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Fatty acid-binding proteins 3, 7, and 8 bind
cholesterol and facilitate its egress from lysosomes

Xian-Xiu Fang*®, Pengcheng Wei*®, Kai Zhao'@®, Zhao-Chen Sheng!®, Bao-Liang Song'®, Lei Yin'®, and Jie Luo'®

Cholesterol from low-density lipoprotein (LDL) can be transported to many organelle membranes by non-vesicular
mechanisms involving sterol transfer proteins (STPs). Fatty acid-binding protein (FABP) 7 was identified in our previous study
searching for new regulators of intracellular cholesterol trafficking. Whether FABP7 is a bona fide STP remains unknown.
Here, we found that FABP7 deficiency resulted in the accumulation of LDL-derived cholesterol in lysosomes and reduced
cholesterol levels on the plasma membrane. A crystal structure of human FABP7 protein in complex with cholesterol was
resolved at 2.7 A resolution. In vitro, FABP7 efficiently transported the cholesterol analog dehydroergosterol between the
liposomes. Further, the silencing of FABP3 and 8, which belong to the same family as FABP7, caused robust cholesterol
accumulation in lysosomes. These two FABP proteins could transport dehydroergosterol in vitro as well. Collectively, our
results suggest that FABP3, 7, and 8 are a new class of STPs mediating cholesterol egress from lysosomes.

Introduction

Cholesterol is dynamically transported between different or-
ganelle membranes in mammalian cells for the regulation of
membrane property and function, biosynthesis of steroid hor-
mones and bile acids, and modification of the Hedgehog and
Smoothened proteins (Dietschy, 2009; Luo et al., 2019; Porter
et al., 1996; Xiao et al., 2017; Hu et al., 2022; Qiu et al., 2023). A
way to obtain exogenous cholesterol is the receptor-mediated
endocytosis of low-density lipoproteins (LDLs). Once in the
cell, cholesterol is liberated from cholesteryl esters as LDL is
sorted along the endocytic pathway to lysosomes, where cho-
lesterol is then inserted into the lysosomal membrane by the
coordinated actions of Niemann-Pick C (NPC) 1 and NPC2 pro-
teins (Brown and Goldstein, 1986; Kwon et al., 2009), as well as
lysosomal-associated membrane protein (LAMP) 2 and lyso-
somal integral membrane protein 2 (Heybrock et al., 2019; Li and
Pfeffer, 2016). From lysosomes, cholesterol continues its journey
to several destinations, including the plasma membrane (PM),
endoplasmic reticulum (ER), and peroxisome, for structural and
functional needs (Chu et al., 2015; Luo et al., 2017, 2019; Xiao
et al., 2019).

Sterol transfer proteins (STPs) are critically involved in non-
vesicular cholesterol transport within the cell. By virtue of an
internal hydrophobic cavity, STPs shield cholesterol inside and
facilitate its transport over long distances or between two closely

apposed membranes (Wong et al., 2019). Many STPs can be
grouped into three families: the oxysterol-binding protein
(OSBP)-related protein (ORP) family, the steroidogenic acute
regulatory protein-related lipid transfer domain (STARD) fam-
ily, and the GRAM domain-containing protein (GRAMD) family
(Luo et al.,, 2019). The STPs responsible for cholesterol egress
from lysosomes include ORP1 (Dong et al., 2019; Zhao and
Ridgway, 2017; Zhao et al., 2020), ORP5 (Du et al, 2011),
STARD3 (Charman et al., 2010), and GRAMDIB (Héglinger et al.,
2019). The importance of lysosomal cholesterol exit is high-
lighted by the NPC disease, which is caused by NPCI or NPC2
mutations and characterized by cholesterol sequestration within
the lysosomes of many tissues, particularly the liver, spleen, and
brain (Vanier, 2010). Lysosomal cholesterol accumulation is also
found in neurodegenerative diseases and peroxisomal disorders
(Nixon, 2004; Malnar et al., 2014; Chu et al., 2015; Xiao et al.,
2021a). Given such a pivotal role of lysosomes in cholesterol
trafficking, it is tempting to speculate that there are additional
STPs mediating post-lysosomal cholesterol transport.

Brain fatty acid-binding protein (a.k.a. FABP7) was one of the
341 genes highly enriched in our previous study to identify new
regulators of intracellular cholesterol trafficking (Chu et al.,
2015). As suggested by the name, FABP7 is abundant in the
brain cells, particularly the nucleus and cytoplasm of neural
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progenitor cells and astrocytes, with important roles in glial
differentiation and proliferation, malignant glioma migration,
and neurogenesis (Driessen et al., 2018; Ebrahimi et al., 2016;
Mita et al., 2010; Wolfrum, 2007). FABP7 deficiency or mutation
has been closely implicated in mental health disorders including
schizophrenia, autism, and bipolar disorder (Ayalew et al., 2012;
Iwayama et al., 2010; Ziats and Rennert, 2011). FABP7 has a high
affinity for n-3 and n-9 polyunsaturated fatty acids and is able to
facilitate the transportation of docosahexaenoic acid, eicosa-
pentaenoic acid, and oleic acid (Balendiran et al., 2000). How-
ever, it is unclear whether FABP7 is able to bind and mobilize
cholesterol.

In this study, we show that FABP7 depletion leads to cho-
lesterol accumulation in lysosomes and reduced cholesterol
transport to the PM. The crystal structure analyses reveal the
presence of a cholesterol molecule in human FABP7 protein.
Using the in vitro transport assay, we show that FABP7 directly
transports dehydroergosterol (DHE) between the liposomes. In
addition to FABP7, FABP3 and FABPS can bind and transfer
cholesterol, and deficiency of FABP3 or FABP8 results in lyso-
somal cholesterol accumulation as well. Taken together, our
work reveals a new role of FABP3, 7, and 8 in intracellular
cholesterol trafficking.

Results

FABP7 deficiency results in cholesterol accumulation

in lysosomes

FABP?7 is reported to be a cytosolic protein capable of extracting,
delivering, or exchanging fatty acids to regulate cell prolifera-
tion (Elsherbiny et al., 2013). Indeed, FABP7 showed a diffuse
cytoplasmic pattern in the cells immediately fixed for im-
munostaining (top row, Fig. S1 A). However, by using digitonin
to breach the PM and release the cytosolic components prior to
fixation as previously described (Khan et al., 2013), we observed
a punctate staining of FABP7 (bottom row, Fig. S1 A). Further
examination using various organelle markers revealed a partial
colocalization between FABP7 and the lysosomal marker LAMP1
(Fig. S1, B and C).

To test whether FABP7 is involved in cholesterol egress from
lysosomes, we knocked down FABP7 using three individual
siRNAs (Fig. S1, D and E) and detected robust filipin staining in
lysosomes of SV589 cells (Fig. 1, A and B) and human glioma
U251 cells (Fig. 1, C and D). To confirm whether the loss of FABP7
causes cholesterol accumulation in lysosomes, we generated two
lines of FABP7 knockout (KO) cells using the guide RNAs tar-
geting the exon 2 of the FABP7 gene (Fig. S1, F and G). Consistent
with the knockdown results, the knockout of FABP7 resulted in
intense filipin staining within apparently enlarged lysosomes
(Fig. 1, E and F). We further measured lysosomal cholesterol
levels using biochemical methods. Lysosomes were isolated us-
ing iodixanol gradient centrifugation as previously described
(Chu et al., 2015; Xiao et al., 2019), and the purity was verified by
immunoblotting with various organelle markers (Fig. S1 H).
Cholesterol was then extracted from the purified lysosomes and
quantified with the Amplex Red Cholesterol Assay Kit. The re-
sults showed, consistent with filipin staining, an increase of
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lysosomal cholesterol content in FABP7 KO cells compared with
the wild-type (WT) control (Fig. 1 G).

We also measured intracellular cholesterol levels using a
well-established probe consisting of the cholesterol-binding
domain 4 of Perfringolysin O and the 6xHis and EGFP tag at
the N terminus (Hise-EGFP-D4H) (Maekawa and Fairn, 2015).
Excess cholesterol was seen in lysosomes of FABP7 KO cells but
not of WT ones (Fig. 1, H and I). Together, these results suggest
that FABP?7 is involved in the lysosomal efflux of cholesterol.

FABP7 facilitates the egress of LDL-derived cholesterol from
lysosomes

Cholesterol in the cell includes that from LDLs or from de novo
biosynthesis (Brown and Goldstein, 1986; Ishitsuka et al., 2011).
To determine the source of cholesterol accumulated in FABP7 KO
cells, we grew cells in the presence of fetal bovine serum (nor-
mal medium) as well as under the conditions where either lip-
oproteins were removed by ultracentrifugation (lipoprotein
deficiency) or cholesterol biosynthesis was inhibited by lova-
statin (endogenous cholesterol deficiency), followed by filipin
staining to detect intracellular cholesterol contents. FABP7 de-
pletion caused a sequestration of cholesterol in lysosomes of cells
cultured in the normal medium as well as in the absence of
endogenous cholesterol (Fig. 2, A, C, and D). However, under
lipoprotein-deficient conditions, ablation of FABP7 was unable
to induce cholesterol accumulation (Fig. 2, B and D) unless LDL
was repleted (Fig. 2, E-G). Silencing of LDL receptor (LDLR)
using siRNA (Fig. S2, A and B) markedly alleviated lysosomal
cholesterol deposition in two lines of FABP7 KO cells grown in
normal medium (Fig. S2, C and D). These results suggest that the
cholesterol conveyed by FABP7 out of lysosomes was derived
from LDL.

To determine whether deficiency of FABP7 affects LDLR
levels on the PM, we performed the cell surface biotinylation
assay and found no differences in LDLR protein levels in either
whole cell lysates or surface portion of WT cells and FABP7
knockdown cells (Fig. S2 E). The internalization of Dil-LDL was
similar between WT and FABP7 KO cells (Fig. S2, F and G). These
results suggest that cholesterol accumulation in lysosomes is not
a result of increased LDL uptake by LDLR.

To investigate whether changes in lysosomal pH may cause
cholesterol accumulation, we utilized LysoSensor Green to
measure the pH value of lysosomes in FABP7 KO cells. The fluo-
rescence intensity of pH-sensitive LysoSensor Green puncta
was not affected by FABP7 deficiency (Fig. S2, H and I).

FABP7 mediates cholesterol trafficking to the PM

Once LDL-derived cholesterol exits lysosomes, it is primarily
directed to the PM and the ER (Das et al., 2014; Pfisterer et al.,
2016; Infante and Radhakrishnan, 2017). The membrane contact
sites between lysosome, peroxisome, and the ER mediate the
non-vesicular transport of cholesterol from lysosomes to the ER
(Chu et al., 2015; Xiao et al., 2019). To examine the effects of
FABP7 deficiency on PM cholesterol levels, cells were depleted of
cholesterol for 16 h, refed with 20 pg/ml LDL for various periods,
followed by staining with the Hiss-EGFP-D4H probe (Fig. 3 A).
The EGFP fluorescence determined by flow cytometry was a
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Figure 1. FABP7 deficiency induces cholesterol accumulation in lysosomes. (A-D) SV589 fibroblasts (A and B) and U251 cells (C and D) were transfected
with the indicated siRNAs for 48 h, fixed, and stained with filipin (magenta) and the antibody against endogenous LAMP1 (green). Boxed areas are shown at a
higher magnification on the right. Scale bars, 10 um (main), 1 pm (inset). Relative fluorescence intensity of filipin in A and C was quantified by Image] and shown
in B and D, respectively. Data are presented as median with interquartile range (n = 651 cells from three independent experiments in B, and n = 401 cells from
three independent experiments in D). Mann-Whitney U test. Compared with cells transfected with scrambled control siRNA (NC, negative control). (E) Wild-
type (WT) and two lines of FABP7 knockout (KO) SV589 fibroblasts (FABP7 KO1 and FABP7 KO2) were fixed and stained with filipin (magenta) and the anti-
LAMP1 antibody (green). Boxed areas are shown at a higher magnification on the right. Scale bars, 10 um (main), 1 um (inset). (F) Quantification of relative
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fluorescence intensity of filipin in E. Data are presented as median with interquartile range (n = 356 cells from three independent experiments). Mann-Whitney
U test. Compared with WT cells. (G) Relative cholesterol levels of lysosomes purified from WT and FABP7 KO2 cells normalized to protein amounts. Data are
presented as mean + SEM (from four independent experiments). Student’s unpaired two-tailed t test. Compared with WT cells. (H) WT and two lines of FABP7
KO cells (FABP7 KO1 and FABP7 KO2) were fixed, breached with a liquid nitrogen pulse, stained with the purified recombinant Hiss-EGFP-D4H protein (green)
and the anti-LAMP1 antibody (magenta). Boxed areas are shown at a higher magnification on the right. Scale bars, 10 um (main), 1 um (inset). () Quantification
of relative fluorescence intensity of Hise-EGFP-D4H protein in H. Data are presented as median with interquartile range (n = 110 cells from three independent

experiments). Mann-Whitney U test. Compared with WT cells.

measure of PM cholesterol level. Compared with WT cells, FABP7
KO cells showed a significant reduction in PM cholesterol fol-
lowing cholesterol depletion as well as after cholesterol repletion
with total cholesterol levels unaltered (Fig. 3, B and C). The
moderate decrease may be at least attributed to, first, the re-
sidual cholesterol on the PM, and second, the existence of other
trafficking routes or STPs.

To ascertain that reduced PM cholesterol results from and
not results in impaired cholesterol transport, WT and FABP7 KO
cells were treated with 1.5% 2-hydroxypropyl-B-cyclodextrin
(HPCD) in the last 10 min of cholesterol depletion (Fig. 3 D).
This treatment minimized the difference in PM cholesterol
levels (Fig. 3 E, O h), and also created a concentration gradient
that facilitated cholesterol transport from lysosomes to the
PM. When LDL was repleted, FABP7 KO cells still showed at-
tenuated increases in PM cholesterol levels over time (Fig. 3
E). By contrast, lentivirus-mediated overexpression of FABP7
significantly enhanced cholesterol levels in the PM (Fig. 3 F).
Together, these results suggest that FABP7 promotes the
trafficking of LDL-derived cholesterol from lysosomes to
the PM.

To examine the effect of FABP7 on LDL cholesterol transport
to the ER, we performed the sterol regulatory element-binding
protein 2 (SREBP2) cleavage assay as previously described
(Trinh et al., 2020) by first depleting WT and FABP7 KO cells of
cholesterol and then adding back increasing concentrations of
LDL (1-30 pg/ml). The proteolytic cleavage of SREBP2, as evi-
denced by the generation of the nuclear form from the precursor
form, in WT and FABP7 KO cells was similarly inhibited by LDL
(Fig. 3, G and H). Therefore, FABP7 deficiency barely affects the
transportation of LDL-derived cholesterol to the ER.

Crystal structures of FABP7 in apo state and cholesterol
bound-state

We next sought to solve the crystal structure of FABP7. The
recombinant His,-tagged FABP7 protein was expressed in E. coli
and purified using the nickel beads. The endogenous lipids were
removed from purified protein using a delipidation protocol as
previously described (Balendiran et al., 2000). The apo state
structure was solved at the resolution of 1.4 A (Fig. 4 A). The
structures of FABP7 in complex with cholesterol or 25-
hydroxysterol (25-HC) were solved at a resolution of 2.7 A and
2.6 A, respectively (Fig. 4, B and C). The details of data collection
and refinement are listed in Table S1. FABP7 is composed of
three o helices and 10 antiparallel B-strands (Fig. 4, A-C). Cho-
lesterol and 25-HC were found to be situated in the hydrophobic
pocket of FABP7 in very similar conformations (Fig. 4, B and C).
The water (apo) or sterol (cholesterol or 25-HC) inside was il-
lustrated by the 2Fo-Fc electron density map (Fig. S3, A-C).
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FABP7 in complex with cholesterol shows a root-mean-
square deviation of 0.229 A across all atoms compared with the
apo form (Fig. 4 D). The helical lid region of FABP7 is formed by
the F58 residue, a2 and a3, and undergoes a conformational
change upon cholesterol binding (Fig. 4 D). In the NMR structure
of FABP7 (PDB code: 1JJX) (Rademacher et al., 2002), the F58
residue exhibits an open conformation in apo state. However, in
the crystal structure, F58 adopts a closed conformation in the
apo state and cholesterol- or 25-HC-bound state (Fig. 4 E). Such a
highly dynamic nature of F58 and the lid may permit the entry
or exit of sterol molecules.

The sterol-binding pocket of FABP7 contains several hydro-
phobic residues, including F17, M21, P39, A76, MI16, and L118,
around the tetracyclic ring of sterol (Fig. 4 F and Fig. S3 D). Two
hydrophilic residues, R127 and Y129, form hydrogen bonds with
the 3B-hydroxyl group of the sterol molecule (Fig. 4 F and Fig.
S3 D).

Identification of the key residues in FABP7 mediating
cholesterol transport

To determine the key residues required for FABP7-mediated
cholesterol transport, we prepared the plasmid expressing
Flag-tagged WT FABP7 or those with the abovementioned resi-
dues mutated to alanine, glycine, or phenylalanine as indicated,
and examined their rescuing effects on cholesterol accumulation
in FABP7 KO cells (Fig. 5 A). The fluorescence of R127I/A/L
mutants was weak probably due to low expression, and the R127
mutation was therefore not evaluated. Re-expression of FABP7
carrying the F17A and L118A mutations could effectively remove
excess cholesterol from FABP7 KO cells as that of WT FABP7 did,
indicating that F17 and L118 residues are not required for FABP7-
mediated cholesterol egress from lysosomes (Fig. 5, B and C). By
contrast, all other mutants failed to alleviate cholesterol accu-
mulation caused by FABP7 deficiency, suggesting that M21, P39,
F58, A76, M116, and Y129 are all indispensable for cholesterol
mobilization by FABP7.

To determine whether FABP7 mutants that failed to promote
intracellular cholesterol transport are indeed defective in cho-
lesterol binding, we employed the ®H-cholesterol binding assay
with purified FABP7 variants. The wild-type FABP7 protein
showed a dissociation constant of 3.04 + 0.78 uM (Fig. 5 D).
Mutations in the residues critical for intracellular cholesterol
trafficking (M21A, P39A, F58A, A76G, M116A, and Y129F) im-
paired the binding of 3H-labeled cholesterol to FABP7, though
the effect of A76G was not statistically significant (Fig. 5 E).

FABP7 can bind several fatty acids, including oleic acid, do-
cosahexaenoic acid, palmitic acid, and arachidonic acid (Liu
et al,, 2010). To determine whether fatty acids may compete
for cholesterol binding, we performed the competitive binding
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Figure 2. FABP7 mediates the egress of low-density lipoprotein (LDL)-derived cholesterol from lysosomes. (A-C) WT and two lines of FABP7 KO cells
(FABP7 KO1 and FABP7 KO2) were incubated in normal medium (10% fetal bovine serum, A), lipoprotein-deficient medium (5% lipoprotein-deficient serum, B),
or endogenous cholesterol-deficient medium (10% fetal bovine serum with 1 uM lovastatin and 10 uM mevalonate, C) as indicated for 16 h. Cells were fixed and
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stained with filipin (magenta) and the anti-LAMP1 antibody (green). Boxed areas are shown at a higher magnification on the right. Scale bars, 10 um (main),
1 um (inset). (D) Quantification of relative fluorescence intensity of filipin in A-C. Data are presented as median with interquartile range (n = 418 cells from
three independent experiments). Mann-Whitney U test. Compared with WT cells grown under the same conditions. (E and F) WT and two lines of FABP7 KO
cells (FABP7 KO1 and FABP7 KO2) were incubated in lipoprotein-deficient medium (E) or lipoprotein-deficient medium supplemented with 30 pg/ml LDL (F) for
16 h and stained with filipin (magenta) and the anti-LAMP1 antibody (green). Boxed areas are shown at a higher magnification on the right. Scale bars, 10 um
(main), 1 um (inset). (G) Quantification of relative fluorescence intensity of filipin in E and F. Data are presented as median with interquartile range (n = 295 cells
from three independent experiments). Mann-Whitney U test. Compared with WT cells grown under the same conditions.

assay using 3H-cholesterol and fatty acids which are known to be
the endogenous ligands for FABP7. Cholesterol was also included
as a positive control. The results showed that all the tested fatty
acids could compete with 3H-cholesterol for FABP7 binding
(Fig. 5 F). Consistent with other studies (Balendiran et al., 2000;
Liu et al, 2010), oleic acid was the most potent ligand and
showed a dose-dependent competing effect (Fig. 5, F and G).
These results suggest that cholesterol and fatty acids bind
competitively to FABP7.

Among the six FABP7 mutants, M21A, P39A, and Y129F were
defective in binding either cholesterol or oleic acid (Fig. 5, E and
H). However, mutations in the A76 residue but not F58 or
M1l6—which resides at the lid of hydrophobic pocket and forms
the hydrophobic interaction with the tetracyclic ring of sterol,
respectively (Fig. 4)—greatly reduced FABP7 binding to oleic
acid. These results suggest that FABP7 has overlapping yet dif-
ferent binding sites for cholesterol and oleic acid.

FABP7 can efficiently transfer cholesterol in vitro

We next sought to investigate whether FABP7 can directly
transfer cholesterol using the DHE transport assay as previously
described (Wang et al., 2019). The donor liposomes (Ld) were
made of DOPC (92.5 mol%), DNS-PE (2.5 mol%), and DHE (5 mol
%), whereas the acceptor liposomes (La) contained DOPC only.
The transfer of DHE from donor to acceptor liposomes was re-
vealed by decreased fluorescence resonance energy transfer
signal between DHE and DNS-PE on Ld (Fig. 6 A). To ascertain
whether DHE—a natural fluorescent analog of cholesterol—is a
legitimate probe to measure cholesterol transport, we added
increasing amounts (5, 10 and 20 mol%) of cholesterol into the
donor liposomes and found FABP7-mediated transportation of
DHE was dose-dependently inhibited by cholesterol (Fig. 6, B
and C). These results suggest that DHE can mimic cholesterol
in the context of our study.

ORP2 is reported to participate in cholesterol transport to the
PM (Wang et al., 2019). The purified FABP7 protein promoted
DHE transport to an extent similar to the purified OSBP-related
domain (ORD) of ORP2 (Fig. 6, D and E). However, F58A and Y129F
mutations almost completely abrogated the amount of DHE trans-
ferred as well as the initial DHE transport rate (Fig. 6, F and G).
Consistent with the finding that L118 is dispensable for intracellular
cholesterol transport (Fig. 5, B and C), the L118A mutant could
transport DHE as efficiently as the WT protein did (Fig. 6, F and G).

To exclude the possibility that FABP7 may induce liposome
fusion, we measured liposome radius before and after the re-
combinant FABP7 protein was added to the in vitro DHE trans-
port system using the dynamic light scattering assay (Wilhelm
etal., 2017). The results showed that neither the mean radius nor
size distribution of liposomes was altered by the wild-type
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FABP? protein or the F584, L118A, or Y129F mutants (Fig. 6, H
and I), suggesting that FABP7 does not induce liposome fusion.

FABP3 and FABP8 can bind and transport cholesterol

There have been 10 human FABPs identified so far and each has
tissue-specific distribution and distinct ligand preference
(Haunerland and Spener, 2004; Smathers and Petersen, 2011).
Despite significant variations in amino acid sequences (Richieri
et al., 1994), all FABP family members exhibit highly conserved
B-barrel tertiary structures that can accommodate a hydropho-
bic ligand in a non-covalent, reversible manner, thereby in-
creasing the ligand’s solubility in the aqueous cytoplasm (Storch
and Corsico, 2008). To test whether other FABP family members
can bind and transport cholesterol, we depleted each one using
shRNAs (Fig. S4 A) and detected robust cholesterol accumulation
in lysosomes of FABP3 and FABP8 knockdown SV589 cells (Fig. 7,
A and B). Silencing of FABP3 or FABPS also caused lysosomal
cholesterol accumulation in U251 (Fig. S4, B-D) and MA10 cells
(Fig. S4, E-H). By contrast, cholesterol was barely accumulated
in those depleted of FABP], 2, 4, 5, 6, 9, or 12, suggesting these
FABPs were not involved in cholesterol transport. Depletion of
FABP3 and FABPS failed to alter LDLR protein levels (Fig. S2 E),
LDL uptake (Fig. S4, I and J), or lysosomal pH (Fig. S4, K and L).

Except for Mlle, all the residues (M21, P39, F58, A76, and
Y129) responsible for cholesterol binding and transport are
conserved in FABP3, FABP7, and FABPS (Fig. S4 M). To deter-
mine whether these three FABPs function redundantly to me-
diate cholesterol transport, we knocked down FABP3 and FABP8
using shRNAs in FABP7 KO cells. NPC1 knockdown was the
positive control. Compared with a single depletion of FABP3,
FABP7, or FABPS8, combined depletion of all three FABPs resulted
in a much more pronounced cholesterol accumulation pheno-
type (Fig. 7, C and D). We further purified lysosomes from sin-
gle- or triple-depleted cells for cholesterol level measurement. In
line with the filipin results, lysosomal cholesterol levels were
significantly higher when FABP3, FABP7, or FABP8 were all
absent (Fig. 7, E and F). These results suggest that the total amount
of FABP3, 7, and 8 determined the transportation efficiency.

The binding affinity of purified FABP3 and FABP8 proteins
for ®H-cholesterol or H-oleic acid was evaluated as well. FABP6
has a very low affinity for oleic acid (Gong et al., 1994; Fujita
et al., 1995), and an equal amount of FABP6 was included as a
negative control. Compared with FABP7, FABP3 showed mod-
estly yet significantly reduced binding affinity for cholesterol,
whereas FABP8 bound cholesterol as potently as FABP7 (Fig. 8
A). Both FABP3 and FABPS could bind oleic acid avidly (Fig. 8 B).
Oleic acid was able to compete with cholesterol for binding with
FABP3 or FABPS (Fig. 8, C and D). In vitro, FABP3 and FABP8
could transfer DHE as efficiently as FABP7 (Fig. 8, E and F).
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Figure 3. FABP7 promotes LDL cholesterol transport to the PM. (A-C) WT and FABP7 KO2 SV589 cells were incubated in the cholesterol (Chol)-depleting
medium for 16 h and refed with cholesterol-depleting medium containing 20 pg/ml LDL for the indicated periods as shown in A. Cells were then stained with
the Hisg-EGFP-D4H probe and subjected to flow cytometry for EGFP fluorescence measurement (B) or harvested for biochemical analysis of cholesterol levels
(C). The EGFP fluorescence intensity of WT and FABP7 KO2 cells cultured in normal medium is defined as 1. Data are presented as mean + SEM (from three
biological replicates). Student’s unpaired two-tailed t test. Compared with WT cells refed with LDL for the same periods of time. (D and E) WT and FABP7 KO2
SV589 cells were depleted of cholesterol as in A, and in the last 10 min of 16 h cholesterol depletion was treated with 1.5% 2-hydroxypropyl-B-cyclodextrin
(HPCD). Cells were then refed with cholesterol-depleting medium containing 20 pg/ml LDL for the indicated periods as shown in D, and stained with the Hisg-
EGFP-D4H probe and subjected to flow cytometry for EGFP fluorescence measurement. The EGFP fluorescence intensity of WT and FABP7 KO2 cells cultured in
normal medium is defined as 1. Data are presented as mean + SEM (from three biological replicates). Student’s unpaired two-tailed t test. Compared with
WT cells refed with LDL for the same periods of time. (F) SV589 cells infected with lentivirus (Lenti-) expressing negative control (NC) or FABP7 were treated
asin D, and EGFP fluorescence intensity was quantified. The EGFP fluorescence intensity of WT and FABP7 KO2 cells cultured in normal medium is defined as 1.
Data are presented as mean + SEM (from three biological replicates). Student’s unpaired two-tailed t test. Compared with cells infected with lentivirus ex-
pressing negative control (NC) and refed with LDL for the same periods of time. (G and H) WT and FABP7 KO2 cells were depleted of cholesterol for 16 h and
treated with the indicated concentrations of LDL for 5 h at 37°C. Cells were subjected to SREBP2 cleavage analysis. (G) Representative immunoblots showing
SREBP2 cleavage. P, the precursor form of SREBP2; N, the nuclear form of SREBP2. (H) The ratio of the densitometry of the nuclear SREBP2 over that of both
nuclear and precursor forms of SREBP2. The ratio of cells without LDL repletion was defined as 1. Data are presented as mean + SEM (from three independent
experiments). Student’s unpaired two-tailed t test. Compared with WT cells refed with LDL at the same concentrations. Source data are available for this
figure: SourceData F3.
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Figure 4. Crystal structures of human FABP7 protein. (A-C) Overall structure of FABP7 protein in apo state (A) and ligand-binding state (B and C).
Cholesterol is highlighted as magenta sticks in B, and 25-hydroxycholesterol (25-HC) is highlighted as light orange sticks in C. (D) Superposition of apo (yellow)
and cholesterol-bound (green) FABP7 structures. (E) The nuclear magnetic resonance (NMR) or x-ray analysis showing empty or ligand-bound FABP7 with the
F58 residue in open and closed conformations. (F) Detailed view of FABP7 interacting with cholesterol (magenta sticks). Hydrogen bonds formed between
FABP7 and the hydroxyl group of cholesterol are denoted by red dashed lines. The hydrophobic interactions between FABP7 F58 and cholesterol are shown by
black dashed lines. Key residues for cholesterol binding are indicated.
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Figure 5. ldentification of FABP7 key residues involved in cholesterol transport and binding. (A-C) FABP7 KO2 cells were transfected with the indicated
plasmids expressing various FABP7 mutants tagged with Flag for 48 h and harvested. (A) Immunoblotting analysis showing the expression of indicated FABP7
mutants. (B) Cells were fixed and stained with filipin (magenta) and the antibody against Flag (green). Scale bars, 10 um. (C) Quantification of relative fluo-
rescence intensity of filipin in B. The filipin fluorescence intensity of FABP7 KO2 cells transfected with the plasmid expressing wild-type (WT) FABP7 is defined
as 1 and used as the reference for comparison. Data are presented as median with interquartile range (n = 583 cells from three independent experiments).
Mann-Whitney U test. (D) The cholesterol binding activities of FABP7 protein. Data are presented as mean + SEM (from three independent experiments).
(E) Binding of 3H-cholesterol to WT FABP7 recombinant protein and the indicated mutants. Equal amounts of proteins were used in the reaction. CPM
measured for 3H-cholesterol bound to WT FABP7 protein is defined as 1 and used as the reference for comparison. Data are presented as mean + SEM (from
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three independent experiments). Student’s unpaired two-tailed t test with Welch’s correction. (F) Binding of H-cholesterol to FABP7 in the presence of
different fatty acids. CPM measured for 3H-cholesterol bound to FABP7 in the absence of (-) the indicated competitors is defined as 1 and used as the reference
for comparison. Data are presented as mean + SEM (from three independent experiments). Student’s unpaired two-tailed t test with Welch’s correction.
(G) Binding of H-cholesterol to FABP7 in the presence of increasing concentrations of oleic acid or cholesterol. CPM measured for 3H-cholesterol bound to
FABP7 in the absence of (-) the indicated competitors is defined as 1 and used as the reference for comparison. Data are presented as mean + SEM (from three
independent experiments). Student’s unpaired two-tailed t test with Welch’s correction. (H) Binding of 3H-oleic acid to WT FABP7 and the indicated mutants.
Equal amounts of proteins were used in the reaction. CPM measured for 3H-oleic acid bound to WT FABP7 is defined as 1 and used as the reference for
comparison. Data are presented as mean + SEM (from three independent experiments). Student’s unpaired two-tailed t test with Welch’s correction. Source

data are available for this figure: SourceData F5.

FABPS has been recently demonstrated to bind PIP, (Abe
et al., 2021). To determine whether FABP3, 7, and 8 could ex-
change DHE for PIP,, we performed the DHE transport assay
using the acceptor liposomes consisting of 96 mol% DOPC and 4
mol% PI(3,4)P,, PI(3,5)P,, PI(4,5)P, or not in the absence or
presence of each FABP protein. Both FABP3 and FABP8 could
support DHE transport to the acceptor liposomes without or with
any of the three PIP, species (Fig. S5, A, B, E, and F). However,
PIP, was found to inhibit FABP7-mediated DHE transport, with
the most significant effect by PI(4,5)P, (Fig. S5, C and D).

We also incorporated PIP, onto the donor liposomes. All three
species of PIP, hampered the total amounts of DHE transport by
FABP3, 7 or 8 (Fig. S5, G, I, and K). The rate of DHE transferred
by FABP3 was more or less the same regardless of PIP, used (Fig.
S5 H), whereas that by FABP7 or FABP8 was significantly di-
minished by PI(3,5)P, and PI(4,5)P, (Fig. S5, J and L). We
therefore conclude that FABP3, FABP7, or FABP8 are unlikely to
mediate sterol/PIP, exchange.

Discussion
STPs can facilitate sterol desorption from the membranes by
decreasing the extraction energy barrier (Dittman and Menon,
2017) as well as promoting sterol movement across the cyto-
plasm by shielding the hydrophobic molecules within the in-
ternal cavity (Wong et al., 2019). Most STPs identified so far fall
into three large families, with each possessing distinct sterol-
binding domains (Luo et al., 2019). In this study, we reported
that FABP3, FABP7, and FABPS are involved in cholesterol egress
from lysosomes. FABP7 harbors a cholesterol-binding pocket
and selectively delivers cholesterol to the PM. FABP3, FABP7,
and FABP8 can bind cholesterol and transfer its analog in vitro.
These results suggest that FABPs represent a new class of STPs.
The binding of cholesterol to FABPs is not totally unprece-
dented. FABP1 (a.k.a. liver FABP) can bind cholesterol analogs or
derivatives in vitro, and cholesterol binding competitively dis-
places one of the two fatty acids from FABP1 (Martin et al., 2009;
Nemecz and Schroeder, 1991). Cholesterol is also predicted to be
the ligand for FABP8 by docking simulations using the high-
resolution crystal structure (Majava et al., 2010). We hereby
show that FABP3, FABP7, and FABP8 are not only able to bind
cholesterol but also to transport DHE between liposomes
in vitro. More importantly, these three FABPs are responsible
for cholesterol egress from lysosomes (Fig. 7). The binding of
cholesterol is a prerequisite for its trafficking by FABP7 since the
mutants defective in cholesterol binding cannot revert choles-
terol accumulation caused by FABP7 depletion (Fig. 5). The

Fang et al.
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residues crucial for cholesterol binding and transport include
the F58 residue at the lid region, the hydrophobic residues of the
sterol-binding pocket (M21, P39, A76, and M116), and the Y129
residue that forms hydrogen bonds with the 3B-hydroxyl group
of sterol (Fig. 4). However, the F17 and L118 residues—two hy-
drophobic ones in the sterol-binding pocket—only form a few (7
and 2 van der Waals contacts, respectively; cutoff for van der
Woaals contacts calculation is 4.5 A) interactions with cholesterol,
therefore barely contributing to intracellular cholesterol traf-
ficking, given that the neighboring amino acids could provide
sufficient interactions to stabilize the binding of sterol mole-
cules. The importance of these above residues in cholesterol
binding and transport is further highlighted by their conserva-
tion in FABP3, FABP7, and FABPS (Fig. S4 M). It is speculated
that cholesterol is similarly buried within FABP3 and FABPS.

Our study identifies FABP7 as a cytosolic protein that can
interact with lysosomes to mediate cholesterol transport from
lysosomes to the PM. ORPIS and ORP2 have been reported to
mediate cholesterol transport from endosomes/lysosomes to the
PM (Zhao et al.,, 2020; Wang et al., 2019). Furthermore, a ve-
sicular process involving the Rab8a- and CD63-positive LY-
related organelles contribute as well (Kanerva et al., 2013).
Owing to the presence of these multiple routes, the effect of
FABP7 deficiency on PM cholesterol levels is unlikely to be all-
to-none. Of note, unlike ORP2, which can bind sterol and PI(4,5)
P, and exchange the two, FABP7 binds and transfers fatty acids,
such as oleic acid and docosahexaenoic acid (Balendiran et al.,
2000), and fatty acids compete with cholesterol for FABP7
binding (Fig. 5). We also demonstrate that FABP? is unlikely to
be a counter-exchanger of DHE and PIP, (Fig. S5). Hence, FABP7
and ORP2 seem to be two independent transporters for direc-
tional cholesterol trafficking from lysosomes to the PM. How
FABP?7 is targeted to lysosomes and the PM and whether FABP7
may mediate cholesterol trafficking to places other than the
PM or the ER are yet to be determined. The destinations
cholesterol is delivered to by FABP3 and FABP8 warrant fur-
ther investigation.

FABP3 and FABP7 are brain-expressed FABPs with close
implications for neuropsychiatric disorders and some neurode-
generative diseases. Multiple genetic variants of FABP3 and
FABP7 are exclusively detected in schizophrenia and autism
spectrum disorder patients (Shimamoto et al., 2014). Disturbed
levels of FABP3 and FABP7 have been observed in the serum
and/or cerebrospinal fluid of patients with schizophrenia, au-
tism spectrum disorder, and some neurodegenerative diseases
(Mollenhauer et al., 2007; Sepe et al., 2018; Teunissen et al.,
2011). In mice, knockout of Fabp3 and Fabp7 produces
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Figure 6. FABP7 transfers cholesterol analog in vitro. (A) Schematic illustration of in vitro dehydroergosterol (DHE) transport assay. Donor liposomes (Ld)
are made of 92.5 mol% 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 5 mol% DHE and 2.5 mol% 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(5-
dimethylamino-1-naphthalenesulfonyl (DNS-PE). Acceptor liposomes (La) only contain DOPC. Ld and La were incubated at 25°C for 3 min and FRET between
DHE and DNS-PE (AEx: 310 nm, AEm: 525 nm) was recorded. The purified proteins were then added to a final concentration of 0.5 uM and incubated for 12 min.
The transport of DHE from Ld to La is determined by the diminution in FRET between DHE and DNS-PE. (B and C) The effect of increasing concentrations of
cholesterol (0, 5, 10 or 20 mol%) in donor liposomes on DHE transport by FABP7. Arrow indicates when FABP7 protein was added. Initial transport rates were
quantified in C. Data are presented as mean + SEM (from three independent experiments). Student’s unpaired two-tailed t test. Compared with the donor
liposomes without cholesterol. (D and E) Comparison of the effects of purified FABP7 and ORP2-ORD proteins on DHE transfer. Arrow indicates when the
indicated proteins were added. Initial transport rates were quantified in E. Data are presented as mean + SEM (from three independent experiments). Student’s
unpaired two-tailed t test. Compared with initial transport rates of DHE by FABP7 protein. (F and G) Comparison of the effects of FABP7 WT and mutant
proteins on DHE transfer. Arrow indicates when the indicated proteins were added. Initial transport rates were quantified in G. Data are presented as mean =
SEM (from three independent experiments). Student’s unpaired two-tailed t test. Compared with initial transport rates of DHE by wild-type (WT) FABP7
protein. (H and 1) Liposome aggregation in F was assessed by dynamic light scattering. The acceptor liposomes (La, containing DOPC only, 50 uM total lipids)
were mixed with the donor liposomes (Ld, containing 92.5 mol% DOPC, 5 mol% DHE, and 2.5 mol% DNS-PE, 50 uM total lipids). The size distribution of the
initial liposome suspension was assessed by acquiring a first set of about 12 autocorrelation curves. The indicated proteins were then added manually and
mixed thoroughly. (H) The mean radius over time. Arrow indicates when the indicated proteins were added. (I) The size distribution before (gray) and after the
reaction (colored).
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Figure 7. FABP3 and FABPS are critical for lysosomal cholesterol egress. (A and B) SV589 fibroblasts were infected with lentivirus expressing indicated
shRNAs, fixed and stained with filipin (magenta) and the anti-LAMP1 antibody (green). Boxed areas are shown at a higher magnification on the bottom. Scale
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bars, 10 pum (main), 1 um (inset). The relative fluorescence intensity of filipin was quantified in B. The filipin fluorescence intensity of cells infected with
lentivirus expressing scrambled control shRNA (NC, negative control) is defined as 1 and used as the reference for comparison. Data are presented as median
with interquartile range (n = 885 cells from three independent experiments). Mann-Whitney U test. (C and D) WT and FABP7 KO2 SV589 fibroblasts infected
with lentivirus expressing indicated shRNAs were fixed and stained with filipin (magenta) and the anti-LAMP1 antibody (green). Boxed areas are shown at a
higher magnification on the bottom. Scale bars, 10 um (main), 1 um (inset). The relative fluorescence intensity of filipin was quantified in D. The filipin fluo-
rescence intensity of wild-type (WT) cells infected with lentivirus expressing scrambled control shRNA (NC, negative control) is defined as 1 and used as the
reference, except for FABP7 KO2 cells infected with lentivirus expressing shRNA targeting FABP3 and FABP8. The filipin fluorescence intensity of FABP7 KO2
cells infected with lentivirus expressing scrambled control shRNA (NC, negative control) is the reference when comparing FABP7 KO2 cell groups. Data are
presented as median with interquartile range (n = 728 cells from three independent experiments). Mann-Whitney U test. (E) Indicated cells were treated as in
C, and lysosomes were purified and subjected to immunoblotting analysis. (F) Relative cholesterol levels of purified lysosomes normalized to protein amounts.
The lysosomal cholesterol levels in WT cells infected with lentivirus expressing scrambled control shRNA (NC, negative control) is defined as 1 and used as the
reference, except for FABP7 KO2 cells infected with lentivirus expressing shRNA targeting FABP3 and FABPS8. The lysosomal cholesterol levels of FABP7 KO2
cells infected with lentivirus expressing scrambled control shRNA (NC, negative control) are the reference when comparing FABP7 KO2 cell groups. Data are
presented as mean + SEM (from three independent experiments). Student’s unpaired two-tailed t test. Source data are available for this figure: SourceData F7.

behavioral phenotypes reminiscent of schizophrenia and autism
(Shimamoto et al., 2014). Notably, altered cholesterol distribu-
tion and cholesterol dyshomeostasis in the brain are also im-
plicated in autistic spectrum disorders (Woods et al., 2012),
schizophrenia (Jensen et al., 2017), Alzheimer’s disease, and NPC
disease (Nixon, 2004; Wolozin, 2004; Xiao et al., 2021a). It is
possible that cholesterol accumulation as a result of FABP

deficiency may also contribute to the pathogenesis of the
abovementioned diseases. For example, impaired formation and
maturation of neuronal dendrites seen in Fabp7 knockout mice
(Ebrahimi et al., 2016) can be caused by cholesterol accumula-
tion in astrocytes that otherwise feed neurons with cholesterol.
Future work is needed to elucidate the functional significance of
FABP-mediated cholesterol trafficking at the systemic level.
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Figure 8. FABP3 and FABPS bind and transfer cholesterol in vitro. (A) Binding of 3H-cholesterol to the indicated FABP proteins. Equal amounts of proteins
were used in the reaction. CPM measured for 3H-cholesterol bound to WT FABP7 is defined as 1 and used as the reference for comparison. Data are presented
as mean + SEM (from three independent experiments). Student’s unpaired two-tailed t test with Welch’s correction. (B) Binding of 3H-oleic acid to the in-
dicated FABP proteins. Equal amounts of proteins were used in the reaction. CPM measured for 3H-oleic acid bound to WT FABP7 is defined as 1 and used as
the reference for comparison. Data are presented as mean + SEM (from three independent experiments). Student’s unpaired two-tailed t test with Welch’s
correction. (C and D) Binding of 3H-cholesterol to FABP3 (C) and FABP8 (D) in the presence of increasing concentrations of oleic acid. CPM measured for
3H-cholesterol bound to FABP3 (C) and FABP8 (D) in the absence of oleic acid is defined as 1 and used as the reference for comparison. Data are presented as
mean + SEM (from three independent experiments). Student’s unpaired two-tailed t test with Welch’s correction. (E and F) Comparison of the effects of
indicated proteins on DHE transfer. Arrow indicates when proteins were added. Initial transport rates were quantified in F. Data are presented as mean + SEM
(from three independent experiments). Student’s unpaired two-tailed t test. Compared with initial transport rates of DHE by FABP7 protein.
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Taken together, this study demonstrates that FABPs are a
new class of STPs involved in intracellular cholesterol traffick-
ing. Modulating the ability of FABPs to transport cholesterol
could serve as a potential approach to treat neuropsychiatric
disorders and neurodegenerative diseases.

Materials and methods

Reagents

Filipin (F9765), dehydroergosterol (DHE) (E2634), sodium
mevalonate (41288), and 25-hydroxycholesterol (H1015) were
from Sigma-Aldrich. Cholesterol (T0760), oleic acid (T202668),
docosahexaenoic acid (T5369), arachidonic acid (T4129), and
palmitic acid (T2908) were obtained from TargetMol. Lovastatin
(purity 298.5%, HPLC) was from Shanghai Pharm Valley. Digi-
tonin (300410) was from Millipore. ®H-cholesterol (NET139) and
3H-oleic acid (NET289) were from PerkinElmer. DOPC (850375),
brain PI(4,5)P, (840046), 18:1/18:1 PI(3,4)P, (850153), 18:1/18:1
PI(3,5)P, (850154), and DNS-PE (810330) were from Avanti
Polar Lipids. Ni-NTA agarose (30230) was from Qiagen. FuGENE
HD transfection reagent (E2312) was from Promega. EZ-Link
Sulfo-NHS-LC-Biotin (21335) was from Thermo Fisher Scien-
tific. Human Dil-LDL (20614ES76) and LysoSensor Green DND-
189 (40768ES50) were from Yeasen. Ponceau S (A610437) and
CHAPS (A600110) were from Sangon Biotech. Lipoprotein-
deficient serum (LPDS) and LDL were prepared from newborn
calf serum by ultracentrifugation and from human blood by
density gradient centrifugation, respectively, in our laboratory.

Plasmids

The coding sequences of human FABP3, FABP6, FABP7, FABPS,
and the domain 4 (amino acids 391-500) of Perfringolysin O
bearing the D434S mutation (D4H) were synthesized by Tsingke
Biotechnology. The coding sequence of FABP7 with a Flag-tagged
to the C terminus was cloned into the pcDNA3 (V011312; Novo-
Pro) or pLVX-IRES-Puro vector (632183; Clontech). The coding
sequences of FABP3, FABP6, FABP7, FABP8, and ORP2-ORD
(amino acids 41-480) were cloned into the pET28a vector
(69864; Novagen) with a 6xHis tag at the C terminus. The
coding sequence of D4H was cloned into the pET28a vector
with a 6xHis tag and an EGFP tag at the N terminus. All mu-
tants were made by site-directed mutagenesis using KOD Hot
Start DNA polymerase (KOD-401; TOYOBO) and verified by
Sanger sequencing.

Antibodies

The primary antibodies were as follows: mouse anti-
EEA1(610457; BD Biosciences), mouse anti-LAMP1 (H4A3;
Developmental Studies Hybridoma Bank), rabbit anti-PMP70
(PA1-650; Thermo Fisher Scientific), rabbit anti-FLAG tag
(20543-1-AP; Proteintech), mouse anti-FLAG tag (F3165; Sigma-
Aldrich), mouse anti-B-actin (A1978; Sigma-Aldrich), rabbit anti-
Tom20 (11802-1-AP; Proteintech), mouse anti-LAMP2, (sc-18822;
Santa Cruz Biotechnology), rabbit anti-calnexin (10427-2-AP;
Proteintech), mouse anti-GM130 (610823; BD Transduction
Laboratories), and rabbit anti-FABPS (12717-1-AP; Proteintech).
The mouse anti-SREBP2 antibody had been generated from
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hybridoma cell line 1D2 (CRL-2545; ATCC) in our laboratory as
previously described (Xiao et al., 2021b).

The rabbit anti-FABP3 antibody was prepared by Wuhan
DIA-AN Biotechnology, China. The coding sequence of the hu-
man FABP3 gene with a 6xHis tag at the C terminus was cloned
into the pcDNA3.1 (V790-20; Invitrogen) and expressed by
HEK?293F cells (R79007; Thermo Fisher Scientific) grown at 37°C
with 5% CO,, followed by purification using the column con-
taining Ni-NTA agarose. The purified FABP3 protein was im-
munized into three rabbits, with each injected four times at an
interval of 28, 14, and 14 d. Freund’s complete adjuvant (F5881;
Sigma-Aldrich) was used in the first injection and Freund’s in-
complete adjuvant (F5506; Sigma-Aldrich) was used for the rest
of the injections. 3 d after the fourth injection, antiserum titer
was determined by enzyme-linked immunosorbent assay. The
rabbit with the highest titer was sacrificed on the 64th day since
the first injection. The antiserum was applied onto CNBr-activated
Sepharose 4B (17-0430-01; GE Health) coupled to 1 mg purified
FABP3 protein. The antibody was eluted with the glycine HCl
buffer (pH 2.5), followed by dialysis and concentration.

The rabbit anti-LDLR antibody had been generated in our
laboratory as previously described (Wang et al., 2021; Zhou
et al, 2023). The coding sequence corresponding to human
LDLR (amino acids 98-147) was cloned into the pGEX-6p-1 (27-
4597-01; Amersham) and expressed by E. coli BL21(DE3) that
were grown in Luria-Bertani broth containing 0.1 mM iso-
propylthio-B-galactoside at 18°C overnight. The protein was
purified using the Glutathione Sepharose 4 Fast Flow beads (17-
5132-02; Cytiva) and immunized into rabbits as described above.

Primary antibodies were used at the dilution of 1:500 for
immunofluorescent staining and 1:1,000 for immunoblotting.
Alexa Fluor 555 donkey anti-mouse (1:1,000; A31570), Alexa
Fluor 555 donkey anti-rabbit (1:1,000; A31572), Alexa Fluor 488
donkey anti-mouse (1:1,000; Al11001), and Alexa Fluor 488
donkey anti-rabbit (1:1,000; A11008) secondary antibodies were
from Invitrogen. Horseradish peroxidase-conjugated goat
anti-mouse (115-035-003) and goat anti-rabbit (111-035-144)
secondary antibodies were from Jackson ImmunoResearch
Laboratories.

Cell culture

HEK293T (CRL-3519) and MA-10 (CRL-3050) cells were from
ATCC. SV589 cells were a kind gift from the Laboratory of
Brown & Goldstein. U251 cells were from the National Collection
of Authenticated Cell Cultures. SV589, HEK293T, and U251 cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 100 U/ml penicillin and 100 pg/ml streptomycin
sulfate (Medium A) supplemented with 10% fetal bovine serum
(FBS). MA-10 cells were grown in DMEM/Ham’s F-12 supple-
mented with 5% FBS and 2.5% heat-inactivated horse serum,
100 U/ml penicillin, and 100 pg/ml streptomycin sulfate. The
lipoprotein-deficient medium was Medium A supplemented with
5% LPDS. The endogenous cholesterol-deficient medium was
Medium A supplemented with 10% FBS, 1 uM lovastatin, and
10 uM mevalonate. The cholesterol-depleting medium was Me-
dium A supplemented with 5% LPDS, 1 uM lovastatin, and 10 uM
mevalonate. Cells were grown as a monolayer at 37°C with 5% CO,.
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No further authentication of the cell lines was performed before
use. No test for mycoplasma contamination was performed.

Generation of FABP7 knockout cell line

The sgRNAs were cloned into the pX330-U6-Chimeric-bb-CBh-
hSpCas9 vector (42230; Addgene). The plasmids were then
transfected together with puromycin-resistant PLKO.1 (10878;
Addgene) into SV589 cells for 24 h. Cells were subjected to 4 pg/ml
puromycin selection for a few days until the cells without
PLKO.1 transfection all died. The puromycin-resistant cells were
diluted to ensure single-cell seeding in 96-well plates. The single
colony formed was identified by Sanger sequencing. The full
sequences of sgRNAs are listed in Table S2.

Production of shRNA lentiviral particles

The shRNAs were designed using BLOCK-iT RNAi Designer
website and cloned into the pLKO.1 vector. HEK293T cells were
plated at a density of 3 x 10 cells per 10-cm plate and transfected
with 3 pg shRNA-containing pLKO.1, 2.25 pg psPAX2 (12260;
Addgene) and 0.75 pg pMD2.G (12259; Addgene) using LPEL The
medium was replaced 6 h after transfection and collected 48 h
later. The full sequences of shRNAs are listed in Table S2.

RNA interference

Duplexes of siRNA were synthesized by Ribobio. The siRNAs were
transfected into SV589 cells as indicated in the figure legends
using Lipofectamine RNAiMAX according to the manufacturer’s
instructions. The full sequences of siRNAs are listed in Table S2.

Purification of recombinant proteins

BL21 (DE3) E. coli cells were transformed with the plasmids and
grown at 37°C for 3-4 h until the ODg4y, value reached 0.6. Cells
were induced to produce protein with 0.1 mM isopropylthio-
B-galactoside overnight at 18°C. After spinning down at 6,760 g
for 5 min, cells were resuspended and incubated in the lysis
buffer (20 mM Tris-HCl, pH 7.4, and 200 mM NaCl) containing
1 mg/ml lysozyme and 1 mM phenylmethylsulfonyl fluoride on
ice for 30 min. Cells were sonicated and lysates were treated
with 5 ug/ml DNase I on ice for 30 min. After centrifugation at
27,000 g for 30 min, supernatants were collected and incubated
with the Ni-NTA Agarose beads at 4°C for 4 h.

For FABP-Hisy proteins, beads were washed with buffer A
(20 mM imidazole, 20 mM Tris-HCI, pH 7.4, 200 mM NaCl) and
proteins were eluted with buffer B (500 mM imidazole, 20 mM
Tris-HC, pH 7.4, 200 mM NaCl). Proteins were finally dialyzed
in a buffer containing 20 mM Tris-HCl, pH 7.4, 200 mM NaCl,
and 1 mM DTT overnight at 4°C and stored at -80°C.

For Hisg-EGFP-D4H protein, beads were washed with low
imidazole buffer (40 mM imidazole, 500 mM NaCl, 20 mM
NazPO,, pH 7.4) and the protein was eluted with high imidazole
buffer (500 mM imidazole, 500 mM NaCl, 20 mM NazPO,, pH
7.4). Protein was finally dialyzed in PBS overnight at 4°C and
stored in 10% glycerol at -80°C.

Filipin staining
Cells were fixed with 4% paraformaldehyde (PFA) for 30 min at
room temperature and then incubated with 1xPBS containing 1%
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bovine serum albumin (BSA), 50 pg/ml filipin, and primary
antibodies (1:500) for 2 h at room temperature. After PBS
washes, cells were incubated with secondary antibodies (1:
1,000) containing 50 pg/ml filipin for 1 h at room temperature.

Cholesterol labeling with D4H

For immunostaining analysis, cells were fixed with 4% PFA for
10 min at room temperature and permeabilized in a liquid ni-
trogen bath for 30 s. After blocking with 1% BSA in PBS for 1 h,
cells were incubated with the purified recombinant Hiss-EGFP-
D4H protein (20 pg/ml in 1% BSA) for 2 h. Cells were then washed
twice with PBS, re-fixed with 4% PFA for 10 min, and incubated
with primary and secondary antibodies as described above.

For flow cytometry analysis, cells were trypsinized and incubated
with the purified recombinant Hise-EGFP-D4H protein (20 ug/ml in
1% BSA) for 40 min at 4°C. Cells were then fixed with 4% PFA for
30 min at 4°C, rinsed, and subjected to flow cytometry analysis using
a CytoFlex (BECKMAN COULTER) and FlowJo v10 software.

Immunofluorescence staining of FABP7

Cells on coverslips were permeabilized in a liquid nitrogen bath
for 30 s or 0.005% digitonin diluted in DMEM containing 0.3 M
sucrose for 5 min. After PBS washes, cells were fixed with 4%
PFA for 30 min, permeabilized with 0.2% Triton X-100, blocked
in 1% BSA for 1 h, and incubated with primary and secondary
antibodies as described above. Nuclei were counterstained with
DAPI (1:1,000).

Immunoblotting analysis

Cells were harvested and lysed in the RIPA buffer (50 mM Tris-
HC], pH 8.0, 150 mM NaCl, 2 mM MgCl,, 1.5% NP-40, 0.1% SDS,
and 0.5% sodium deoxycholate) plus protease inhibitors. The
protein concentrations of lysates were quantified using a BCA
kit (23225; Thermo Fisher Scientific). Samples were mixed with
the 4x loading buffer (150 mM Tris-HCl, pH 6.8, 12% SDS, 30%
glycerol, 6% 2-mercaptoethanol and 0.02% bromophenol blue)
and boiled for 10 min at 95°C, or the 4xloading buffer plus the
membrane solubilization buffer (62.5 mM Tris-HCl, pH 6.8, 15%
SDS, 8 M urea, 10% glycerol, and 100 mM DTT) and incubated
for 30 min at 37°C. The equal amounts of samples were subjected
to SDS-PAGE, transferred to PVDF membranes, blocked with 5%
non-fat milk in Tris-buffered saline (TBS) containing 0.1%
Tween 20 (TBST), and incubated with primary antibodies
overnight at 4°C. After TBST washes, blots were incubated with
secondary antibodies (1:5,000) diluted in TBST supplemented
with 5% non-fat milk for 1 h at room temperature. Blots were
developed using a Pierce ECL Plus Western blotting substrate kit
(32132; Thermo Fisher Scientific) and visualized under a Tanon-
5200 chemiluminescent imaging system.

SREBP2 processing assay

Cells were grown in the cholesterol-depleting medium for 16 h
and treated with the indicated concentrations of LDL for 5 h.
Cells were then lysed in RIPA buffer plus protease inhibitors and
subjected to immunoblotting analysis using the anti-SREBP2
antibody. Densitometry of SREBP2 proteins was qualified by
Image] and normalized to that of B-actin.
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Quantitative real-time PCR (qPCR)

RNA was extracted with Trizol Reagent (Sigma-Aldrich) and
reversely transcribed into cDNA using M-MLV Reverse Tran-
scriptase (Promega). QPCR was administered by the Hieff qPCR
SYBR Green Master Mix (Monad) and analyzed on a Bio-Rad
CFX96 apparatus. The RNA expression levels were calculated
using the AACt method.

Liposome preparation

DOPC, DNS-PE, and DHE were solubilized in chloroform. The
donor liposomes (Ld) consisted of 92.5 mol% DOPC, 2.5 mol%
DNS-PE, and 5 mol% DHE (200 uM total lipids for DHE transport
assay and 50 uM total lipids for the dynamic light scattering
assay). The acceptor liposomes (La) consisted of 100 mol% DOPC
(200 M total lipids for DHE transport assay, and 50 uM total
lipids for the dynamic light scattering assay). Cholesterol or 4
mol% of PIP, may be added as indicated, with a corresponding
reduction in DOPC. Lipids were pipetted into a round bottom
flask and dried in a rotary evaporator. Lipid films were re-
suspended and hydrated in HKM buffer (50 mM HEPES, pH 7.2,
120 mM potassium acetate, | mM MgCl,). After 10 freezing-
thawing cycles with liquid nitrogen, suspensions were extruded
through a 100-nm pore polycarbonate filter using a mini-
extruder (Avanti Polar Lipids). Liposomes were stored at 4°C
in the dark and used within 2 d.

DHE transport assay

A total of 560 pl La was mixed with 30 pl of Ld and incubated at
25°C for 3 min. Purified protein (10 ul) was added at a final
concentration of 0.5 WM. DHE transport assay was performed by
monitoring the DNS-PE signal at 525 nm (bandwidth 20 nm)
upon DHE excitation at 310 nm (bandwidth 10 nm). The de-
crease in FRET signal between DHE and DNS-PE on Ld was
converted into the amount of DHE (in uM) transferred from Ld
to La using the formula 10 * [(F-Fo)/(Fmax - Fo)], where Fp,x and
F represent signals before and after the addition of proteins,
respectively, and F, represents the signal measured with lipo-
somes containing DOPC and DNS-PE only. Measurements were
obtained in a PerkinElmer LS55 fluorimeter equipped with a
cylindrical quartz cuvette.

Preparation of FABP7 protein for crystallography study

The purified FABP7 was diluted to 35 ml with 10 mM Tris (pH
8.0). The diluted protein was delipidated by extracting 35 ml of
protein solution three times with 14 ml of diisopropyl ether:
n-butanol (3:2) for 30 min with gentle shaking. The protein was
concentrated to 1 ml in 10 mM Tris (pH 8.0) and was then dis-
solved in the 7 M guanidine HCl solution (7 M Guanidine, 10 mM
sodium acetate, 10 mM EDTA, pH 4.2) at room temperature
overnight. The dissolved protein was refolded by rapid dilution
in 100 mM Tris (pH 8.0), 2 mM EDTA, 400 mM L-Arginine HC,
5 mM reduced glutathione, and 0.5 mM oxidized glutathione for
48 h at 4°C. For cholesterol or 25-HC bound FABP7, 10 mM
cholesterol or 25-HC was added during the refolding. The re-
folded mixture was dialyzed for 12 h against 20 volumes of
10 mM Tris (pH 8.0). The dialyzed protein was purified by the
Ni-NTA Agarose as described above.
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Crystallization and x-ray data collection

The dialyzed protein was concentrated at 10 mg/ml for crys-
tallization. Crystals were obtained at 4°C using the sitting-drop
vapor-diffusion method from 0.1 M Bis-Tris (pH 5.5), 25% (wt/
vol) PEG 3350. Before data collection, the crystals were trans-
ferred into the crystallization buffer containing 20% (wt/vol)
glycerol and flash-cooled in liquid nitrogen. The diffraction data
sets were collected at Shanghai Synchrotron Radiation Facility
on the beam line BL17U1/BL18U1/BL19U1. Diffraction data were
processed with the program iMosflm 6 (Battye et al., 2011) and
scaled by Aimless Pointless in the CCP4 software suite 7 (Winn
et al,, 2011). The structures were determined by molecular re-
placement using the program PHASER, and the structure of
FABP7 (PDB code: 5URA) was used as a search model (McCoy
et al., 2007). The models from the molecular replacement were
built with the program COOT (Emsley and Cowtan, 2004) and
subsequently subjected to refinement by the program PHE-
NIX.refine (Adams et al., 2002). Data collection, processing, and
refinement statistics are summarized in Table S1. For apo
structure and cholesterol-bound structure, one asymmetric unit
contains one copy of the molecule and two copies for 25-HC
bound structure. All structure figures were prepared using
PyMOL.

Dynamic light scattering

All the experiments were performed at 25°C in a Zetasizer Nano
ZSP (Malvern Instruments) equipped with a 633-nm He-Ne
laser and operated at an angle of 173°. The sample in HKM buffer
initially contained donor and acceptor liposomes. A first set of
about 12 autocorrelation curves was acquired to assess the size
distribution of the initial liposome suspension. Protein was then
added manually and mixed thoroughly, and the kinetics of ag-
gregation was followed by acquiring one autocorrelation curve
every 10 s. The data were analyzed by the Zetasizer v7.11 soft-
ware (Malvern Instruments) by fitting the autocorrelation
functions with the assumption that the size distribution is a
simple Gaussian function, thus giving an average radius.

Radiolabeled ligand binding assay

The cholesterol-binding assay was performed as previously de-
scribed (Winkler et al., 2019) with slight modifications as fol-
lows. In brief, 150 nM of delipidated human His-tagged FABP7
proteins was incubated with 3H-cholesterol premixed with un-
labeled cholesterol in the 1:4 ratio to a final concentration of 125,
250, 500, 750, 1,000, 1,250, 1,500, 1,750, and 2,000 nM in a
binding buffer (20 mM Tris-HCl, pH 7.4, and 200 mM NaCl)
containing 0.004% Triton X-100. For analysis of FABP7 mutants
and FABP family proteins binding with cholesterol or oleic acid,
150 nM of proteins was incubated with 3H-ligand premixed with
unlabeled ligands (1:4) to a final concentration of 1.5 uM. Control
was made for each of the above-stated concentrations in the
absence of protein. The values obtained in the control were later
subtracted from the measurements with protein present. Each
reaction was adjusted to 200 pl with binding buffer plus 0.05%
CHAPS and gently vortexed and incubated at 25°C for 3 h. The
nickel beads were then washed in binding buffer plus 0.05%
CHAPS, and 40 pl nickel beads were transferred to each reaction
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with 400 pl buffer above mentioned. After incubation at 25°C
for 1 h with constant mixing, the beads were pelleted by cen-
trifuge at 1,000 g for 5 min and washed four times with 1 ml of
binding buffer plus 0.05% CHAPS. After the last wash, the beads
were collected by centrifugation at 1,000 g for 1 min and the
proteins were eluted with 500 ul elution buffer (20 mM Tris-
HCI, pH 7.4, 200 mM NaCl, 300 mM imidazole) and quantified
by liquid scintillation counting. In each experiment, all tubes
received the same amounts of ethanol.

Radiolabeled sterol competition assay

The competition assays were performed similarly to the radio-
labeled ligand binding assay. In brief, 150 nM of delipidated human
His-tagged FABP7 proteins was incubated with 3H-cholesterol pre-
mixed with unlabeled cholesterol in the 1:4 ratio to a final con-
centration of 1.5 uM. The competitors, such as 7.5 M (5x) of either
unlabeled cholesterol or fatty acids, and 3.75 uM (2.5x), 7.5 uM (5x)
or 15 uM (10x) of either unlabeled cholesterol or oleic acid, were
solubilized in ethanol and diluted into separate tubes with a
binding buffer containing 0.004% Triton X-100. All tubes were
added ethanol to ensure the same total amounts of ethanol.

Cell surface biotinylation assay

Cells were rinsed twice with ice-cold PBS and incubated with
1 mg/ml EZ-Link Sulfo-NHS-LC-Biotin in PBS for 30 min at 4°C.
At the end of the labeling reaction, 100 mM glycine was added
and incubated for 10 min at 4°C. Three washes with glycine were
performed to quench the excess biotin completely. Cells were then
washed with PBS and lysed in lysis buffer (50 mM HEPES,
150 mM NaCl, 1% NP-40, pH 7.4) plus protease inhibitors. One-
fifth of the cell lysates was saved and the rest was incubated with
Neutravidin agarose beads for 2 h at 4°C to pull down biotinylated
cell surface proteins. After incubation, beads were washed five
times with lysis buffer. Beads were mixed with the 1x loading
buffer containing a final concentration of 2 mM biotin and 20 mM
DTT and boiled for 10 min at 95°C. Both the samples representing
total and surface protein were analyzed by immunoblotting.

Lysosome purification

The purification of lysosome was performed by using lysosome
isolation kits (LYSISOL; Sigma-Aldrich) according to the manu-
facturer’s instructions. In brief, cells were homogenized in ex-
traction buffer and spun down serially at 1,000 g for 10 min and
20,000 g for 20 min. Then, the pellets were suspended in ex-
traction buffer and placed on 8%, 12%, 16%, 19%, 22.5%, and 27%
(vol/vol) iodixanol gradients and then centrifuged at 150,000 g
for 4 h. Fractions were collected from the top to the bottom and
the purest lysosomes were pooled together to extract lipids for
measuring the level of cholesterol. Organelle purity was assessed
by examining for the presence of organelle-specific markers in
all components of equal volumes.

Lysosomal cholesterol measurement

The lysosomal cholesterol was extracted with chloroform-
methanol (2:1). The organic phase was dried under nitrogen and
dissolved with ethanol. Free lysosomal cholesterol was mea-
sured with an Amplex Red Cholesterol Assay Kit (A12216;
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Invitrogen). In brief, the lipids were incubated with the Amplex
Red reagent/HRP/cholesterol oxidase working solution accord-
ing to the manufacturer’s instructions at 37°C for 45 min. The
fluorescence in a fluorescence microplate reader was detected
with excitation at 545 nm and emission at 590 nm.

LysoSensor staining

Cells were plated in a 35-mm glass bottom dish. LysoSensor
Green DND-189 at a final concentration of 1 pM was added to the
cell culture medium and incubated at 37°C for 1 h. After two
washes with PBS, the medium was replaced, and cells were
subjected for live-cell imaging. The fluorescence intensity of
LysoSensor was quantified by Fiji Image ] software.

Microscope image acquisition

Immunofluorescence images were acquired under a Leica Bio-
systems SP8 laser-scanning confocal microscope equipped with
405, 488, and 552 nm lasers, 63x/1.3 oil objective, and HyD and
PMT detectors at room temperature. Images were exported with
LAS X software (Leica) under identical settings.

Quantification and analysis of immunofluorescent images

The immunofluorescence intensity of filipin, EGFP-D4H, Dil-
LDL, and LysoSensor Green was measured using Fiji Image]
software. The relative immunofluorescence intensities were
defined as the ratios of mean values of individual intensities in
experimental conditions normalized to those of control groups.
Colocalization coefficients were determined using the Coloc 2
plugin of Fiji Image] as an index for the ratio of colocalization
between FABP7 and organelle markers to the number of FABP7.

Statistical analysis

Data were analyzed using the GraphPad Prism 8 software. All
the data were first analyzed for normality using the Shapiro-
Wilk test. The normally distributed data are presented as mean +
SEM, and Student’s unpaired two-sided t test was used for
comparison between the two groups. The Welch’s correction
was applied if the homogeneity of variances was violated. The
non-normally distributed data are presented as median with
interquartile range, and Mann-Whitney U test was used. Sample
sizes, statistical tests, and P values (unless <0.0001) for each
experiment are stated in the relevant figures and figure legends.

Online supplemental material

Fig. S1 shows the subcellular localization of FABP7 and charac-
terization of FABP7 knockdown and knockout in cultured cells.
Fig. S2 shows that LDLR-mediated LDL uptake provides cho-
lesterol for FABP7-mediated transport. Fig. S3 shows the crystal
structure of apo and ligand-binding FABP7. Fig. S4 shows cho-
lesterol accumulation in the cells lacking FABP3 or FABPS. Fig.
S5 shows that PIP, does not enhance DHE transport by FABPs.
Table S1 shows data collection and refinement statistics. Table
S2 shows the full sequences of oligos used in this study.

Data availability
The data that support the findings of this study are available
within the paper and its supplementary files. Source data used to
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generate figures containing Western blots have been provided in
this study. The atomic coordinates and structure factors for the
reported crystal structures have been deposited in the PDB with
the accession codes 6L90 (FABP7 apo), S8IVL (FABP7_Cho), and
8IVF (FABP7_25-HC).
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Figure S1. The subcellular localization of FABP7 and characterization of FABP7 knockdown and knockout in cultured cells. (A) SV589 cells infected
with lentivirus expressing FABP7-Flag were permeabilized without (-) or with (+) 0.005% digitonin (Dig) diluted in DMEM containing 0.3 M sucrose for 5 min
before fixation with 4% PFA for 30 min at room temperature. Boxed areas are shown at a higher magnification on the right. Scale bars, 10 um (main), 1 pm
(inset). (B) Cells were permeabilized in a liquid nitrogen bath (N,) for 30 s before fixation and immunostained with anti-Flag and anti-EEAL antibodies, or
permeabilized with digitonin (Dig) as described above and immunostained with anti-Flag antibody and other organelle markers. Boxed areas are shown at a
higher magnification on the right. Scale bars, 10 um (main), 1 um (inset). (C) Quantification of FABP7 colocalization with organelle-specific markers. Data are
presented as mean + SEM (n = 80 cells from three independent experiments). (D and E) Knockdown efficiency of FABP7 in SV589 fibroblasts (D) and U251 cells
(E). Indicated cells were transfected with the indicated siRNAs for 48 h and harvested for quantitative PCR (QPCR). The mRNA abundance of indicated cells
transfected with scrambled control siRNA (NC, negative control) is defined as 1 and used as the reference for comparison. Data are presented as mean + SEM
(from three biological replicates). (F) Cartoon showing that the exon (E) 2 of the human FABP7 gene was edited by Cas9/sgRNA. Two targeting sequences are in
magenta and the protospacer-adjacent motifs are in green. (G) Sanger sequencing of two lines of FABP7 KO cells. (H) WT and FABP7 KO2 cells were harvested,
and lysosomes were purified and subjected to immunoblotting analysis. Related to Fig. 1 G. Source data are available for this figure: SourceData FS1.
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Figure S2. LDLR-mediated LDL uptake provides cholesterol for FABP7-mediated transport. (A and B) Two lines of FABP7 KO cells (FABP7 KO1 and FABP7
K02) were transfected with the indicated siRNAs for 48 h and harvested for gPCR (A) and immunoblotting (B) to determine the knockdown efficiency of LDLR
gene and the resultant reduction in LDLR protein, respectively. The mRNA abundance of indicated cells transfected with scrambled control siRNA (NC, negative
control) is defined as 1 and used as the reference for comparison. Data are presented as mean + SEM (from three biological replicates). (C and D) Two lines of
FABP7 KO cells (FABP7 KO1 and FABP7 KO2) were transfected with the indicated siRNAs for 48 h transfection, fixed, and stained with filipin (magenta) and the
anti-LAMP1 antibody (green). Boxed areas are shown at a higher magnification on the right. Scale bars, 10 um (main), 1 um (inset). NC, negative control.
Relative fluorescence intensity of filipin in C was quantified by Image) and shown in D. The filipin fluorescence intensity of indicated cells transfected with
scrambled control siRNA (NC, negative control) is defined as 1 and used as the reference for comparison. Data are presented as median with interquartile range
(n = 575 cells from three independent experiments). Mann-Whitney U test. (E) SV589 fibroblasts were infected with lentivirus expressing indicated shRNAs
and harvested for surface biotinylation assay. Ponceau S staining indicates equal amounts of samples were loaded. (F) WT and FABP7 KO2 cells were washed
with PBS and incubated in lipoprotein-deficient medium (5% lipoprotein-deficient serum) supplemented with 10 pg/ml Dil-labeled LDL for the indicated time
point. Scale bars, 10 um. (G) Quantification of relative fluorescence intensity of the internalized Dil-LDL in F. The Dil-LDL fluorescence intensity of wild-type
(WT) cells incubated with LDL for 0.5 h is defined as 1and used as the reference for comparison. Data are presented as median with interquartile range (n = 497
cells from three independent experiments). Mann-Whitney U test. (H) WT and FABP7 KO2 cells were subjected to LysoSensor Green staining to assess ly-
sosomal acidity. Scale bars, 10 um. (1) Quantification of LysoSensor fluorescence intensity in H. The LysoSensor fluorescence intensity of wild-type (WT) cells is
defined as 1 and used as the reference for comparison. Data are presented as median with interquartile range (n = 366 cells from three independent ex-
periments). Mann-Whitney U test. Source data are available for this figure: SourceData FS2.
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Figure S3. Crystal structure of apo and ligand-binding FABP7. (A-C) The 2Fo-Fc electron density map showing FABP7 with water and cholesterol and 25-
HC as the ligand. (D) Detailed view of FABP7 interacting with 25-HC (light orange sticks). Hydrogen bonds formed between FABP7 and the hydroxyl group of
25-HC are denoted by red dashed lines. The hydrophobic interactions between FABP7 F58 and 25-HC are shown by black dashed lines. Key residues for 25-HC
binding are indicated.
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Figure S4. Cholesterol accumulation in the cells lacking FABP3 or FABPS. (A) Knockdown efficiency of human FABP7 family members determined by
qPCR. Related to Fig. 7 A. The mRNA abundance of indicated cells infected with lentivirus expressing scrambled control shRNA (NC, negative control) is defined
as 1 and used as the reference for comparison. Data are presented as mean + SEM (from three biological replicates). (B-D) U251 cells were infected with
lentivirus expressing the indicated shRNAs and harvested. (B) Knockdown efficiency of FABP3 and FABP8 determined by qPCR. The mRNA abundance of
indicated cells infected with lentivirus expressing scrambled control shRNA (NC, negative control) is defined as 1 and used as the reference for comparison.
Data are presented as mean + SEM analysis (from three biological replicates). (C) U251 cells were fixed and stained with filipin (magenta) and the anti-LAMP1
antibody (green). Boxed areas are shown at a higher magnification on the bottom. Scale bars, 10 um (main), 1 um (inset). (D) Quantification of relative
fluorescence intensity of filipin in C. The filipin fluorescence intensity of cells infected with lentivirus expressing scrambled control shRNA (NC, negative
control) is defined as 1 and used as the reference for comparison. Data are presented as median with interquartile range (n = 361 cells from three independent
experiments). Mann-Whitney U test. (E-H) MA10 cells were infected with lentivirus expressing the indicated shRNAs and harvested. NC, negative control.
(E and F) Immunoblotting analysis showing Fabp3 or Fabp8 knockdown MA10 cells. (G) MA10 cells were fixed and stained with filipin (magenta). Scale bars, 10
um. (H) Quantification of relative fluorescence intensity of filipin in G. The filipin fluorescence intensity of cells infected with lentivirus expressing scrambled
control shRNA (NC, negative control) is defined as 1 and used as the reference for comparison. Data are presented as median with interquartile range (n = 749
cells from three independent experiments). Mann-Whitney U test. (I) SV589 cells were infected with lentivirus expressing the indicated shRNAs, washed with
PBS and incubated in lipoprotein-deficient medium (5% lipoprotein-deficient serum) supplemented with 10 pg/ml Dil-labeled LDL for indicated time point. NC,
negative control. Scale bars, 10 um. (J) Quantification of relative fluorescence intensity of the internalized Dil-LDL in I. The Dil-LDL fluorescence intensity of
cells infected with lentivirus expressing scrambled control shRNA (NC, negative control) and incubated with LDL for 0.5 h is defined as 1 and used as the
reference for comparison. Data are presented as median with interquartile range (n = 828 cells from three independent experiments). Mann-Whitney U test.
(K) SV589 cells were infected with lentivirus expressing the indicated shRNAs, and subjected to LysoSensor Green staining. NC, negative control.
(L) Quantification of LysoSensor fluorescence intensity in K. The LysoSensor fluorescence intensity of cells infected with lentivirus expressing scrambled
control shRNA (NC, negative control) is defined as 1 and used as the reference for comparison. Data are presented as median with interquartile range
(n = 413 cells from three independent experiments). Mann-Whitney U test. ns, no significance. (M) Sequence alignments of FABP7, 3, and 8. The residues
conserved in all three FABPs are in shadow. The residues critical for cholesterol binding and transport are in yellow. The residues involved in cholesterol
binding and transport but not conserved are circled in the blue box. h, human. Source data are available for this figure: SourceData FS4.
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Figure S5. PIP, does not enhance DHE transport by FABPs. (A-F) The effects of PIP, species in the acceptor liposome (La) on DHE transport by FABP3 (A
and B), FABP7 (C and D), or FABP8 (E and F). Arrow indicates when proteins were added. Initial transport rates were quantified in B, D, and F. Data are
presented as mean + SEM (from three independent experiments). Student’s unpaired two-tailed t test. Compared with initial transport rates of DHE by
indicated FABP proteins using the acceptor liposome without PIP,. (G-L) The effects of PIP, species in the donor liposome (Ld) on DHE transport by FABP3 (G
and H), FABP7 (I and J), or FABP8 (K and L). Arrow indicates when proteins were added. Initial transport rates were quantified in H, J, and L. Data are presented
as mean + SEM (from three independent experiments). Student’s unpaired two-tailed t test. Compared with initial transport rates of DHE by indicated FABP
proteins using the donor liposome without PIP,.
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Provided online are Table S1 and Table S2. Table S1 shows data collection and refinement statistics. Table S2 shows the full
sequences of oligos used in this study.
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