratio ofHRD1 KO toWT greater than the
smaller value of the HRD1 KO to WT ratio of SEL1L or OS9 in the same
experiment; PSM of SEL1L KOmust be smaller than WT unless PSM of
SEL1L KO is no >1; PSM of HRD1 KOmust be greater than PSM of SEL1L
KO; PSM of IgG must be zero or no greater than one-tenth of PSM of
HRD1 KO. Nucleus-localized proteins were excluded unless it contains
any signal peptide, N-glycosylation, disulfide bonds, or transmem-
brane domains. The hits that passed the criteria in at least two inde-
pendent experiments were considered ERAD substrate candidates.

Cataloging and comparison of common vs. cell type-specific
ERAD substrate candidates
To catalog common versus cell type-specific ERAD substrate candi-
dates, all mouse gene symbols were first converted to corresponding
human orthologs’ symbols according to the Alliance of Genome
Resources (https://www.informatics.jax.org/downloads/reports/
HOM_MouseHumanSequence.rpt). The genes encoding the heavy
chain of class I major histocompatibility (MHC-I) were grouped toge-
ther as one hit for comparison purposes, as one-to-one orthologous
relationship cannot be established between human HLA- and mouse
H2- genes. ERAD substrate candidates present in both HEK293T and
BAT are classified as common or shared, while ERAD substrate candi-
dates present in only one cell type are considered as cell type-specific.

Pathway and subcellular location information for each hit were
manually assigned based on the consensus of UniProt database
records and literature. For pathway overrepresentation analysis, the
numbers of hits associated with a certain pathway in the common,
HEK293T-specific, and BAT-specific groups were first normalized to
the total number of hits in each group. If the normalized number from
one group represented over 50% of the sum of all three groups, then
the pathway was considered overrepresented in that group; Other-
wise, the pathway was considered as shared among the three groups.
In the case of MHC-I, the larger of actual counts of HLA- or H2- hits
were used as input for the common group.

RNA-seq and quantitative PCR
Total RNA was extracted using the TRI Reagent (Molecular Research
Center, TR118) and Phase Separation Reagent (Molecular Research
Center, BP151). All the RNA-seq libraries were sequenced pair-ended
for 151 cycles on the same flow cell using a NovaSeq 6000 instrument
(Illumina). The resulting sequencing reads were mapped to the refer-
ence gene models GRCh38 (ENSEMBL) for HEK293T samples and to
GRCm38 (ENSEMBL) for mouse brown adipose tissue samples using
STAR aligner78(version 2.7.8a) and converted to count estimates with
RSEM79(version 1.3.3). The downstream analysis for differentially
expressed genes was conducted using DESeq280(version 1.36.0).

For performing quantitative PCR, the RNA samples were first
reverse transcribed into cDNA with SuperScript III Reverse Tran-
scriptase (Invitrogen, 18080-093) following the manufacturer’s
recommended protocol. Transcript abundance was measured with
quantitative PCR using 2X Universal SYBR Green Fast qPCR Mix
(ABclonal, RK21203) on a CFX Opus 384 Real-Time PCR System (Bio-
Rad, 12011452). The ribosomal protein L32 gene was used as the
housekeeping reference gene in the relative quantitation of transcript
abundance following the 2−ΔΔCT approach.

Mouse Rpl32 forward: 5’ GAGCAACAAGAAAACCAAGCA 3’, reverse:
5’ TGCACACAAGCCATCTACTCA 3’. Human RPL32 forward: 5’ AGTT
CCTGGTCCACAACGTC 3’, reverse: 5’ TTGGGGTTGGTGACTCTGAT 3’.
Mouse Pla2g12a forward: 5’ TCCACAAGATAGACACGTACCTC 3’,
reverse: 5’GTTGTCTCACATGCCTGGAC3’. Human PLA2G12A forward: 5’
CAGCATGTTCAGGCATGTGA 3’, reverse: 5’ CTGTCACTAGCTGTCGGC
AT 3’. Mouse Mlec forward: 5’ CCTCGGACTATGGCATGAAAC 3’,
reverse: 5’ ACTTCGTAGCCAAAGGTCTCTT 3’. Human MLEC forward: 5’
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CTGGGGCAGTGGACATCCTA 3’, reverse: 5’ CCCCCTCCTTCCTCAG
ACAG 3’. Mouse Fuca2 forward: 5’ CACTCCGGATGTGTGGTACA 3’,
reverse: 5’ CCAATGGCCCAGCAGTTCTA 3’. Human FUCA2 forward: 5’
CTGGCGATCCCAGAATGACA 3’, reverse: 5’ GGCCCAGTAGTTTCACC
TCT3’.Mouse Lpl forward: 5’CGAGAGGATCCGAGTGAAAG3’, reverse: 5’
TTTGTCCAGTGTCAGCCAGA 3’. Mouse Adipoq forward: 5’ GGAAC
TTGTGCAGGTTGGAT 3’, reverse: 5’ GCTTCTCCAGGCTCTCCTTT 3’.
Mouse Pigk forward: 5’ GCTGGACACATCGAGGATCA 3’, reverse: 5’
CGGGATGTGCACACCAAAAC 3’. Human PIGK forward: 5’ TACTTGCC
AAGGAGCATCCA 3’, reverse: 5’ CAGGATCAGGTTGATGCGAGA 3’.

Immunofluorescence staining and confocal microscopy
The HEK293T cells cultured in 8-well Cell Culture Slides (MatTek, CCS-
8) were fixed with 4% paraformaldehyde (pH 7.4) for 10min at room
temperature (RT) and permeabilized with 0.1% (v/v) Triton-X 100
(Thermo Fisher, BP151) in PBS for 15min at RT. Samples were blocked
using 5% (v/v) normal donkey serum in PBS for 1 h at RT and were
incubated with the primary antibodies anti-PIGK (Abcam, ab201693,
1:500) and anti-KDEL (Novus Biologicals, NBP1-97469, 1:500) at 4 °C
overnight. On the next day, slides were washed in TBST three times
each for 10min at RT, and incubated with secondary antibodies Alexa
Fluor 488 AffiniPure Anti-Rabbit IgG (Jackson ImmunoResearch
Laboratories, 711-545-152, 1:500) or Alexa Fluor 594 AffiniPure Anti-
Mouse IgG (Jackson ImmunoResearch Laboratories, 115-585-044,
1:500) for 2 h at RT. Slides were washed three times for 10min before
mounting using ProLongGoldAntifade ReagentwithDAPI (Invitrogen,
P36931). Cells were imaged under the same setting using a Leica
STELLARIS 8 FALCON confocal microscope.

Flow cytometry
The HEK293T cells were harvested and fixed with 4% paraformalde-
hyde (PFA) and incubated with anti-human CD59 antibody conjugated
with FITC (BioLegend304706, 1:100) or FLAER (Alexa 488proaerolysin
variant, 1:100) on ice for 25min. After two washes with PBS, the cells
were analyzed with an Attune Flow Cytometer (Thermo Fisher Scien-
tific). For free GPI test, cells were incubated with T5 mAb (BEI
Resources, NR-50267, 1:100) on ice for 25min and then washed twice
followed by staining with Alexa Fluor 647-conjugated goat anti-mouse
IgM secondary antibody (Invitrogen A-21238, 1:1000) prior to flow
cytometry analysis. For phosphatidylinositol-specific phospholipase C
(PI-PLC) treatment, cells were harvested and incubated with 5U/mL PI-
PLC in DMEM plus 0.5% BSA (made in PBS) for 1.5 h at 37 °C. Cells were
washed twice with PBS prior to flow cytometry analysis.

Protein structure analysis
PIGK structure was predicted using AlphaFold2 (https://alphafold.ebi.
ac.uk/)81, as certain regions of PIGK were not solved in the
GPI–transamidase complex structure. All the protein structure images
were rendered with PyMOL (version 2.3.2).

Statistical analysis
All experiments were independently repeated two to five times. Plot-
ted values and error bars represent the mean and standard error of
the mean (SEM), respectively, unless otherwise noted. All datasets
passed normality and equal variance tests. Statistical comparisons
between two groups were conducted using two-tailed unpaired Stu-
dent’s t-test and for multiple groups were conducted using two-tailed
one-way ANOVA followed by post hoc Dunnett’s multiple comparisons
test. All the statistical analyses were performed in GraphPad Prism
version 9.0. P = 0.05 was considered as the threshold for statistical
significance.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
IP-MS datasets for mouse adipocytes and HEK293T cells are available
via ProteomeXchange with identifiers PXD041803 and PXD041882,
respectively. High-throughput RNA sequencing data have been
deposited to the Gene Expression Omnibus (GEO) database under
identifier GSE231583. The materials and reagents used are either
commercially available or available upon request. All other data are
available in the main text or in the Supplementary Information and
Source Data Files. Source data are provided in the paper. Source data
are provided in this paper.

References
1. Olzmann, J. A., Kopito, R. R. & Christianson, J. C. The mammalian

endoplasmic reticulum-associated degradation system. Cold
Spring Harbor Perspect. Biol. 5, a013185 (2013).

2. Hwang, J. & Qi, L. Quality control in the endoplasmic reticulum:
crosstalk between ERAD and UPR pathways. Trends Biochem. Sci.
43, 593–605 (2018).

3. Qi, L., Tsai, B. & Arvan, P. New Insights into the physiological role of
endoplasmic reticulum-associated degradation. Trends Cell Biol.
27, 430–440 (2017).

4. Wu, X. et al. Structural basis of ER-associated protein degradation
mediated by the Hrd1 ubiquitin ligase complex. Science 368,
eaaz2449 (2020).

5. Sun, S. et al. Sel1L is indispensable for mammalian endoplasmic
reticulum-associated degradation, endoplasmic reticulum home-
ostasis, and survival. Proc. Natl Acad. Sci. USA 111,
E582–E591 (2014).

6. Mueller, B., Lilley, B. N. & Ploegh, H. L. SEL1L, the homologue of
yeast Hrd3p, is involved in protein dislocation from themammalian
ER. J. Cell Biol. 175, 261–270 (2006).

7. Mueller, B., Klemm, E. J., Spooner, E., Claessen, J. H. & Ploegh, H. L.
SEL1L nucleates a protein complex required for dislocation of mis-
folded glycoproteins. Proc. Natl Acad. Sci. USA 105, 12325–12330
(2008).

8. Christianson, J. C. et al. Defining human ERAD networks through an
integrative mapping strategy. Nat. Cell Biol. 14, 93–105 (2011).

9. Hosokawa, N., Kamiya, Y., Kamiya, D., Kato, K. & Nagata, K. Human
OS-9, a lectin required for glycoprotein endoplasmic reticulum-
associated degradation, recognizes mannose-trimmed N-glycans.
J. Biol. Chem. 284, 17061–17068 (2009).

10. Hosokawa, N. et al. HumanXTP3-B forms an endoplasmic reticulum
quality control scaffold with the HRD1-SEL1L ubiquitin ligase com-
plex and BiP. J. Biol. Chem. 283, 20914–20924 (2008).

11. van der Goot, A. T., Pearce, M. M. P., Leto, D. E., Shaler, T. A. &
Kopito, R. R. Redundant and antagonistic roles of XTP3B andOS9 in
decoding glycan and non-glycan degrons in ER-associated degra-
dation. Mol. Cell 70, 516–530.e516 (2018).

12. Sun, S. et al. IRE1a is an endogenous substrate of endoplasmic-
reticulum-associated degradation. Nat. Cell Biol. 17, 1546–1555
(2015).

13. Sun, S. et al. Epithelial Sel1L is required for the maintenance of
intestinal homeostasis. Mol. Biol. Cell 27, 483–490 (2016).

14. Shi, G. et al. ER-associated degradation is required for vasopressin
prohormone processing and systemic water homeostasis. J. Clin.
Investig. 127, 3897–3912 (2017).

15. Bhattacharya, A. et al. Hepatic Sel1L–Hrd1 ER-associated degrada-
tion (ERAD) manages FGF21 levels and systemic metabolism via
CREBH. EMBO J. 37, e99277 (2018).

16. Kim, G. H. et al. Hypothalamic ER-associated degradation regulates
POMC maturation, feeding and age-associated obesity. J. Clin.
Investig. 128, 1125–1140 (2018).

17. Liu, L. et al. ER-associated degradation preserves hematopoietic
stem cell quiescence and self-renewal by restrictingmTOR activity.
Blood 136, 2975–2986 (2020).

Article https://doi.org/10.1038/s41467-024-44948-2

Nature Communications |          (2024) 15:659 14

https://alphafold.ebi.ac.uk/
https://alphafold.ebi.ac.uk/
https://www.ebi.ac.uk/pride/archive/projects/PXD041803
https://www.ebi.ac.uk/pride/archive/projects/PXD041882
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE231583


18. Shrestha, N. et al. Sel1L–Hrd1 ER-associated degradation maintains
β cell identity via TGFβ signaling. J. Clin. Investig. 130, 3499–3510
(2020).

19. Shrestha, N., Reinert, R. B. & Qi, L. Endoplasmic reticulum protein
quality control in beta cells. Semin. Cell Dev. Biol. 103, 59–67
(2020).

20. Wu, T. et al. HRD1 an important player in pancreatic beta-cell failure
and therapeutic target for type 2 diabetic mice. Diabetes 69,
940–953 (2020).

21. Xu, L. et al. Protein quality control through endoplasmic reticulum-
associated degradation maintains haematopoietic stem cell iden-
tity and niche interactions. Nat. Cell Biol. 22, 1162–1169 (2020).

22. Liu, X. et al. Notch-induced endoplasmic reticulum-associated
degradation governs mouse thymocyte beta-selection. eLife 10,
e69975 (2021).

23. Yoshida, S. et al. Endoplasmic reticulum-associated degradation is
required for nephrin maturation and kidney glomerular filtration
function. J. Clin. Investig. 131, e143988 (2021).

24. Wu, T. et al. Hrd1 suppresses Nrf2-mediated cellular protection
during liver cirrhosis. Genes Dev. 28, 708–722 (2014).

25. Yang, H. et al. Hrd1-mediated BLIMP-1 ubiquitination promotes
dendritic cell MHCII expression for CD4 T cell priming during
inflammation. J. Exp. Med. 211, 2467–2479 (2014).

26. Kong, S. et al. Endoplasmic reticulum-resident E3 ubiquitin ligase
Hrd1 controls B-cell immunity through degradation of the death
receptor CD95/Fas. Proc. Natl Acad. Sci. USA 113, 10394–10399
(2016).

27. Xu, Y. et al. The ER membrane-anchored ubiquitin ligase Hrd1 is a
positive regulator of T-cell immunity.Nat. Commun. 7, 12073 (2016).

28. Wei, J. et al. HRD1-ERAD controls production of the hepatokine
FGF21 through CREBH polyubiquitination. EMBO J. 37, e98942
(2018).

29. Abdon, B. et al. Muscle-specific ER-associated degradation main-
tains postnatal muscle hypertrophy and systemic energy metabo-
lism. JCI Insight 8, e170387 (2023).

30. Ji, Y. et al. SEL1L–HRD1 endoplasmic reticulum-associated degra-
dation controls STING-mediated innate immunity by limiting the
size of the activable STING pool. Nat. Cell Biol. 25, 726–739 (2023).

31. Shrestha, N. et al. Integration of ER protein quality control
mechanisms defines beta cell function and ER architecture. J. Clin.
Investig. 133, e163584 (2023).

32. Wu, S. A. et al. Themechanisms to dispose of misfolded proteins in
the endoplasmic reticulum of adipocytes. Nat. Commun. 14, 3132
(2023).

33. Sha, H. et al. The ER-associated degradation adaptor protein Sel1L
regulates LPL secretion and lipid metabolism. Cell Metab. 20,
458–470 (2014).

34. Zhou, Z. et al. Endoplasmic reticulum-associated degradation reg-
ulates mitochondrial dynamics in brown adipocytes. Science 368,
54–60 (2020).

35. Bhattacharya, A. & Qi, L. ER-associated degradation in health and
disease - from substrate to organism. J. Cell Sci. 132, jcs232850
(2019).

36. Weis, D. et al. Biallelic Cys141Tyr variant of SEL1L is associated with
neurodevelopmental disorders, agammaglobulinemia and pre-
mature death. J. Clin. Invest. 134, e170882 (2024).

37. Wang, H. H. et al. Hypomorphic variants of SEL1L–HRD1 ER-
associated degradation are associated with neurodevelopmental
disorders. J. Clin. Invest. 134, e170054 (2024).

38. Huang, E. Y. et al. A VCP inhibitor substrate trapping approach
(VISTA) enables proteomic profiling of endogenous ERAD sub-
strates. Mol. Biol. Cell 29, 1021–1030 (2018).

39. Lee, K. A. et al. Ubiquitin ligase substrate identification through
quantitative proteomics at both the protein and peptide levels. J.
Biol. Chem. 286, 41530–41538 (2011).

40. Ye, Y., Baek, S. H., Ye, Y. & Zhang, T. Proteomic characterization of
endogenous substrates of mammalian ubiquitin ligase Hrd1. Cell
Biosci. 8, 46 (2018).

41. Tyler, R. E. et al. Unassembled CD147 is an endogenous endo-
plasmic reticulum-associated degradation substrate.Mol. Biol. Cell
23, 4668–4678 (2012).

42. Kinoshita, T. Biosynthesis and biology of mammalian GPI-anchored
proteins. Open Biol. 10, 190290 (2020).

43. Kinoshita, T. & Fujita, M. Biosynthesis of GPI-anchored proteins:
special emphasis on GPI lipid remodeling. J. Lipid Res. 57, 6–24
(2016).

44. Benghezal, M., Benachour, A., Rusconi, S., Aebi, M. & Conzelmann,
A. Yeast Gpi8p is essential for GPI anchor attachment onto proteins.
EMBO J. 15, 6575–6583 (1996).

45. Ohishi, K., Inoue, N. & Kinoshita, T. PIG-S and PIG-T, essential for GPI
anchor attachment to proteins, form a complex with GAA1 and
GPI8. EMBO J. 20, 4088–4098 (2001).

46. Ohishi, K., Nagamune, K., Maeda, Y. & Kinoshita, T. Two subunits of
glycosylphosphatidylinositol transamidase, GPI8 and PIG-T, form a
functionally important intermolecular disulfide bridge. J. Biol.
Chem. 278, 13959–13967 (2003).

47. Nguyen, T. T. M. et al. Bi-allelic variants in the GPI transamidase
subunit PIGK cause a neurodevelopmental syndrome with hypo-
tonia, cerebellar atrophy, and epilepsy. Am. J. Hum. Genet. 106,
484–495 (2020).

48. Chen, X. et al. Loss of PIGK function causes severe infantile ence-
phalopathy and extensive neuronal apoptosis. Hum. Genet. 140,
791–803 (2021).

49. Hochsmann, B. et al. Complement and inflammasome over-
activation mediates paroxysmal nocturnal hemoglobinuria with
autoinflammation. J. Clin. Investig. 129, 5123–5136 (2019).

50. Lam, C. et al. Expanding the clinical and molecular characteristics
of PIGT-CDG, a disorder of glycosylphosphatidylinositol anchors.
Mol. Genet. Metab. 115, 128–140 (2015).

51. Knaus, A. et al. Mutations in PIGU impair the function of the GPI
transamidase complex, causing severe intellectual disability, epi-
lepsy, and brain anomalies. Am. J. Hum. Genet. 105, 395–402
(2019).

52. Nguyen, T. T. M. et al. Mutations in GPAA1, encoding a GPI transa-
midase complex protein, cause developmental delay, epilepsy,
cerebellar atrophy, and osteopenia. Am. J. Hum. Genet. 101,
856–865 (2017).

53. Nguyen, T. T. M. et al. Mutations in PIGS, encoding a GPI transa-
midase, cause a neurological syndrome ranging from fetal akinesia
to epileptic encephalopathy. Am. J. Hum. Genet. 103, 602–611
(2018).

54. Hampton, R. Y., Gardner, R. G. & Rine, J. Role of 26S proteasome
and HRD genes in the degradation of 3-hydroxy-3-methylglutaryl-
CoA reductase, an integral endoplasmic reticulum membrane
protein. Mol. Biol. Cell 7, 2029–2044 (1996).

55. Gardner, R. G. et al. Endoplasmic reticulum degradation requires
lumen to cytosol signaling. Transmembrane control of Hrd1p by
Hrd3p. J. Cell Biol. 151, 69–82 (2000).

56. Vashistha, N., Neal, S. E., Singh, A., Carroll, S. M. & Hampton, R. Y.
Direct and essential function forHrd3 in ER-associateddegradation.
Proc. Natl Acad. Sci. USA 113, 5934–5939 (2016).

57. Fenech, E. J. et al. Interaction mapping of endoplasmic reticulum
ubiquitin ligases identifiesmodulators of innate immune signalling.
eLife 9, e57306 (2020).

58. Burr, M. L. et al. MHC class I molecules are preferentially ubiquiti-
nated on endoplasmic reticulum luminal residues during HRD1
ubiquitin E3 ligase-mediated dislocation. Proc. Natl Acad. Sci. USA
110, 14290–14295 (2013).

59. Horimoto, S. et al. The unfolded protein response transducer ATF6
represents a novel transmembrane-type endoplasmic reticulum-

Article https://doi.org/10.1038/s41467-024-44948-2

Nature Communications |          (2024) 15:659 15



associated degradation substrate requiring both mannose trim-
ming and SEL1L protein. J. Biol. Chem. 288, 31517–31527 (2013).

60. Nicolaou, A. et al. Quantitative trait locusmapping inmice identifies
phospholipase Pla2g12a as novel atherosclerosis modifier. Athero-
sclerosis 265, 197–206 (2017).

61. Schallus, T. et al. Malectin: a novel carbohydrate-binding protein of
the endoplasmic reticulumanda candidate player in the early steps
of protein N-glycosylation. Mol. Biol. Cell 19, 3404–3414 (2008).

62. Chen, Y. et al. Role of malectin in Glc(2)Man(9)GlcNAc(2)-depen-
dent quality control of alpha1-antitrypsin. Mol. Biol. Cell 22,
3559–3570 (2011).

63. Zhong, A., Chen, T., Xing, Y., Pan, X. & Shi, M. FUCA2 is a prognostic
biomarker and correlated with an immunosuppressive micro-
environment in pan-cancer. Front. Immunol. 12, 758648 (2021).

64. Liu, T. W. et al. Role for alpha-L-fucosidase in the control of Heli-
cobacter pylori-infected gastric cancer cells. Proc. Natl Acad. Sci.
USA 106, 14581–14586 (2009).

65. Wu, S.A., Kersten, S. &Qi, L. Lipoprotein lipase and its regulators: an
unfolding story. Trends Endocrinol. Metab. 32, 48–61 (2021).

66. Yamauchi, T. et al. The fat-derived hormone adiponectin reverses
insulin resistance associated with both lipoatrophy and obesity.
Nat. Med. 7, 941–946 (2001).

67. Xu, Y. et al. Structures of liganded glycosylphosphatidylinositol
transamidase illuminate GPI-AP biogenesis. Nat. Commun. 14,
5520 (2023).

68. Ohishi, K. et al. Gaa1p and gpi8p are components of a glycosyl-
phosphatidylinositol (GPI) transamidase that mediates attachment
of GPI to proteins. Mol. Biol. Cell 11, 1523–1533 (2000).

69. Xu, Y. et al. Molecular insights into biogenesis of glycosylpho-
sphatidylinositol anchor proteins. Nat. Commun. 13, 2617 (2022).

70. Sikorska, N. et al. Limited ER quality control for GPI-anchored pro-
teins. J. Cell Biol. 213, 693–704 (2016).

71. Liu, Y. S. et al. Accumulated precursors of specific GPI-anchored
proteins upregulate GPI biosynthesis with ARV1. J. Cell Biol. 222,
e202208159 (2023).

72. Kawaguchi, K., Yamamoto-Hino, M., Murakami, Y., Kinoshita, T. &
Goto, S. Hrd1-dependent degradation of the unassembled PIGK
subunit of the GPI transamidase complex. Cell Struct. Funct. 46,
65–71 (2021).

73. McKenna, M. J. et al. The endoplasmic reticulum P5A-ATPase is a
transmembrane helix dislocase. Science 369, eabc5809 (2020).

74. Gamerdinger, M., Hanebuth, M. A., Frickey, T. & Deuerling, E. The
principle of antagonism ensures protein targeting specificity at the
endoplasmic reticulum. Science 348, 201–207 (2015).

75. Hansen, K. G. et al. An ER surface retrieval pathway safeguards the
import of mitochondrial membrane proteins in yeast. Science 361,
1118–1122 (2018).

76. Csordas, G. et al. Structural and functional features and sig-
nificance of the physical linkage between ER and mitochondria. J.
Cell Biol. 174, 915–921 (2006).

77. Sha, H. et al. The IRE1alpha-XBP1 pathway of the unfolded protein
response is required for adipogenesis. Cell Metab. 9, 556–564
(2009).

78. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinfor-
matics 29, 15–21 (2013).

79. Li, B. & Dewey, C. N. RSEM: accurate transcript quantification from
RNA-Seq data with or without a reference genome. BMC Bioinform.
12, 323 (2011).

80. Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold
changeanddispersion for RNA-seqdatawithDESeq2.GenomeBiol.
15, 550 (2014).

81. Jumper, J. et al. Highly accurate protein structure prediction with
AlphaFold. Nature 596, 583–589 (2021).

Acknowledgements
We thank Dr. Lydia P. Freddolino for technical assistance and members
in the Arvan/Qi laboratories for insightful discussions; the Proteomics
Resource Facility, AdvancedGenomicsCore andMicroscopy and Image
Analysis Core at the University of Michigan for assistance; and the BEI
Resources for sharing T5 mAb. This work used the Services & Support
(ACCESS) program of Advanced Cyberinfrastructure Coordination
Ecosystem (National Science Foundation 2138259, 2138286, 2138307,
2137603, and 2138296) and was supported by 1R01DK128077,
1R01DK132068 (S.S.), 1R01DK120047, DK120330 and 1R35GM130292
(L.Q.). X.W. was/is supported in part by Pandemic Research Recovery
Grant U078128 at the University of Michigan Medical School and the
American Society of Nephrology Postdoctoral Fellowship. L.L.L. and
Z.J.L. are supported in part by the National Ataxia Foundation Post- and
Pre-doctoral Fellowship (NAF 918037 and 1036307). S.A.W. was sup-
ported by the American Heart Association Predoctoral Fellowship
(828841) and Barbour Scholarship at the University of Michigan.

Author contributions
X.W., Y.L., and L.L.L. collaboratively designed and performed most
experiments; Y.L. and X.W. performed data analysis; L.L.L. performed IP-
MS; X.W. performedmost experiments related to PIGK; X.W. andC.Z. built
thewebsite for hosting the searchabledatabases;X.C., S.W., S.A.W., Z.J.L.,
and Y.Q. assisted with some experiments; X.W. performed the structural
analysis; S.S. and L.Q. directed the study; X.W., Y.L., and L.Q. wrote the
manuscript; all authors commented on and approved the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-44948-2.

Correspondence and requests for materials should be addressed to
Ling Qi.

Peer review information Nature Communications thanks John Chris-
tianson, Ronghu Wu and the other, anonymous, reviewer(s) for their
contribution to the peer reviewof thiswork. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-44948-2

Nature Communications |          (2024) 15:659 16

https://doi.org/10.1038/s41467-024-44948-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Proteomic screens of SEL1L-HRD1 ER-associated degradation substrates reveal its role in glycosylphosphatidylinositol-anchored protein biogenesis
	Results
	Development of SEL1L IP-based proteomic�screen
	Identification of high-confidence endogenous SEL1L–HRD1 ERAD substrates
	Shared vs. cell-type-specific ERAD substrates
	Validation of putative ERAD substrates
	PIGK is an endogenous SEL1L–HRD1 ERAD substrate
	SEL1L–HRD1 ERAD attenuates the biosynthesis of GPI-APs, at least in part, via�PIGK
	PIGK disease mutants are SEL1L–HRD1 ERAD substrates

	Discussion
	Methods
	Animals and animal experiments
	Cell culture and generation of knockout cell�lines
	Immunoprecipitation�(IP)
	IP-based mass spectrometry
	Denaturing IP for ubiquitination�assay
	Western�blot
	Identification of SEL1L-interacting proteins in HEK293T and comparative analyses
	ERAD substrate candidate selection
	Cataloging and comparison of common vs. cell type-specific ERAD substrate candidates
	RNA-seq and quantitative�PCR
	Immunofluorescence staining and confocal microscopy
	Flow cytometry
	Protein structure analysis
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




