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ABSTRACT

Cellular demands for cholesterol are met by a balance between its biosynthesis in the endoplasmic
reticulum (ER) and its uptake from lipoproteins. Cholesterol levels in intracellular membranes form a
gradient maintained by a complex network of mechanisms including the control of the expression,
compartmentalization and allosteric modulation of the enzymes that balance endogenous and
exogenous sources of cholesterol. Low-density lipoproteins (LDLs) are internalized and delivered to
lysosomal compartments to release their cholesterol content, which is then distributed within cellular
membranes. High-density lipoproteins (HDLs), on the other hand, can transfer their cholesterol content
directly into cellular membranes through the action of receptors such as the scavenger receptor B type
1 (SR-B1; gene SCARB1). We show here that SR-B1-mediated exogenous cholesterol internalization
from HDL stimulates the formation of lipid-raft subdomains in the ER known as mitochondria-associated
ER membranes (MAM), that, in turn, suppress de novo cholesterol biosynthesis machinery. We propose
that MAM is a regulatory hub for cholesterol homeostasis that offers a novel dimension for

understanding the intracellular regulation of this important lipid.
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INTRODUCTION

Cellular membranes are highly dynamic entities involved in almost all cellular functions. The
establishment and maintenance of the unique lipid composition of membranes are pivotal for cellular
physiology (7). Each cell type has a characteristic lipidome established during development and tightly
regulated thereafter by several intracellular and extracellular mechanisms. The relative levels of
cholesterol are meticulously maintained, specially within different cellular membranes, where there is a
gradient between the plasma membrane (PM), where most of the cell’'s cholesterol resides, and the
endoplasmic reticulum (ER), which contains low levels of this lipid while also harboring the cell’s
cholesterol biosynthetic machinery (2). This tight regulation of cholesterol levels among cellular
compartments is due in part to cholesterol's ability to alter membrane biophysical properties by
promoting rigidity and, above a certain threshold, causing membrane partitioning and the formation of
lipid raft (LR) domains (3, 4). These dynamic and rigid membrane LR domains segregate subsets of
lipid-binding proteins and facilitate conformational changes and/or protein interactions to regulate

specific pathways (5).

Cellular cholesterol levels are regulated, in part, by precisely balancing de novo synthesis in the
endoplasmic reticulum (ER) and its internalization from extracellular lipoproteins through receptor-
mediated mechanisms (2). Most cell types rely on the latter to fulfill their cholesterol needs, adjusting

cholesterol biosynthetic activity through communication between the PM and the ER (6).

In mammalian cells, extracellular cholesterol is primarily internalized from the uptake of low-density
lipoproteins (LDL). Briefly, after binding to low-density lipoproteins receptors (e.g., LDLR), LDL particles
are endocytosed and fuse with lysosomes, triggering the hydrolysis of their constituent cholesterol
esters (CE) into free cholesterol (FC) (7). FC is inserted into the endolysosomal membrane by the
Niemann-Pick C (NPC) proteins 1 and 2 (NPC1 and NPC2). Evidence suggests that these cholesterol-
rich endosomes first fill cholesterol PM pools up to a threshold, past which the excess cholesterol
induces membrane invagination and the formation of cholesterol-rich endosomes that are transported
to the ER (8-10).

To a lesser degree, mammalian cells can also acquire cholesterol from the extracellular medium by
the internalization of high-density lipoproteins (HDL). This type of particle was previously considered to
be mainly involved in cholesterol efflux (77). However, multiple lines of evidence indicate that cells can
internalize cholesterol from these particles through HDL-avid receptors, such as the scavenger receptor
B1 (SR-B1), to provide cells with extra cholesterol under specific conditions like steroidogenesis or LDL-
deficiencies (72). Contrary to LDL, cholesterol from HDL particles is channeled directly towards cell

membranes in a concentration gradient manner, rather than through the uptake of the holoparticle itself
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(712). Moreover, while LDL-derived cholesterol moves first to the PM before the ER, HDL-cholesterol
has been shown to be able to be delivered directly to the ER (713-15).

In the ER, increases in cholesterol levels delivered from the PM results in the formation of cholesterol-
rich regulatory domains, capable of repressing cholesterol biosynthesis at the transcriptional and post-
transcriptional levels. This maintains cholesterol homeostasis through the modulation of master lipid
regulators such as the sterol regulatory element binding protein (SREBPs) (9, 16-217). Similarly, several
reports have identified an intracellular cholesterol pool in membranes juxtaposed to the ER - also called
the endocytic recycling compartment - that can sense cholesterol changes in the PM and induce
feedback responses to maintain cholesterol levels (22, 23). However, the identity, localization, and

regulation of these pools of cholesterol in the ER are not completely understood.

Mitochondria-associated ER membranes, or MAM, are transient lipid-raft domains in the ER in close
apposition to mitochondria, involved in the regulation of lipid and calcium metabolism, as well as cellular
bioenergetics (24, 25). Previous data from our lab have revealed an association between cholesterol
internalization and delivery to the ER and the activation of MAM domains (26, 27). Here, we show that
the formation of MAM is a consequence of the mobilization of excess cholesterol from the PM, resulting
in the spatial clustering and repression of cholesterol biosynthetic enzymes. Moreover, we demonstrate
that cholesterol internalization and MAM formation are specifically stimulated by cholesterol uptake from
HDLs. Taken together, our data suggest that the formation of MAM is a key step in the regulation of
cholesterol metabolism, fitting the description of previously described regulatory intracellular cholesterol
pools, and provides a new framework for understanding how extracellular lipids modulate intracellular

metabolic feedback responses.

RESULTS
Cholesterol internalization and its delivery to the ER induces the formation of MAM domains.

Our previous work indicated that, as a lipid-raft-like domain, the formation of MAM is triggered by
elevated cholesterol levels in the ER (27). Interestingly, this increase was associated with the delivery
of excess cholesterol to the ER from the PM, rather than with an increase in its de novo cholesterol
biosynthesis. To confirm these data, we quantified the MAM activity after stimulating cholesterol uptake
and ftraffic from the PM to the ER by incubating cultured cells with increasing concentrations of
exogenously added cholesterol, as shown before (28). Specifically, we incubated human
neuroblastoma cells (SH-SY5Y) (Fig. 1A-B) and mouse embryonic fibroblasts, MEFs (Fig. S1A-B) in
medium containing 3% serum supplemented with increasing concentrations of water-soluble cholesterol
(0.5 mg, 3 mg, or 5 mg per 100 ml), spiked with ®H-cholesterol, and measured its internalization and

esterification over time. Under these conditions, cultured cells displayed a dose-dependent increase in
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cholesterol uptake (Fig. 1A) and its delivery to the ER, resulting in the stimulation of MAM functions,
including the esterification of cholesterol by acyl-coenzyme A: cholesterol acyltransferase 1 (ACAT1,
gene SOATT) (Fig. 1B) and the synthesis and transfer of phosphatidylserine to mitochondria for its
decarboxylation into phosphatidylethanolamine (Fig. 1C and Fig. S1C-D) (29).

We corroborated these results by stimulating PM-to-ER cholesterol trafficking by adding exogenous
sphingomyelinase (SMase) to our cell cultures (76). As expected, this treatment induced the
internalization of cholesterol, its delivery to the ER (Fig. 1D and S1E), and its subsequent esterification
by ACAT1 in both SH-SY5Y cells (Fig. 1E) and mouse fibroblasts (Fig. S1F). This stimulation of
cholesterol delivery to the ER resulted in the concomitant activation of MAM functions (Fig. 1F and
S$1G) and an increase in ER-mitochondria apposition or contacts (MERCs) (Fig. S1H), while the
inhibition of endogenous SMase by GW4869 (27) resulted in the opposite phenotype (Fig. 1F). In
agreement, impairing cholesterol transport by incubation with (U18666A), an inhibitor of the NPC1 and
of Aster-mediated cholesterol trafficking (30), impeded the activation of MAM even after SMase
treatment (Fig. S1I). Conversely, inhibition of 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR),
the first rate-limiting enzyme in the mevalonate pathway, did not significantly impact MAM activities
(Fig. S1J), confirming that the observed phenotypes were not attributable to de novo cholesterol

synthesis.

Our data thus indicate that cholesterol mobilization from the PM induces transient increases in

cholesterol in the ER and induces the formation and activation of MAM domains.
The formation of MAM represses cholesterol biosynthesis.

Cholesterol delivery to the ER represses cholesterol biosynthesis by allosterically inhibiting the activity
of specific rate-limiting enzymes and repressing SREBP2 (gene SREBF2) processing and expression.
In agreement, our data show that SMase treatment and subsequent MAM activation resulted in a
decrease in the protein levels of both the precursor and mature forms of the cholesterol biosynthesis
master regulator, SREBP2 (Fig. S2A), and subsequently reduced the expression and activity of the
rate-limiting cholesterol biosynthetic enzyme HMGCR (Fig. 2A). Interestingly, SMase treatment did not
affect the transcription levels of several of its downstream enzymes, such as squalene synthase (SQS;
also called farnesyl-diphosphate farnesyl transferase, gene FDFT1), squalene monooxygenase
epoxidase (SQLE; SQLE), or the lanosterol synthase (LSS) (Fig. S2B).

To study the relationship between cholesterol biosynthesis and MAM, we examined the protein
composition of MAM fractions using a PhotoClick-cholesterol proteomics approach (37), as before (27).
Briefly, cultured cells were incubated with the PhotoClick-cholesterol probe, MAM fractions were

isolated, the probe crosslinked to cholesterol-interacting proteins and conjugated to the probe’s azide-
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biotin tag by click chemistry. These cholesterol-interacting tagged proteins were pulled down using

streptavidin beads and identified by mass spectrometry.

Our results indicated that various enzymes from the de novo cholesterol synthesis and cholesterol
turnover pathways were present in MAM domains (Fig. 2B), and interacted with cholesterol, as shown
before (32). While levels of HMGCR were detectable at MAM, the post-squalene branch of cholesterol
biosynthesis was particularly enriched (33), including the rate-limiting enzymes squalene synthase
(SQS; FDFT1) and squalene monooxygenase epoxidase (SQLE; SQLE), along with other pathway
components: lanosterol synthase (LSS), cytochrome P450-51A (CYP51A1), NAD-sterol
dehydrogenase (NSDHL), 24-dehydrocholesterol reductase (DHCR24), and 7-dehydrocholesterol
reductase (DHCR7) (32, 34, 35). Additionally, we found well-known MAM-resident enzymes, such as
the ER lipid raft associated protein 2 (ERLIN2; ERLNZ2), which inhibits the de novo synthesis of
cholesterol by inducing the degradation of HMGCR (36, 37), and ACAT1 (SOATT), which mediates

cholesterol esterification (38, 39).

To validate these data, we also examined the subcellular localization of these cholesterol biosynthesis
enzymes using subcellular fractions from mouse brain (40). In agreement with our proteomics results,

we found that within the ER, post-squalene synthesis enzymes were enriched at MAM (Fig. 2C).

Altogether, our data led us to conclude that the formation of MAM induces a feed-back response that
inhibits cholesterol biosynthesis, perhaps via the spatial clustering and modulation of the post-squalene

enzymatic machinery and/or ERLINZ2 (47).
MAM formation induces cholesterol internalization and its delivery to the ER.

To further test the relevance of MAM regulation in the control of cholesterol metabolism, we measured
cholesterol uptake and synthesis in cell models where MAM formation is either impaired or enhanced
due to the ablation of mitofusin 2 (MFN2-KO cells) or presenilins-1 and -2 (PSEN1/2-KO; PS-DKO),
respectively, as previously shown (42). MAM-deficient MFN2-KO cells showed reductions in the
internalization of exogenous cholesterol from the PM and concomitant increases in cholesterol
biosynthesis and HMGCR expression, while PS-DKO cell models, where MAM is constitutively
upregulated, showed the inverse phenotype (Fig. 3A-D and S2C).

To stimulate cholesterol influx and its delivery to the ER, we exposed MAM-deficient cells to
increasing concentrations of fetal bovine serum (FBS, containing cholesterol) or exogenous cholesterol
in the medium. Compared to controls and PS-DKO cells, elevations in FBS concentration failed to
increase endogenous cholesterol levels in MFN2-KO cells (Fig. S2D-E). Likewise, stimulation of ACAT1
by incubation with increasing concentrations of cholesterol (Fig. S2F) or with oleic acid (Fig. S2G) was
unable to stimulate cholesterol esterification in MAM-deficient models as measured by fluorescent

cholesterol uptake or lipidomics (Fig. S2F-G). In agreement, compared to control levels, exposing
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MFN2-KO cells to increasing concentrations of cholesterol failed to induce MAM activity (Fig. 3E).

Conversely, treating these cells with SMase partially recovered MAM activities (Fig. 3F).

Our results show that the modulation of MAM contributes to the uptake of exogenous cholesterol
through a yet unknown mechanism. Altogether, these data unveil a crosstalk between the plasma
membrane (PM) and MAM, whereby each cellular compartment senses changes in cholesterol levels

in the other.
The formation of MAM induces SR-B1-mediated uptake of cholesterol from HDL-particles.

Our data show that MAM formation represses the expression and processing of SREBP2, the master
regulator of the expression of cholesterol biosynthesis enzymes, and of LDL-lipoprotein receptors, such
as LDLR (43). Therefore, it is possible that the stimulation of cholesterol uptake in cells where MAM is
upregulated is a consequence of the sustained inhibition of SREBP2 pathways (27). To determine if
this is the case, we overexpressed a transcriptionally-active form of SREBP2 in PS-DKO cells, in which
MAM is constitutively activated and HMGCR activity is downregulated. However, we did not observe
any effect on the internalization of cholesterol or the activity of the MAM-resident enzyme ACAT1 (Fig.
S3A-D). This led us to conclude that MAM stimulates cholesterol internalization through a SREBP2-
independent pathway.

To explore this further, we quantified the gene expression levels of lipoprotein receptors sensitive to
MAM modulation in SMase-treated SH-SY5Y (Fig. 4A) and PS-DKO and MFN2-KO cells (Fig. 4B).
Our results showed that canonical lipoprotein receptors, such as LDLR (low-density lipoprotein
receptor) and LRP1 (LDL-related protein 1), were either reduced or not significantly changed by the
stimulation or inhibition of MAM formation (Fig. 4A-B). Conversely, the expression of the scavenger
receptor B1 (SR-B1, gene SCARBT) (12), known for its high affinity for HDL particles, was significantly
increased upon SMase treatment (Fig. 4A). SR-B1 expression was also increased in PS-DKO cells
compared to controls and MAM-deficient cells (Fig. 4B-C and S4A), however, the levels of this receptor
in the PM were either reduced or unchanged in these cell models, as detected by surface biotinylation
or giant plasma membrane vesiculation (Fig. 4D and S4B).

We further assessed SR-B1's contribution to cholesterol uptake and its PM-ER transfer by incubating
SMase-treated cells, as well as PS-DKO cells, with 10 uM BLT1 (block lipid transport-1), an inhibitor of
SR-B1. BLT1 interacts irreversibly with the Cys348 residue of SRB1, impairing its ability to uptake
cholesterol, although HDL interaction with SRB1 is enhanced (44). In all of these conditions, SR-B1
inhibition prevented the upregulation of cholesterol uptake, its esterification, and subsequent lipid
droplet formation (Fig. 5A-B and S5A-C) without affecting cholesterol efflux (Fig. S5D). BLT1 treatment

also rescued the SMase-induced expression of SCARB1 and of cholesterol biosynthesis enzymes (Fig.
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S5E-F). Moreover, SR-B1 inhibition reduced MAM activation (Fig. 5C) and the degree of ER-
mitochondria apposition (Fig. $5G). Additionally, this treatment effectively blocked the expected
increase in cholesterol transport to the ER after boosting its levels in the PM by incubation with methyl-

B-cyclodextrin (MBCD)-cholesterol complexes (Fig. S5H).

Our results suggest that cholesterol uptake via SR-B1, but not by other canonical lipoprotein
receptors, contributes to its delivery to the ER and the formation of MAM, although we could not relate
this to higher levels of PM SR-B1. However, previous evidence had suggested that the use of
cholesterol analogs, such as fluorescent NBD-cholesterol, favor the uptake of these molecules through
scavenger receptors, and thus overestimate the involvement of these receptors (45). Therefore, we
then decided to evaluate the impact of cholesterol uptake through different types of lipoproteins on the
activation of MAM.

SR-B1's strong preference for binding and importing HDL, which is rich in cholesterol esters, opens
up the possibility that HDL contributes to the activation of MAM. To test this idea, we measured the
levels of cholesterol in WT cells incubated with purified HDL, LDL, or very-low density lipoparticles
(VLDL), and compared these levels to WT or PS-DKO cells exposed to complete medium (containing
5% FBS). As observed previously (71, 70), addition of HDL to the medium, but not with LDL or VLDL,
induced higher rates of cholesterol influx, compared to what is observed in PS-DKO cells. Similar to our
previous data, this was prevented in the presence of BLT1 (Fig. 6A-B and S6A). Notably, incubation
with different lipoprotein particles had a significant impact on the distribution of cholesterol in cellular
membranes as detected by filipin staining (Fig. 6C and S6B). Specifically, incubation with LDL and
VLDL appeared to expand cholesterol levels in the PM compared to intracellular membranes,
resembling cholesterol distribution in MFN2-KO cells (Fig. S6A-B). On the other hand, cells incubated
with HDL particles displayed increases in intracellular levels of cholesterol compared to PM (Fig. 6C
and S6A-B), as it occurs in PS-DKO cells (Fig. 6C).

Finally, and in line with our previous results, addition of HDLs to the medium induced the activation of
MAM-resident enzymes and ER-mitochondria communication, as measured by phospholipid transfer
(Fig. 6D) and SMase activity (27) (Fig. S6C), whereas incubation with LDL or VLDL particles did not
affect MAM regulation over control levels. Our data therefore indicates that MAM formation is
preferentially stimulated by SRB1-mediated cholesterol uptake from HDL particles, compared to other
lipoproteins of lower density. Taken together, our results suggest that MAM formation acts as a
cholesterol-sensing mechanism in the ER, reflecting changes in cholesterol levels in the PM and
orchestrating feedback reactions to maintain cholesterol homeostasis. We also show that MAM is
sensitive to the extracellular lipoprotein environment, thereby contributing to the regulation of cellular

metabolic flexibility.

DISCUSSION
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Cholesterol regulation is a crucial aspect of maintaining the integrity and function of mammalian cellular
membranes. Abnormalities in cholesterol distribution are linked to various pathological conditions,
including cardiovascular and neurodegenerative disorders. However, despite significant advancements
in this field, some of the mechanisms underlying the complex regulation of cholesterol remain
unresolved. For example, it is well established that cholesterol sensing is dependent on specific
domains in the endoplasmic reticulum (ER), but the precise identity of these domains is still unknown.
Additionally, the mechanisms by which LDL- and HDL-derived cholesterol influence cellular metabolism
are not yet fully understood. Our work here indicates that HDL-cholesterol, but not LDL-cholesterol, is
delivered to the ER where it induces the formation of MAM domains, stimulating cholesterol
esterification and inhibiting de novo cholesterol biosynthesis (Fig. 7). Our results help characterize MAM
as a cholesterol-sensing domain in the ER and support its formation as a key mechanism mediating the

distinct metabolic responses of the cell to HDL-derived cholesterol influx.

Cholesterol levels in cellular and intracellular membranes form a gradient maintained by a complex
network of mechanisms that balance lipoprotein uptake and biosynthesis, including the control of the
expression, compartmentalization and allosteric modulation of the implicated enzymes and proteins (2).

To maintain this network, cholesterol cycles between the PM and the ER. In the ER, the newly-
delivered cholesterol elicits feed-back pathways in response to cellular demands (9). Several factors
have been revealed to mediate PM-ER cholesterol transport (e.g., Aster/GRAMD or OSBP proteins) (6,
46, 47), especially after SMase treatment (48, 49). However, the complete mechanisms of the sensing
of cholesterol accessibility and the regulation of cholesterol PM-to-ER transport are still unclear (50).

The essential role of specific pools of cholesterol in the ER, sensitive to changes in PM, and with high
rates of cholesterol esterification activity, has been widely reported in the regulation of this route (9, 18,
23). Relevant to this, the seminal work of Brown and Goldstein (567) demonstrated that these ER
cholesterol regulatory pools allosterically modulate cholesterol biosynthesis enzymes and lipoprotein
metabolism, primarily via the cleavage and expression of the sterol-regulatory element binding proteins
-1 and -2 SREBP1 (gene SREBF1) and SREBP2 (gene SREBF2) (7, 9). Moreover, multiple reports
demonstrate that these cholesterol pools are highly stimulated by treatment with SMase (70, 18, 49).

Based on the abovementioned characteristics, it is evident that MAM domains are equivalent to these
pools, which are formed as a consequence of an excess of cholesterol in the PM being delivered to the
ER; thus, MAM is known to be highly sensitive to changes in the lipid environment in cellular
membranes. Additionally, MAM is a lipid raft-like domain that induces partitioning within ER membranes,
resulting in the segregation and allosteric modulation of enzymes involved in the removal of cholesterol
by esterification (by ACAT1; SOATT) (27, 39), and oxidation (by CYP46A1) (52). Furthermore, as
previously shown for the intracellular pools of cholesterol, MAM is stimulated by sphingomyelin

hydrolysis and by incubation with HDL particles. We also show here that MAM formation inhibits the
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biosynthesis of cholesterol, and that in agreement with others (32), MAM contains detectable levels of
the rate-limiting enzyme HMGCR and is enriched in enzymes comprising the post squalene pathway of
cholesterol biosynthesis.

The mevalonate pathway splits into different branches for the production of various metabolites such
as isoprenoids, coenzyme Q and cholesterol (2, 7). Channeling of metabolites through one route or the
other is highly controlled by rate-limiting enzymes that are regulated pre- and post-transcriptionally and
translationally, as well as allosterically by cholesterol levels in cellular membranes (563, 54). For
example, HMGCR channels the initial steps of the mevalonate pathway towards the synthesis of
farnesyl pyrophosphate (FPP), while SQLE commits the pathway to the synthesis of cholesterol (55).
HMGCR and SQLE have been shown to localize in different compartments (2). HMGCR and other
enzymes involved in FPP synthesis have been found in peroxisomes, ER, cytosol and mitochondria (2,
56). On the other hand, there is consensus that the post-squalene enzymes are located solely in the
ER, where their activity is regulated by cholesterol levels and by SQLE (57, 58), independently of the
rest of the mevalonate pathway (27, 33, 55). Therefore, our data highlights the possibility that the
formation of MAM specifically enables the compartmentalization and downregulation of the enzymatic
branch that produces cholesterol, steering metabolites towards the other branches through organelle
contact sites, such as mitochondria (59). In support of this view, MAM formation controls the shunting
of cholesterol for the synthesis of steroids in mitochondria (60, 61, 62). Moreover, MAM formation links
cholesterol distribution to the modulation of mitochondria and cellular bioenergetics (60, 63, 64)

The contribution of MAM domains to cholesterol metabolism can also be mediated by the regulation
of ERLIN2 (36), whose affinity for cholesterol is essential in maintaining the lipid raft structure. ERLIN2
has been shown to repress cholesterol biosynthesis by inhibiting the SREBP2 pathway and by
degrading cholesterol biosynthesis enzymes (65, 66). In agreement, a recent publication (47) showed
that the loss of ERLIN 1/2 activated SREBP2 pathways, cholesterol synthesis and ER-to-Golgi
transport. These data are consistent with the finding that the ablation of ERLIN2 disrupts MAM structure
(67). However, under these conditions, the authors also observed the activation of ACAT1 and the
production of cholesterol esters and triglycerides (47), perhaps implying that not all MAM activities are
inhibited by the elimination of ERLIN2.

Taken together, we conclude that MAM domains facilitate the transient compartmentalization of
cholesterol metabolic routes in response to changes in the lipid composition of the PM and also help
orchestrate the complex modulation of the cholesterol biosynthesis machinery. Naturally, other
cholesterol-rich areas in the ER could also form similar functional domains to facilitate cholesterol

modulation and/or the crosstalk with organelles other than the mitochondria (e.g., Golgi) (20, 41, 68).

Our data indicate that exposure to HDL particles induces higher rates of cholesterol internalization

and MAM activation in the cell compared to LDL or VLDL particles. It is well known that HDL-rich
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environments promote cholesterol influx and efflux from cells (69), in a process involving the ATP-
binding cassette (ABC) transporters (70). As a result, compared to other lipoproteins, HDL incubation
is associated with a significant downregulation of cholesterol biosynthesis (77). The reason(s) behind
differences in the impact of LDL- and HDL-derived cholesterol on the formation of MAM and the
inhibition of cholesterol biosynthesis need further investigation. One possibility is that the higher degree
of cholesterol transfer induced by HDL via SR-B1, which forms a hydrophobic channel for CEs to move
down a concentration gradient from HDL towards cell membranes (72), could stimulate PM-ER transfer
in a faster manner relative to LDL particles (77). The dynamics of the mobilization and replenishment
of cholesterol pools in the PM are likely distinct in response to HDL-derived cholesterol compared to
LDL-derived cholesterol, potentially explaining the varying effects of these lipoprotein particles on the
membrane properties (8).

It is also possible that the rapid mobilization of cholesterol from PM to ER induced by HDL can better
sustain the formation of lipid-raft domains like MAM within the ER, whereas LDL-induced cholesterol
internalization and transport to the ER results in alternate non-raft domains, with distinct impacts on
cholesterol biosynthetic activity and on SREBP-mediated pathways. Of note, the capacity of cholesterol
to form a lipid raft depends on its association with other lipids such as sphingomyelin. Interestingly,
compared to other lipoproteins, HDLs are enriched in sphingomyelin (72).

These distinctive effects on HDLs on cellular cholesterol trafficking may also be attributable to HDLs
having higher CE content than LDLs or VLDLs do. It bears mentioning that HDL particles vary in size
and composition, thereby impacting cell metabolism in different manners that cannot be solely based
on their enrichment in CE content. This has given rise to the suggestion that the HDL subtype, rather
than the total CE concentration, has a more critical role in determining this lipoprotein’s functional effects
(73).

The expression of SR-B1 and the activation of HDL uptake is regulated by several pre- and post-
transcriptional mechanism(s) (74, 75) that are highly sensitive to the extracellular environment (76) and
that mirror those of LDLR and other SREBP-2-regulated genes (77, 78). Therefore, we propose a model
where the formation of the MAM is an essential step in the modulation of the SR-B1-HDL cholesterol
pathway that results in the inhibition of SREBP2, although we cannot exclude other receptors implicated
in the uptake of these lipoprotein particles. Additionally, we cannot disregard the contribution of other
organelle contacts with the ER in the regulation of lipoprotein uptake, such as the PM (e.g., PM-
associated ER membranes, or PAM).

Overall, these findings imply that the formation of MAM is sensitive to changes in the extracellular
lipid milieu and underlies a mechanism for the translation of exogenous cues into metabolic
adjustments. Taken together, our data support the idea that the compartmentalization of cholesterol
enzymes into different organelle membranes contributes to the complex regulation of cholesterol

metabolism. This hypothesis also implicates the formation of specific domains, such as MAM, as an
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essential regulatory step in the channeling of mevalonate metabolites into different pathways and
facilitating feed-back mechanism(s) to maintain cholesterol homeostasis and enable cellular responses

to changes in the environment.

MATERIAL AND METHODS

Reagents
All reagents, equipment and catalog numbers are listed in the Resources Table.
Cells and animals

SH-SY5Y cells were obtained from the American Type Culture Collection. WT and PSEN1/2-double
knock-out (called PS-DKO) mouse embryonic fibroblasts (MEFs) were kind gifts from Dr. Bart De
Strooper (University of Leuven). Mfn2-knock-out (MFN2-KO) MEFs, as well as the relevant control
MEFs, were kind gifts from Dr. David Chan (California Institute of Technology). Brains from C57BL/6J
mice were obtained by cervical dislocation under the approval of the Institutional Animal Care and Use
Committee of the Columbia University Medical Center.

Cell treatments

Cells were treated with 1 U/mL SMase. Water-soluble cholesterol (complexed with methyl-3-
cyclodextrin) was reconstituted and used at different concentrations as indicated. Oleic acid was used
to promote cholesterol esterification. Cells were incubated with 5 ng/mL purified lipoproteins (HDL, LDL,
VLDL) in serum-free DMEM. All inhibitors were added for 60min in DMEM supplemented with 5% FBS
unless otherwise stated and DMSO was used as a vehicle. 10 yM BLT1 was used to block the
cholesterol transporter SR-B1. Neutral SMase and acidic SMase activities were inhibited with 5 uM
GW4869 or 10 uM desipramine, respectively. HMGCR activity was blocked using 20 uM atorvastatin.
Cholesterol trafficking via NPC1/Aster was inhibited with 1 yM U18666A.

Cholesterol trafficking and esterification assays

Cholesterol trafficking and esterification were assessed following established protocols (26). Cells were
cultured in serum-free medium for 2 hours to eliminate exogenous lipid interference. Then, 2.5 uCi/mL
of *H-cholesterol was added to serum-free DMEM supplemented with 2% fatty acid-free BSA and
allowed to equilibrate at 37°C for at least 30 minutes. In select experiments, the same amount of *H-
cholesterol was complexed with methyl-B-cyclodextrin. The radiolabeled mixture was then administered
to the cells for the specified durations. Afterward, cells were rinsed and harvested in PBS. For some
experiments, subcellular fractionation was performed prior to lipid extraction, saving a small aliquot for

protein quantification. Equal protein amounts were used to extract lipids by using three volumes of
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chloroform:methanol (2:1 v/v). Following vortexing and centrifugation at 8,000 g for 5 minutes, the
organic phase was dried under nitrogen. The resulting lipid residue was reconstituted in 30 uL of
chloroform:methanol (2:1 v/v) and applied to a thin-layer chromatography (TLC) plate alongside
unlabeled standards. A solvent mixture of hexanes/diethyl ether/acetic acid (80:20:1 v/v/v) was used
for TLC. lodine-stained bands corresponding to cholesterol and cholesteryl esters were scraped off and
quantified.

Cholesterol efflux

Cells were loaded with 2.5 mCi/mL of ®H-cholesterol prepared as described above. Three hours after
incubation, cells were washed to remove the excess of exogenous radioactive cholesterol and
incubated in unlabeled media in the presence or absence of the indicated inhibitors. After the indicated
post-incubation times, media was recovered, briefly centrifuged at 1,500 g for 5 min to remove any
debris, transferred to scintillation vials containing 5 mL of scintillation cocktail and radioactivity was
measured in a Scintillation Counter.

Cholesterol and lipid droplets staining

1 uM of the fluorescent cholesterol analog NBD-cholesterol (22-(N-(7-nitrobenz-2-oxa-1,3- diazol-4-
yl)amino)-23,24-bisnor-5-cholen-3b-ol) was used to determine cholesterol uptake. Filipin staining was
performed after 4% paraformaldehyde fixation by incubation with 50 mg/mL of filipin for 2 h at room
temperature. Staining of lipid droplets was performed using HCS LipidTox™ Green following
manufacturer instructions. After extensive washes, coverslips were mounted with Fluoromount-G™ and
visualized by confocal fluorescence microscopy. Staining was quantified using ImageJ. Reported
fluorescence intensity represents the product of the intensity and the area covered by the fluorescent
signal above background in every cell examined. In some experiments, DAPI was used to visualize
nuclei.

In some experiments, the protocol was adapted to a multi-well format and the fluorescence intensity
was measured using specific settings and bandwidths in a multi-plate reader.

HMG-CoA reductase (HMGCR) activity assay

HMGCR activity was measured following manufacturer instructions from equal protein amounts.

Phospholipid transfer

2.5 uCi/mL ®H-serine was added to the cells for the specified time-points. In some experiments, drugs
were added immediately before *H-serine incubation, unless otherwise indicated. After extensive
washing, cells were collected and lipids extracted and separated by TLC as detailed in (29).
Incorporation of *H-serine into phosphatidylserine (PS) and phosphatidylethanolamine (PE) was

measured.
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Sphingomyelinase activity assay

Cells were incubated with 1 yM sphingomyelin C16-Cy5 for 3 h at 37°C. After extensive washing, cells
were collected and the organic and the aqueous phases were separated by mixing the sample with
chloroform:methanol:H20O (2:1:1), followed by centrifugation at 8,000 g for 5 min. The aqueous phase,
containing fluorescent phosphocholine, was collected and fluorescence measured (excitation/emission,
640/685 nm, bandwidth 30 nm) in a plate reader.

Subcellular fractionation

Purification of ER, crude membranes (CM), mitochondria and MAM was performed and analyzed as
described (26).

Western blotting

After quantification of sample protein concentrations via BCA assay, equal amounts of protein were
boiled in Laemmli sample buffer and run in 4-20% Tris-glycine gels. Proteins were detected using the
antibodies listed in the Reagents Table.

Analysis of ER-mitochondria apposition

Cells were co-transfected with mCherry-SEC61B (Addgene plasmid, #90994) and mitoGFP (Addgene
plasmid, #159096) at a 1:1 ratio using Lipofectamine™ 2000 Transfection Reagent in serum-free
DMEM for 4-6 h following manufacturer instructions. 16 h post-transfection, cells were treated with
SMase or BLT1 for 1 h or 3 h, images of double-transfected cells were acquired, and ER-mitochondria
apposition was analyzed as described (27).

Transient expression of the mature form of SREBP2

PS-DKO cells were transfected with the truncated mature form of SREBP2 (2xFLAG-SREBP2, aa 1-
482, Addgene plasmid #26807), which is targeted to the nucleus where it activates cholesterol
biosynthesis gene programs. 16 h post-transfection, cells were assayed for cholesterol uptake and
esterification, as well as protein expression of 2xFLAG-SREBP2.

Labeling and purification of plasma membrane proteins

Plasma membrane proteins were biotinylated by incubation with 1 mg/mL of EZ-Link™ Sulfo-NHS-LC-
Biotin in labeling buffer (20 mM HEPES, 150 mM NaCl, 2 mM CaCl;, pH 8.5) at 4°C for 45 minutes
under dark conditions. Subsequent washing steps with PBS containing glycine were conducted to
quench unreacted biotin. Cells were then lysed in 50 mM Tris pH 7.5, 5 mM EGTA, 10 mM EDTA
supplemented with protease inhibitors by sonication and addition of 1% sodium deoxycholate. After
centrifugation, the supernatant containing the lysate was collected, and a fraction was reserved as input.

Streptavidin-coated beads, pre-washed in 50 mM Tris pH 7.5, were added to the lysate and incubated
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overnight at 4°C. Following extensive washing, the bound proteins were eluted by heating at 45°C in
1xLaemmli buffer to prevent protein aggregation.

Generation of Giant Plasma Membrane Vesicles

GPMVs were generated by washing the cells in 10 mM HEPES, 150 mM NaCl, 2 mM CaCl2, pH 7.4,
and treatment with 2 mM N-ethylmaleimide for 1 h at 37 °C. The suspension containing the GPMVs
was centrifuged at 500 g for 5 min to eliminate cellular debris and GPMVs were collected by
centrifugation at 20,000 g for 1 h. GPMVs were quantified via BCA assay and processed for western
blot analysis.

Quantitative reverse transcription—polymerase chain reaction (qQRT-PCR)

Total RNA was extracted using TRIzol® Reagent according to the manufacturer's instructions and was
quantified by NanoDrop2000. One microgram of total RNA was used to generate cDNA by RT-PCR
using the High-Capacity cDNA Reverse Transcription Kit. Quantitative Real-Time PCR was performed
in triplicate in a StepOnePlus™ Real-Time PCR System. The expression of each gene under study was
analyzed using specific predesigned TagMan Probes (see Reagents Table) and normalized against
18S rRNA expression as an internal control.

Lipidomics analysis

Lipids were extracted from equal amounts of material (30 mg protein/sample). Lipid extracts were
prepared via chloroform—methanol extraction, spiked with appropriate internal standards, and analyzed
using a 6490 Triple Quadrupole LC/MS system as described previously (83). Different lipid classes
were separated with normal-phase HPLC using an Agilent Zorbax Rx-Sil column (inner diameter 2.1
A~ 100 mm) under the following conditions: mobile phase A (chloroform:methanol:1 M ammonium
hydroxide, 89.9:10:0.1, v/v/v) and mobile phase B (chloroform:methanol:water:ammonium hydroxide,
55:39.9:5:0.1, v/vIviIv); 95% A for 2 min, linear gradient to 30% A over 18 min and held for 3 min, and
linear gradient to 95% A over 2 min and held for 6 min. Quantification of lipid species was accomplished
using multiple reaction monitoring (MRM) transitions that were developed in earlier studies in
conjunction with referencing of appropriate internal standards. Values were represented as mole
fraction with respect to total lipid (% molarity). For this, the lipid mass of any specific lipid was normalized
by the total mass of all the lipids measured.

Analysis of PhotoClick cholesterol-interacting proteome in MAM fractions
Cholesterol-interacting proteins from MAM fractions were pulled down employing a Photoclick
cholesterol analog (Hex-5'-ynyl 33-hydroxy-6-diazirinyl-5a-cholan-24-oate), as detailed in (27). Briefly,
5 uM PhotoClick cholesterol was incubated with MEFs for 4 h. Upon extensive washing, PhotoClick

cholesterol was crosslinked under 365nm-UV, and cells were collected for subcellular fractionation. 500
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ug of MAM fractions were briefly sonicated and subjected to click chemistry by addition of 500 uM biotin-
azide, 100 pM Tris((1-benzyl-4-triazolyl)methyl)amine (TBTA), 1 mM CuSO; and 1 mM Tris(2-
carboxyethyl)phosphine (TCEP) and incubation for 15 min at room temperature in the dark. Then,
streptavidin beads were used to pull down biotinylated cholesterol-interacting proteins. Upon several
washes, samples for proteomic analysis were snap-frozen and stored at -80 °C for downstream
proteomic analysis.

Label-free quantitative proteomic profiling and analysis were performed at the Proteomics Shared
Resource at Columbia University Medical Center as reported in (84).

Statistical analysis

Data represent mean + SEM. All averages are the result of three or more independent experiments,
carried out at different times with different sets of samples. Data distribution was assumed to be normal.
The statistical analysis was performed using GraphPad Prism v9.01. Brown-Forsythe test was used to
compare variance between groups. Statistical significance was determined by either two-tailed t-test or
(repeated measures) two-way ANOVA, followed by the Tukey’s or Sidak's multiple comparison post-
hoc test. Welch’s corrections were used for t-test comparison when variance between groups was
statistically different, as stated. Values of p < 0.05 were considered statistically significant. * p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001. The investigators were not blinded when quantifying imaging

experiments.
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FIGURE LEGENDS
Fig. 1. Cholesterol internalization and delivery to the ER induces MAM activity

A,B. *H-cholesterol internalization (A) and esterification (B) induced by increasing concentrations of

exogenously added cholesterol in SH-SY5Y cells.

C. MAM activity measured as the incorporation of °H-serine into phosphatidylserine (PS) and

phosphatidylethanolamine (PE) in SH-SY5Y cells exposed to increasing concentrations of cholesterol.

D. Filipin staining of cells treated with or without sphingomyelinase (SMase, 1 U/mL) for 2h. Scale bar=

20 um.
E. ®H-cholesterol internalization and its esterification in cells exposed to SMase treatment.

F. 3H-serine incorporation into PS or PE in cells treated with SMase (1 U/mL) or the SMase inhibitor
GW4869 (5 uM).

Fig. 2. Cholesterol uptake inhibits cholesterol biosynthesis

A. HMGCR activity and mRNA expression levels in SH-SY5Y cells exposed or not to 1U/mL SMase for
3 h.

B. Protein levels of cholesterol biosynthetic enzymes obtained by proteomics analysis of cholesterol-
interacting targets from MAM isolated from mouse fibroblasts. Data are presented as the log: of the
normalized average total ion current. The biosynthetic pathway of cholesterol is depicted in the diagram
and enzymes identified in the PhotoClick-cholesterol proteomics assay are underlined. HMGCR: 3-
hydroxy-3-methylglutaryl-coenzyme A reductase; FDFT1: squalene synthase; SQLE: squalene
monooxygenase; LSS: lanosterol synthase; CYP51A1: lanosterol 14-alpha demethylase, TM7SF2:
delta(14)-sterol reductase; MSMO1: methylsterol monooxygenase 1; NSDHL: sterol-4-alpha-
carboxylate 3-dehydrogenase; HSD17B7: 17-beta-hydroxysteroid dehydrogenase 7; DHCR24:
delta(24)-sterol reductase; EBP: 3-beta-hydroxysteroid-Delta(8),Delta(7)-isomerase; SC5D: lathosterol
oxidase; DHCR?7: 7-dehydrocholesterol reductase; SOAT1: Sterol O-acyltransferase 1 (ACAT1);
ACSL4: Long-chain-fatty-acid--CoA ligase 4 (FACL4).

C. Western blot detection of cholesterol biosynthetic enzymes in different subcellular fractions obtained
from mouse brain. TH: total homogenate. CM: crude membranes. MIT: mitochondria. CYT: cytosol
(representative of 3 independent experiments). Sizes, in kDa, at left.

Fig. 3. MAM controls cholesterol uptake
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A. Representative images of cells with chronic MAM upregulation (PS-DKO) or MAM deficiency
(MFN2-KO) incubated with fluorescent cholesterol (NBD-cholesterol, green arrows) for 1 h and

stained with filipin to detect endogenous cholesterol (blue arrows). Scale bar = 20 um.

B,C,D. Quantification of NBD-cholesterol uptake (B), HMGCR activity (C) and mRNA levels of Hmgcr
(D) in PS-DKO, MFN2-KO and wild-type (WT) counterpart MEF cells.

E. 3H-serine incorporation into PS or PE in MAM-deficient and control cells exposed to increasing

concentrations of cholesterol.
F. ®H-serine incorporation into PS or PE in MAM-deficient or control cells treated with SMase (1 U/mL).
Fig. 4. MAM regulates cholesterol uptake via the activation of SR-B1

A,B. mRNA expression levels of cholesterol transporters in (A) SH-SY5Y cells exposed to SMase
(1U/mL, 3 h) and (B) PS-DKO and MFN2-KO cells and their WT counterparts.

C,D. Quantification of total (C) or plasma membrane (D) protein levels of LRP1 and SR-B1 in PS-WT
and PS-DKO cells. Tubulin was used as a loading control for total homogenates and Na*/K* ATPase
(ATP1A1) as a control for plasma membrane purification. Representative immunoblots are shown.

Sizes, in kDa, at left.
Fig. 5. Blocking SR-B1-dependent cholesterol uptake inhibits MAM activities

A. Pretreatment with the SR-B1 inhibitor BLT1 (10 uM, 30 min) prevents the SMase-induced increase
in NBD-cholesterol uptake. Representative images are shown; the quantification of NBD-cholesterol

fluorescence per cell at right.

B. BLT1 reduces NBD-cholesterol uptake in PS-WT and PS-DKO cells. Representative images are

shown and the quantification of NBD-cholesterol fluorescence per cell.

C. *H-serine incorporation into PS and PE in PS-WT and PS-DKO cells treated with BLT1 (10 uM)

immediately before addition of *H-serine.
Fig. 6. HDL-cholesterol uptake induces MAM activation

A-C. (A) Filipin staining of PS-WT cells incubated in either 10% FBS without added lipoproteins (@) or
in serum-free medium with 5ng/ml of different lipoproteins (HDL, LDL, VLDL) for 5 h, in the presence or
absence of BLT1 (10 uM). Filipin staining of PS-DKO cells in 10% FBS treated or not with BLT1 are
also shown. Scale bar = 10 um. (B) Quantification of filipin puncta per cell and (C) filipin intensity present

at the cytosol or around the plasma membrane, corrected by the area of the region.

D. *H-serine incorporation into PS or PE in cells incubated with 5% FBS or lipoproteins for 5 h. The

exposure to 2.5Ci/mL *H-serine took place during the last 4 h of incubation with FBS or lipoproteins.
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Fig. 7. Cholesterol influx from HDL via SR-B1 modulates MAM activities, such as phosphatidylserine
transport and conversion into phosphatidylethanolamine and cholesterol esterification, while inhibiting

cholesterol synthesis. SMase facilitates cholesterol trafficking towards MAM eliciting similar responses.
Supplementary Figures
Fig. S1.

A, B. *H-cholesterol internalization (A) and esterification (B) induced by increasing concentrations of

exogenously-added cholesterol in MEFs.

C, D. MAM activity measured as the incorporation of *H-serine into phosphatidylserine (PS) and

phosphatidylethanolamine (PE) in MEFs exposed to increasing concentrations of cholesterol.

E. *H-cholesterol levels internalized (INT), detected at MAM fractions, and detected at ER fractions in
SH-SY5Y cells incubated for 3 h with *H-cholesterol and SMase (1U/mL).

F. 3H-cholesterol internalization and its esterification in MEFs treated with SMase (1 U/mL).
G. *H-serine incorporation into PS and PE in mouse fibroblasts exposed to SMase (1 U/mL).

H. ER-mitochondria co-localization in SH-SY5Y cells expressing Sec61B-mCherry and mitoGFP and
treated with 1 U/mL SMase. Nuclei were stained with DAPI. ER-mitochondria co-localization shown in

gray. Scale bar = 20 ym.

I. 3H-serine incorporation into PS and PE in cells exposed to SMase with or without the NPC1/Aster
inhibitor U18666A (1 uM).

J. ®H-serine incorporation into PS or PE in SH-SY5Y cells pre-treated with atorvastatin (20 uM) for 16h.
Fig. S2.

A. Quantification of the precursor and mature forms of the cholesterol master regulator SREBP2 after
exposure to SMase (1 U/mL, 3 h). Protein levels are normalized to the loading control (B-actin).
Sizes, in kDa, at left.

B. mRNA levels of selected components of the cholesterol biosynthesis machinery in SMase-treated
cells.

C. *H-cholesterol uptake in PS-DKO and MFN2-KO cells over their respective WT counterparts (dotted
line).

D. Quantification of fluorescence of cholesterol-stained filipin in PS-DKO and MFN2-KO cells and in
their WT counterparts exposed to increasing concentrations of FBS.

E. NBD-cholesterol uptake in PS-WT, PS-DKO, MFN2-WT and MFN2-KO cells in the presence of 1%,
5% and 10% FBS.
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F. Lipidomic analysis of MAM-deficient (MFN2-KO) and control cells exposed to 3 mg or 5 mg
cholesterol/100mL for 6 h. Data are presented as fold-change (logz) over cells treated with 0.5 mg

cholesterol/100mL. Colored intensity corresponds to a FDR g-value<0.05.

G. Imaging of MFN2-WT and MFN2-KO cells exposed to NBD-cholesterol and 0.6 mM of oleic acid
for 3 h. Scale bar = 20 ym.
Fig. S3.

A-C. A FLAG-tagged transcriptionally-active form of the cholesterol master regulator SREBP2 was
overexpressed in PS-DKO cells, followed by analysis of NBD-cholesterol uptake (A), *H-cholesterol

internalization (B) and its esterification (C). Transfection with an empty vector was used as control.

D. A representative immunoblot to detect the mature SREBP2™C, B-actin was used as a loading

control. Sizes, in kDa, at left.
Fig. S4

A.Quantification of SR-B1 in total homogenates of MFN2-WT and MFN2-KO cells. B-actin was used as

a loading control. A representative immunoblot is shown. Sizes, in kDa, at left.

B.Quantification of SR-B1 in plasma membrane, obtained as giant plasma membrane vesicles (GPMV)
from PS-DKO, MFN2-KO and their WT counterparts. ATP1A1 was used as a plasma membrane loading

control. A representative immunoblot is shown. Sizes, in kDa, at left.
Fig. S5.

A. Representative images of lipid droplet staining with LipidTOX™ in PS-WT and PS-DKO cells treated
with 10 uM of BLT1 for 16 h. Quantitation at left.

B,C. *H-cholesterol uptake and esterification into cholesteryl-esters (CE) in BLT1-treated PS-WT (B) or
PS-DKO (C) cells.

D. PS-DKO cells were loaded with *H-cholesterol for 3h and, following extensive washing, *H-

cholesterol efflux was monitored in the presence of BLT1.

E,F. mRNA levels of selected components of the cholesterol biosynthetic machinery (E) and the
cholesterol transporter SCARB1 (F) were analyzed in SH-SY5Y cells exposed to 1U/mL SMase and/or
10 uM BLT1 for 3 h.

G. ER-mitochondria co-localization in SH-SY5Y cells expressing Sec61B-mCherry and mitoGFP and
exposed to 1 U/mL SMase and/or 10 uM BLT1 for 3 h. Nuclei were stained with DAPI. Representative

images are shown. ER-mitochondria co-localization is shown in gray. Scale bar = 20 pm
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H. ®H-cholesterol was complexed with methyl-B-cyclodextrin and its incorporation and esterification in
PS-DKO cells was monitored. BLT1 and U18666A were used to inhibit SR-B1 and NPC-1/Aster,

respectively.
Fig. S6.

A, B. (A) Filipin staining of MFN2-WT cells incubated in either 5% FBS without added lipoproteins (@)
or in serum-free medium with the different lipoproteins (HDL, LDL, VLDL) for 5 h. MFN2-KO cells with
5% FBS are also shown. Scale bar = 10 ym. (B) Quantification of filipin intensity present at the cytosol

or around the plasma membrane, corrected by the area of the region.

C. Analysis of the effect of inhibitors of neutral or acidic SMases (GW4869 and desipramine,
respectively) on cells exposed to 10% FBS or the indicated lipoproteins for 5 h. Cells were preincubated
for 15 min with GW4869 or desipramine, and then treated with sphingomyelin-C16-Cy5 for the last 3h
of the incubation with FBS or lipoproteins. The generation of phosphocholine-Cy5 (the SM cleavage

product) is shown.
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