BIOCHEMISTRY

PNAS

Check for
updates

Spnsl is a lysophospholipid transporter mediating lysosomal

phospholipid salvage

Menglan He®, Alvin C. Y. Kuk®!, Mei Ding®“@®, Cheen Fei Chin? Dwight LA. Galam?
Peter I. Benke®<, Markus R. Wenk®<, Lena Ho*®¢, Federico Torta®<?{, and David L. Silver®?

, Jie Min Nah?, Bryan C. Tan?, Hui Li Yeo®, Geok Lin Chua?,

Edited by Stephen Young, University of California Los Angeles David Geffen School of Medicine, Los Angeles, CA; received June 17, 2022; accepted

August 28, 2022

The lysosome is central to the degradation of proteins, carbohydrates, and lipids and
their salvage back to the cytosol for reutilization. Lysosomal transporters for amino acids,
sugars, and cholesterol have been identified, and the metabolic fates of these molecules
in the cytoplasm have been elucidated. Remarkably, it is not known whether lysosomal
salvage exists for glycerophospholipids, the major constituents of cellular membranes. By
using a transport assay screen against orphan lysosomal transporters, we identified the
major facilitator superfamily protein Spns] that is ubiquitously expressed in all tissues as
a proton-dependent lysophosphatidylcholine (LPC) and lysophosphatidylethanolamine
(LPE) transporter, with LPC and LPE being the lysosomal breakdown products of the
most abundant eukaryotic phospholipids, phosphatidylcholine and phosphatidylethanol-
amine, respectively. Spns1 deficiency in cells, zebrafish embryos, and mouse liver resulted
in lysosomal accumulation of LPC and LPE species with pathological consequences on
lysosomal function. Flux analysis using stable isotope-labeled phospholipid apolipo-
protein E nanodiscs targeted to lysosomes showed that LPC was transported out of
lysosomes in an Spnsl-dependent manner and re-esterified back into the cytoplasmic
pools of phosphatidylcholine. Our findings identify a phospholipid salvage pathway
from lysosomes to the cytosol that is dependent on Spnsl and critical for maintaining
normal lysosomal function.
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The lysosome is an acidic degradative organelle that receives macromolecular cargo
such as proteins, polysaccharides, and lipids from endocytosis, phagocytosis, and
autophagy. The catabolic products of these macromolecules re-enter the cytoplasm
to be used in biosynthesis reactions in the cell. The myriad forms of lysosomal stor-
age diseases highlight the crucial role that catabolism and export of lysosomal macro-
molecules play in cell and organ functions (1). While lysosomal transporters for
amino acids, monosaccharides, and ions have been characterized, less is known
about the identity of lipid transporters (2-4), with the exception of Niemann-Pick
C1 protein and Niemann-Pick C2 protein that critically mediate cholesterol trans-
port out of lysosomes (5, 6). While not as well studied as for cholesterol, a similar
lysosomal salvage pathway is known for sphingolipids (7) that is important for the
metabolism of sphingolipid-like drugs such as FTY720 (8). Remarkably, there is a
lack of information on the fate of glycerophospholipids within lysosomes, the main
components of cellular membranes. In 1969, Fowler et al (9) were the first to
describe that the end products of phosphatidylcholine (PC) and phosphatidyletha-
nolamine (PE) catabolism in lysosomes are lysophosphatidylcholine (LPC), lyso-
phosphatidylethanolamine (LPE), and fatty acid, consistent with the existence of
lysosomal phospholipase A; and A, activities, with PLA2G15 being the only bio-
chemically characterized mammalian lysosomal phospholipase A, (PLA;) to date
(10-12). We reasoned that because LPC and LPE molecules are zwitterionic and do
not readily diffuse across membranes, they require a transporter to egress out of lyso-
somes to be reacylated by membrane bound O-acyltransferases (MBOATS) and LPC
acyltransferases (LPCATs) located in the endoplasmic reticulum (ER) to form PC
and PE (13) (Fig. 14). Mfsd2a, a sodium-dependent LPC transporter and a member
of the major facilitator superfamily (MFS), establishes the precedence for the
requirement of a transporter for LPC and LPE across the plasma membrane of many
cell types (14, 15). The other known lysolipid transporters that are part of the MES
family are Mfsd2b and Spns2, which both transport sphingosine-1-phosphate (S1P)
at the plasma membrane (16, 17). These findings raise the possibility that an MES
transporter exists to mediate lysosomal efflux of LPC and LPE for phospholipid
salvage.
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Significance

Lysosomes mediate the hydrolysis
of macromolecules for which the
breakdown products must be
transported out, failure of which
could result in lysosomal storage
diseases. While lysosomal
transporters for amino acids,
monosaccharides, and ions have
been characterized, less is known
about the identity of lipid
transporters, particularly whether
lysosomes export
lysophospholipids that are
breakdown products of
phosphatidylcholine and
phosphatidylethanolamine, the
most abundant membrane
phospholipids. This study
combined a cell-based screen with
biochemical, cell, and in vivo
models to identify SPNS1, a
previously orphaned transporter,
as the transporter that mediates
the rate-limiting lysosomal efflux
of lysophospholipids for their
recycling into cellular phospholipid
pools. The deorphanization of
SPNS1 sets a foundation for
studying the role of lysolipid
transport and recycling in
physiology and disease.
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Fig. 1.

Cell-based transport assay shows that Spns1 is an LPC transporter. (A) lllustration of Lands’ cycle. CoA, coenzyme A. (B) lllustration of physiological

activity of Spns1 and experimental setup for transport screen. (C) Uptake of 20 uM ['*C]-LPC-oleate in pH 5 buffer by MFS proteins. (D) Docking of LPC-
oleate into binding pocket of a homology model of Spns1. (E-G) Transport activities of Spns1 mutants. DHA, docosahexaenoic acid. (H) pH dependency of
uptake of 20 pM ['“CJ-LPC-oleate by WT Spns1, H427A mutant, and empty plasmid. (/) Dose-response curve of ['*C]-LPC-oleate uptake by WT Spns1 and
H427A mutant and pcDNA. (/) Ligand specificity of Spns1 determined by mass uptake of transported lysolipids in pH 6 buffer and the amount of their corre-
sponding bio-incorporated lipids measured by targeted lipidomics. Heatmaps show log,-fold change calculated against levels in pcDNA-transfected cells.
Cells with asterisks indicate a significant change relative to pcDNA. (A-/) n = three replicates; data are expressed as mean +/— SD. *P < 0.05; **P < 0.01;

**%P < 0.001; ****P < 0.0001; one-way ANOVA with Dunnett’s test.

Results

Spns1 is an LPC/LPE Transporter. We therefore screened a panel
of ubiquitously expressed orphan MFS proteins that are known
to be localized to the lysosome and that have amphipathic
binding pockets suitable for lysolipid transport (15, 18-21).
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Since many lysosomal transmembrane proteins traffic through
the plasma membrane (PM) before entering the endocytic path-
way (22), an exporter protein at the lysosome membrane can
function as an importer at the PM if it is exposed to substrate
and a proton gradient (Fig. 1B). We took advantage of this cel-

lular phenomenon to devise a cell surface uptake assay to screen
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for LPC transporters. We overexpressed orphan candidate
transporters in Hela cells and verified that they accumulated at
the PM by using cell surface biotin cross-linking (S Appendix,
Fig. S1A4). Placing cells in buffer at pH 5 to mimic the acidic
luminal environment of lysosomes and measuring the uptake of
['“C]-LPC-oleate into cells, we found that Spnsl was the only
MES in the panel that showed a significant increase in ['4C]-
LPC-oleate uptake relative to control (Fig. 1C). Spnsl did not
mediate the uptake of & H]-sphingosine, a lysolipid-like mole-
cule structurally different from LPC (SI Appendix, Fig. S1B).
Alanine mutagenesis of phylogenetically conserved residues
arginine 76 (R76), glutamate 164 (E164), and histidine 427
(H427), which are predicted to form salt bridges with the cho-
line and phosphate moieties of LPC (Fig. 1D), abolished or sig-
nificantly reduced the uptake of [*C]-LPC-oleate (Fig. 1E).
We verified that all mutants were expressed at the PM and that
H427A mutant was expressed at levels similar to those of wild-
type (WT) Spnsl (SI Appendix, Fig. S1 Cand D). Henceforth,
we chose H427A as a negative control. Spnsl is also able to
transport ['*C]-LPC-DHA and [H]-LPC-palmitate, indicating
a general activity toward LPCs with saturated, monounsatu-
rated, and polyunsaturated fatty acids (Fig. 1 F and G). We
further demonstrated that WT Spnsl, but not the H427A
mutant, can mediate mass uptake of LPC-DHA and increase
the cellular mass of PC-DHA as revealed by thin-layer chroma-
tography (SI Appendix, Fig. S1E). The increase in PC-DHA
indicated that LPC-DHA was bio-incorporated into PC, fur-
ther supporting the conclusion that Spnsl mediates LPC trans-
port and not simply LPC binding to Spnsl at the PM. The
uptake of [“C]-LPC-oleate by Spns1 was concentration depen-
dent and saturable, with a pH optimum between pH 5.0 and
6.0 (Fig. 1 Hand J), indicating that Spns1 is a proton-coupled
LPC transporter.

To define the ligand specificity of Spnsl transport, we used
our cell surface transport assay coupled with lipidomics to quan-
tify uptake of lysolipids and their bio-incorporation into
re-esterified phospholipid species, using Mfsd2a as a positive
control (Fig. 1/ and SI Appendix, Fig. S2). Spnsl transported
lysophospholipids with zwitterionic headgroups such as LPC
and LPE. That Spnsl transported lyso-plasmalogen, an LPC
with a fatty alcohol, indicated that the carbonyl group of the
fatty acyl chain is not an essental feature of an Spnsl ligand.
With the exception of lysophosphatidylglycerol (LPG), we could
not detect transport of the anionic lysophospholipids lysophos-
phatidylserine (LPS), lysophosphatidylinositol (LPI), and lyso-
phosphatidic acid (LPA). Lyso-sphingomyelin (lyso-SM) and
S1P were not transported by Spnsl, indicating it has a distinct
substrate selectivity primarily for LPCs and LPEs, unlike its
paralog Spns2 which transports S1P (23). The observed higher
activity of Mfsd2a over Spnsl in this assay for LPC and LPE is
likely explained by the higher cell surface expression of Mfsd2a,
which evolved to function at the PM, while Spnsl transiently
traffics through the PM. Overall, our results highlight an exqui-
site substrate selectivity of Spnsl for LPC, LPE, and LPG.

Spns1 Deficiency in Mammalian Cells Results in Lysosomal
Accumulation of LPC and LPE. To investigate the function of
endogenous Spnsl in the lysosome, we generated Spnsl knock-
out (KO) HEK293T cells using CRISPR/Cas9. Importantly,
Spnsl KO cells displayed increased levels of total LPC and LPE,
as determined by mass spectrometry (SI Appendix, Fig. S3 B and
O), providing the first biochemical evidence that Spnsl defi-
ciency leads to cellular accumulation of LPC and LPE. On the
basis of Spnsl KO efficiency and the extent of LPC and LPE
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accumulation, we chose to use KO1 (gRNAL) for further inves-
tigation and henceforth designated it as Spns1 KO (87 Appendix,
Fig. S3 A-C). Spnsl KO cells showed enlarged lysosomes
detected as Lysotracker-positive compartments (Fig. 24) and
increased basal LC3b levels (Fig. 2B), indicating that Spns1 defi-
ciency leads to defects in lysosome size and autophagy, pheno-
types previously seen in Spnsl-deficient cells (24-26).

We next investigated the effects of Spnsl deficiency on the
lysosome lipidome by using superparamagnetic iron oxide
nanoparticles (SPIONs) to obtain lysosome-enriched fraction (57
Appendix, Fig. S3 D-F). As a first approach to determine
whether Spnsl deficiency would lead to elevation of lysosomal
LPCs, we metabolically labeled cellular phosphatidylcholine, SM,
and LPC pools with ['“C]-choline and isolated lysosomes.
Remarkably, ['%C]-labeled LPC was increased approximately five-
fold in lysosome-enriched fraction from Spnsl KO cells relative
to control cells (Fig. 2 C and D). In an independent label-free
lipidomic approach, we observed a 1.48- to ~4.91-fold increase
of all quantified LPCs and LPEs in the lysosome-enriched frac-
tion of Spnsl KO cells relative to control cells, which was rescued
by re-expressing Spns1, which is consistent with these phenotypes
being Spnsl dependent (Fig. 2 E and F). We also noted a large
increase in the level of lysosomal sphingosine (Fig. 2E). Since
sphingosine is not transported by Spnsl (SI Appendix, Fig. S1B),
this increase is interpreted as a secondary effect of Spnsl defi-
ciency. A similar accumulation of LPCs and LPEs was found in
whole cells (Fig. 2F). Taken together, these data indicate that
endogenous Spnsl mediates the transport of LPCs and LPEs out
of lysosomes and is critical for maintaining cellular homeostasis

of LPCs and LPEs.

Spns1 Mediates a Lysosomal Salvage Pathway for Phospholipids.
We reasoned that since Spnsl is required for lysosomal efflux of
LPC and LPE, that loss of Spnsl should lead to less LPC and
LPE available for re-acylation by LPCATs, the rate-limiting
enzymes of the Lands’ cycle in the ER. To test this hypothesis, we
pulse-labeled control and Spnsl KO cells with [*“C]-oleic acid,
which is used in re-acylation of LPCs into PC (8] Appendix, Fig.
S4A4). Spnsl KO cells exhibited 25% less [*4C)-oleic acid incorpo-
rated into PC relative to control cells during a 30-min labeling
time (87 Appendix, Fig. S4B). Chemical inhibition of autophago-
some formation and fusion or inhibition of lysosomal phospholi-
pase activity that produces LPC normalized the level of ['*C]-oleic
acid incorporation into PC between Spnsl KO and control cells
(8T Appendix, Fig. S4 B-D). Taken together, these findings indi-
cate a Spnsl-dependent contribution to lysosomal LPC efflux
used for re-acylation into PC.

We next sought to directly measure the in vivo flux of LPCs
out of lysosomes and their subsequent re-acylation by following
the fate of stable isotope-labeled PC (d9-PC 36:2; structure
shown in Fig. 34) delivered to lysosomes. If Spnsl indeed trans-
ports LPC out of lysosomes, we predicted that lysosome-derived
d9-LPC species will be re-acylated by LPCAT: at the ER to pro-
duce d9-containing PC species with various types of fatty acyl
chains in addition to 18:1 (Fig. 34). To selectively deliver d9-PC
36:2 to lysosomes, we took advantage of the specific binding of
apolipoprotein E  (apoE) to low-density lipoprotein receptor
(LDLR) and generated d9-PC 36:2 nanodiscs containing apoE to
drive LDLR-dependent endocytosis and subsequent delivery to
lysosomes (27). Enrichment of d9-PC 36:2 over nondeuterated
PC 36:2 in the lysosome-enriched fraction was significantly higher
when cells were loaded for 3 h with apoE-complexed d9-PC 36:2
nanodiscs compared with cells loaded with d9-PC 36:2 nanodiscs
without apoE (Fig. 3B), demonstrating apoE-dependent targeting
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Fig. 2. Spns1 KO cells accumulate LPC in lysosomes. (A) Live-cell LysoTracker staining of Spns1 KO HEK293T cells or nontargeting gRNA (control). Scale
bar, 10 uM. Arrows indicate enlarged lysosomes in KO cells. Blue, Hoechst stain; red, Lysotracker stain. Representative images of four independent
experiments. (B) Immunoblot analysis of LC3b-I and LC3b-II levels on control and KO cell lysates from cells grown in complete medium (CM) or grown
for 1 h in Hank’s balanced salt solution (HBSS) with or without 5-h pretreatment with 100 nM bafilomycin A1 (BafA1). DMSO, dimethyl sulfoxide. Western
blot is representative of four independent experiments. (C) Lysosomes isolated from ['*C]-choline-labeled Spns1 KO cells showed accumulation of ['“cl-
LPC (representative of four independent replicates). (D) Quantification of phosphor images in panel (C). (E) Lipidomic analysis of lysosome-enriched frac-
tion obtained using the SPION method from control and Spns1 KO cells. Mean lipid abundance was calculated as mole percentage of each lipid species
per gram of protein, with colored dots indicating significantly different lipid species in KO relative to control (n = three independent replicates). Cer, cer-
amide; DG, diacylglycerol; GM3, ganglioside; Sph, sphingosine. (F) Fold change of selected LPC and LPE species in whole cells or lysosome-enriched frac-
tion from control, Spns1 KO, and Spns1 KO cells stably transduced with Spns1 WT rescue plasmid; n = three independent replicates for (E) and (F). Data
are represented as mean +/— SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; (D and E) two-sided Student t test; (F) one-way ANOVA with
Tukey's test.

of lysosomes. Importantly, and in agreement with Spnsl KO We next measured the amount and diversity of d9-containing
cells accumulating LPC (Fig. 2 E'and F), d9-LPC 18:1 accumu- phospholipid species after loading cells with d9-PC 36:2 apoE
lated to a greater extent in the lysosome-enriched fraction of = nanodiscs. The total amount of d9-choline—containing lipid spe-
Spnsl KO cells relative to control cells treated with d9-PC 36:2 cies was similar between Spnsl KO and control cells at all time
apoE-complexed nanodiscs (Fig. 3C). These findings further points tested (Fig. 3D), indicating that there is no defect in the
support the hypothesis that LPC is the breakdown product of =~ LDLR-dependent endocytosis pathway in Spnsl KO cells. Criti-
PC in lysosomes (9) and that Spnsl regulates the levels of lysoso- cally, Spnsl KO cells accumulated d9-LPC 18:1 at all time
mal LPC. points relative to control cells (Fig. 3E). As early as the first hour
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with nanodiscs of apoE-complexed d9-PC 36:2 and d9-PC 36:2 alone. MS measurement of total cellular d9-choline-containing lipids (D), d9-LPC 18:1 (E), d9-PC
34:1 (F), d9-PC 32:1 (G), d9-PC 34:2 (H), and d9-SM 34:1 (/) after 1 h, 3 h, and 6 h loading with nanodiscs of apoE complexed d9-PC 36:2 (n = three independent
replicates). Data are represented as mean +/— SD. ns, not significant; FA, fatty acid. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; two-sided unpaired

Student ¢ test.

of d9-PC 36:2 loading, control cells synthesized twofold more
d9-PC 32:1, d9-PC 34:1, and d9-PC 34:2 relative to Spnsl KO
cells (Fig. 3 F~H). These PC species are generated by re-acylation
of lysosome-derived d9-LPC 18:1 with 14:0, 16:0, and 16:1 fatty
acyl-coenzyme A (acyl-CoA) donors, respectively. The reduction
in d9-PC formation in Spnsl KO cells persisted up to the 6-h
time point. Furthermore, Spnsl KO cells produced less
d9-containing sphingomyelin (SM) (d9-SM), particularly at later
time points, which is consistent with the formation of this lipid
requiring an additional step of d9-choline transfer from PC onto
ceramide to form SM by SM synthase (Fig. 37). While d9-PC
species in Spnsl KO cells were reduced compared with those in
control cells, we still observed low but significant production of
d9-PC species in Spnsl KO cells, which can likely be attributed
to lysosome-independent uptake of apoE nanodiscs as surmised by
the cellular uptake of nanodiscs devoid of apoE (Fig. 3B). Taken
together, data from our flux analysis support the conclusion that
LPCs are transported out of lysosomes by Spnsl and re-acylated
into PC pools, thus constituting a lysosomal salvage pathway for
LPC, and by extension LPE, another abundant lysophospholipid
produced in the lysosome and transported by Spnsl (Fig. 1)).

PNAS 2022 Vol.119 No.40 2210353119

Spns1 deficiency in zebrafish embryos and mouse liver
results in accumulation of LPC and LPE with pathological
consequences. To test the role of Spnsl in mediating lysoso-
mal LPC and LPE efflux in a multicellular organism, we first
used zebrafish as a model system. Spnsl knockdown (KD) in
zebrafish embryos has been reported to cause yolk sac opacity
and lethality at early larval stages (28), but a molecular explana-
tion for this phenotype was unknown. Lipidomic analysis on
Spnsl-deficient whole embryos revealed significant accumula-
tion of LPC and LPE species relative to control embryos (57
Appendix, Fig. S5), consistent with the molecular function of
Spnsl as an LPC and LPE transporter.

Because there is no information on Spnsl function in mam-
mals, we performed short hairpin RNA (shRNA)-mediated KD
of Spnsl in livers of adult mice using adeno-associated virus 8
(AAV8). Liver is rich in lysosome activity for lipoprotein proc-
essing, autophagy, and energy metabolism and can thus serve as
a model for studying the function of Spnsl at the organ level.
Spnsl KD efficiency was verified by qRT-PCR and western
blot of a lysosome-enriched fraction (SI Appendix, Fig. S6
A—C). The level of serum alanine aminotransferase (ALT) was
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significantly elevated in Spnsl KD mice, indicating liver dam-
age (Fig. 4A). Serum cholesterol, but not triglycerides, was also
elevated in Spnsl KD mice (Fig. 4B). While there were no notice-
able pathological changes upon histological examination of liver

in lysosome clusters at the perinuclear region of hepatocytes from
Spnsl KD mice relative to control mice (Fig. 4D). Consistent
with these findings, density gradient fractionation of Spnsl KD
liver homogenate revealed enrichment of lysosomes in low-density
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fractions (fractions 1 and 2), while control showed enrichment

sections (Fig. 4C), immunofluorescent staining with lysosomal
of lysosomal markers in higher-density fractions (i.e., fraction 6)

markers LAMP1 and cathepsin B revealed a remarkable increase
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Fig. 4. Spns1 KD in liver elevates lysosomal LPCs and LPEs and results in abnormal lysosomes. Serum level of ALT (A) and total cholesterol and triglyc-
eride (B) in mice at 4 wk after being injected with shRNA targeting Spns1 (KD) or nontargeting shRNA (control). (C) Hematoxylin and eosin stain of liver
tissue sections. Scale bar, 50 pm. (D). Immunofluorescent staining of LAMP1 (red) and cathepsin B (red) in liver sections. Blue, Hoechst stain. Mean fluo-
rescent intensity of LAMP1 and cathepsin B was quantified from cells in experiments with three mice per group (scale bar, 10 pm). (E) Immunoblotting
of LAMP1 and cathepsin B in lysosome-enriched fractions (F1 and F6) obtained from OptiPrep density gradient fractionation of livers from Spns1 KD
and control mice. Upper cathepsin B band (27 kDa, indicated by an arrow head) is the glycosylated form, and the lower band (24 kDa, indicated by an
asterisk) is the deglycosylated form. (F) Immunoblotting of LC3b-I and LC3b-Il from liver lysates. (G) Lipidomics analysis of lysosome-enriched fractions
(fractions 1, 2, and 6 combined) relative to whole tissue from control and KD mice. BMP, bismonoacylglycerophosphate; CE, cholesterol ester; Cer/
HexCer, ceramide/hexosylceramide; DAG, diacylglycerol; PG, phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; TAG, triglyceride.
(A-C, E-G) n = four mice per group. (A, B, D, G) Data are represented as mean +/— SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; two-sided
unpaired Student ¢ test.
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(SI Appendix, Fig. S6 D—F). Furthermore, these low-density lyso-
somes in Spnsl KD livers showed an increased ratio of glycosy-
lated:de-glycosylated form of cathepsin B (Fig. 4F and S/
Appendix, Fig. S6F), indicative of lysosome alkalinization (29). In
addition, Spnsl KD liver showed an increased level of LC3b-I and
LC3b-II (Fig. 4F), suggesting a block in autolysosome formation.

We next tested whether Spnsl KD in liver resulted in ele-
vated lysosomal LPCs and LPEs. Lipidomics analysis of
lysosome-enriched fractions (sum of F1, F2, and F06) revealed
an 8-fold to 13-fold accumulation of total and individual spe-
cies of LPCs, LPEs, and LPGs in Spnsl KD lysosome-enriched
fractions (Fig. 4G and SI Appendix, Fig. S6G), consistent with
the function of Spnsl as a lysosomal lysophospholipid exporter.
Such accumulation was significant enough to be observed in
whole-cell lysates without subcellular fractionation, especially
for LPCs and LPEs containing saturated fatty acyl chains, such
as LPC 16:0 and LPC 18:0 (Fig. 4G and SI Appendix, Fig.
S6G). We also observed enrichment of other lipid classes in
Spnsl KD lysosomes. In fact, the total lipid content normalized
to protein content was threefold higher in Spnsl KD lyso-
somes, consistent with an increase in lysosome number as
revealed by an increase in LAMP1 immunofluorescence (Fig. 4
D and G). Bismonoacylglycerophosphate (BMP), a characteris-
tic anionic glycerophospholipid found exclusively in intralumi-
nal membranes of late endosomes and lysosomes, was 12-fold
higher in Spnsl KD lysosomes compared with control lyso-
somes, suggesting an expansion of intralysosomal membranes
(Fig. 4G). Notably, SM and ganglioside metabolites, including
hexosylceramide, ceramide, and sphingosine, as well as choles-
terol and cholesteryl esters, were highly enriched in Spnsl KD
lysosomes (Fig. 4G and SI Appendix, Fig. S6G). Such changes in
lipid profile resemble other lysosomal lipid storage diseases such
as Niemann-Pick C2 disease and Gaucher disease (6, 30, 31).
The observed lipid enrichment cannot be fully attributed to the
increase in size and number of lysosomes because structural
phospholipids, including PC and PE, showed only a modest
twofold to threefold accumulation relative to controls, similar to
the fold change observed for total lipid content (Fig. 4G). It is
likely that Spns1 deficiency leads to lysosomal dysfunction such
as luminal alkalization, which is expected to negatively impact
the functions of enzymes involved in sphingolipid and choles-
teryl ester metabolism.

To investigate the longer-term effects of Spnsl deficiency,
we examined mice at 8 wk after injection of AAVS8. The
enlargement of lysosomes, elevation of LC3b-II, and tissue level
accumulation of LPCs and LPEs persisted (87 Appendix, Fig. S7
A-F). Notably, there was lobular inflammation in liver shown
by increased number and clustering of galectin 3—positive
immune cells, and elevated serum ALT (S/ Appendix, Fig. S7G
and Fig. 7B). Gene enrichment analysis derived from RNA
sequencing from these livers was in agreement with increased

inflammation (87 Appendix, Fig. S7H).

Discussion

This study identifies Spnsl as the transporter that mediates the
rate-limiting lysosomal efflux of LPC and LPE, which uncovered
the existence of a lysosomal salvage pathway for LPC and LPE
derived from catabolism of PC and PE, the two most abundant
phospholipids of eukaryotic membranes. We observed that Spnsl
deficiency had pleiotropic effects in cells and mouse liver, includ-
ing inflammation, secondary accumulation of multiple lipid
species in lysosomes, and impaired autophagy, similar to other
lysosomal lipid storage diseases such as Niemann-Pick disease

PNAS 2022 Vol.119 No.40 2210353119

type C (NPC) , GM1 gangliosidosis, and Gaucher disease (32).
The majority of lysosomal lipid storage diseases are due to muta-
tions in luminal enzymes that break down lysosomal lipids, with
NPCI being the only known lipid transporter directly linked to
a lysosomal lipid storage disease. Spnsl deficiency could represent
another example of a lysosomal storage disease that results from
the loss of lipid transporter activity, but whether such a disease
resulting from mutations in Spzs/ exists in humans remains to be
determined. Previous reports demonstrated that Spns1 deficiency
leads to defective autophagosome-lysosome fusion in zebrafish
(25) and defective autophagic lysosome reformation after starva-
tion in a cultured cell line (24). Moreover, deficiency of Spin, the
drosophila ortholog of Spnsl, resulted in defects in endosome-to-
lysosome trafficking with synaptic dysfunction (33). However,
because the ligand for Spns1 was not known and hence its function
was unknown, the molecular basis for explaining these phenotypes
remained unclear. An asymmetrical distribution of lysolipids,
including cone-shaped LPC, can lead to positive membrane curva-
ture, which is important for membrane fusion and is proposed to
be important for autophagosome-lysosome fusion (34). Impor-
tantly, model membrane systems have shown that high levels of
LPC can inhibit membrane fusion (35, 306). It is plausible that the
defects in autophagosome-lysosome fusion and lysosome reforma-
tion in Spnsl-deficient cells could in part be a result of the effects
of markedly elevated lysosomal LPC and LPE on membrane
dynamics. Consistent with negative effects of elevated LPC on lyso-
somal membrane dynamics, CRISPR/Cas9 genome-wide screens
identified that Spnsl deficiency reduced host cell infection by a
common cold coronavirus and Ebola virus that require fusion with
the lysosome membrane during the infection process (37, 38).

This discovery that Spnsl is an LPC/LPE transporter in con-
trast to the S1P transporter Spns2 remarkably mirrors that of
Mfsd2a (LPC/LPE transporter) and Mfsd2b (S1P transporter)
(17, 23). It is notable from an evolutionary perspective that
despite being functionally similar, the LPC/LPE transporters
Spnsl and Mfsd2a (also Spns2 and Mfsd2b) lack sequence sim-
ilarity beyond being in the same superfamily, which suggests
that parallel evolutionary processes are at play for selecting the
same substrate specificity, albeit for transporters expressed at
different subcellular locations. A recently solved cryo-electron
microscopy structure of Mfsd2a bound to LPC suggested that
it functions as a lysolipid flippase (15). It is possible that Spnsl
may function by an analogous mechanism, although biochemi-
cal evidence for such a mechanism remains to be determined
for both Mfsd2a and Spnsl. Interestingly, LPS is transported
by Mfsd2a but not by Spnsl. This substrate specificity corre-
lates with the finding that LPS might not be generated from PS
in lysosomes (9), suggestive of a lack of selective pressure for
binding LPS. We also note from our mass uptake lipidomics
data that both Spnsl and Mfsd2a seem to transport LPG, a
ligand that we had not tested in previous studies of Mfsd2a.
This suggests hitherto undetermined aspects in the substrate
specificity of these lipid transporters. Whether LPG is a physio-
logical ligand for Spnsl and what role LPG recycling may play
in cellular function require further study. Given the centrality
of lysosomes in cellular homeostasis, the deorphanization of
Spnsl provides new opportunities for studying the role of lyso-
lipid transport and recycling in physiology and disease.

Materials and Methods

Cell Culture. HEK293T and Hela cells were obtained from the American Type
Culture Collection and grown in Dulbecco's modified Eagle medium (DMEM;
HyClone) supplemented with 10% heat inactivated fetal bovine serum (FBS)
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(Gibco) plus penicillin and streptomycin (Gibco) at 37 °C with 5% CO,. FBS was
delipidated according to Hannah et al (39) and used at 5% delipidated FBS in
DMEM in experiments that used delipidated media.

Generation of cDNA Constructs. Codon optimized complementary DNAs
(cDNAs) for human SPNS1, SPNS3, MFSD1, MFSD2A, MFSD8, MFSD12, and
CLN3 were synthesized by GenScript and cloned into a pcDNA3.1 plasmid with
or without a Cterminal Myc-6His Tag. Mouse Spns1 cDNA was isolated by PCR
from a ¢DNA library of an RAW264.7 cell and cloned into pcDNA3.1 plasmid.
SPNST mutants were generated by the QuikChange site-directed mutagenesis
method (Agilent) (40).

Cell Surface Transport Assay. Hela cells transfected with plasmid encoding
indicated constructs for 24 h were washed once with reaction buffer before incu-
bating with the indicated concentration of radiolabeled ligands in 0.5 mL reac-
tion buffer for 30 min at 37 °C with 5% CO,. Cells were washed twice with
0.5% (wt/vol) fatty acid-free bovine serum albumin (BSA) (Sigma) in reaction
buffer and then extracted twice with 1% Triton X-100 in tris(hydroxymethyl)ami-
nomethane (Tris)}-buffered saline. Extracts were transferred to 4 mL of EcolLite(+)
scintillation fluid (Avantor) for scintillation counting using a Tri-Carb 2910 TR Lig-
uid Scintillation Analyzer (PerkinElmer). List of and preparation of radiolabeled
lipids are found in S/ Appendix, Supplementary Methods. The following are reac-
tion buffer compositions for each specified pH: pH 5.0: 25 mM sodium acetate,
150 mM NaCl, 5 mM glucose, 1 mM MgCl,; pH 5.5: 25 mM sodium citrate,
150 mM NaCl, 5 mM glucose, 1T mM MgCly; pH 6.0 and pH 6.5: 25 mM
sodium 2<{N-morpholino)ethanesulfonate (MES), 150 mM NaCl, 5 mM glucose,
1 mM MgCly; pH 7.0 and pH 7.5: 25 mM sodium N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid (HEPES), 150 mM NaCl, 5 mM glucose, 1 mM MgCl,.
For the bulk transport assay, cells were incubated with 50 uM of each specified
lipid in pH 6.0 buffer for 1 h. Cells were then washed twice with 0.5% (wt/vol)
fatty acid-free BSA in phosphate-buffered saline (PBS) to remove excess ligand
and washed once again with PBS to remove BSA. After lipid extraction, the
remaining cell skeleton on plates after hexane:isopropanol extraction was dis-
solved in 0.1% sodium dodecyl sulfate in 0.1 M NaOH for 4 h to determine pro-
tein concentration with the Pierce BCA Protein Assay Kit. Radiolabeled ligands and
lipids used in the experiments are listed in SI Appendix, Supplementary Methods.

Homology Modeling of Human Spns1 and Docking of LPC-oleate.
Homology model of the luminal-facing conformation of human Spns1 was con-
structed by I-TASSER (41) using the outward-facing crystal structure of human
MFSD10 (Protein Data Bank ID: 654M) as a preferred template. Model of the
cytosol-facing conformation of human Spns1 was obtained from the AlphaFold
database (42). In silico docking of LPC-oleate to Spns1 was performed as
described in S/ Appendix, Supplementary Methods.

Generation of SPNS1 CRISPR/Cas9 KO Cell Line and Rescue Cell Line.
KO cell lines were generated by infecting HEK293T cells with lentivirus carrying
single guide RNA (sgRNA) directed against exon 1 of SPNST in lentiCRISPRv2
plasmid (Addgene, 52961). Guide RNA (gRNA) sequences are as follows: gRNA1:
5-CTACATGGACCGCTTCACCG-3'; gRNA2: 5'- CCGTTCGGCTCTCATAGTGG-3'; gRNA3:
5'-CGTGGACCCTGGCAACCCCG-3'; gRNA4: 5'-CCGCCACTATGAGAGCCGAA-3'; gRNAS:
5'-CGGGGTTGCCAGGGTCCACG-3'; gRNA6: 5'-CTCGGACTTCGGGTTCCCCG-3'. The
scrambled gRNA used for control cells was 5-GTGTAGTTCGACCATICGTG-3'.
For SPNST WT rescued plasmid, a codon-optimized SPNS1 sequence under a min-
ipTK promoter (from pTK-HSV-BP2; ATCC), followed by internal ribosome entry site
(IRES; from pIRES2-EGFP) was cloned by the Gibson Assembly (43) method into a
lentiCas9-Blast plasmid (Addgene, 52962) which has the cytomegalovirus (CMV)
promoter and Cas9 sequence excised. Procedures for viral particle production, cell
infection, and selection are described in S/ Appendix, Supplementary Methods.

LysoTracker Staining. Cells were stained with 50 nM LysoTracker Red (Thermo
Fisher Scientific) in medium for 30 min. Hoechst 33342 (1:1,000) (Thermo
Fisher Scientific) was added to the medium in the final 10 min. Cells were
imaged live using an LSM710 confocal microscope (Carl Zeiss).

Isolation of Lysosomes From Cultured Cells and Mouse Liver. Isolation
of lysosomes from cultured cells was carried out according to Thelen et al (44).
Details are provided in SI Appendix. To prepare lysosome enriched fraction from
mouse liver, freshly harvested mouse livers were minced in 10 mL/g of liver
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weight of homogenization buffer (HB; 0.25 M sucrose, 10 mM HEPES, 1 mM
ethylenediaminetetraacetic acid [EDTA], cOmplete Protease Inhibitor), and
homogenized with six strokes in a glass homogenizer. The homogenate was cen-
trifuged at 1,000 g for 10 min. The resulting pellet was homogenized again in
5 mUg of liver weight of HB and centrifuged again to generate postnuclear
supernatant (PNS). These two PNSs were combined and centrifuged for 10 min
at 3,000 g to remove heavy mitochondria. The resulting supernatant was centri-
fuged at 20,000 g for 20 min to pellet a light mitochondria fraction (LMF). The
LMF was resuspended and loaded into a discontinuous OptiPrep density gradient
(with density steps of 8%, 12%, 16%, 19%, 22.5%, 27%) and ultracentrifuged at
150,000 g for 4 h in an SW41 rotor (Beckman Coulter). The gradient was col-
lected from the top of the gradient to the bottom. B-N-acetylglucosaminidase
activity of PNS, LMF, and each fraction was determined by using a p-N-acetylglu-
cosaminidase assay kit (Sigma, CS0780). Protein concentration was determined
by Pierce BCA Protein Assay Kit. For SI Appendix, Fig. S6F, 2.5% (by volume) of
each fraction was loaded for western blot analysis. Equal amounts of protein
were loaded for Fig. 4F and S/ Appendix, Figs. S3D and S6C.

["C]-Choline Labeling of Cells. For metabolic labeling of cells with ["*C}-
choline, cells were grown in 10-cm dishes and were labeled with 4 mL of
choline-deficient DMEM plus 10% FBS containing 0.2 pCi of ["*Cl-choline
(American Radiolabeled Chemicals, specific activity: 50 mCi/mmol) for 24 h
before harvesting for lysosome isolation.

ApoE-d9 PC-36:2 Nanodisc Generation and Cell Treatment. A total of
1.079 mg of d9-PC 36:2 (L-1182d, Echelon Biosciences) was dried in a nitrogen
stream and reconstituted in 18.53 plL of Tris-buffered saline (TBS) (10 mM Tris
HCI [pH 7.4], 150 mM NaCl, 0.25 mM EDTA, 0.0005% NaNs). A total of 42.2 pL
of sodium cholate (30 mg/mL) was added to the lipid suspension and incubated
at room temperature for 30 min with shaking; then 100 pL of 5 mg/mL apoE3
(900010, Sigma) was added to the mixture and incubated at room temperature
with rotation mixing for 1 h for apoE incorporation with into lipid discs. Sodium
cholate was removed by incubating with 0.2215 g of BioBeads SM2 (Bio-Rad)
overnight. The stock concentration of apoE-d9 PC-36:2 nanodiscs was 0.5 mg/mL
apoE plus 1 mg/mL d9-PC-36:2, and aliquots were snap frozen and stored at
—80 °C until further use. Nanodiscs with d9-PC-36:2 only were constructed in the
same way, except that 100 pL of TBS was used instead of apoE3.

For delivery of apoE-d9 PC-36:2 nanodiscs into cells, cells were grown in deli-
pidated medium for 24 h to upregulate LDLR before incubating with apoE-d9-
PC-36:2 nanodiscs. For time course analysis, cells grown in 12-well plates were
incubated with 15 pg apoE-d9 PC-36:2 nanodiscs/mL of medium (based on
apoE concentration in the discs and equivalent to 22.6 nmol of d9-PC-36:2). For
equivalent experiments that required lysosome isolation, cells were grown in
6-cm dishes and incubated with 12.5 pg apoE-d9 PC-36:2 nanodiscs/mL of
medium (based on apoE concentration and equivalent to 67.85 nmol of d9-PC
36:2) for 3 h before SPION-mediated lysosome isolation.

Animals. All mice were bred and maintained at the Duke-National University of
Singapore animal facility. The experimental protocols were performed in concor-
dance and approved by SingHealth Institutional Animal Care and Use Committee
(IACUC protocol #2015/SHS/1416). All mice were housed in 12-h light:12-h dark
cycles with humidity and temperature-controlled environment at 23 °C. The mice
were fed ad libitum with standard normal chow diet consisting of 12% fat, 23% pro-
tein, and 65% carbohydrate based on caloric content and given free access to water.

For the AAV8-SPNST shRNA KD experiment, AAV8-SPNST shRNA (5'-GCAG
TTICTTTAACATCGGAGA-3' (Vector Biolabs) or AAV8-scrambled shRNA control (Vector
Biolabs) were injected into 8-wk-old C57BL/6NTAC mice via a retro-orbital venous
route at a concentration of 5 x 10" genome copies per mouse.

Four weeks after injection of AAV, mice fasted overnight and were then
euthanized. Before being euthanized, mice were anesthetized with 200 mg/kg
ketamine and 20 mg/kg xylazine in PBS, followed by blood collection via car-
diac puncture to generate serum. Mice were then perfused with PBS before the
liver was collected for lysosome isolation, snap-frozen in liquid nitrogen, or
fixed in buffered formaldehyde solution. Measurement of blood parameters,
histology, immunofluorescence, and immunohistochemistry of mouse tissue
was performed as described in S/ Appendix, Supplementary Methods. RNA from
mouse liver was extracted using TRIzol and Rneasy spin column (QIAGEN) and
reverse transcribed using iScript RT Supermix (Bio-Rad). qPCR was performed
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using SensiFAST SYBR Hi-ROX (Bioline Agrosciences) with the following primers:
for mouse SPNS1, forward: 5'- ACCTCCTGAACTACATGGAC-3', reverse: 5'- CCAT
GTAACTGGAGATGAAC-3'; for mouse B actin, forward: 5'-GGCTGTATTCCCCTCCA
TCG-3, reverse: 5'-CCAGTTGGTAACAATGCCATGT-3' (PrimerBank ID: 6671509a1).

LC-MS/MS Analysis and Data Analysis. Sample preparation for lipidomics is
described in SI Appendix, Supplementary Methods. The liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis and data analysis were performed
as previously reported (45). Targeted analysis was performed in dynamic multiple
reaction monitoring MS-positive and -negative (only when measuring LPA species)
ion mode. Labeled lipids (PC, LPC, and SM) were monitored by increasing the
mass divided by charge number of the precursor and fragment ion (when contain-
ing the labeled portion of the precursor) by 9 Da as a result of incorporation of the
labeled choline group. Internal standards were used to normalize the raw peak
areas in the corresponding lipid class, and concentrations were further normalized
to the protein concentration in the original sample. For SPION or liver tissue frac-
tionation, concentrations were further normalized to sample volume.

Statistical Analysis. Statistical analysis was performed using Graphpad PRISM
for two-sided unpaired Student ¢ test, and one-way ANOVA with Dunnett's test or
with Tukey's test as indicated in the figure legends. Additional information can
be found in S/ Appendix, Supplementary Methods.
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