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Sphingosine kinases regulate ER contacts with late endocytic
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John P. Kennellyd , Erhard Bieberiche, Peter Tontonozd , David A. Fordf, Sheldon Milstiena, Emily R. Edenc , and Sarah Spiegela,1

Edited by Pietro De Camilli, Yale University, New Haven, CT; received March 11, 2022; accepted August 16, 2022

Membrane contact sites (MCS), close membrane apposition between organelles, are plat-
forms for interorganellar transfer of lipids including cholesterol, regulation of lipid
homeostasis, and co-ordination of endocytic trafficking. Sphingosine kinases (SphKs),
two isoenzymes that phosphorylate sphingosine to the bioactive sphingosine-1-phosphate
(S1P), have been implicated in endocytic trafficking. However, the physiological func-
tions of SphKs in regulation of membrane dynamics, lipid trafficking and MCS are not
known. Here, we report that deletion of SphKs decreased S1P with concomitant
increases in its precursors sphingosine and ceramide, and markedly reduced endoplas-
mic reticulum (ER) contacts with late endocytic organelles. Expression of enzymatically
active SphK1, but not catalytically inactive, rescued the deficit of these MCS. Although
free cholesterol accumulated in late endocytic organelles in SphK null cells, surprisingly
however, cholesterol transport to the ER was not reduced. Importantly, deletion of
SphKs promoted recruitment of the ER-resident cholesterol transfer protein Aster-B
(also called GRAMD1B) to the plasma membrane (PM), consistent with higher accessi-
ble cholesterol and ceramide at the PM, to facilitate cholesterol transfer from the PM to
the ER. In addition, ceramide enhanced in vitro binding of the Aster-B GRAM domain
to phosphatidylserine and cholesterol liposomes. Our study revealed a previously
unknown role for SphKs and sphingolipid metabolites in governing diverse MCS
between the ER network and late endocytic organelles versus the PM to control the
movement of cholesterol between distinct cell membranes.

membrane contact sites j sphingolipids j cholesterol j sphingosine kinase j Aster-B/GRAMD1b

Membrane contact sites (MCS) are highly regulated regions of close membrane apposi-
tion between functionally distinct organelles that have emerged as important platforms
for nonvesicular interorganellar communication that regulate the dynamic state of
cellular compartments as well as control of lipid traffic and homeostasis (1–4). The
endocytic pathway brings large amounts of lipids, including cholesterol and sphingoli-
pids, into cells for sorting and degradation in the lysosome. In the past decade, we have
begun to appreciate the importance of regulation of interactions between the endoplas-
mic reticulum (ER) with late endosomes and lysosomes (hereafter referred to as
LE/Lys) or with the plasma membrane (PM) at MCS for intracellular lipid transport
and distribution that controls the fate of these lipids (2–4).
Efficient transport of endocytosed low-density lipoprotein-derived cholesterol (LDL-

cholesterol) from the LE/Lys to the ER, where sterol levels are sensed and cholesterol
biosynthesis is regulated, requires Niemann-Pick C (NPC) 1 and NPC2 proteins (5).
Structural studies suggested that an NPC1 tunnel bypasses the glycocalyx, which pro-
tects the lysosomal membrane from degradative enzymes, to deliver luminal cholesterol
from NPC2 to the cytosolic leaflet of the LE/Lys membrane (6). There is also increas-
ing evidence that ER contact sites with late endocytic organelles are conduits for direct
LDL-cholesterol transport to the ER by specific sterol binding protein bridges, consist-
ing of endosomal oxysterol-binding protein homolog ORP1L that binds ER-localized
vesicle associated membrane protein-associated protein (VAP) (7, 8) and NPC1 that
binds ER-resident ORP5 (9). We have previously shown that NPC1 also tethers these
MCS where it interacts with the ER-localized sterol transport protein Aster-B (encoded
by the Gramd1b gene) to regulate cholesterol egress (10). LDL-derived cholesterol can
also travel from LE/Lys first to the PM by a process requiring phosphatidylserine (PS)
(11) and subsequently to the ER mediated by Aster proteins that bind PS and
cholesterol (12–14).
Loss-of-function mutations in NPC1 are major causes of the fatal neurodegenerative

lysosomal lipid storage disorder that results in accumulation of unesterified (free) cho-
lesterol and sphingolipids in lysosomes (15–20). However, it is unclear how sphingo-
sine, the final breakdown product of all internalized sphingolipids, also accumulates in
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lysosomes (21, 22), and whether NPC1 is also involved in the
efflux of sphingosine (23, 24). Nevertheless, sphingolipid metabo-
lism is dependent on egress of sphingosine from lysosomes to
reach the machinery required for its reutilization or degradation
that is all localized to the ER (25, 26). Sphingosine can be
recycled to ceramide by six ER localized ceramide synthases
(CerS). Alternatively, it can be phosphorylated by sphingosine
kinases (SphK1 and SphK2) to form sphingosine-1-phosphate
(S1P) and then irreversibly cleaved by ER localized S1P lyase in
the only exit pathway for total sphingolipid degradation (27).
Interestingly, SphK1 and SphK2 activities are reduced in NPC1
mutant cells (28–30), suggesting a potential link between SphK
activity, NPC1, and cholesterol trafficking and metabolism.
Thus, we speculated that conversion of sphingosine to S1P could
contribute to the regulation of MCS formation between LE/Lys
and the ER. In this regard, despite mounting evidence for cross-
regulation of sphingolipids and cholesterol metabolism (31, 32),
several key questions remain unanswered, such as how cholesterol
and sphingolipid metabolism are coordinated at a mechanistic
level, and how this cross-regulation affects MCS and their physio-
logical significance. Here we utilized cells deficient of SphK1,
SphK2, or both to begin answering these questions and to inves-
tigate their role in regulation of MCS and cholesterol trafficking
and metabolism.

Results

Sphingosine Kinases Regulate Lysosomal Positioning. Previous
studies showed that SphK1 was recruited to endocytic inter-
mediates (33, 34) and its inhibition impaired endocytic traf-
ficking and caused accumulation of enlarged LE with increased
ceramide (34, 35). However, the physiological functions of
SphK1 or even SphK2 in regulation of membrane dynamics
and lipid trafficking are not known. To this end, SphK1,
SphK2, or both were knocked out in HeLa cells using
CRISPR/Cas9 genome editing. Western blots confirmed com-
plete absence of SphK1 or SphK2 protein (Fig. 1A). As expected,
S1P levels were decreased by deleting SphK1 or SphK2 and
more dramatically by deletion of both, and concomitant increases
in levels of its precursors sphingosine and ceramide with identical
results in two different clones from each cell line (Fig. 1B). We
next examined the effects of these deletions on LE/Lys morphol-
ogy by LAMP1 immunofluorescence staining and confocal
microscopy. Lysosomes were distributed throughout the cyto-
plasm in control cells, and more clustered in the perinuclear
regions in SphK deleted cells with increased LAMP1 staining
intensity (Fig. 1 C–E). In contrast, immunostaining of the ER
resident protein calreticulin did not show any obvious differences
(Fig. 1F). In the course of these studies, we noticed that colocali-
zation of calreticulin with the LE/Lys marker Rab7 quantified by
Pearson’s correlation coefficient was reduced in SphK-deleted
cells (Fig. 1G), hinting at a reduction in MCS between the ER
and late endocytic organelles.

Deletion of SphKs Reduces ER Contacts with Late Endocytic
Organelles. MCS between ER and LE/Lys controls the fate of
large amounts of lipids and regulates lipid exchange, protein
interactions, and signaling (36, 37). Thus, we used several com-
plementary approaches to examine the involvement of SphKs
and sphingolipid metabolites in formation of these MCS. MCS
can be examined in situ by the combination of fluorescence
lifetime imaging microscopy (FLIM) and F€orster resonance
energy transfer (FRET). Transfer of energy from an excited
donor fluorophore (eGFP) conjugated to LAMP1, that resides

primarily across lysosomal membranes, to an acceptor fluoro-
phore (mCherry) conjugated to the ER membrane protein
Cb5, the C tail of cytochrome b5, requires the two fluoro-
phores to be within close proximity of 10 nm or less (Fig. 2A).
As protein proximity increases at MCS, the FRET efficiency
increases, causing fluorescence lifetime of the donor (τ, in
nanoseconds) to decrease, providing a quantitative measure of
the proximity of the two proteins (Fig. 2). Representative cellu-
lar distributions of the lifetime are depicted using a pseudocolor
scale (Fig. 2B). The global τ decrease is illustrated by the shift of
GFP fluorescence lifetime distribution (Fig. 2C). As expected, a
decrease of the LAMP1-GFP mean τ value was detected in con-
trol cells expressing both fluorophores compared with cells
expressing the donor alone (Fig. 2C). FLIM analysis also showed
decreased FRET efficiency of the ER/Lys reporter pair proteins
with a longer lifetime of the donor in SK2 KO and SK DKO,
and in SK1 KO cells to a lesser extent, compared with control
cells (Fig. 2 B–D and SI Appendix, Fig. S1), suggesting that dele-
tion of SphKs decreased formation of MCS between ER and Lys.

Limitations of FRET–FLIM measurements are low signal-to-
noise ratio and the need for overexpression of tagged proteins
that can potentially affect the properties of target organelles. To
overcome this, we used the highly sensitive in situ proximity
ligation assay (PLA) to examine whether the endogenous ER
protein Aster-B and the LE/Lys protein Rab7 were located
within 40 nm of each other (Fig. 3 A and B), which is larger
than the size of most MCS (38). Many PLA-positive fluorescent
puncta were seen in control cells (Fig. 3 C and D), but not
when either of the primary antibodies was omitted, confirming
the specificity of the PLA and indicating the presence of MCS.
Significantly fewer puncta were formed in cells knocked out for
SphK1, SphK2, or both (Fig. 3 C and D), indicative of a reduc-
tion in the overall number of ER and LE/Lys contacts.

SphK Activity is Required to Maintain ER Contacts with a
Subset of Multivesicular Endosomes and Lysosomes. It was of
interest to examine whether the reduction of MCS is dependent
on SphK activity. Transient expression of GFP-tagged SphK1,
but not GFP-tagged catalytically inactive SphK1G82D (ciSphK1-
GFP), in SK1 KO cells significantly increased PLA signals
compared to expression of GFP control plasmid (Fig. 3E). Never-
theless, expression of SphK1-GFP had no effect on MCS forma-
tion in CTL cells (Fig. 3E). Thus, expression of enzymatically
active SphK1-GFP rescued the interactions between ER and
LE/Lys in SphK1-deficient cells and indicated that SphK1 can
promote MCS dependent on its catalytic activity.

Electron microscopy (EM), the only method with sufficient
resolution (< 30 nm) to unequivocally identify ER contacts with
electron-dense lysosomes or multivesicular endosomes/bodies
(MVBs) that contain discrete intraluminal vesicles, was next uti-
lized (Fig. 4A). EM can also distinguish between Epidermal
Growth Factor Receptor (EGFR)-containing and non-EGFR–
containing MVB subpopulations that are tethered to the ER by
distinct protein complexes, by staining EGF-treated cells with an
antibody to the EGFR extracellular domain coupled to gold
(39–41) (Fig. 4A). We found that ER contacts with EGFR-
MVBs were unaffected in SK1 KO, SK2 KO, or SK DKO cells,
whereas MCS with non-EGFR-MVBs were significantly reduced
by 35, 33, and 33% and with lysosomes by 42, 18, and 34%,
respectively (Fig. 4B). Similar reductions in these MCS were
observed when SphKs were down-regulated by specific siRNAs
(Fig. 4E).

We next performed rescue experiments and determined the effect
of SphK1-GFP overexpression on the extent of ER-endocytic
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organelle MCS in SK1 KO cells. ER contacts with LE/Lys were
significantly extended in cells overexpressing SphK1-GFP but
not in cells expressing catalytically inactive ciSphK1-GFP (Fig. 4
C and D), further confirming the requirement for SphK activity
for formation of these MCS.

Role of SphK in Cholesterol Transport to the ER. Previous
studies reported that MCS between LE/Lys and the ER act as
conduits for the transport of LDL-derived cholesterol to the
ER (7–10, 42, 43). Since disruption or reduction in these
MCS has been implicated in transport blockage of cholesterol
delivery to the ER, leading to cholesterol accumulation in
LE/Lys (10), we sought to examine the role of SphK in cho-
lesterol egress. Staining with Filipin, a fluorescent dye that
specifically binds unesterified cholesterol (44), to visualize
cholesterol levels inside the cells revealed intracellular accu-
mulation of cholesterol in SphK-deleted cells (Fig. 5 A and B
and SI Appendix, Fig. S2A). Indeed, uptake of LDL labeled
with BODIPY integrated into the hydrophobic core of LDL
was increased in SK DKO cells (SI Appendix, Fig. S2C). Intra-
cellular cholesterol quantified by the Amplex Red cholesterol

assay, confirmed elevated free cholesterol in SphK-deleted
cells cultured in Fetal Calf Serum (FCS), which contains LDL
(Fig. 5C). As a measure of cholesterol transport to the ER, we
also quantitated cholesterol ester (CE) levels in these cells,
since excess cholesterol is esterified with a fatty acid by the
ER-resident acyl-CoA:cholesterol acyltransferase for storage as
cholesteryl esters in lipid droplets (5). Surprisingly, CE levels
were also significantly increased in these SphK-depleted cells
when cultured in the presence of FCS but not in those cul-
tured in lipoprotein-deficient serum (LPDS) (Fig. 5C). To
confirm these unexpected results, we utilized high-precision
mass spectrometry to quantitate CEs. The major saturated
and monounsaturated species, CE 16:0 and CE 18:1, respec-
tively, were greatly increased in SK DKO cells cultured in
LDL-containing medium compared to CTL (Fig. 5D). In
addition, neutral lipid droplets visualized with BODIPY493/
503 were also increased only in SK DKO cells cultured in
FCS (SI Appendix, Fig. S2B).

When LDL-derived cholesterol released in lysosomes reaches
the ER, it also blocks the proteolytic processing and transcrip-
tional activity of the sterol regulatory element-binding protein-2
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Fig. 1. Deletion of SphK affects lysosomal positioning. (A) Expression of SphK1 and SphK2 in HeLa cells with CRISPR/Cas9-mediated deletion of SphK1 (SK1
KO), SphK2 (SK2 KO), or deletion of both (SK DKO) was compared with nontargeted control (CTL) determined by Western blotting. (B) Sphingolipids were
extracted from the indicated cells and levels of S1P, sphingosine, and total ceramides measured by LC-ESI-MS/MS. a and b refer to two independent clones.
(n = 6). (C) Representative confocal images of LAMP1 immunofluorescence staining (green) and nuclei co-stained with DAPI (blue). (Scale bar, 5 μm.)
(D) LAMP1 fluorescence intensity in the indicated cells expressed as arbitrary fluorescence units (afu). n ≥ 15 cells from each group. (E) The distance of lyso-
somes from nuclei. n = 3 to 4 cells from each group. Each dot represents a single lysosome. (F) Representative confocal images of immunofluorescence
staining of Rab7 (red) and calreticulin (green), LE/Lys and ER markers, respectively, and nuclei costained with DAPI (blue). (Scale bar, 5 μm.) (G) Quantification
of ER and LE/Lys colocalization in the indicated cells by Pearson’s correlation coefficients. n ≥ 25 cells from each group. (B, D–G) Data are mean ± SEM,
*P < 0.05, **P < 0.01, ***P < 0.001. ****P < 0.0001 compared to CTL. One-way ANOVA test followed by Dunnett’s multiple comparisons test.
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(SREBP-2), a master regulator of cholesterol biosynthesis and
uptake pathways (5, 45). As expected, incubation of cells with
LPDS induced expression of SREBP-2 target genes HMGCR,
HMGCS1, and LDLR (Fig. 5E). Only minor changes in the
expression of these genes were observed in LPDS-cultured SK

DKO cells compared to controls. Taken together, these data sug-
gest that although SphK depletion reduced MCS between ER and
late endocytic organelles (Figs. 2–4) with an associated increase in
intracellular free cholesterol content (Fig. 5 A–D), most choles-
terol transport to the ER was not impaired.
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These findings raised an important question: how does cho-
lesterol from late endocytic organelles reach the ER for esterifi-
cation when MCS between ER and LE/Lys are significantly
decreased? Although several studies provided evidence of direct
transport of ∼30% of LDL-cholesterol from endosomes to the
ER (8, 10, 43), others have shown that LDL-derived choles-
terol travels from lysosomes to the PM before moving to the
ER (5, 46, 47), thereby safeguarding plasma membrane choles-
terol prior to down-regulation of cholesterol production at the
ER. To estimate the amount of accessible cholesterol at the PM
that can be rapidly transported to the ER, we incubated cells
with fluorescently labeled domain 4 of Anthrolysin O (ALOD4),
a bacterial cholesterol-binding protein that stains accessible cho-
lesterol at the PM and does not form pores in membranes (47,
48). In line with previous studies (47, 48), treatment of control
cells with bacterial sphingomyelinase (SMase) that degrades
sphingomyelin (SM) at the PM to ceramide and liberates choles-
terol from the SM sequestrated pool, led to increased accessible
cholesterol as detected by increased binding of fluorescent
ALOD4 at the PM (Fig. 5 F and G). ALOD4 fluorescence at
the PM was also more intense in SK DKO cells compared to
control cells only when cultured in the presence of LDL-
containing FCS (Fig. 5 F and G). Together, these data suggest
that in SphK-depleted cells, excess cholesterol was still able to
reach the PM, increasing the accessible cholesterol pool.

SphK Deletion Promotes Recruitment of Cholesterol Transfer
Protein Aster-B to the PM. Previously, we found that the inter-
action between NPC1 and the ER-localized cholesterol trans-
port protein Aster-B is necessary for cholesterol egress from late

endocytic organelles to the ER (10). Others have demonstrated
that Aster-B contains a StART-like domain (also called Aster
domain) that binds cholesterol and a GRAM domain that can
bind anionic lipids such as PS at the PM (12, 13). In the pres-
ence of excess metabolically active accessible cholesterol, Aster-B
clusters at distinct ER-PM contact sites and transports accessible
PM cholesterol to the ER via its StART-like domain (12, 13,
49). Therefore, we sought to check the effects of deletion of
SphK on localization of Aster-B. When control cells were cul-
tured in LPDS, Aster-B-GFP displayed a cellular distribution
pattern compatible with its ER localization (12, 13, 50) (Fig.
6A). As previously reported (13, 50), hydrolysis of SM by treat-
ment with SMase that reduces the sequestration of PM choles-
terol and expands the PM accessible cholesterol pool (46), led to
recruitment of Aster-B-GFP to the PM (Fig. 6A). As expected,
SMase treatment also greatly increased ceramide levels (Fig. 6B).
In this regard, using immunocytochemistry with anti-ceramide
antibody (51), we found that the increased ceramide in SK
DKO cells is predominantly at the PM and did not colocalize
with the lysosome marker LAMP1 (SI Appendix, Fig. S3 A–C).

Surprisingly, a prominent recruitment of Aster-B-GFP to the
PM was also observed in SK DKO cells compared to control
cells (Fig. 6 C and E). Highly inclined thin illumination
(HiLo) fluorescence imaging, which allows a higher penetration
depth than the Total Internal Reflection Fluorescence (TIRF)
mode and has improved signal-to-noise (52), confirmed
increased PM localization of Aster-B-GFP in SK DKO cells
(Fig. 6F). Likewise, immunofluorescence with anti-Aster-B anti-
body highlighted enhanced staining of endogenous Aster-B at ER
tubules that abutted the PM in SphK deleted cells compared to
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control cells (Fig. 6 D and E). Furthermore, we carried out an
additional PLA with Aster-B and the phosphatidylethanolamine-
binding protein 1 (PEBP1), also known as RAF1 kinase inhibitory
protein (RKIP1), which is predominantly localized at the PM (53,
54) (SI Appendix, Fig. S4A). Significantly higher numbers of PLA
puncta were formed in SK DKO cells compared to control cells
(SI Appendix, Fig. S4 B and C), confirming that Aster-B was in
closer proximity to the PM in SphK depleted cells.
EM was also used to confirm these findings, and in agree-

ment with our previous results (10), revealed that endogenous
Aster-B localizes to the ER and at sites of LE/Lys contact (Fig.
7A). Importantly, however, there was almost twofold enrich-
ment of the number of gold particles labeling endogenous
Aster-B in contact with the PM in cells devoid of SphK com-
pared to control cells (Fig. 7 A and B). We next analyzed and
quantified ER-PM contact zones in control and SphK DKO
cells. No accompanying increase in the percentage of PM in
contact with ER in SphK DKO compared to control cells was
visualized by EM (Fig. 7 C and D). This finding is consistent
with confocal imaging of the ER protein calreticulin, which
showed no difference in distribution in the absence of SphK
(Fig. 1F). Furthermore, as oxysterol binding related proteins 5
(ORP5) has been implicated in lipid transport at ER:PM con-
tact sites (55, 56), we also examined the effect of SphK knockout
on ORP5 localization. Expression of ORP5-GFP revealed that in
both CTL and SK DKO cells, ORP5 is predominantly expressed
in peripheral ER, with no discernable differences in localization
between these cell lines (SI Appendix, Fig. S5 A and B).

Together, these data suggest that in the absence of SphK, Aster-
B is specifically recruited to and enriched at the PM, without
expansion of the ER:PM interface.

As Aster-B promotes the movement of cholesterol from the
PM to the ER after it leaves the lysosome (12), we next sought
to examine the effect of depleting Aster-B on cholesterol trans-
fer to the ER in SK DKO cells. Silencing of Aster-B in SphK
depleted cells had no major effects on increased free cholesterol
visualized by Filipin staining and quantified by Amplex Red,
however it decreased the accumulation of cholesterol esters
in these cells (SI Appendix, Fig. S6 A–C). Similarly, down-
regulation of Aster-B also reduced the increase in neutral lipid
droplets in SK DKO cells (SI Appendix, Fig. S6D).

Involvement of Sphingolipid Metabolites in Recruitment of
Aster-B to the Plasma Membrane. We began examining the
involvement of sphingolipid metabolites regulated by SphKs in
PM recruitment of Aster-B. First, overexpression of SphK1 in
SphK1-depleted cells not only rescued MCS defects (Fig. 4D),
it also markedly increased S1P and significantly decreased the
elevated levels of several ceramide species (SI Appendix, Fig.
S7A). Moreover, SphK1 overexpression also reduced accumula-
tion of cholesterol esters and the PM recruitment of Aster-B in
SphK1-deficient cells (SI Appendix, Fig. S7 B–D). Second, as
S1P actions can be mediated by inside-out signaling and bind-
ing to a family of five G protein-coupled receptors, designated
S1PR1-5 (57), we considered the possibility that absence of
S1PR-mediated effects could be responsible for the observed
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phenotypes. However, treatment of SK DKO with 100 nM
S1P, a concentration that activates all the S1P receptors (57), did
not reduce accumulation of cholesterol ester (SI Appendix, Fig.
S8A). Nor did it reduce translocation of Aster-B to the plasma
membrane (SI Appendix, Fig. 8 B and C), yet, this concentration
of S1P activated ERK1/2 in these cells, indicating that the lack
of effect is not due to an inability of S1P to signal through its
cell surface receptors in SK DKO (SI Appendix, Fig. S8D). In
sharp contrast, decreasing ceramide levels by treatment with
Fumonisin B1 (FB1), an inhibitor of ceramide synthases (CerS),
reduced the association of Aster-B with the PM in SK DKO cells
(SI Appendix, Fig. S9 A and B). Taken together, these data sug-
gest that increased PM ceramide (SI Appendix, Fig. S3), and not
the absence of S1P receptor-mediated effects, contributes to
enhanced Aster-B localization to the PM in SphK depleted cells.

Ceramide Facilitates Interaction of the GRAM Domain with PS
and Cholesterol. It has been shown that the phosphatidylserine
(PS) binding GRAM domain is both necessary and sufficient
for cholesterol-dependent Aster-B recruitment to the PM (12,
13). Thus, it was of interest to explore the possibility that the
GRAM domain binds to membranes more efficiently due to
the changes in sphingolipids. Because major changes in S1P
and its precursors sphingosine and ceramide were observed in
SphK null cells, we tested their effects on the binding of the
GRAM domain to artificial membranes containing PS in the
presence of cholesterol. In this liposome cosedimentation assay,
purified GRAM domain of Aster-B was mixed with liposomes

containing PS and cholesterol with increasing mole % of sphin-
golipids. Centrifugation separated GRAM domain bound lipo-
somes in the pellet from the unbound GRAM domain in the
supernatant. Consistent with previous findings (58), the GRAM
domain of Aster-B bound to liposomes containing 50% choles-
terol and 15% PS (Fig. 7E). These were selected for further stud-
ies as they are similar concentrations to those found in the
PM of eukaryotic cells. Intriguingly, incorporation of increasing
amounts of the sphingolipid metabolite C16:0 ceramide in these
liposomes dose-dependently increased GRAM domain binding
to liposomes containing cholesterol and PS (Fig. 7E). In contrast,
increasing concentrations of sphingomyelin was previously found
to decrease binding of the GRAM domain to liposomes (13).
Inclusion of sphingosine or S1P in these cholesterol and PS-
containing liposomes did not enhance GRAM domain binding,
and rather the highest concentration of sphingosine or S1P sup-
pressed binding to the liposomes (Fig. 7E). Thus, binding of
GRAM domains to membranes that contain cholesterol and PS
can be modulated by the presence of specific sphingolipid metab-
olites. These results support the notion that the recruitment of
Aster-B to the PM is regulated by interactions between GRAM
domains and PS, and that these interactions can be enhanced by
the presence of additional ceramide in the PM.

Discussion

In this study, we have demonstrated an important function for
SphKs and the sphingolipid metabolites they regulate in MCS
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formation between the ER and late endocytic organelles and
cholesterol trafficking. Utilizing several complementary approaches
including PLA, FRET-FLIM analyses, and EM with higher

resolution that allows the contacts themselves to be visualized, we
showed that discrete ER-endosome MCS populations are reduced
in SphK null cells. While ER contacts with EGFR-containing
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MVBs were unchanged by deletion of SphKs, ER contacts with
lysosomes and EGFR-negative MVBs were significantly reduced.
Moreover, SphK activity was required to maintain ER contacts
with this subset of multivesicular endosomes and the lysosomes.
Although recent years have seen major advances in our under-
standing of ER:endosome MCS (59), the molecular composition
of the MCS along the endocytic pathway remains incompletely
defined because of their dynamic and transient nature. We previ-
ously found that these different populations of endocytic organ-
elles are tethered to the ER by distinct protein complexes (10,
40). EGFR-containing MVBs are tethered by Annexin-A1 and
its calcium-dependent ligand S100A11 (40), while several pro-
teins have been implicated in tethering non-EGFR populations,
including VAPs (40), NPC1 and Aster-B (10). We have identi-
fied a role for SphK, not as a tether itself, but as a regulator
of MCS between ER and LE/Lys. How deletion of SphKs so
profoundly affects ER contacts with acidic organelles remains
unclear, although sphingosine, the final breakdown product of
all sphingolipids, can accumulate in the limiting membrane of
lysosomes (26). In turn, lysosomal sphingosine accumulation has
been implicated in depletion of lysosome calcium stores (21, 23),
which have been shown to influence MCS formation between
the ER and LE/Lys (39). In addition, it was recently suggested
that excessive sphingosine in LE/Lys may compete with choles-
terol for NPC1-mediated efflux (24). If Aster-B favors interac-
tion with sterol-bound NPC1 as proposed (10), sphingosine
accumulation could also reduce NPC1-tethered MCS but effects
on other NPC1-independent MCS cannot be excluded.
Similar reductions in ER contacts with lysosomes and non-

EGFR-MVBs were seen in NPC1-deficient cells (10). We now
show that diminished numbers of MCS between the ER and
endocytic organelles lead to cholesterol accumulation in LE/Lys
that also characterizes NPC1-deficient cells. Our results also
support an important function for these MCS in direct trans-
port of LDL-cholesterol from endocytic organelles to the ER
and are consistent with previous reports that expansion of
LE/Lys and ER MCS can reduce cholesterol accumulation in
NPC1 mutant or deficient cells (10, 60). Like NPC1-deficient
cells, LE/Lys also clustered in the perinuclear region of SphK-
deleted cells. This may be due to accumulation of cholesterol
that affects LE/Lys traffic and localization (37) by conforma-
tional change of the cholesterol-sensing protein ORP1L (7).
The reduction in peripheral LE/Lys in SphK KO cells may
impact their accessibility for interactions with tubular ER, but
is also likely to be, at in least in part, a consequence of reduced
ER contact since ER:LE/Lys MCS have been implicated in gov-
erning endosome positioning (2, 3).
Similar to NPC1-deficient cells (15, 16, 20, 61), although to

a lesser extent, unesterified, cholesterol accumulated in endo-
cytic organelles in the absence of SphKs. However, in striking
contrast to reduced cholesterol esterification in NPC1-depleted
cells (10), cholesterol ester levels in SphK null cells were
increased. These results indicate that LDL-derived cholesterol
was able to reach the ER despite a reduction in MCS between
LE/Lys and ER and that the ER is not starved of cholesterol in
the absence of SphKs. Instead, LDL-derived cholesterol traf-
ficked to the ER, at least in part from the PM. Once at the ER,
cholesterol is esterified with a fatty acid for storage as CE in
lipid droplets and blocks SREBP-2 activation to turn off tran-
scription of genes for cholesterol synthesis and uptake (5). Our
data also suggest that in contrast to NPC1, which is required
for cholesterol egress from endocytic organelles, SphK activity
is dispensable for LE/Lys cholesterol transport to the PM and
then to the ER.

Intriguingly, we found that deletion of SphKs promoted PM
recruitment of Aster-B that facilitates movement of the accessi-
ble pool of cholesterol from the PM to ER (12–14, 49). Once
levels of cholesterol in the PM rise above a threshold, Aster-B
forms bridges between the PM to the ER, and its StART-like
domain extracts accessible cholesterol from the PM and trans-
fers it to the ER down the concentration gradient (12, 13, 49).
Binding of its GRAM domain to PS, a major acidic phos-
pholipid in the inner leaflet of PM, is heightened by excess
cholesterol (12). We found that these interactions are intensely
enhanced by ceramide that increases at the PM in SphK-deleted
cells. Our data support the notion that in SphK-depleted cells,
excess LDL-derived cholesterol trafficked to the PM increases the
accessible cholesterol pool (as revealed by increased binding
of ALOD4), which is the only pool free to move to the ER
(46–48). We can also speculate that the presence of an elevated
level of ceramide may reduce the concentration threshold for
accessible cholesterol and PS in the PM bilayer to facilitate the
localization of Aster-B at PM-ER contacts and enhance transport
of cholesterol. It is important to note that previous studies have
shown that sphingomyelin suppresses binding of the GRAM
domain to model membranes that contain cholesterol and PS and
conversely, treatment with sphingomyelinase stimulates Aster-B
translocation to the PM (13, 50). It was suggested that sphingo-
myelinase liberates the sphingomyelin-sequestered pool of PM
cholesterol into the accessible pool that can then be transported
by Aster-B to the ER (13, 50). Our data provide an additional
explanation for this effect as sphingomyelinase degrades sphingo-
myelin and produces large amounts of ceramide at the PM that
in turn can augment Aster-B-mediated transport of PM choles-
terol to the ER.

We previously reported that Aster-B also interacts with
NPC1 at ER-lysosome contact sites in the presence of high
LDL-cholesterol in the endocytic pathway for cholesterol trans-
port to the ER (10). We suggested that both NPC1 and Aster-
B have dual roles in transport of LDL-derived cholesterol to
the ER (62), participating in direct ER-lysosome contact sites
and in indirect transport from lysosomes to the PM before
moving to the ER (10). Remarkably, deletion of SphKs and
changes in sphingolipids, while reducing MCS between LE/Lys
and the ER, enhances the indirect pathway by promoting
targeting of Aster-B to ER-PM contact sites, likely due to
increased PM accessible cholesterol and ceramide, to facilitate
transfer of cholesterol from the PM to the ER. Taken together,
our study revealed a previously unknown role for SphKs and
changes in bioactive sphingolipid metabolites in governing reg-
ulation of diverse MCS between the ER network and late endo-
cytic organelles versus the PM to control the movement of
cholesterol between distinct cell membranes. Hence, sphingoli-
pid metabolites are emerging as additional players in membrane
dynamics and cholesterol trafficking, highlighting the impor-
tance of the lipid environment in regulating MCS formation
and function.

Despite the growing evidence for cross-regulation of sphin-
golipids and cholesterol, the dynamic relationship between
these lipids has remained elusive. Our studies showed that
SphK-mediated changes in sphingolipid metabolites regulate
how the ER communicates with the PM and acidic organelles
to monitor and respond to changes in cholesterol content. It
also demonstrates that a change in sphingolipid metabolites
controls the movement of another lipid—cholesterol—between
organelles. We believe that this helps to answer the long-sought
question of how cholesterol homeostasis is closely coregulated
with that of sphingolipid metabolism (31). It also provides
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deeper understanding of how perturbations of sphingolipid
metabolism contribute to MCS dysfunctions that are associated
with a number of human diseases (36).

Materials and Methods

Generation of SphK knockout HeLa cells by CRISPR/Cas9, cell culture and trans-
fections, plasmids, antibodies, Western blotting, electron microscopy quantita-
tion and immuno-EM, fluorescence imaging and analysis, FRET-FLIM, PLA, lipid
analyses, liposome binding assays, QPCR, and statistical analyses are described
in detail in SI Appendix, Materials and Methods.

Data, Materials, and Software Availability. All study data are included in
the article and/or supporting information.
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