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SigmaRl1 is an auxiliary translocon factor
with lipid-binding activity that regulates
protein and lipid droplet homeostasis
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Sigma Non-Opioid Intracellular Receptor 1 (SigmaR1) is a member of the sigma
family of receptors that interacts with a variety of psychotomimetic drugs and
is involved in a wide range of cellular and physiological functions. Despite its
increasing importance in human physiology and disease, the subcellular
localization of SigmaR1 and its molecular function remain poorly defined.
Using endogenous tagging and cell fractionation, we show that SigmaR1 is a
type Il integral ER membrane protein that is specifically enriched at ER sheets.
A short region at the N-terminus of SigmaR1 promotes its ER-sheet localization.
Importantly, our biochemical studies demonstrate that SigmaR1 directly
interacts with components of the translocon complex including TRAP«a and
Nicalin. In addition, we found that a 3-barrel at the C-terminal of SigmaR1 binds
phosphatidylcholine (PC), and the binding of PC strengthens the association of
SigmaR1 with the translocon complex. SigmaR1 knockout systematically
impaired cellular protein and lipid homeostasis, resulting in accumulation of
lipid droplets in hepatocytes. Collectively, we propose that SigmaRl1 is an
auxiliary translocon factor that binds lipids to regulate protein and lipid dro-
plet homeostasis, which may underlie the broad and vital roles of SigmaR1 in
physiology and disease.

M Check for updates

Despite the continuity of the endoplasmic reticulum (ER) membrane
system, the ER has a distinct morphological domain consisting of

bulky membrane-bound polyribosomes that
synthesis"#1,

support protein

sheets and tubules that differ in their characteristic membrane
curvature', which can be clearly observed in electron microscopy
(EM) studies>*™®. Critical proteins drive the formation of these struc-
tural morphologies, which in turn generate rough and smooth func-
tional domains of the ER’'. ER sheets, which have a higher density of
ribosomes and associated protein translocation machinery than ER
tubules, are also referred to as rough ER'. Accordingly, the flat and
stacked membrane of the rough ER can also better accommodate the

In mammalian cells, the import of proteins into the ER begins
before the polypeptide chain is completely synthesized, i.e., the
import is a co-translational process. During co-translational translo-
cation, the signal recognition particles interact with their cognate
receptor to deliver the ribosome nascent chain complex into the rough
ER and bind to the translocon complex'*. The translocon complex is a
large multi-subunit channel that transports the nascent peptides
across ER membrane and undergo post-translational modifications
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and folding'®?.. The eukaryotic translocon is composed of Sec61 core
channels associated with multiple co-factors, including the translocon
-associated protein (TRAP) complex?, translocation-associated mem-
brane protein (TRAM)>?*, Sec62/63%, oligosaccharyl transferase
(0ST)?, and signal peptidase complex?. A ribosome-associated com-
plex consisting of the core Sec61 channel and five accessory factors—
TMCO1, CCDC47, Nicalin, TMEM147, and NOMO-has recently been
characterized and plays a specific role in the biogenesis of multipass
membrane proteins”*°, Nevertheless, the molecular composition of
the translocon complex remains incompletely clear.

Sigma Non-Opioid Intracellular Receptor 1 (SigmaR1) is a member
of the Sigma family of receptors that interact with a wide range of
psychotomimetic drugs. SigmaR1 has been shown to play an important
role in the cellular functions of various tissues associated with the
endocrine, immune, and nervous system. Mutations of SigmaR1 have
been associated with distal hereditary motor neuropathy, type Il and
juvenile amyotrophic lateral sclerosis. In addition, SigmaR1 regulates
protein stability by modulating the unfolded protein response®-
SigmaRl1 is also reported to play a role in calcium signaling by mod-
ulating of the IP3R3-dependent calcium efflux at the ER*. Although the
cellular and physiological importance of SigmaR1 has been increas-
ingly appreciated, the subcellular localization and molecular function
of SigmaR1 have not yet been fully elucidated.

In agreement with a recent study**, we demonstrate that SigmaR1
is specifically enriched in ER sheets. This localization is facilitated by a
short N-terminal region, which we found mediates direct interactions
with the translocon components TRAPa and Nicalin. In addition, the
C-terminal [-barrel structure of SigmaRl1 binds phospholipids,
including phosphatidylcholine (PC), and the binding strengthens the
association of SigmaR1 with the translocon complex. SigmaR1 knock-
out (KO) systematically impaired cellular protein and lipid home-
ostasis, leading to dramatic accumulation of lipid droplets (LDs) in
hepatocytes. Together, these results elucidate the molecular
mechanisms underlying the diverse roles of SigmaR1 in physiology and
disease.

Results

SigmaRl is an ER sheet protein

Using high-resolution confocal microscopy, we investigated the sub-
cellular localization of SigmaR1. SigmaR1-GFP was specifically enriched
in ER sheets, as demonstrated by its strong co-localization with the ER-
sheet marker Halo-Sec613* (Fig. 1a). This enrichment was significantly
greater than its co-localization with the ER-tubule markers Reticulon-
47, Reep5’, and Tex2*® (Fig. 1b-e). Furthermore, in accord with the
recent study*, overexpression of SigmaR1 appears to increase the
abundance of ER sheets, evident from their expansion into the cell
periphery (Fig. 1a).

To avoid potential overexpression artifacts, we endogenously
tagged the N-terminus of SigmaR1 with monomeric super folder GFP
(sfGFP A206K) in HeLa cells using CRISPR-Cas9, generating an sfGFP-
SigmaR1 knock-in (KI) line (Supplementary Fig. 1a). The functionality of
the construct was confirmed later in this manuscript (Fig. 6n). We
chose Hela cells due to the expression level of SigmaR1 was sig-
nificantly higher compared to other cell lines commonly used in our
laboratory (Supplementary Fig. 1b). The KI line (clone-2, used
throughout this study) was validated by immunoblotting (Supple-
mentary Fig. 1c). Live-cell and immunofluorescence imaging revealed
that endogenous sfGFP-SigmaR1 was preferentially enriched in ER
sheets, as evidenced by strong colocalization with the sheet marker
Sec61p but minimal overlap with the tubule marker Reticulon-4
(Fig. 1f-i). Together, these results support that SigmaR1 is an ER sheet-
resident protein.

To corroborate these findings, we investigated the distribution of
endogenous, untagged SigmaR1 by cell fractionation. We selected rat
liver tissue for this assay due to its high endogenous SigmaRl

expression (Supplementary Fig. 1d) and high abundance of rough
ER*°, Consistent with our imaging results, SigmaRl was pre-
dominantly enriched in the rough ER fractions (3, 4 and 5), which were
marked with the ER-sheet proteins Sec61f3 and Calnexin, but absent
from fractions containing the tubular markers Reticulon-4 and Reep5
(Fig. 1j, k; Supplementary Fig. 1e). These results provide independent
biochemical evidence that SigmaRl is specifically localized to ER
sheets.

The rough ER is characterized by the presence of membrane-
bound ribosomes in the form of a thread-like structure, the polysome.
Polysomes not only promote the formation of ER sheet but also
facilitate the localization of certain membrane proteins to ER sheets®.
We therefore investigated whether the polysome is required for the
ER-sheet localization of SigmaR1. Live-cell imaging showed that loca-
lization of SigmaRl1 was not significantly affected by treatment of
puromycin (Puro) (Supplementary Fig. 1f, g), which releases nascent
polypeptide chains from the ribosome and disassembles polysomes*.
Similarly, cycloheximide (CHX), which halts polypeptide chain elon-
gation but leaves the polysomes intact****, also had no substantial
effect (Supplementary Fig. 1f, g). These results indicate that the loca-
lization of SigmaRl1 to ER sheet is independent of polysome.

We next investigate whether the role of SigmaR1in maintaining ER
sheet-to-tubule ratio is responsive to cellular stress. Starvation triggers
the expansion of ER sheet**—a phenomenon we could recapitulate in
our system (Fig. 1I, m). Importantly, the starvation-induced expansion
of ER sheet was significantly inhibited upon SigmaR1 depletion (Fig. 1l,
m), indicating that starvation-induced ER sheet formation requires
SigmaR1.

A short region at the N-terminus promotes the ER-sheet locali-

zation of SigmaR1

To determine the mechanism underlying the specific targeting of
SigmaR1 to ER sheets, we investigated its membrane topology. Sig-
maRl1 has been reported as a type Il integral membrane protein*>*®. We
therefore sought to confirm this topology in our cellular system
(Supplementary Fig. 2a). We utilized a live-cell assay based on a high-
affinity interaction between a Flag tag and a genetically encoded
cytosol-localized Halo-Flag frankenbody (a single-chain variable
fragment)*’. When co-expressed, Flag-SigmaR1, but not SigmaR1-Flag,
recruited the frankenbody (Supplementary Fig. 2b, c), confirming that
the N-terminus is cytosolic and the C-terminus is luminal. These results
validate the canonical type Il topology of SigmaRl1 in the ER.

To identify the ER-sheet targeting determinant, we dissected
the SigmaR1 protein. We found that a conserved N-terminal
region containing the transmembrane domain (TM) (residues 1-
30; SigmaR1-NT) was sufficient for ER-sheet localization, albeit to
a slightly lesser extent than the full-length protein (Fig. 2a, b, e &
f; Supplementary Fig. 2d). In contrast, a construct containing only
the TM domain (residues 10-30; SigmaR1-TM) failed to target
sheets and instead colocalized with the tubule marker Reticulon-
4, regardless of the position of the GFP tag (Fig. 2c, e, f; Sup-
plementary Fig. 2e). This implicated the upstream residues 2-8 as
critical. Consistent with this, their deletion (SigmaR1A2-8) abol-
ished specific ER-sheet targeting (Fig. 2d-f), demonstrating that
this short N-terminal segment is important for ER sheet
localization.

We next investigated whether the SigmaRI1-NT is able to redirect
other proteins to ER sheet. To test this, we generated a chimera in
which SigmaR1-NT was fused to a truncated version of the tubular ER
protein Tex2 [Tex2A(NT-TM); Supplementary Fig. 2f, g]. This chimeric
protein [SigmaR1-NT-Tex2A(NT-TM)-GFP] was highly enriched on ER
sheets (Fig. 2g). In contrast, the short N-terminal segment (residues 2-
8) alone was insufficient to redirect Tex2 to sheets (Fig. 2h, i). These
results demonstrate that both the short N-terminal sequence and the
TM domain are required for efficient ER-sheet targeting.
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Fig. 1|SigmaRl1 is an ER sheet protein. a-d Representative confocal images of live
COS7 cells expressing SigmaR1-GFP (green) and ER markers including Halo-Sec613
(magenta, an ER sheet marker, a), Reticulon4-Halo (b), Reep5-Halo (c) or Halo-Tex2
(d) (magenta, ER tubule markers) with insets. e Pearson’s correlation coefficient of
SigmaR1-GFP vs Halo-Sec61p (32 cells), Reticulon4-Halo (25 cells), Reep5-Halo (22
cells) and Halo-Tex2 (19 cells) as in (a-d) from more than 3 independent experi-
ments. Ordinary one-way ANOVA with Tukey’s multiple comparisons test. Mean +
SD. f Representative images of a live sSfGFP-SigmaR1 KI (green) HeLa cell expressing
Halo-Sec61B (magenta) with insets. g Immunofluorescence of a fixed sfGFP-
SigmaR1 KI (green) HeLa cell stained with Sec61p antibody (magenta) with insets.
h Representative images of a live sfGFP-SigmaR1 KI (green) HeLa cell expressing
Reticulon4-Halo (magenta) with insets. i Pearson’s correlation coefficient of
endogenous SigmaR1-GFP and Halo-Sec61f3 (32 cells), anti-Sec61p (45 cells) or
Reticulon4-Halo (45 cells) as in (f-h) from 3 independent experiments. Two-tailed

Different components isolated from ER in rat liver

unpaired Student’s t-test. Mean + SD. j Membrane fractionations isolated from rat
liver lysate showing the distribution of endogenous SigmaRl1 relative to other
proteins. SigmaR1 was enriched in fractions 3, 4, and 5 similar as known ER sheet
proteins (anti-Sec61f3 and anti-Calnexin). The ER fractions with different density
were labelled from fraction O (heavy) to 11 (light). k The distribution of SigmaR1
relative to other known ER proteins as in (j). A red arrow denotes the ER-sheet
membrane fractions from 3 independent experiments. Mean + SD.I Representative
images of live ER-GFP-expressing COS7 cells treated with either scrambled or
SigmaR1 siRNAs under normal or starvation (EBSS, 4 h) with insets.

m Quantification of ER sheet abundance under normal [Scrambled (17 cells) or
SigmaR1 siRNAs (20 cells)] or starvation (EBSS, 4 h) [Scrambled (16 cells) or
SigmaR1 siRNAs (19 cells)] as in (I) from 3 independent experiments. Ordinary one-
way ANOVA with Tukey’s multiple comparisons test. Mean + SD. Scale bars, 10 pm
in the whole cell images and 2 um in the insets (a-d, f-h, I).
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Fig. 2 | A short region in N-terminus promotes SigmaR1 targeting to ER sheet.
a-d Representative images of live COS7 cells expressing full-length (a, green) or
SigmaR1 truncated mutants including SigmaR1-1-30 (b, green), SigmaR1-10-30

(c, green), SigmaR1A2-8 (d, green) along with Reticulon4-Halo (top panel; magenta)
or Halo-Sec61p (bottom panel; magenta) with insets. e, f Pearson’s correlation
coefficient of SigmaR1-GFP (32 cells), SigmaR1A2-8 (26 cells), SigmaR1-1-30 (30
cells) and SigmaR1-10-30 (32 cells) vs Reticulon4-Halo (e) or Halo-Sec61f3 [SigmaR1-
GFP (28 cells), SigmaR1A2-8 (20 cells), SigmaR1-1-30 (26 cells) and SigmaR1-10-30
(26 cells)] () in more than three independent experiments. Ordinary one-way
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images of live COS7 cells expressing SigmaR1(1-30)-Tex2(A1-517)-GFP (g, green) or
SigmaR1(2-8)-Tex2(A1-473)-GFP (h, green) along with Halo-Tex2 (magenta) and
mCh-Sec61p (blue) with insets. i Pearson’s correlation coefficient of two chimeric
proteins and Halo-Sec61f3 [SigmaR1(1-30)-Tex2(A1-517)-GFP (29 cells) or SigmaR1(2-
8)-Tex2(A1-473)-GFP (24 cells)] as in (g, h) from 3 independent experiments. Two-
tailed unpaired Student’s ¢-test. Mean + SD. Scale bars, 10 pm in the whole cell
images and 2 um in the insets in (a-d, g, h).

SigmaR1 directly interacts with the translocon complex

To elucidate the functional significance of the ER sheet localization of
SigmaR1, we sought to identify its interacting partners. We performed
coimmunoprecipitation (ColP) using SigmaR1-GFP as bait, followed by
mass spectrometry (MS) analysis. Consistent with its ER localization,

functional enrichment analysis revealed that the identified SigmaR1-
interacting proteins were predominantly associated with ER-related
cellular components in the GO database (Supplementary Fig. 3a) and
metabolic pathways in the KEGG database (Supplementary Fig. 3b).
Interestingly, our analysis identified numerous translocon
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components, including TRAPa, Nicalin, SEC11A, CCDC47, TMEM147,
NOMOI, RRBP1, TRAMI, and TMCOJ1, as potential SigmaR1-interacting
partners (Supplementary Fig. 3c). Consistent with this finding, all of
these proteins exhibited strong colocalization with SigmaR1 on ER
sheets, with the exception of TRAMI1. TRAMI1 was mainly found in
distinct punctate structures in addition to its ER sheet localization
(Fig. 3a, Supplementary Fig. 3d-h).

To validate these interactions, we performed GFP-Trap assays.
Consistent with our imaging data, SigmaR1 interacted with Halo-
tagged Nicalin, TRAP«, SEC11A, TMEM147, NOMOI, and TMCO1, as well
as GFP-tagged RRBP1 and TRAMI (Supplementary Fig. 4a-h). Impor-
tantly, immunoprecipitation using our sfGFP-SigmaR1 Kl cell line
revealed specific interactions with Nicalin, TRAPx, SECIIA, and
CCDC47 at endogenous levels, but not with NOMO1, RRBP1, SRP54, or
TRAML; a weak interaction was detected with TMEMI147 (Fig. 3b,
Supplementary Fig. 4i). Consistent with the crucial role of residues 2-8
in targeting SigmaR1 to ER sheets, GFP-Trap assays demonstrated that
deletion of this short sequence significantly impaired its interaction
with endogenous Nicalin (Fig. 3c).

We next employed in vitro GST pull-down assays to determine if
these interactions were direct. Recombinant GST tagged SigmaR1
(GST-SigmaR1) bound directly to His-Nicalin and His-TRAPa (Supple-
mentary Fig. 4j, k), but not to His-SEC11A or His-CCDC47 (Supple-
mentary Fig. 41, m). To further validate these direct interactions, we
purified His-Flag-SigmaR1 alongside GFP-TRAP« and GFP-Nicalin from
HEK293F cells, and found that purified SigmaR1bound directly to both
GFP-TRAPa and GFP-Nicalin, but not to GFP alone (Fig. 3d). Impor-
tantly, the deletion of the residues 2-8 in SigmaRl1 significantly reduced
its binding to these translocon components (Fig. 3d). Collectively,
these results demonstrate that SigmaR1 directly interacts with specific
components of the translocon complex, and indicate an essential role
of the NT sequence (residues 2-8) of SigmaRl1 in its binding to the
translocon complex.

To validate the specificity of the association of SigmaR1 with the
translocon, we employed sucrose gradient centrifugation. Using
solubilized ER microsomes isolated from the sfGFP-SigmaR1 KI cell
line, we compared SimgaR1 distribution in ribosome-bound and
ribosome-free fractions. Endogenous SigmaR1 was specifically co-
enriched with the translocon components Nicalin and TRAP« in the
ribosome-bound ER sheet fractions (Fig. 3e). GFP-Trap assays further
confirmed that the interactions between SigmaR1 and these two pro-
teins occurred specifically within these ER sheet fractions (Fig. 3f).

It should be noted that no interaction was detected between
SigmaR1 and the core channel of the translocon complex, Sec61p, in
the ribosome-bound ER fraction (Supplementary Fig. 4n). This finding
was further corroborated by in vitro pulldown assays, which showed
no binding between His-Flag-SigmaR1 and GFP-Sec613 (Supplemen-
tary Fig. 40). Together, these results suggest that SigmaRl1 is not a
structural subunit of the core translocon channel.

Furthermore, we performed fluorescence Lifetime Imaging
Microscopy (FLIM) to validate a specific interaction between SigmaR1
and Nicalin at ER sheets. The FLIM results demonstrated that mClover2
fluorescence lifetime was significantly reduced in a cell co-expressing
SigmaR1-mClover2 and mRuby2-Nicalin (yellow asterisk) compared to
that in cells expressing SigmaR1-mClover2 alone (white asterisk) in the
same imaging field (Fig. 3g, top panel; 3 h). In contrast, the mClover2
fluorescence lifetime was not significantly impacted in cells co-
expressing SigmaR1-mClover2 and Reep5-mRuby2 (Fig. 3g, middle
panel; 3 h), indicating no direct interaction between these two pro-
teins. Consistent with our co-IP and pulldown data, a slight reduction
in lifetime was observed with the translocon channel Sec613-mRuby?2,
suggesting these proteins are co-enriched in the translocon complex
but do not directly interact (Fig. 3g, bottom panel; 3 h). Taken toge-
ther, these findings support that SigmaRl1 is an auxiliary component
that physically engages with the translocon machinery.

SigmaR1 binds to PC via a C-terminal B-barrel structure
SigmaR1 harbored a V-shaped double helix bundle and a cupin-like 3-
barrel structure in the C-terminal region**°. Notably, the B-barrel
exhibits a wide, flat, and hydrophobic membrane-proximal surface
that forms a large binding cavity, suggesting a potential site for
hydrophobic lipid interactions (Fig. 4a). To test this hypothesis, we
analyzed lipids bound to endogenous SigmaR1 in the SigmaR1 KI cell
line using non-targeted lipidomics (LC-MS/MS). This revealed asso-
ciations with various phospholipids, including phosphatidylcholine
(PC), phosphatidylethanolamine (PE), sphingolipids/ceramides, and
cholesterol (Fig. 4b), with a marked preference for PC (Fig. 4b).
Molecular docking simulations further supported these findings,
demonstrating a favorable binding mode between the (3-barrel of tri-
meric SigmaR1 and PC (Fig. 4c; Supplementary Fig. 5a, b).

To determine whether SigmaRl binds glycerophospholipids
directly, we performed in vitro protein-lipid co-migration assays
using purified GST tagged SigmaR1 with a deletion of the TM (GST-
SigmaR1ATM). Using native gel electrophoresis, we found that GST-
SigmaR1-ATM co-migrated with nitrobenzoxazole (NBD)-labeled PC,
phosphatidic acid (PA), and phosphatidylserine (PS), demonstrating
direct binding to these lipids. In contrast, it did not bind to choles-
terol (Fig. 4d). The lack of cholesterol binding is consistent with
previous reports that cholesterol association is mediated by the TM
domain of SigmaR1>, which was absent in this construct. Notably, the
purified SigmaR1 also failed to bind PE and ceramide in vitro (Fig. 4d),
suggesting that its cellular associations with these lipids are likely
indirect.

To determine whether the -barrel domain of SigmaR1 mediates
lipid binding, we first purified the GST-SigmaR1A2-30 mutant, which is
deficient in ER-sheet targeting. This mutant retained the ability to bind
lipids, though with reduced affinity compared to the wild-type protein
(Fig. 4e). In addition, a truncation mutant containing only the -barrel
domain (GST-SigmaR1-80-168) could bind these lipids (Supplementary
Fig. 5c), suggesting that this structural region may mediate lipid
interactions. We further generated four space-filling mutants (Mutl, 2,
3 and 4) of SigmaRl1 in which several conserved residues with small
hydrophobic side chains of the B-barrel structure were substituted
with bulky tryptophan residues (Fig. 4f), based on a previous study®.
We purified these mutants and found that all the four mutants reduced
the lipid binding affinity to varying degrees, with the Mut2 being most
efficient (Supplementary Fig. 5d-g).

To further validate these results, we performed in vitro liposome
pelleting assays (Fig. 4g). The GST-SigmaR1, but not GST-SigmaR1-
Mut2 (104 V, 105 L, 106 L, 107F-W), was efficiently pelleted by sucrose-
loaded liposomes (Fig.4h, i), confirming that lipid interaction is
mediated specifically by the 3-barrel domain of SigmaR1.

We next investigated the functional significance of lipid binding of
SigmaRL. In vitro pulldown assays showed that PC binding enhances
the binding of SigmaR1 to these two translocon components Nicalin
and TRAP« (Fig. 4j). This regulatory relationship supports that Sig-
maRl1 functions not as a static structural element, but as a dynamic
auxiliary factor whose interaction with the translocon complex is
modulated by lipid binding.

SigmaR1 KO impairs cellular protein homeostasis
Given the direct interaction of SigmaR1 with the translocon complex,
we next investigated the function of SigmaRl relative to protein
homeostasis in SigmaR1 KO HeLa cells generated by CRISPR-Cas9
(Supplementary Fig. 6a, b). Of note, SigmaR1 KO did not affect the
levels of other translocon components (Supplementary Fig. 6c¢), sug-
gesting that SigmaRl1 is not directly involved in the stability of the
translocon complex.

Importantly, we observed a marked increase in phosphorylated
elF2a—a key integrator of the stress response—in SigmaR1 KO cells,
despite unchanged total elF2a levels (Fig. 5a). As elF2«
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¢ The workflow of rescue experiments in SigmaR1 KO Hela cells. d-f: as in (b), the
GO enrichment analysis by comparing levels of candidate proteins in SigmaR1
KO#3 Hela cells supplemented with WT SigmaR1-GFP (d), the ER sheet localization
mutant (SigmaR1A2-8-GFP; e), or the lipid binding mut (), with those in SigmaR1 KO
cells. Significance was assessed using a two-sided hypergeometric test with FDR
adjustment (FDR < 0.05).

phosphorylation globally represses translation in response to cell
stress, this indicates that SigmaRl1 is critical for maintaining protein
homeostasis. Notably, this effect is not indirectly caused by ER stress,
as SigmaR1 deficiency neither induced nor potentiated thapsigargin-
triggered ER stress. This was evidenced by unaltered levels of the
chaperone BiP (Fig. 5a) and ER whorls (marked by Sec61B) (Supple-
mentary Fig. 6d, e), both established markers of ER stress™.

To systematically identify pathways affected by SigmaR1 loss, we
performed quantitative MS. SigmaR1 deficiency resulted in a sub-
stantial downregulation of ribosome-related proteins, as highlighted
by enrichment analyses using the Gene Ontology (GO) and KEGG
databases (Fig. 5b, Supplementary Fig. 6f). This is consistent with the
role of SigmaR1 as an auxiliary factor of the translocon on ER sheets.
KEGG analysis further implicated SigmaR1 in a broad range of phy-
siological, pathological, and disease contexts, including infectious
diseases (e.g., COVID-19), neurodegenerative disorders, cell cycle
regulation, and endocytosis (Supplementary Fig. 6f). In addition,

proteins involved in lipid metabolism were also affected (Supple-
mentary Fig. 6f), suggesting a role for SigmaRl1 in lipid regulation.

To investigate the mechanistic link between molecular function of
SigmaR1 and protein homeostasis dysregulation, we performed rescue
experiment in SigmaR1 KO HelLa cells by reconstituting expression of
SigmaR1-GFP, an N-terminal deletion mutant (defective in ER sheet
targeting), or the lipid-binding variant. Cells expressing these con-
structs were isolated by flow cytometry for subsequent proteomic
analysis (Fig. 5c). Introduction of SigmaR1-GFP efficiently restored
global protein homeostasis, particularly rescuing these ribosomal
pathways (Fig. 5d; Supplementary Fig. 6g). In contrast, the NT-deletion
mutant failed to fully restore the proteome (Fig. 5e; Supplementary
Fig. 6h), underscoring the importance of ER sheet localization and
translocon interaction for SigmaR1 function. Similarly, the lipid-
binding mutant was also insufficient for complete rescue (Fig. 5f;
Supplementary Fig. 6i), indicating that the ability of SigmaR1 to bind
lipids is also involved in maintaining protein homeostasis.

Nature Communications | (2026)17:1415


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-68157-7

SigmaR1 depletion resulted in an accumulation of lipid droplets
in hepatocytes

Unexpectedly, small interfering RNA (siRNA)-mediated depletion of
SigmaRl1 triggered a dramatic accumulation of LDs in the hepatic cell
line HepG2 cells following oleic acid (OA) stimulation (Fig. 6a; Sup-
plementary Fig. 7a). To confirm the phenotype, we measured intra-
cellular levels of triglycerides (TG) and cholesterol. In agreement with
our imaging results, both TG and cholesterol were significantly
increased in SigmaR1-depleted cells compared to controls (Fig. 6b, c).

We next confirmed that the ER sheet localization of SigmaR1 and
the aberrant accumulation of LDs upon its depletion are conserved
across other hepatic-related cells, including the Huh7 cell line (Sup-
plementary Fig. 7b-d) and mouse primary liver cells (Fig. 6d-f; Sup-
plementary Fig. 7e). In primary hepatocytes, siRNA-mediated
depletion of SigmaR1 not only resulted in a striking increase in LD
size but also significantly elevated levels of TG and cholesterol/esters
levels following OA treatment (Fig. 6g, h).

Notably, this lipid accumulation phenotype exhibited cell-type
specificity. Although proteomic data from SigmaR1-KO Hela cells
indicated a predisposition toward dysregulated lipid metabolism,
these cells exhibited only moderate, statistically insignificant LD
accumulation (Supplementary Fig. 7f-i). Similarly, SigmaR1 depletion
in non-hepatic cell lines, including pancreatic PaCa2 cells (Supple-
mentary Fig. 7j-1) and mouse neuroblastoma Neuro2a cells (Supple-
mentary Fig. 7m-o0), resulted in a moderate LD phenotype, despite
robust conservation of its ER sheet localization. We attribute this cell-
type-dependent effect to the specialized role of hepatocytes in lipid
synthesis, storage, metabolism and secretion, which appears to
amplify the phenotypic severity of SigmaR1 loss.

Next, we performed transmission electron microscopy (TEM) to
examine the ultrastructural details of LDs in SigmaR1-depleted HepG2
cells. TEM micrographs revealed a strong increase in LD size without a
significant change in their number (Fig. 6i-1).

Importantly, the strong accumulation of LDs was specific to Sig-
maRl, as the introduction of SigmaR1-GFP substantially rescued the
phenotype compared to an untransfected cell in the same imaging
field (Fig. 6m). The sfGFP-tagged version of SigmaR1 (sfGFP-SigmaR1)
also effectively reversed the LD accumulation in SigmaR1-depleted
HepG2 cells (Fig. 6n), confirming its functionality.

Next, we investigated whether and to what extent LD accumula-
tion was dependent on lipid-binding activity or ER sheet-localization of
SigmaR1. Importantly, introduction of SigmaR1A81-160 (Fig. 60) or
lipid binding deficient mutant (GST-SigmaR1-Mut2; Fig. 6p, r) could
not completely restore the LD defect. Similarly, the LD accumulation
phenotype was not fully rescued by expression of SigmaR1A2-8, the
mutant defective in ER sheet targeting and translocon association
(Fig. 6q, r). These results suggest that both the ligand-binding and ER-
sheet localization are required for the role of SigmaR1 in LD dynamics.

In addition, depletion of SigmaR1, but not other known ER sheet
factors p180/RRBP1 and Climp63, significantly impacted LD dynamics.
Notably, depletion of Kinectin, the kinesin adaptor associating with ER
sheet, also caused accumulated LDs, but to a lesser extent compared to
SigmaR1 depletion (Supplementary Fig. 8a-c). This suggests that the
LD defect in SigmaR1-depleted cells is not merely a secondary con-
sequence of an altered ER sheet-to-tubule ratio but rather points to a
more direct, unique role for SigmaRl1 in lipid storage.

Discussion

SigmaR1 is involved in a broad spectrum of cellular and physiological
functions in various tissues including the endocrine, immune and
nervous systems. Despite its importance in human physiology and
disease, the subcellular localization and related functional significance
of SigmaR1 are not yet fully understood. In this study, we demonstrate
that SigmaRl1 is a type Il integral membrane protein specifically enri-
ched in ER sheets. This localization is promoted by a short N-terminal

region and facilitates direct interaction with specific translocon com-
ponents, including TRAPa and Nicalin. In addition, the (3-barrel struc-
ture at the C-terminal of SigmaR1 binds to phospholipids including PC,
and the binding of PC promotes the association of SigmaR1 with the
translocon complex. SigmaR1 KO impairs protein and lipid home-
ostasis, resulting in accumulation of LDs. Based on these findings, we
propose a working model in which SigmaR1, enriched within ER sheets,
functions as a dynamic auxiliary factor for the translocon complex. In
this model, the binding of SigmaR1 to PC enhances its association with
specific translocon components (Nicalin and TRAP«), thereby poten-
tially modulating translocon activity by promoting ribosome binding
to the rough ER, consequently contributing to the maintenance of
protein and lipid homeostasis. It should be noted that the evidence
remains insufficient to establish a definitive causal link between PC
binding, enhanced translocon engagement, and functional regulation
in a physiological context at this stage. The model therefore represents
a plausible framework that requires further validation (Supplemen-
tary Fig. 8f).

During the preparation of this manuscript, a study was published
showing that SigmaR1 is an ER-sheet protein by a proteomics screen
using ER sheet-localized RNA-binding proteins as bait*. They also
show that SigmaR1 oligomers bind to and flatten the luminal leaflet of
the ER membrane to counteract the membrane curvature, thereby
promoting the amount of ER sheets in cells via their extended arrays of
amphipathic helices™. In this study, we have provided more evidence
to demonstrate the localization of SigmaR1 and further investigate its
functional significance. We made a knock-in cell line to tag endogen-
ous SigmaR1 with sfGFP using CRISPR-Cas9, and further confirmed the
ER-sheet localization of endogenous SigmaRl. In addition, our cell
fractionation results confirmed that endogenous SigmaR1 was enri-
ched in the rough ER fraction. Furthermore, we dissected the
mechanism through which SigmaR1 specifically targets to ER sheet by
identifying a short region at the N-terminus of SigmaR1, which pro-
mote its ER-sheet localization. Therefore, the role of SigmaR1 in ER
morphology is mediated by distinct structural elements: a-helices 4&5
for membrane flattening as reported** and the N-terminal a-helix 1 for
specific targeting identified in this study (Supplementary Fig. 8d, e).

The flat, stacked architecture of ER sheets is ideally suited to
accommodate the translocon complex and bound polysomes for
efficient protein synthesis"*"*'>, While the recent study has shown that
SigmaR1 overexpression caused a dramatic expansion of the ER sheet
without altering the density of ribosomes on ER membrane*, implying
that SigmaR1 overexpression somehow increased the number of
ribosomes on ER sheet, which in turn may lead to an increase in the
amount of the translocon complex. Our proteomic and biochemical
studies showed that SigmaR1 directly interacts with the translocon
complex, and the enrichment analysis of GO function and KEGG
pathway enrichment in proteomics shows that ribosome-related pro-
cesses were substantially down-regulated in SigmaR1 KO cells, sug-
gesting that SigmaR1 may facilitate the association of ribosomes and
the translocon with ER sheet. Our results link the role of SigmaR1in ER-
sheet formation to co-translational protein translocation, the major
function of ER sheet. Therefore, our findings not only validate the ER-
sheet localization of SigmaRl but demonstrate the functional sig-
nificance of SigmaR1 at ER sheets.

Sigma receptors including SigmaR1 have no known homology
with other receptor systems and have no definitive endogenous nat-
ural ligand*’. Currently, the neurosteroids, sphingolipids, N, N-dime-
thyltryptamine, myristic acid, and choline have been shown to bind to
SigmaRl and are considered as candidates for endogenous
ligands***>=°. In this study, we found that SigmaR1 was able to bind to
PC via the B-barrel structure, nominating PC as a potential ligand for
SigmaR1. Although lipid-binding proteins are remarkably diverse at the
sequence level, the characteristic 3-barrel folding architecture remains
the most common structural feature®®®", In fact, the interior surface of
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the B-barrel structure of most lipid transfer proteins forms a cavity or
pit that accommodates hydrophobic ligands of various sizes and
shapes, including lipids and hydrophobic hormones as well as sec-
ondary metabolites, such as vitamins, cofactors, or odorants, thereby
achieving various biological functions®¢%¢, Consistently, a structural
analysis reveals a trimeric structure of SigmaRl exhibits a broad,
hydrophobic surface adjacent to membranes via the C-terminal region,
suggesting a close interaction with the luminal side of ER membranes.
This domain features a cupin-like -barrel with a central ligand-binding
site with remarkable flexibility in recognizing and binding
ligands*®%¢’, Taken together, our results suggest that SigmaR1 may be
a PC-binding protein with the B-barrel structure at the CT as the
putative lipid-binding sites. Noteworthy, in view of the fact that the ER
is the major site for cellular lipid synthesis®®°, it is plausible that the
lipid-binding activity of SigmaR1l is functionally coupled to lipid
homeostasis and regulates the organization of ER microdomains,
which has been proposed previously”’*. An alternative or com-
plementary mechanism is revealed by our in vitro pull-down assays,
which demonstrate that PC binding enhances the association of Sig-
maR1 with the translocon complex (Fig. 4j), potentially enabling
modulation of translocon function. To fully elucidate how the lipid-
binding capacity of SigmaR1 regulates both its translocon engagement
and subsequent fine-tuning of translocon function, future studies
employing integrated structural biology and functional reconstitution
approaches will be essential.

The mechanism underlying the accumulation of LDs in SigmaR1-
depleted hepatic cells is likely multifactorial. Our rescue experiments
implicate both ER sheet localization, as the mutant deficient in ER
sheet (SigmaR1A2-8) fail to fully rescue the phenotype. This result
suggests that ER morphology or the translocon-associated function
plays a key role in LD dynamics. How is the ER-sheet shaping process
linked to LD dynamics? In view of the specific role of ER tubules and
associated proteins in LD formation, we speculate that SigmaR1
deficiency may disturb the ratio of ER sheet to tubule, resulting in more
tubules than sheets thereby increasing LD biogenesis, an event that
specifically originates from ER tubules. In addition, since the assembly
of translocon complex is coupled to ER sheet formation and a wide-
ranging effect in protein homeostasis induced by SigmaR1 depletion,
the loss of SigmaR1 could also directly or indirectly impair LD forma-
tion and turnover and consequently lead to an accumulation of LDs
inside cells. Notably, the lipid binding mutant Mut2 that was capable in
targeting ER sheet was also insufficient in rescuing the LD defect.
Furthermore, silencing other ER sheet factors such as Climpé63, p180
and Kinectin did not caused accumulated LDs as pronounced as
SigmaR1 silencing. These results suggest that ER sheet/translocon
function does not solely account for LD defect in SigmaR1-depleted
cells. Given that SigmaR1 has been involved in regulating ER micro-
domains and the trafficking of neutral lipids”-’?, it is also possible that
SigmaR1 may regulate LD dynamics via the remodeling of ER micro-
domain by binding to PC at the luminal face of ER membranes.
Therefore, we propose that the role for SigmaRl in LD dynamics
depends on an orchestrated interplay between ligand binding and ER
sheet formation.

Interestingly, the regulatory role of SigmaR1 in LD abundance was
most pronounced in hepatocytes. This cell-type specificity aligns with
the high endogenous expression of SigmaR1 in the liver and the central
role of hepatocytes in lipid synthesis, storage, and secretion. We
therefore speculate that fine-tuning of ER morphology or ligand-
induced microdomain organization by SigmaRl is critical for the
maintenance of lipid homeostasis in liver cells. Finally, given the vital
role of the translocon complex in protein homeostasis, the association
of SigmaR1 with the translocon may underlie its broad physiological
and pathological implications (Model; Supplementary Fig. 8f). Impor-
tantly, in light of the hepatocyte-predominant role of SigmaR1 in LD
dynamics, our results also position SigmaR1 as a potential therapeutic

target for metabolic liver disorders, such as non-alcoholic fatty liver
disease.

Methods

Cell cultures, transfection and RNAi

African green monkey kidney fibroblast-like COS7 cell line (ATCC),
human embryonic kidney 293 T (ATCC), the derivative of the com-
monly used HEK293 cell line AD293 and HEK293F (ATCC), the mouse
hippocampal neuroblast line Neuro-2a (ATCC),the human pancreatic
cancer cell line PaCa2 (ATCC), the human cervical cancer HeLa (ATCC),
and the human hepatocellular carcinoma cell lines [HepG2 (ATCC) and
Huh-7 (ATCC)] were cultured in DMEM (Gibco) supplemented with
10% fetal bovine serum (VivaCell) and 1% penicillin/streptomycin at
37 °C with 5% CO2. Mouse hepatocytes were isolated from male C57
mouse by collagenase perfusion and were cultured in DMEM with 10%
fetal bovine serum (PAN Seratech) at 37 °C under 5% CO, as described
by previously. All cells in this study were tested and confirmed to be
mycoplasma-free. Transfection of plasmids and RNAi oligos was car-
ried out with Lipofectamine 2000 and RNAi MAX, respectively. For
transfection, cells were seeded at 4 x10° cells per well in a six-well
dishes approximately 16 h prior to transfection. Plasmid transfections
were performed in OPTI-MEM (Gibco) with 2 pL Lipofectamine 2000
(Invitrogen) per well for 6 h, followed by trypsin (Gibco) digestion and
re-plated onto glass-bottom confocal dishes at -3.5 x 10° cells per well.
Cells were imaged in live-cell medium (DMEM with 10% FBS and 20 mM
Hepes without penicillin or streptomycin) approximately 16-24 h after
transfection (individually or combined for co-transfection). For all
transfection experiments in this study, 1000 ng DNA was used per
3.5 cm well. For siRNA transfections, cells were plated on 3.5 cm dishes
at 30-40% density, and 2 pL Lipofectamine RNAimax (Invitrogen) and
50 ng siRNA were used per well. At 48 h after transfection, a second
round of transfection was performed with 50 ng siRNAs. Cells were
harvested and analyzed 24 h after the second transfection for sup-
pression. All siRNAs used in all experiments were synthesized by
RiboBio. siRNA targeting sequences for human SigmaRI1#1:
TGCAGTGGGTGTTCGTGAA, Sigmarl#2: TCACCCTCTTCTATACTCT,
SigmaR1#3: GCGAAGAGATAGCGCAGTT. siRNA targeting sequences
for mouse SigmaRl1#1: CCCTGATTCTGACTATTAT, SigmaRI1#2:
GCTGGAACTCATATTCAGA, SigmaR1#3: CTCACCATATGCCTTATCT.
siRNA targeting sequences for human Climp63: GGTGCAGTCTTTG-
CAAGCCACATTT. siRNA targeting sequences for human pl80:
GGCAGCAGTTGAGTGAAAT. siRNA targeting sequences for human
Kinectin: GCAGTTCCATTCCCAGATA.

OA induced LD accumulation

To examine the colocalization of LD with different proteins or measure
cellular triglyceride (TG) and cholesterol (CHO), cells were treated with
200 pM OA (01008, Sigma-Aldrich) for 16 h.

Plasmid construction

SigmaR1 (NM_005866.4), TRAPa (NM_003144.5), SECIIA
(NM _014300.4), Nicalin (NM_020170.4), CCDC47 (NM 020198.3),
TMEMI147 (NM_032635.4), TMCOl1 (NM_019026.6), RRBP1
(NM_001042576.2), TRAM1 (NM_014294.6), NOMO1 (NM_014287.4)
were cloned from HeLa or 293 T cDNA. SigmaR1, CCDC47, TMEM147,
TMCO1, RRBP1, TRAMI1, NOMOI1 were cloned into mEGFP-N1 or Halo-
N1 between the Hindlll and BamHI. GFP/Halo-SigmaR1, Halo-TRAPq,
Halo-SECI11A, Halo-Nicalin were generated by cloning respective ORF
into mEGFP-C1 or Halo-Cl1 between the Sacl and BamHI/ The ORFs of
SigmaR1, TRAP«, SEC11A, Nicalin were cloned into mEGFP-C1 or Halo-
Cl1 between the Sacl and BamHI. GST-SigmaR1ATM, GST-SigmaR1A2-
30, GST-SigmaR1-B barrel and GST-SigmaR1- barrel mutl-4 were
cloned into PGEX-2T vector between the BamHI and EcoRI. 14xHis-
NEDDS8-TRAP«, SEC11A, Nicalin and CCDC47 were cloned into 14xHis-
NEDDS8 vector between the BamHI and Hindlll. Reticulon 4-Halo,
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Reep5-Halo, Halo-Tex2, Halo-Sec61f3 and ER-eBFP2 were previously
described”. All mutant constructs in this study were generated by PCR
mediated site directed mutagenesis on the basis of their respective
wild-type constructs. All constructs were confirmed by DNA sequen-
cing. A list of plasmids and primers for DNA constructs were provided
in Supplementary Table 1 and 2, respectively.

Generation of KO/KI cell line using CRISPR/Cas9

To make sfGFP-SigmaR1-KI Hela cell line, two gRNAs (5-
CGCCGTGCCAGGCCGCCCGCCGG-3’ and 5 -AGTGGGCCGTGGGCCG
GCGGTGG-3) were used to target the N-terminus of SigmaR1 gene. The
sgRNA was annealed and ligated into the BsmBI-cleaved/cut pLenti-
CRISPR-V2 vector (#52961, Addgene). Then the plasmid encoding
sgRNA and the donor construct containing super folded GFP (sfGFP)
and two homology arms were transfected into HelLa cells with Lipo-
fectamine 2000, and single clones were sorted 48 h after transfection.
Four positive clones were verified by imaging and Western blots.

To generate the SigmaR1 KO HelLa cell line, 630 bp bases between
exon 1 and exon 3 of the SigmaR1 gene were deleted using two gRNAs
(5-CGTGGGCCGGCGGTGGGCGTGGG-3' and 5-TCTCTGGCACCTTC-
CACCAGTGG-3’). Complementary gRNAs were annealed and sub-
cloned into the pSpCas9 (BB) -2A-GFP (pX-458) vector (#48138,
Addgene) between restriction sites of the Bbsl endonuclease. After
48 h transfection, single-cell was sorted by fluorescence-based flow
cytometry. Two independent clones were verified by PCR validation
and Western blot. All single-guide RNAs (sgRNAs) were designed using
CCTop (https://cctop.cos.uni-heidelberg.de:8043/index.html).

Antibodies and reagents

Anti-SigmaR1 (B-5) (sc-137075, Santa Cruz), anti-Sec6lfy (E-6) (sc-
393633, Santa Cruz), anti-Tom20 (sc17764, Santa Cruz), anti-NOMO (B-
10) (sc-390565, Santa Cruz) and anti- Nicalin (P09771, promab) were
used at 1:500 for western blots. Anti-LAMP1 (H4A3) (sc-20011, Santa
Cruz), anti-REEPS (H-10) (sc-393508, Santa Cruz), anti-RRBP1 (A12239,
ABclonal), anti-SEC11A (P02842, promab), anti-TRAP«x (201011-T32,
Sino Biological Inc), anti-CCDC47 (201332-T44, Sino Biological Inc),
anti-TMEM147 (K113174P, Solarbio), anti-TRAM1 (K113836P, Solarbio)
anti-Perilipin-2 (A6276, Abclonal), anti-BiP (A11366, Abclonal), elF2a
(9722, Cell Signaling Technology) and Phospho-elF2a (Ser51) (9721,
Cell Signaling Technology) were used at 1:1000 for western blots. Anti-
Flag (F1804, Sigma-Aldrich) and anti-RPL10 (KO09842P, Solarbio) were
used at 1:1500 for western blots. Anti-Calnexin (ab22595, Abcam), anti-
PMP70 (ab3421, Abcam) and anti-GM130 mAb (M179-3, MBL) were
used at 1:2000 for western blots. Anti GFP-Tag pAb (AEO11, ABclonal),
anti-Halo Tag pAB (G928A, Promega), anti-GAPDH (AB9485, Abcam),
anti-tubulin (100109-MMOST, Sino Biological Inc), anti GST-Tag mAb
(AE0O01, Abclonal) and anti-His (66005-1-Ig, Proteintech) were used at
1:5000 for western blots. Anti-Sec61p3(15087-1-AP, Proteintech) were
used at 1:200 for Immunofluorescence (IF). Donkey anti-Rabbit I1gG
(H + L) Secondary Antibody, Alexa Fluor 546 (A10040, Invitrogen) was
performed for IF. For immunoblotting, HRP-conjugated goat anti-
mouse IgG (H + L) (ASO03, Abclonal), HRP-conjugated goat anti-rabbit
IgG (H+L) (ASO14, Abclonal) were used as secondary antibodies. For
live cell imaging, Janilia Fluo® 646 HaloTag® Ligand (GA1120, Promega)
and BODIPY-558/568 C12 (D3835, ThermoFisher Scientific) were added
to added to OPTI-MEM (Invitrogen) medium in concentration of
20 nM, followed by incubation for 20 min. Cells were washed three
times with PBS before imaging. For translation inhibition experiments,
cells were treated with 200 pM cycloheximide (C112766, Aladdin) and
200 pM puromycin (P8230, Solarbio) in complete media for 20 min.
For the ER stress test, cells were treated with EBSS buffer (G4213,
Servicebio) for 4 h. Cells were treated with Thapsigargin (TG) (SC0389,
Beyotime) for different durations before imaging. For in vitro lipid
binding assay, the following lipids were purchased from Avanti Polar
Lipids: NBD-PC (810133), NBD-PE (810144), Rh-PE (810150), NBD-PS

(810198), NBD-PA (810138),
Cholesterol (810252).

NBD-ceramide (810211) and NBD-

Live imaging by confocal microscopy

Cells were grown on 35mm glass-bottom confocal dishes (801001,
NEST). Confocal dishes were loaded to a spinning disk confocal
microscope (Dragonfly CR-DFLY-201-40, Andor) equipped with mul-
tiple excitation lasers (405-nm, 488-nm, 561-nm, 637-nm). Cells were
imaged with the 60%/1.4 NA iPlan-Apochromat 60x oil objective using
the 405-nm laser for BFP, 488-nm for GFP, 561-nm for mStrawberry,
OFP, tagRFP or mCherry and 637-nm for Janilia Fluo® 646 HaloTag®
Ligand. All analyses/quantifications were done on raw 16-bit images
using Image J.

Immunofluorescence staining

Cells were washed with PBS and fixed with 4% paraformaldehyde for
15 min at room temperature. After three PBS washes, cells were per-
meabilized with 0.1% Triton X-100 in PBS for 12 min on ice (4 °C).
Following another three PBS washes, cells were blocked with 1% BSA
for 1h at room temperature, then incubated with specific primary
antibodies overnight at 4 °C. After thorough PBS washing, cells were
incubated with Donkey anti-Rabbit IgG (H +L) Secondary Antibody,
Alexa Fluor 546 (Invitrogen, A10040) for 1h at room temperature
protected from light. Finally, cells were washed three times with PBS,
mounted with antifade reagent, and imaged.

Fluorescence lifetime imaging microscopy (FLIM)

Cos7 cells were transiently co-transfected with plasmids encoding
SigmaR1-mClover2 and mRuby2-Nicalin (or Reep5-mRuby2/mRuby2-
Sec61p3) for 24 h. FLIM assays were performed using a Leica Stellaris
STED laser confocal microscope. Data were analyzed using the Tau-
Sense FLIM module.

Quantitative RT-PCR

For quantification of SigmaR1 mRNA levels in different cells, total RNA
from cells were extracted with Trizol reagent (15596026, Invitrogen).
According to the reagent instructions, cDNA (1000 ng) was synthe-
sized using gDNA Clear cDNA Synthesis Kit/ HiScript Il 1st Strand cDNA
Synthesis Kit (+gDNA wiper) (R212, Vazyme), and qPCR experiments
were performed using ChamQ universal SYBR Green SYBR qPCR
Master Mix (Q711, Vazyme) via CFX connect™ fluorescent quantitative
PCR detection system (BIO-RAD). Primers used for mRNA
quantification were:

h-GAPDH: 5- GACAAGCTTCCCGTTCTCAG - 3, 5- GAGTCAACGGATT
TGGTCGT - 3. h-SigmaRI: 5- GGGCCAAACACATGGATG - 3, 5- GCA-
TAGGAGCGAAGAGTATAGAAG - 3.

h-Climp63: 5- GCTCACCAAATCCATCAACG - 3, 5- TGCTTGTTCC
CCTCAGATTC - 3. h- p180: 5- TTGAAAGTTCGGACCAGGTG-3’, 5-
CGAGCTGAGATTGAGATTCTAGG - 3. h- Kinectin: 5- TGGAATCA-
GAGCAGAAAAGGG - 3, 5-GAACTGAAGCGGAGGTCTG - 3.

GST pull-down assay

GST or His-tagged proteins were constructed into pGEX-2T vector or
14xHis-NEDDS vector. E. coli Rosetta (DE3) or BL21 (DE3) transformed
with GST-SigmaR1, 14xHis- TRAPa, 14xHis-SECI1A, 14xHis-Nicalin,
14xHis-CCDC47 plasmids were inoculated into 5 mL LB medium and
grown to OD600 of 0.6-0.8 at 37 °C, and then E. coli transformed with
different plasmids was induced with the corresponding optimal
induction concentration of IPTG for 16 h at 16 °C. Bacteria were har-
vested by centrifugation and resuspended in lysis buffer (20 mM Tris,
pH 7.4, 300 mM NaCl, 0.1% NP-40, 1% Protease Inhibitor Cocktail
(C0001, TargetMol), 1mM DTT)and then lysed by sonication on ice.
Lysates were centrifuged at 12,000 x g for 30 min and supernatants
were collected. After washing the GST agarose beads (C600031-0025,
Sangon) three times with lysis buffer, the supernatant was incubated
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with the beads overnight at 4 °C. Then GST agarose beads were washed
three times with lysis buffer, collected, and resuspended in 50 pL of 2x
SDS loading buffer. Samples were analyzed by Western blot.

GST-tagged protein purification

The constructed plasmids GST-SigmaR1, GST-SigmaR1A2-30, GST-3
barrel and GST- barrel Mutl (83F-W, 95 L, 96L-W), Mut2 (104 V,105 L,
106 L, 107F-W), Mut3 (128I, 1291-W) and Mut4 (152V, 153V-W) were
transformed into E. coli Rossetta (DE3) cells and coated onto LB plates
overnight. The following day, healthy monoclonal bacteria were
picked and inoculated into a small amount of LB culture medium, and
then fresh bacterial solution was inoculated into 3 L of fresh LB med-
ium at a ratio of 1:100 and expanded the culture at 37 °C. When the
optical density at 600 nm (OD¢qo) reached 0.6-0.8, protein expres-
sion was induced with 0.5 mM IPTG for 20 h at 16 °C. The supernatant
containing these proteins was incubated overnight with GST agarose
beads after sonication and high-speed centrifugation. Finally, the
proteins were eluted with washing buffer containing 20 mM GSH and
stored at -80°C. Protein expression and size were confirmed by
Coomassie staining and protein concentration was measured by
Nanodrop.

In vitro protein-lipid co-migrating assays

The in vitro lipid binding assays were performed according to a pre-
vious study with modifications”. Briefly, 19 pL purified GST-SigmaR1,
purified GST-SigmaR1A2-30, purified GST-f and GST-§ Mutl (83F-W,
95L, 96L-W), Mut2 (104 V, 105L, 106 L, 107F-W), Mut3 (128lI, 1291-W)
and Mut4 (152 V, 153V-W) (1 mg/mL) were mixed with 1 uL of methanol
and NBD-labeled ceramide, PE, PS, PA, PC, cholesterol (1 mg/ml in
methanol) in 20 pL total reaction volumes and incubated at 4 °C for
3 h. Samples mixed with 5 pL of non-SDS 5xloading buffer were loaded
onto 10% non-denaturing native PAGE gel for 4 h at a low current (80-
100V), during which low temperature and dark conditions were
maintained. Finally, the NBD fluorescence was visualized using Bio-Rad
ChemiDoc XRS +170-8265 and migration of total protein was observed
by Coomassie staining.

Liposome pelleting assay

The purified protein was pre-cleared by ultracentrifugation at
20,000 g for 1h. Various amounts of the pre-cleared protein were
incubated with liposomes (250 uM,70% DOPC, 30% PE, 0.75 M sucrose)
in a shaking incubator at 30 °C for 1h. The mixtures were then cen-
trifuged at 16,000 g for 15 min. Subsequently, both the supernatant
and the pellet fractions were carefully collected and analyzed by
Western blotting.

GFP-Trap assays

GFP-Trap was used to detect protein-protein interactions and GFP-
Trap assays were performed according to the manufacturer’s protocol.
For exogenous protein-protein interaction assays, 293 T cells trans-
fected with the indicated constructs were collected and resuspended
in lysis buffer (10 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.5% NP-40,
0.5 mM EDTA) supplemented with 1% Protease Inhibitor Cocktail for
30 min on ice. 10% supernatant after high-speed centrifugation was
saved for input sample of GFP-Trap, and the remaining supernatant
samples were incubated with GFP-Nanoab-agarose beads (GNA-50-
1000, LABLEAD) for 4 h at 4 °C. The beads were washed three times
with lysis buffer and collected. For endogenous protein-protein
interaction assays, two equal amounts of cells were cultured and col-
lected, one was Hel a cells transfected with mEGFP-C1 empty vector as
the control group and the other was sfGFP-SigmaR1 KI#2 HelLa cells in
the experimental group. Subsequently, the experimental samples were
processed and collected according to the GFP-Trap experimental
manufacturer ‘s protocol. Western blot analysis of protein co-IP.

In vitro pull-down assay of his-flag-SigmaR1 and GFP-TRAPa/
GFP-nicalin

His-Flag-SigmaR1 was purified from suspension HEK293F cells tran-
siently transfected with a corresponding plasmid. Cells were harvested
72 h post-transfection and lysed via sonication in lysis buffer contain-
ing 150 mM NaCl, 25 mM HEPES, 10% glycerol, and 1 mM PMSF. The
lysate was supplemented with detergents to final concentrations of 1%
(w/v) n-Dodecyl-B-D-maltopyranoside (DDM) and 0.1% (w/v) choles-
teryl hemisuccinate tris salt (CHS), followed by membrane solubiliza-
tion for 2 h. The mixture was then centrifuged at 20,000 x g for 1 h at
4°C. The supernatant was incubated with anti-Flag Magnetic Beads
(P2115, Beyptime) for 3 h. Bound proteins were eluted using 3xFLAG
peptide. All purification steps were carried out on ice or at 4 °C to
ensure protein stability.

HEK293F cells transiently transfected with GFP-TRAPx or GFP-
Nicalin were lysed in a high-salt lysis buffer. GFP-Trap beads were used
to capture the respective GFP-fusion proteins from the cell lysates. The
beads were subsequently washed ten times with the high-salt lysis
buffer to eliminate any potential interacting molecules.

For the pull-down assay, the purified His-Flag-SigmaR1 protein
was incubated with immobilized GFP-TRAP« or GFP-Nicalin complexes
for 4 h at 4 °C. The beads were washed extensively with HNM buffer
(20 mM HEPES pH 7.4, 100 mM NaCl, 5 mM MgCl,, 1mM DTT, 0.01%
DDM). Finally, the beads were resuspended in 100 pL of 2x SDS sample
buffer and boiled at 95 °C for 10 min to elute bound proteins.

Transmission electron microscopy

HepG2 cells treated with either scrambled or SigmaR1 siRNA were fixed
with 2.5% glutaraldehyde in 0.1 M Phosphate buffer, pH7.4 for 2h at
room temperature. After washing three times with 0.1 M Phosphate
buffer, cells were scraped and collected with 0.1 M phosphate buffer
followed by centrifugation at 956 x g. The pellet was resuspended in
PBS (0.1M), and centrifuged at 956 xg for 10 min. This step was
repeated three times. The samples were post-fixed with pre-cold 1%
0Os04 in 0.1 M Phosphate buffer for 2-3 h at 4 °C, followed by rinsing
with PBS 3 times (3 x 20 min). The samples were dehydrated in graded
ethanol (50%, 70%, 85%, 90%, 95%, 2 x 100%) with 15min for each
condition. The penetrations were performed in an order of acetone-
epoxy (2:1); acetone-epoxy (1:1); epoxy. Each round of penetration was
performed at 37 °C for 12 h. The samples were embedded in epoxy
resin using standard protocols’®. Sections parallel to the cellular
monolayer were obtained using a Leica EM UC7 with the thickness of
60-100 nm and examined under Tecnai G2 20 TWIN (FEI) with accel-
erating voltage 200 kv. LDs and nucleus were identified based on their
respective morphology. The number and size (diameter) of LDs were
measured using the “measure” tool in Image) (NIH).

Mass spectrometry for identification of SigmaR1-GFP interact-
ing proteins

Identification of Sigmarl-GFP interacting proteins by MS was described
in our previous study”. For processing of samples before loading,
bound proteins were first extracted from GFP-Trap agarose beads
using SDT lysis buffer (4% SDS, 100 mM DTT, 100 mM Tris-HCI, pH
8.0), and then samples were boiled for 3 min and further sonicated.
Undissolved beads were removed by centrifugation at 16,000 xg for
15 min. Collect the supernatant containing protein. Subsequently, the
FASP method was used for protein digestion: detergent, DTT, and IAA
in UA buffer were added to blocked reduced cysteines. The proteins
were digested with 2pug trypsin (Promega) for overnight at 37°C.
Peptides were collected by centrifugation at 16,000 x g for 15 min.
Finally, peptides were desalted with C18 StageTip for further LC-MS
analysis. LC-MS/MS experiments were performed on a Q Exactive Plus
mass spectrometer coupled to an Easy nLC (Thermo Fisher Scientific).
Firstly, three independent sample were loaded onto the capture
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column (100 ym x 20 mm, 5um, C18, Dr. Maisch GmbH) in buffer A
(0.1% formic acid in water). Reversed-phase high-performance liquid
chromatography (RP-HPLC) separation was performed using a self-
packed column (75 um x 150 mm; 3 um ReproSil Pur C18 beads, 120 A;
Dr. Maisch GmbH, Ammerbuch) at a flow rate of 300 nl/min. Specifi-
cally, the RP-HPLC mobile phase (A was 0.1% formic acid in water and B
was 0.1% formic acid in 95% acetonitrile) eluted the sample from 2-4%
buffer B gradient to 90% buffer B within 60 min. MS data were
acquired using a data-dependent top20 method dynamically choosing
the most abundant precursor ions from the survey scan (350-1800 m/
z) for HCD fragmentation. A locked mass of 445.120025 Da was used as
the internal standard for mass calibration. Full MS scans were acquired
at resolutions of 70,000 at m/z 200 and 17,500 at m/z 200. The
maximum injection time was set to 50ms for MS and MS/MS,
respectively. Normalized collision energy was 27 and the isolation
window was set to 1.6 Th. Dynamic exclusion duration was 60s. MS
data were analyzed using MaxQuant software version 1.6.1.0. MS data
were searched against the UniProtKB human database (36,080 entries
in total, downloaded on 25 June 2019). Trypsin was chosen as the
digestion enzyme. A maximum of two missed cleavage sites and a mass
tolerance of 4.5 ppm for precursor ions and 20 ppm for fragment ions
were defined for database search. Carbamidomethylation of cysteine
was defined as a fixed modification, whereas acetylation of the protein
N-terminus and the oxidation of methionine were set as variable
modifications for database search. Database search results were fil-
tered and exported at <1% false discovery rate (FDR) at the peptide
spectrum matching level and protein level, respectively.

Non-targeted lipidomics using LC-MS/MS

The identification of sfGFP-SigmaR1-associated lipids in the Kl cells was
described in our previous study”. In particular, to extract lipids, 1mL
methyl tert-butyl ether (MTBE) was added to GFP-Trap agarose beads
(Chromoteck) and the samples were shaken for 1 h at room tempera-
ture. Next, phase separation was induced by adding 250 pl water, let-
ting it sit for 10 min at room temperature, and centrifuging for 15 min
at 14,000 x g, 4 °C. Due to the low density and high hydrophobicity of
MTBE, lipids and lipophilic metabolites were mainly extracted to the
upper MTBE-rich phase. The lipid was transferred to fresh tubes and
dried with nitrogen.

In addition, to ensure data quality for metabolic profiling, quality
control (QC) samples were prepared by pooling aliquots from repre-
sentative samples for all of the analysis samples, and were used for data
normalization. QC samples were prepared and analyzed with the same
procedure as that for the experiment samples in each batch. Dried
extracts were then dissolved in 50% acetonitrile. Each sample was fil-
tered with a disposable 0.22 um cellulose acetate and transferred into
2 mL HPLC vials and stored at 80 °C until analysis. For UHPLC-MS/MS
analysis, lipid analysis was performed on Q Exactive Orbitrap mass
spectrometer (Thermo Fisher Scientific) coupled to a UHPLC system
Ultimate 3000 (Thermo Fisher Scientific). Samples were separated
using a Hypersil GOLD C18 column (100 x 2.1mm, 1.9 pm) (Thermo
Fisher Scientific). Mobile phase A was prepared by dissolving 0.77 g of
ammonium acetate to 400 mL of HPLC-grade water, followed by
adding 600 ml of HPLC-grade acetonitrile. Mobile phase B was pre-
pared by mixing 100 ml of acetonitrile with 900 ml isopropanol. The
flow rate was set as 0.3 ml/min. The gradient was 30% B for 0.5 min and
was linearly increased to 100% in 10.5min, and then maintained at
100% in 2 min, and then reduced to 30% in 0.1 min, with 4.5 min re-
equilibration period employed. Both electrospray ionization (ESI)
positive-mode and negative-mode were applied for MS data acquisi-
tion. The positive mode of spray voltage was 3.0 kV and the negative
mode 2.5kV. The ESI source conditions were set as follows: heater
temperature of 300 °C, Sheath Gas Flow rate, 45arb, Aux Gas Flow
Rate, 15 arb, Sweep Gas Flow Rate, 1 arb, Capillary Temp, 350 °C, and
S-Lens RF Level, 50%. The full MS scans were acquired at a resolution of

70,000 at m/z 200, and 17,500 at m/z 200 for MS/MS scans. The
maximum injection time was set to for 50 ms for MS and 50 ms for MS/
MS. MS data was acquired using a data-dependent ToplO method
dynamically choosing the most abundant precursor ions from the
survey scan (200-1500 m/z) for HCD fragmentation. Stepped nor-
malized collision energy was set as 15, 25, 35 and the isolation window
was set to 1.6 Th. QC samples were prepared by pooling aliquots that
were representative of all samples under analysis, and used for data
normalization. Blank samples (75% acetonitrile in water) and QC sam-
ples were injected every six samples during acquisition.

For data preprocessing and filtering, lipids were identified and
quantified using LipidSearch 4.1.30 (Thermo, CA). Mass tolerance of
5ppm and 10ppm were applied for precursor and product ions.
Retention time shift of 0.25 min was performed in ‘alignment’. M-score
and chromatographic areas were used to reduce false positives. The
lipids with less than 30% relative standard deviation (RSD) of MS peak
area in the QC samples were kept for further data analysis. SIMCAP
software (Version 14.0, Umetrics, Sweden) was used for all multivariate
data analyses and modeling. Data were mean-centered using Pareto
scaling. Models were built on principal component analysis (PCA),
orthogonal partial least-square discriminant analysis (PLS-DA) and
partial least-square discriminant analysis (OPLS-DA). All the models
evaluated were tested for overfitting with methods of permutation
tests. The descriptive performance of the models was determined by
R2X (cumulative) [perfect model: R2X (cum)=1] and R2Y (cumulative)
[perfect model: R2Y (cum)=1] values while their prediction perfor-
mance was measured by Q2 (cumulative) [perfect model: Q2 (cum)=1]
and a permutation test (n=200). The permuted model should not be
able to predict classes -R2 and Q2 values at the Y-axis intercept must be
lower than those of Q2 and the R2 of the non-permuted model. OPLS-
DA allowed the determination of discriminating metabolites using the
variable importance on projection (VIP). The VIP score value indicates
the contribution of a variable to the discrimination between all the
classes of samples. Mathematically, these scores are calculated for
each variable as a weighted sum of squares of PLS weights. The mean
VIP value is 1, and usually VIP values over 1 are considered as significant.
A high score is in agreement with a strong discriminatory ability and
thus constitutes a criterion for the selection of biomarkers. The dis-
criminating metabolites were obtained using a statistically significant
threshold of variable influence on projection (VIP) values obtained
from the OPLS-DA model and two-tailed Student’s t-test (P-value) on
the normalized raw data at a univariate analysis level. The P-value was
calculated by one-way analysis of variance (ANOVA) for multiple
groups analysis. Metabolites with VIP values greater than 1.0 and P-
value less than 0.05 were considered to be statistically significant
metabolites. Fold change was calculated as the logarithm of the aver-
age mass response (area) ratio between two arbitrary classes. On the
other side, the identified differential metabolites were used to perform
cluster analyses with R package.

Preparation of rough ER fraction from rat liver and sfGFP-
Sigmar1-KI cell

Based on the protocol used in the preparation of crude microsomes
from rat livers”, 5 female Balb/c rats (age, 6 weeks; weight, 80-100 g)
were euthanized and the livers were collected quickly and washed with
cold homogeneous medium (HM) (0.5 M sucrose, 1 mM dithiothreitol
(DTT)). Firstly, Liver tissue was ground with a tissue grinder until a
paste-like consistency form. The homogenate volume was diluted to 5
times the liver weight (i.e., 20% [w/v]) with HM and centrifuged at
1400 x g for 10 min mainly to remove nuclei and cellular debris, and
the supernatant was centrifuged at 13,800 x g for 10 min at 4 °C to
remove mitochondria. After transferring the supernatant enriched in
cytosol and ER into a 50 ml tube on ice, the pellet was resuspended
with a 5 x volume of HM, ground 5 times, and then centrifuged at
13,800 x g for 10 min at 4 °C. The above step was repeated for once.
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Subsequently, the supernatants (post-mitochondrial supernatant,
PMS) were combined and kept on ice. Next, four sucrose gradients
solutions were prepared using PMS and 2.5 M sucrose: PMS containing
1M sucrose, PMS containing 1.35M sucrose, PMS containing 1.55M
sucrose, and PMS containing 1.8 M sucrose. Finally, different sucrose
gradients solutions (Layer the solutions from the bottom to the top
starting with 0.67 mL of 1.8 M sucrose-PMS, 0.4 mL of 1.55M sucrose-
PMS, 1.5-2.5mL of 1.35M sucrose-PMS, and finally 0.4 mL of 1M
sucrose-PMS) were transferred in ultracentrifuge tubes (Ultra-Clear
Beckman, USA) with a Ti60 rotor and centrifuged for at least 6 h at
maximum 240,000 xg at 4°C. A total of 11 samples within and
between each layer were collected for Western blotting.

For the preparation of crude rough microsomes from culture
cells®’, we added cycloheximide to the culture medium to a final
concentration of 10 uM, and incubated the culture at 37°C for 10 min,
and washed the cells three times with cold PBS containing a con-
centration of 10 uM cycloheximide. Finally, the collected cells were
added 0.7 mL of HM (10 mM HEPES-KOH buffer (pH 7.5), 10 mM KClI,
1mM MgCI2, 1mM DTT, 0.5 mM PMSF) containing 3 units/mL RNase
inhibitor and ground with the Dounce homogenizer until the cell
homogenate was in a milky white state. After cell homogenization, the
cell homogenate was centrifuged at 1400 x g for 10 min mainly to
remove nuclei and cellular debris, and the supernatant was centrifuged
at 13,800 xg for 10 min at 4 °C to remove mitochondria. After trans-
ferring the supernatant enriched in cytosol and ER into a tube, 2.2
times the volume of 2.5M sucrose was added to achieve a sucrose
concentration of 1.8 M in the sucrose PMS mixture. Finally, different
sucrose gradient solutions (layered from bottom to top, starting from
1.67 mL of 1.8 M sucrose-PMS mixture, 0.5 mL of HM containing 1.5M
sucrose, 0.5mL of HM containing 1.3 M sucrose, 0.5 mL of HM con-
taining 1M sucrose, 0.5mL of HM containing sucrose, and finally
0.33 mL of HM containing 0.25 M sucrose) were transferred to ultra-
centrifuge tubes (Ultra Clean Beckman, USA) with Ti60 rotors and
centrifuged at 263,000 x g for at least 6 h at 4 °C. A total of 14 samples
within and between each layer were collected for Western blotting.

Fluorescence-activated cell sorting (FACS) analysis

SigmaR1 KO#3 Hela cells were transfected with either SigmaR1-GFP,
SigmaR1-GFPA2-8, or SigmaR1-GFP lipid-binding mutant plasmids and
cultured for 36 h. Cells (40 10 cm dishes with ~-100% confluency for
each condition) were collected, washed with PBS, and resuspended as
single-cell suspensions. The suspensions were then filtered through a
cell strainer to remove clumps and debris. GFP-positive cells were
isolated using a BD FACSAria Il cell sorter equipped with a FITC
fluorescence channel, and collected for subsequent experiments.

Total triglyceride and cholesterol/cholesterol esters
measurements

Cells were treated with 200 uM OA for 16 h, and cellular triglyceride
and cholesterol levels were measured using total triglyceride (TG)
assay kit (A110-1-1, Nanjing JianCheng Bioengineering Institute) and
total cholesterol assay kit (A111-1-1, NanJing JianCheng Bioengineering
Institute), respectively. Briefly, cells were collected by centrifugation at
1000 x g for 10 min at 4 °C, then cells were resuspended in 500 pL of
cold diluted PBS buffer and homogenized on ice by ultrasonic. For
triglyceride and cholesterol assay, 10 pL standard or cell suspension
was added to 96 plate and the reaction was initiated by adding 200 pL
diluted Enzyme Mixture solution to each well. The plate was incubated
for 30 min at 37 °C, the absorbance at 500 nm was measured.

Image analysis
All image analysis and processing were performed using ImageJ (2.1.0/
1.53c; National Institutes of Health). The colocalization analysis of
Pearson’s correlation coefficient was performed using a plugin named
JACoP in Image].

Proteomics analysis

For functional analysis of mass spectrometry data, the corresponding
IDs of the screened proteins (any two groups of unique peptides
enriched in GFP-C1 control group =0, and any two groups of unique
peptides enriched in Sigmarl-GFP experimental group=0) were con-
verted to gene IDs by the DAVID knowledgebase tool®"*?, and then
enrichment analysis and mapping of GO function and KEGG pathway
database of the converted genes were performed using the OmicShare
tools (www.omicshare.com/tools).

Prediction of the conservation and the secondary structure of
SigmaR1

In order to analyze the secondary structure and sequence conservation
of SigmaRl, the sequence similarities and secondary structure of Sig-
maR1 were performed ESPript 3.x*.

Molecular docking

To analyze the binding affinities and modes of interaction between
SigmaR1(PDB:6DJZ) and PC (CID: 10425706), CB-Dock2, the silico
protein-ligand docking blind softwares were employed®*®.

Statistical analysis

All statistical analyses and p-value determinations were performed in
GraphPad Prismé. All the error bars represent Mean +SD. To deter-
mine p-values, ordinary one-way ANOVA with Tukey’s multiple com-
parisons test was performed among multiple groups and a two-tailed
unpaired student t-test was performed between two groups.

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

Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the iProX partner repository with
the dataset identifier PXD058640. All the data and relevant materials,
including reagents and primers, that supports the findings of this study
are available from the corresponding author upon reasonable
request. Source data are provided with this paper.
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