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Abstract

ABCAL transport of cholesterol and phospholipids to nascent HDL particles plays a central role in
lipoprotein metabolism and macrophage cholesterol homeostasis. ABCA1 activity is regulated both
at the transcriptional level and at the post-translational level. To explore mechanisms involved in the
post-translational regulation of the transporter, we have used affinity purification and mass
spectrometry to identify proteins that bind ABCAL and influence its activity. Previously, we
demonstrated that an interaction between § 1-syntrophin stimulated ABCA1 activity, at least in part,
be slowing the degradation of the transporter. This work demonstrates that one subunit of the serine
palmitoyltransferase enzyme, SPTLC1, but not subunit 2 (SPTLC?2), is copurified with ABCA1 and
negatively regulates its function. In human THP-I macrophages and in mouse liver, the ABCA1-
SPTLC1 complexwas detected by co-immunoprecipitation, demonstrating that the interaction occurs
in cellular settings where ABCAL1 activity is critical for HDL genesis. Pharmacologic inhibition of
SPTLC1 with myriocin, which resulted in the disruption of the SPTLC1-ABCA1 complex, and
SiRNA knockdown of SPTLC1 expression both stimulated ABCA1 efflux by nearly 60% (p < 0.05).
In contrast, dominant-negative mutants of SPTLC1 inhibited ABCAL efflux, indicating that a
reduced level of sphingomyelin synthesis could not explain the effect of myriocin on ABCA1 activity.
In 293 cells, the SPTLC1 inhibition of ABCAL activity led to the blockade of the exit of ABCA1
from the endoplasmic reticulum. In contrast, myriocin treatment of macrophages increased the level
of cell surface ABCAL. In composite, these results indicate that the physical interaction of ABCA1
and SPTLC1 results in reduction of ABCAL activity and that inhibition of this interaction produces
enhanced cholesterol efflux.

Disruption of cellular cholesterol homeostasis leads to a variety of pathological conditions,
including cardiovascular disease (1). Active efflux of cholesterol to extracellular
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apolipoproteins, primarily apolipoprotein A-I (apoA-I),1 allows cells to rid themselves of
excess cholesterol. The physiologic importance of this process is clear since patients with
Tangier disease carry loss-of-function mutations in the ABCA1 transporter that eliminate
apoA-I-meditated cholesterol efflux (2-5). This condition is associated with a near absence of
circulating HDL and increased risk for the development of atherosclerotic vascular disease
(6-8). Tangier patients also suffer from peripheral neuropathies, a feature of the disease that to
date has defied mechanistic explanation (9).

ABCA1-mediated cholesterol efflux is highly regulated at both the transcriptional and post-
translational levels. For ABCAL, we have shown how protein-protein interactions are
important in the post-translational regulation of the transporter. By analyzing a mutation carried
by a Tangier patient that deletes the 46 highly conserved C-terminal amino acids of ABCAL,
we identified a VFVNFA motif between amino acids -41 and -46 that is critical for efflux
function and the ability of ABCA1 to bind apoA-1 (10,11). This motif can act in trans to inhibit
ABCAL efflux activity and the binding of apoA-I, suggesting it may represent a novel protein-
protein interaction domain. The final three amino acids of ABCA1 also conform to the
consensus sequence of a class | PDZ protein binding motif. These C-terminal motifs are bound
by cytoplasmic proteins that contain one or more copies of the 90-amino acid PDZ domain.
Thus, to identify proteins that bind ABCAL, wild-type ABCA1 and C-terminally mutated forms
of ABCAL were affinity purified, and mass spectrometry was used to identify proteins that
were differentially copurified with ABCA1 and the mutant transporters (12). Utrophin, as well
as f1- and p2-syntrophin, both PDZ proteins, was prominent among the proteins that are
copurified with wild-type ABCAL but not with a mutant ABCAL1 transporter lacking its last
40 amino acids. The p1-syntrophin interaction was shown to positively regulate ABCAL efflux
in primary human fibroblasts and mouse macrophages, and coexpression studies in 293 cells
indicated f1-syntrophin stabilizes newly translated ABCAL by altering the cellular distribution
of the transporter and increasing its level of cell surface expression.

Here we have further mapped the network of ABCA1 protein-protein interactions identified
by the affinity purification-mass spectrometry approach. These screens identified SPTLC1 as
apotential ABCA1 binding protein. Given SPTLC1’s involvement in sphingomyelin synthesis,
and the latter’s positive correlation with atherosclerotic vascular disease, we further
investigated the relevance of SPTLC1’s binding to ABCA1 (13,14). Co-immunoprecipitation
assays detected the ABCA1-SPTLC1 complex in liver tissue and in macrophages, the critical
cellular environments in which ABCA1 functions to maintain HDL levels and inhibit
atherosclerotic progression (8,15). Myriocin, an SPTLC1/2 inhibitor, and siRNA inhibition of
SPTLC1 both stimulated ABCAL efflux activity in primary human fibroblasts and mouse
macrophages. Myriocin disrupted the ABCA1-SPTLC1 complex, suggesting that its effect on
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ABCAL1 efflux might not depend on its inhibition of sphingomyelin synthesis. This hypothesis
was supported by the finding that dominant-negative SPTLC1 mutants, which also inhibit
sphingolipid production, produced an inhibition of ABCA1 activity. Although the mechanism
by which SPTLC1 inhibited ABCA1 cholesterol efflux did not appear to require SPTLC1
serine palmitoyltransferase activity, it was associated with a block in the exit of ABCA1 from
the endoplasmic reticulum. In aggregate, these studies show that SPTLC1 can physically and
functionally interact with ABCAL, leading to the inhibition of the latter’s cholesterol efflux
activity.

MATERIALS AND METHODS
Reagents and DNA Constructs

The following reagents were purchased from the indicated suppliers: myriocin,
oleylethanolamide, and sphingomyelin (Biomol); anti-FLAG antibody agarose beads (Sigma);
anti-SPTLC1 mouse monoclonal antibody (BD Transduction Laboratories); anti-SPTLC2
rabbit polyclonal antibody (Abgent); apoA-I (Biode-sign); radionucleotides (PerkinElmer);
and TransSignal PDZ Domain Arrays (Panomics). Clones were obtained from the indicated
suppliers for the following human cDNAs: SPTLC1 and SPTLC2 (OpenBiosystems), PARD3
(Origene), and pDsRed2-ER (BD Biosciences). The cDNAs were sequenced on both strands
to confirm they were full-length and did not contain mutations. As necessary, CDNAs were
transferred to a mammalian expression vector ()cDNA3.1) using standard cloning techniques
to produce wild-type and N-terminally hemagglutinin- and FLAG-tagged versions of the
cDNAs (HA, YPYDVPDYA; FLAG, DYKDDDDK). The GFP- and FLAG-tagged ABCA1
constructs and the rabbit anti-SPTLC1 antibody have been previously described, and the
SPTLC1-C133W and -C133Y mutants were generated by overlap PCR mutagenesis (11,16).

Mass Spectrometry

The FLAG-tagged ABCAL1 transporter with the VFVNFA motif mutated to alanines (FLAG-
ABCA1-AG6) was affinity purified, and the copurifying proteins were identified by mass
spectrometry as previously described for the FLAG-ABCA1-A40 mutant (12). In brief,
HEK-293-EBNA-T cells (5.6 x 108 cells) were transfected with the FLAG-ABCA1-A6 mutant
cDNA (750 ug of DNA/ 1.875 mL of Lipofectamine 2000). After the cells had been cultured
for 24 h, a 15000g, postnuclear membrane pellet was prepared using a hypotonic buffer [250
mM sucrose and 10 mM HEPES (pH 7.5) with protease inhibitor cocktail]. The 150009
membrane pellet was solubilized [0.75% CHAPS, 50 mM HEPES (pH 7.0), 140 mM NaCl, 1
mg/mL phosphatidylcholine, 10% glycerol, 3 mM MgCl,,and5mM [-mercaptoethanol], and
the FLAG-ABCA1-A6 mutant was purified using an anti-FLAG antibody affinity column.
Proteins that coeluted with the FLAG-ABCAL-A6 mutant were identified on a LCQ DECA
XP plus mass spectrometer (Thermo Electron) and compared to the proteins that co-eluted with
wild-type FLAG-ABCAL1 and the FLAG-ABCA1-A40 mutant. Additional screens using PDZ
protein arrays, to be published elsewhere, identified a SPTLC1 interaction with the
partitioning-defective protein 3 homologue (PARD3). Here, the SPTLC1—PARD3 interaction
was used as a control to demonstrate that myriocin specifically disrupted the ABCA1—
SPTLC1 interaction.

Immunological Assays

Immunoprecipitations were used to confirm the physical interaction of ABCA1 and SPTLC1
in lysates from THP-1 macrophages and mouse liver. THP-1 cells (3 x 107 cells/10 cm dish)
were differentiated with phorbol 12-myristate 13-acetate (PMA, 0.1 «M, 72 h); the LXR agonist
T0-901317 was then added to maximize ABCA1 expression (10 xM, 48 h) or not (DMSO

vehicle), and cell lysates were prepared with Triton X-100 buffer[1% Triton X-100, 140 mM
NaCl, 3 mM MgCly, 10% glycerol, 50 mM HEPES (pH 7.0), and protease inhibitor cocktail,
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at 2 mL/plate]. Precleared lysates (1 mg of total protein) were incubated with 50 g of a Pro-
A-purified anti-ABCAL rabbit antibody or an equivalent amount of normal rabbit 19G, and
immune complexes were captured with TrueBlot anti-rabbit Ig beads (eBioscience) and washed
as previously described (12). After being separated via SDS—PAGE and transferred to
nitrocellulose, SPTLC1 was detected using an anti-SPTLC1 mouse monoclonal antibody and
a secondary TrueBlot anti-mouse antibody. Liver immunoprecipitations were conducted
likewise expect that the Triton-X 100 lysates were prepared from a 150009 membrane pellet
prepared as described above and 5 mg of total protein was used. For 293 cell experiments,
FLAG-ABCAL or FLAG-SPTLC1 was precipitated using anti-FLAG antibody beads, and the
untagged SPTLC1 or ABCAL, respectively, that coprecipitated was detected by
immunoblotting. The effect of SPTLC1 expression on the cell surface levels of ABCA1 in 293
cells was determined by radio-immunodetection of the FLAG epitope in the first large
extracellular loop of ABCAL as previously described (17). To assess endogenous ABCA1 at
the cell surface in bone marrow and THP-1 macrophages, cell surface proteins were selectively
biotinylated using the membrane impermeable Sulfo-NHS-Biotin reagent (Pierce),
biotinylated proteins were purified using NeutrAvidin beads (Pierce), and the level of
biotinylated ABCA1 was determined by Western blotting and densitometry.

Cholesterol Efflux Assays, Myriocin, and siRNA Inhibition of SPTLC1

Cholesterol efflux assays were carried out as previously described (11). In brief, 293-EBNA.-
T cells were seeded into 24-well poly-D-lysine-coated tissue culture plates at a density of
100000 cells/well and 72 h later were transfected in triplicate with empty vector or the indicated
cDNAs using Lipofectamine 2000 (Invitrogen). In assays involving transfection of multiple
cDNAs, empty vector was used to maintain an equal amount of transfected DNA. Twenty-four
hours post-transfection, the cells were incubated with 0.5 xCi/mL [3H]cholesterol in complete
medium (10% FBS/DMEM) for 24 h. Non-cell-associated cholesterol was removed by two
washes with 1 x PBS, a 2 h incubation in medium at 37 °C, and two additional washes in 1 x
PBS. The cells were further incubated in medium alone (2 mg/ mL fatty acid-free BSA/DMEM)
or in medium with 10 xg/ mL delipidated apoA-1 for 20 h. Medium was collected from the
cells and cleared of debris by an 800g spin for 10 min. To calculate the rates of total cholesterol
uptake and efflux, the cell layers were dissolved in 0.1 N NaOH, and the amount of radioactivity
in the media and cell lysates was measured by scintillation counting. ApoA-I-dependent
cholesterol efflux was expressed as the difference in the percentage of efflux [medium counts
per minute/(medium + cell counts per minute) x 100] for the apoA-I-treated cells minus the
percentage of efflux from the cells treated with medium alone. Efflux measurements in primary
1056 human fibroblasts and mouse bone marrow-derived macrophages were conducted as
previously described (12). For these experiments, the expression of ABCA1 was induced by
the treatment of the cells with 10 ug/mL ethanolic cholesterol in addition to the radiolabel, and
cells were exposed either to vehicle (DMSO) or to 10 M myriocin or oleylethanolamide during
the apoA-1 incubation step. For siRNA knockdown of SPTLC1, primary screening of
OpenBiosystems lentiviral constructs targeting human SPTLC1 showed clone
NM_006415.2-1294s1c1 had the greatest efficacy in reducing the level of expression of
SPTLC1 protein. After selection in puromycin (4 ug/ml, 48 h postinfection for 72 h), primary
human fibroblasts expressing the SPTLC1 siRNA or a nontargeting control siRNA were
assayed for SPTLC1 protein expression and ABCAL efflux activity. Endogenous SPTLC1 was
also suppressed in THP-1 macrophages using the lentiviral vectors, and cell surface ABCA1
levels were determined by the biotinylation assay after differentiation of the cells with PMA
as described above. Levels of ABCA1 mRNA were determined by reverse transcription
quantitative PCR assays as previously described (12). Cell viability was determined using the
MTT enzymatic assay as described by the manufacturer (Biotium).
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Subcellular Distribution of ABCA1

The cellular distributions of GFP-tagged ABCAL and the GFP-ABCA1-A46 mutant were
determined relative to the Alexa Fluor conjugate of the B subunit of cholera toxin (CTXB) and
the ER-Tracker Blue-White DPX probe (Molecular Probes) using vital confocal microscopy.
293 cells grown on glass-bottomed 35 mm dishes (Mattek) and transfected with the GFP-
ABCAL constructs were incubated with CTXB (5 ug/mL, 4 °C) for 10 min and directly imaged
to assess cell surface CTXB binding. The cells were then incubated at 37 °C for 30 min to
allow endocytosis and trafficking of the CTXB to the Golgi apparatus and again imaged. For
localization of the GFP-ABCAL constructs relative to the endoplasmic reticulum (ER), the
cells were incubated with the Blue-White DPX probe (100 nM, 37 °C for 30 min) and imaged
directly. Images were captured on an inverted Axiovert 100-M microscope equipped with a
Leica SP2 AOBS scanning unit and a 1.4 NA 63x apochromat objective. To determine the
effect of SPTLC1 expression on the cellular localization of GFP-ABCAL1 relative to the ER,
cells were transfected with GFP-ABCA1 cDNA and the pDsRed2-ER vector (BD
Biosciences), which expresses a fusion protein of the DsRed fluorescent protein with the C-
terminal ER retention signal of calreticulin, either alone or in the presence of the SPTLC1
cDNA. The localization of SPTLC1 was assessed using a HA-SPTLC1 construct and an anti-
HA antibody (Covance). The DsRed-transfected cells were imaged on a Leica TCS SP confocal
microscope using a 63x oil immersion lens.

ABCAL protein was fractionated by douncing 293 cells expressing ABCA1 with or without
SPTLCL1 in hypotonic buffer, and a 30000g membrane pellet (30P) was recovered. The pellet
was resuspended (0.425 mL of 12.5% sucrose buffer) and overlaid on a discontinuous sucrose
gradient (0.319 mL of 26%, 0.319 mL of 34%, 0.638 mL of 42%, 1.275 mL of 46%, 0.85 mL
of 50%, and 0.638 mL of 54 and 60% sucrose in buffer). The gradient was spun at 1700009
for 16 h, and fractions were collected by needle puncture from the bottom of the tube. Fractions
were diluted with 3 volumes of HEPES buffer and centrifuged for 2.5 h at 100000g, and
membrane pellets were resuspended in a constant volume of SDS buffer for analysis by
immunoblotting.

Statistical Analysis

Data from the cholesterol efflux assays were found to have equal variance and were further
compared by a two-tailed Student’s t test using SigmaStat. Statistical significance was defined
by a P of <0.05.

RESULTS

Demonstration of an ABCA1-SPTLC1 Complex at Physiologic Expression LeVels in Human
THP-1 Macrophages and Mouse Liver

We have developed screens for ABCAL protein-protein interactions. Initially, ABCA1, as well
astwo ABCAL1 transporters with C-terminal mutations in suspected protein-protein interaction
motifs, was purified by affinity chromatography out of human 293 cells, and the proteins that
interacted with ABCA1 and the mutants were identified by mass spectrometry (12). One mutant
(A40) deletes the PDZ motif but leaves the VFVNFA motif intact, and a second transporter
selectively mutates the VFVNFA motif to alanines (ABCA1-AB). Significantly, analysis of
the A6 and A40 data sets suggested mutation of these motifs modulated the interaction of
ABCAL1 with a number of proteins that, like ABCAL, have C-termini that could also bind PDZ
proteins (see Table 1 of the Supporting Information). Of these interactions, SPTLC1, but not
its heterodimeric partner, SPTLC2, was copurified with ABCA1, and more than twice as many
peptide identifications were found for SPTLC1 in the sample from the A40 mutant. Similarly,
75% more SPTLC1 peptide identifications were found in the ABCA1-A6 mutant sample.
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These results indicated SPTLC1 has the potential to interact with ABCAL but that the
interaction does not depend upon an intact ABCA1 C-terminus.

Given the reported pro-atherosclerotic role of SPTLC1, we focused our study on the functional
significance of the interaction of SPTLC1 with ABCA1. Because ABCA1 function in
macrophages and in the liver is critical for maintaining plasma HDL levels and preventing
atherosclerosis, we first tested whether the ABCA1-SPTLC1 complex could be detected at
physiologic expression levels of these proteins in macrophages and in the liver. Western blots
showed that SPTLCL, like ABCAL, was strongly expressed in macrophages and in the liver,
indicating that formation of a complex between these proteins was possible (Figure 1A,B). We
then generated protein lysates from human THP-1 macrophages differentiated with PMA and
stimulated them with the LXR agonist T0-901317 or not. Treatment of these cells with
T0-901317 maximizes ABCA1 expression and efflux activity but does not significantly alter
SPTLC1 expression (data not shown). ABCA1 was immunoprecipitated from these lysates
with a rabbit polyclonal antibody, and after separation via SDS-PAGE and transfer to
nitrocellulose, an anti-SPTLC1 antibody was used to immunoblot the membranes for the
presence of SPTLC1. In the sample from cells differentiated with only PMA, a small amount
of SPTLC1 was detected in the ABCAL precipitate, while the amount of SPTLC1 was
dramatically increased in the ABCAL precipitate from differentiated cells treated with LXR
agonist T0-901317 (Figure 1A). In contrast, in a precipitate generated by incubating an
equivalent amount of nonimmune IgG with a lysate from differentiated and T0-901317-treated
cells, little or no SPTLC1 was detected, demonstrating the specificity of the ABCA1
precipitations. Additional ABCAL immunoprecipitations were carried out using protein lysates
from mouse liver, and again SPTLC1 prominently coprecipitated with ABCA1 (Figure 1B,
top panel). Because of the slight cross reactivity of the secondary antibody to the IgG precipitate
in this assay, we conducted converse precipitations using mouse liver lysates and an anti-
SPTLC1 antibody. In this case, probing for ABCAL detected the transporter in the SPLTC1
precipitate, but notin the IgG control precipitate (Figure 1B, bottom panel). In composite, these
results demonstrated the presence of the ABCA1-SPTLC1 complex in cells and tissues where
ABCAL efflux activity is critical for HDL biogenesis and preventing atherosclerosis. While
further work is underway to characterize the functional importance of the other novel protein
interactions identified in the MS screens, this report focuses on the SPTLC1-ABCA1
interaction, which we chose to explore initially because of the relevance of sphingolipid
synthesis to atherosclerosis.

Inhibition of SPTLC1 with Myriocin or by siRNA Knock-down Increases the Rate of ABCA1l

Efflux

Having demonstrated the ABCA1-SPTLC1 complex could be detected in cells expressing
naturally occurring levels of the proteins, and since these cells represent the tissues most
relevant to the known roles of ABCAL in vivo, we next tested whether SPTLC1 function might
influence ABCAL1 efflux activity. This possibility was tested using primary human fibroblasts
or mouse bone marrow-derived macrophages, which also express both ABCA1 and SPTLC1
(Figure 2A,C). Fibroblasts were treated with myriocin, a specific inhibitor of the SPTLC1/2
enzyme, and the rate of cholesterol efflux to apoA-I was measured. It was found that myriocin
treatment of these cells increased the rate of efflux to apoA-I by more than 50% (Figure 2A).
Lentiviral mediated knockdown was used to efficiently suppress SPTLC1 expression in these
cells to perform an independent test of SPTLC1's influence on ABCAL function (Figure 2B).
Compared to fibroblasts infected with a control lentivirus expressing a nontargeting small
hairpin RNA, cells expressing the siRNA targeting SPTLC1 exhibited significantly greater
apoA-I-dependent cholesterol efflux. These findings indicated that SPTLC1 negatively
regulated ABCAL1 transport function and suggested that this was accomplished either via
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inhibition of sphingolipid synthesis or through some direct effect on SPTLC1's interaction with
the transporter.

As with fibroblasts, treatment of mouse bone marrow macrophages with myriocin significantly
increased the rate of apoA-I-dependent efflux by more than 50% (Figure 2C). Because ABCA1
moves both cholesterol and phospholipid onto apoA-I1, we further tested whether myriocin
treatment of the mouse macrophages also stimulated the efflux of phosphatidylcholine, which
was found to be the case (Figure 2C). The myriocin stimulation of ABCA1 efflux was specific
in that oleylethanolamide, a related long chain base ceramidase inhibitor, did not stimulate
apoA-I-mediated efflux activity of either cholesterol or phosphatidylcholine (Figure 2C).
Because myriocin treatment may have been reducing cellular sphingomyelin levels, which can
bind cholesterol and possibly sequester it from the ABCA1 efflux pathway(18,19), we tested
whether adding exogenous sphingomyelin to the cells could block the myriocin stimulation of
ABCAL efflux. This was found not to be the case (data not shown). This indicated that
disruption of SPTLC1 function was likely not stimulating ABCA1 efflux by decreasing cellular
sphingo-myelin levels. Thus, we speculated that myriocin may be capable of disrupting the
ABCAL-SPTLC1 complex and that the formation of such a complex might be required for
SPTLCL1's inhibition of ABCA1 activity. Substantiating this hypothesis, when ABCA1 and
SPTLCL1 were co-expressed in 293 cells, the complex they form could be dissociated in the
presence of myriocin (Figure 2D, top panel). In converse immunoprecipitations that exploited
a FLAG-SPTLCL1 construct, we tested whether the myriocin disruption of the ABCAL1-
SPTLCL1 complex was specific. As a control, we analyzed the interaction of SPTLC1 with
PARD3, a PDZ protein involved in cell polarity that we have identified in additional protein
interaction screens to be published elsewhere. This experiment confirmed that myriocin
disrupted the ABCA1-SPTLC1 complex (Figure 2D, middle panel). The myriocin disruption
of the ABCA1-SPTLC1 complex was specific since equal if not greater amounts of PARD3
associated with SPTLC1 in myriocin-treated cells (Figure 2D, bottom panels). In aggregate,
our data indicate myriocin stimulates ABCAL efflux activity and can selectively disrupt the
ABCAL-SPTLC1 complex.

Co-Expression of SPTLC1, as Well as Dominant-Negative SPTLC1 Mutants, Represses
ABCAL Cholesterol Efflux

The myriocin experiments suggested that the formation of a protein complex with ABCA1 was
central to the inhibitory activity of SPTLC1 on ABCAL function, but they did not preclude a
role for sphingomyelin synthesis in this process. When SPTLC1 was overexpressed in 293ET
cells along with ABCA1, the rate of cholesterol efflux was reduced by more than 50%,
establishing that bidirectional changes in wild-type SPTLCL1 levels produced equivalent but
opposite effects on ABCAL1 activity (Figure 3A). This finding also enabled us to explore the
issue of the dependence of this regulatory activity on sphingolipid synthesis. Using two well-
characterized SPTLC1 mutants that are known to have a dominant-negative effect on
sphingolipid synthesis (SPTLC1-C133W and SPTLC1-C133Y) (20, 21), we tested the
hypothesis that overexpression of the SPTLC1 protein, but not its functional enzymatic activity,
was necessary for the inhibitory effect on ABCAL. As anticipated, expression of either the
SPTLC1-C133W or -C133Y mutant produced equally great or greater inhibition of ABCA1
efflux activity as wild-type SPTLC1, despite their documented inhibitory effect on serine
palmitoyltransferase activity (Figure 3A). Thus, the ability of the C133W and C133Y mutants
to inhibit efflux established that the reduction of ABCAL efflux activity by overexpression of
SPTLC1 in 293 cells was not dependent upon an increased level of synthesis of sphingomyelin.

In the experiments described above, SPTLC1 and the SPTLC1 mutants were transfected into
cells that were not transfected with SPTLC2. Because SPTLC2 is bound and stabilized by both
SPTLC1 and the dominant-negative mutants, this raised the question of whether the inhibition
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of ABCAL efflux would occur in the presence of SPTLC1’s known binding partner, SPTLC2.
To explore this issue, we conducted additional cholesterol efflux experiments in which ABCA1
was co-expressed with SPTLC1 and the C133Y mutant in the presence or absence of SPTLC2.
Coexpression of SPTLC1 or the C133Y mutant with SPTLC2 generated equally great if not
greater inhibition of ABCAL efflux (Figure 3B). Thus, ABCAL inhibition by SPTLC1 can
occur in settings where the subunits that form the serine palmitoyltransferase holoenzyme are
both present.

SPTLC1 Expression or Deletion of the 46 C-Terminal Amino Acids of ABCAL Inhibits the Exit
of ABCAL from the Endoplasmic Reticulum

Given the fact that SPTLC1 localizes to the endoplasmic reticulum, we hypothesized that its
effect on cholesterol efflux might be secondary to an influence on the movement of ABCA1
out of this organelle. Additionally, because we have previously shown that deletion of the 46
ABCAL C-terminal amino acids significantly blocked cell surface expression of the
transporter, we speculated that the C-terminus of ABCA1 might be required for the transporter
to exit the ER. To explore these possibilities, vital confocal microscopy was first used to assess
the trafficking defect of the ABCA1-A46 mutant in 293 cells by localizing a GFP-tagged
version of this mutant relative to an Alexa Fluor conjugate of cholera toxin B (CTXB). At 4 °
C, CTXB marks the cell surface via an interaction with gangliosides but is not internalized,
and under these conditions, wild-type ABCA1 prominently colocalized with CTXB whereas
the A46 mutant did not (Figure 4A). Warming the cells to 37 °C allows the bound CTXB to
move to the Golgi apparatus, and under these conditions, the internal pool of wild-type ABCA1
again significantly colocalized with CTXB in the Golgi apparatus (Figure 4A). In contrast, the
ABCAL- A46 mutant still did not localize with the internalized CTXB pool. Additional
experiments, however, showed the ABCAL- A46 mutant strongly colocalized with a dapoxyl
dye that marks the endoplasmic reticulum (Figure 4B). Thus, loss of the 46 ABCA1 C-terminal
amino acids, which encode the VFVNFA motif as well as the PDZ binding motif, traps ABCA1
in the endoplasmic reticulum, the organelle where SPTLC1 resides.

To test if SPTLC1 could negatively regulate ABCAL1 trafficking, we first compared 293 cells
transfected with GFP-ABCAL alone or in the presence of SPTLC1. As opposed to the strong
cell surface distribution of ABCAZ1 when expressed alone, in cells cotransfected with SPTLC1
the fluorescence of GFP-ABCA1 was found in a more perinuclear distribution, suggesting
SPTLC1 had reduced the cell surface distribution of ABCAL (Figure 1 of the Supporting
Information). A radio-immunoassay that quantifies the amount of FLAG-tagged ABCAL at
the cell surface confirmed SPTLC1 co-expression significantly reduced the level of cell surface
expression of ABCAL, nearly to the extent caused by the ABCAL A46 mutation (Figure 4C).
Whether SPTLC1 could influence levels of cell surface ABCAL in a physiologic setting was
further tested by treating mouse bone marrow macrophages with the SPTLC1 inhibitor
myriocin. Immunofluorescent staining of nonpermeablized cells indicated myriocin treatment
had increased the amount of cell surface ABCAL (Figure 4D, left panels). This result was
confirmed by selectively biotinylating cell surface proteins and determining the amount of
biotinylated ABCAL after NeutrAvidin isolation of the biotinylated proteins (Figure 4D, right
panels). Densitometry of the biotinylated ABCAL showed myriocin increased the level of
macrophage cell surface ABCA1 by approximately 30%, in spite of a slight drop in the level
of total ABCA1 protein. We tested whether the myriocin stimulation of cell surface ABCA1
was dependent upon SPTLC1 by knocking down SPTLC1 in THP-1 macrophages using the
lentiviral sSiRNA construct (approximately 80% SPTLC1 knockdown). In control cells,
myriocin again was found to increase the level of cell surface ABCAL, while in the cells
expressing the siRNA targeting SPTLCL, the level of basal cell surface ABCA1 was increased
and the ability of myriocin to stimulate cell surface ABCA1 was blunted (Figure 4E). As with
the mouse bone marrow macrophages, these changes in THP-1 cell surface ABCAL occurred
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despite little change in the total ABCAL protein level. Interestingly, in these studies, myriocin
was found to stimulate ABCA1 message levels, although it did not strongly affect total ABCAL
protein levels (Figure 2 of the Supporting Information), an effect similar to that which has been
previously reported for the interaction of ABCA1 with the HIV nef protein (22). In aggregate,
these data indicate SPTLC1 negatively regulates cell surface ABCA1 levels by a mechanism
that did not increase total ABCAL protein levels.

Given SPTLC1 could regulate cell surface ABCAL1 levels, we tested whether this was through
a mechanism that regulated the exit of ABCAL from the ER. Confocal microscopy was used
to localize GFP-ABCAL1 relative to SPTLC1 and a DsRed fusion protein targeted to the ER
with a C-terminal KDEL sequence. By this analysis, GFP-ABCAL significantly colocalized
with the DsRed ER signal in cells expressing SPTLC1 (Figure 5A, bottom panels), which was
not found to be the case for the cells expressing only GFP-ABCAL and the DsRed construct
(Figure 5A, top panels). Furthermore, localization of SPTLCL relative to the DsRed construct
confirmed it was prominently distributed to the ER along with the trapped GFP-ABCAL1
(Figure 5B). This effect of SPTLC1 on ABCAL trafficking was specific in that co-expression
of SPTLC1 with the NaPj transporter, another transmembrane protein, did not affect the latter’s
cellular localization (Figure 5C). Additionally, the trapping of ABCAL in the ER by SPTLC1
could not be explained by a generalized toxic effect of SPTLC1 expression since MTT assays
showed no differences in cell viability after transfection with the SPTLC1 cDNA (Figure 3 of
the Supporting Information). Finally, sucrose density gradients and ultracentrifugation were
also used to analyze how SPTLC1 affects ABCAL trafficking. These experiments confirmed
the microscopy results in that SPTLC1 induced a redistribution of ABCAL to the ER enriched
fractions containing SPTLC1 (Figure 5D). In aggregate, these results indicate that the inhibition
of ABCAL efflux and cell surface levels of ABCAL by SPTLC1 was associated with a
prominent relocalization of ABCAL to the ER.

DISCUSSION

Using a proteomic approach, we have identified a protein-protein interaction that involves
ABCAL and SPTLCL. The physiological relevance of this interaction was established using
immunoprecipitation, which confirmed the existence of the ABCA1-SPTLCL1 complex in
human macrophages and mouse liver. The interaction between ABCA1 and SPTLC1
negatively regulates ABCA1 efflux activity, as shown by myriocin inhibition of SPTLC1 and
knockdown of SPTLC1 expression, both of which resulted in the stimulation of cholesterol
and phospholipid efflux from primary human fibroblasts and mouse macrophages. Conversely,
an increased level of expression of SPTLC1 reduced ABCAL efflux activity by a mechanism
that did not require serine palmitoyltransferase enzymatic activity, and this was associated with
trapping of ABCAL in the endoplasmic reticulum. Taken together, these results indicate
SPTLCL suppresses ABCAL function in tissues and cells where ABCAL efflux function is
critical for HDL and macrophage cholesterol homeostasis.

The ability of SPTLC1 to block the exit of ABCA1 from the endoplasmic reticulum was of
interest since we have previously shown that a protein-protein interaction between ABCA1
and PB1-syntrophin enhances ABCAL cholesterol efflux by stabilizing newly translated
ABCAL protein and facilitating its expression at the cell surface. Cell surface expression of
ABCAL permits the transporter to transfer cholesterol and phospholipid to apoA-I, which is
present in the extracellular environment (23,24). B1-Syntrophin binds ABCAL through the
PDZ motif in the ABCA1 C-terminal domain, and the positive effect that # 1-syntrophin has
on the trafficking of ABCAL1 likely is mediated by the ability of 5 1-syntrophin to recruit
utrophin, a cytoskeletal binding protein, to the ABCA1 complex (12,25,26). Our mass
spectrometry screens showed that when either the ABCA1 C-terminal PDZ or the VFVNFA
motifs are mutated, the binding of utrophin to ABCAL1 is strongly disrupted. Likewise, other
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factors with the potential to affect ABCAL1 trafficking and its interaction with the cytoskeletal
elements, such as MAP1B, can no longer interact with ABCA1 when either of the C-terminal
protein-protein interaction motifs is mutated. Coupled with our demonstration that the ABCA1-
A46 mutant is trapped in the ER, these results indicate protein interactions with the C-terminal
domain of ABCAL play a positive role in the trafficking and efflux function of ABCAL. In
contrast, the interaction of ABCAL with SPTLCL is not disrupted by mutation of this C-
terminal domain, and SPTLCL is able to trap wild-type ABCAL in the ER. In composite, our
results suggest a model in which the SPTLC1-ABCAL interaction keeps the transporter
sequestered in the endoplasmic reticulum, reducing efflux activity, whereas protein-protein
interactions with the C-terminus of ABCAL are necessary for the trafficking of ABCA1 out of
the ER and onto the cell surface.

Why would SPTLC1 act as a negative regulator of ABCAL function? SPTLCL in concert with
SPTLC2 catalyzes the condensation of serine and palmitoyl-CoA to form 3-keto-
dihydrosphingosine, the initial intermediate in the biosynthetic pathway leading to
sphingomyelin, a substrate of ABCAL efflux activity (27). Sphingomyelin is a key cellular
lipid that can form a complex with cholesterol during the formation of new membrane bilayers
and more specialized lipid raft subdomains. New membrane synthesis and the formation of
lipid rafts increase the demand for cellular cholesterol, sphingomyelin, and other
phospholipids. Thus, the ability of SPTLC1 to inhibit ABCA1 efflux function may represent
a negative regulatory mechanism for maximizing cellular cholesterol and phospholipid levels
when the demand for membrane synthesis is high (28,29). How these positive and negative
binding interactions are regulated will require further research. However, it is interesting to
note that in yeast SPTLC1 has been shown to play an important role in responding to ER stress
and activating the unfolded protein response (UPR) pathway (30). In mammalian cells, the role
of SPTLCL1 in regulating the UPR has not been investigated, but it is known that this signaling
system is used under normal physiologic conditions to maximize ER membrane synthesis and
secretory capacity (31). Moreover, a series of studies has shown that when macrophages
become pathologically engorged with free cholesterol, the UPR pathway is activated and this
is associated with a suppression of ABCAL activity (32). Thus, a focus of our current research
is to determine whether the SPTLCL1 inhibition of ABCA1 may involve activation of the UPR
pathway.

In conclusion, we have used mass spectrometry to identify a rich network of protein interactions
in which ABCA1 and SPTLC1 may engage. Our results show ABCA1 and SPTLCL1 can
physically interact and that SPTLC1 negatively regulates cholesterol efflux, which indicates
the utility of this proteomic approach. It is particularly interesting that myriocin inhibition of
SPTLCL1 was found to stimulate macrophage cholesterol efflux. Because macrophage
cholesterol efflux is important for ABCA1’s anti-atherosclerotic effect, our results may provide
mechanistic insight into a series of animal studies that have shown myriocin can potently
suppress atherosclerosis (33-37). These findings suggest that disrupting the ABCA1-SPTLC1
complex may represent a novel anti-atherosclerotic therapy.

Supporting Information

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

ABCA1 and SPTLCL1 interact at physiologic expression levels in macrophages and in the liver.
(A) Human THP-1 macrophages differentiated with PMA (100 nM, 72 h) and treated with
LXR agonist T0-901317 (10 M, 24 h) express both ABCAL and SPTLC1 as determined by
immunoblotting (left panels). ABCAL and SPLTC1 form a protein complex as determined by
immunoprecipitation of lysates with an anti-ABCA1 antibody, or an equivalent amount of
nonimmune IgG, from differentiated cells treated or not with T0-901317 and immunoblotted
for the presence of SPTLCL in the precipitates (right panel). (B) ABCAL and SPTLC1 are
expressed in mouse liver and interact as determined by immunoblotting (left panels) and
immunoprecipitation with an anti-ABCAL antibody (top right panel) or with an anti-SPTLC1
antibody (bottom right panel).
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SPTLCL inhibition with myriocin or by siRNA knockdown increases the rate of ABCAL efflux.

(A) Primary human fibroblasts express ABCA1 and SPTLC1 as determined by

immunoblotting (left panel). Inhibition of fibroblast SPTLC1 function either with myriocin (a
specific SPTLCL inhibitor) or by siRNA knockdown significantly increased the rate of
ABCAI1-dependent cholesterol efflux to apoA-1 (graphs in panels A and B). (C) Primary mouse
bone marrow-derived macrophages express ABCA1 and SPTLC1 and when treated with
myriocin (10 M) but not oleylethanolamide (10 M, a related long chain base ceramidase
inhibitor) significantly increase the rates of both cholesterol and phosphatidylcholine efflux to
apoA-I. (D) Myriocin (10 «M) disrupts the ABCA1-SPTLC1 interaction as determined by
immunoprecipitation of FLAG-tagged ABCAL (top panel) or FLAG-tagged SPTLC1 (middle
panel) out of 293ET cells co-expressing untagged SPTLC1 or ABCAL, respectively. In
contrast, myriocin does not disrupt the SPTLC1-PARD3 interaction as determined by
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immunoprecipitation of FLAG-tagged SPTLC1 out of cells co-expressing PARD3 (bottom

panel). All efflux measures were performed in triplicate (+standard deviation) and are
representative of two or more assays [(*) P < 0.05].
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FIGURE 3.

Dominant-negative SPTLC1 mutants still inhibit ABCA1 cholesterol efflux. (A) ApoA-I-
dependent cholesterol efflux was assessed in 293-ET cells transfected with ABCA1 cDNA
alone or in the presence of SPTLC1, SPTLC1-C133W, and SPTLC1-C133Y cDNA. (B) The
ability of SPTLC1 and the SPTLC1-C133Y mutant to inhibit ABCAL cholesterol efflux is not
blocked by the co-expression of SPTLC2. All cholesterol efflux measures were performed in
triplicate [+standard deviation; (*) P < 0.05, vs ABCA1 alone] and are representative of two
or more assays.
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FIGURE 4.

The C-Terminus of ABCAL is required for the exit of ABCAL from the ER, and SPTLC1
reduces the level of ABCAL1 cell surface expression. (A) Vital confocal microscopy was used
to colocalize in 293 cells wild-type GFP-ABCA1 (ABCAL-wt) or the GFP-ABCA1-A46
mutant with the B subunit of cholera toxin (CTXB). At 4 °C, CTXB binds cell surface
gangliosides but is not internalized and prominently colocalizes with ABCA1-wt but not the
A46 mutant. At 37 °C, CTXB moves to the Golgi compartment where there is still significant
colocalization with ABCA1-wt but not the A46 mutant. (B) The A46 mutant is trapped in the
endoplasmic reticulum as evidenced by its strong colocalization with an ER specific lipid dye.
(C) Co-expression of SPTLC1 with ABCAL in 293 cells significantly reduces the level of cell
surface expression of a FLAG-ABCAL1 transporter nearly to the extent that the ABCA1 C-
terminal A46 mutation does as determined by a radio-immunoassay. Graphed is the amount of
cell surface binding of an anti-FLAG antibody to 293 cells transfected with empty vector, the
FLAG-ABCAL cDNA, with or without the SPTLC1 cDNA, or with the FLAG-ABCA1-A46
cDNA [n = 3, xstandard deviation; (*) P < 0.01 vs ABCAL alone]. (D) Inhibition of bone
marrow macrophage SPTLC1 with myriocin (10 xM) increases the level of endogenous cell
surface ABCAL as determined by immunofluorescence microscopy of nonpermeabilized cells
(left panels) and by biotinlyation of cell surface proteins (top right panels; densitometry values
of duplicate samples are given). Myriocin did not increase total ABCA1 protein levels (bottom
right panels). (E) siRNA knockdown of THP-1 SPTLCL increases basal levels of cell surface
ABCAL and blunts the myriocin effect but does not increase total ABCA1 protein levels.
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FIGURE 5.
SPTLC1 blocks the exit of ABCAL from the ER. (A) SPTLC1 traps ABCAL in the ER as

evidenced by the strong colocalization of GFP-ABCA1 with a DsRed fusion protein carrying
the calreticulin KDEL ER targeting sequence when expressed in the presence of SPTLC1
(bottom panels). GFP-ABCA1 expressed alone does not colocalize with the DsRed ER signal
(top panels). (B) As expected, immunofluorescent localization of HA-tagged SPTLC1 showed
it also colocalized with the DsRed ER protein (top panels) and with the trapped GFP-ABCA1
(bottom panels). (C) SPTLC1 expression does not alter the localization of the sodium phosphate
transporter as indicated by the lack of colocalization of a GFP-NaP; transporter with HA-
SPTLCL. (D) Sucrose gradient fractionation confirms SPTLC1 altered the distribution of
ABCAL in 293ET cells such that a greater percent of ABCAL cofractionates with SPTLC1 in
the ER. Immunoblots of the distribution of ABCA1 and SPTLC1 across the gradient are shown,
and graphed is the percent distribution of ABCA1 and SPTLC1 in each fraction.
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