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Introduction

Autophagy is an intracellular self-digesting process that promotes
degradation of damaged cellular organelles through trafficking to
the lysosome (1). Three different forms of autophagy have been
identified: macroautophagy, microautophagy, and chaperone-
mediated autophagy. This study focuses on the role of macrophage
scavenger receptor class B type I (SR-BI) in macroautophagy (here-
after, autophagy). Growing evidence demonstrates that autophagy
is stimulated in human and mouse atherosclerotic lesions, and sev-
eral environmental and intracellular factors have been identified as
autophagy inducers in macrophages, including oxidized lipids, free
cholesterol (FC), and inflammatory factors (2-4). Impairment of
autophagy results in enhanced macrophage ER stress, inflamma-
tion, and death (3, 4). More recently, macrophage autophagy has
been shown to be induced with cholesteryl ester (CE) loading and
formation of cytoplasmic lipid inclusions (5, 6). In addition, a major
portion of the FC that is made available for efflux is provided from
CE being trafficked in autophagosomes to lysosomes for hydroly-
sis by acid lipase, as opposed to hydrolysis by neutral cholesterol
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Autophagy modulates lipid turnover, cell survival, inflammation, and atherogenesis. Scavenger receptor class B type |
(SR-BI) plays a crucial role in lysosome function. Here, we demonstrate that SR-BI regulates autophagy in atherosclerosis.
SR-BI deletion attenuated lipid-induced expression of autophagy mediators in macrophages and atherosclerotic aortas.
Consequently, SR-BI deletion resulted in 1.8- and 2.5-fold increases in foam cell formation and apoptosis, respectively, and
increased oxidized LDL-induced inflammatory cytokine expression. Pharmacological activation of autophagy failed to reduce
lipid content or apoptosis in Sr-b77/- macrophages. SR-BI deletion reduced both basal and inducible levels of transcription
factor EB (TFEB), a master regulator of autophagy, causing decreased expression of autophagy genes encoding VPS34 and
Beclin-1. Notably, SR-BI regulated Tfeb expression by enhancing PPARa activation. Moreover, intracellular macrophage
SR-Bl localized to autophagosomes, where it formed cholesterol domains resulting in enhanced association of Barkor and
recruitment of the VPS34-Beclin-1 complex. Thus, SR-BI deficiency led to lower VPS34 activity in macrophages and in
atherosclerotic aortic tissues. Overexpression of Tfeb or Vps34 rescued the defective autophagy in Sr-b7/- macrophages.
Taken together, our results show that macrophage SR-BI regulates autophagy via Tfeb expression and recruitment of the
VPS34-Beclin-1 complex, thus identifying previously unrecognized roles for SR-BI and potentially novel targets for the

esterase (6). Thus, induction of lesion cell autophagy likely reduces
atherosclerosis development by reducing foam cell formation, cell
death, and inflammation (2, 7). However, little is known about the
exact mechanisms by which autophagy is regulated in macrophage
foam cells and thus influences atherogenesis.

Autophagy processing consists of initiation (the formation of
the phagophore), elongation, autophagosome closure, and autol-
ysosome maturation, which are executed by autophagy-related
genes (Atgs) and their proteins (8). During cell stress, mTOR
inhibition releases the unc-51-like kinase complex (ATG1/ULK1-
ATG13-ATG17) to associate with domains of damaged organelles,
which leads to recruitment of the class III PI3 kinase complex
(VPS34), composed of VPS15 (p150), Barkor (Beclin-1-associated
autophagy-related key regulator, also known as ATG14L), and
Beclin-1(9,10). VPS34 forms a complex with its regulator Beclin-1,
and the VPS34-Beclin-1 complex associates with the forming auto-
phagosome membrane by binding with Barkor, which preferen-
tially interacts with highly curved membranes (11, 12). Interaction
of Bif-1 with the VPS34 complex induces phosphatidylinositol-
3-phosphate [PtdIns(3)P] production, which recruits other effec-
tors critical to elongation and closure of autophagosomes (13).
Formation of autophagosomes and fusion with lysosomes is
accelerated by a number of factors including the immunity-
related GTPase M1 (IRGM1) and the small GTPase proteins, Rab5
and Rab7 (14-17). In addition, mTOR inhibition increases nuclear
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translocation of transcription factor EB (TFEB), the master tran-
scriptional regulator of genes controlling lysosome biogenesis and
autophagy (10, 18, 19). Although these general mechanisms are
established, the details of how specific materials are targeted to
the autophagy pathway for lysosome degradation have only been
identified for a few ligands.

Alterations in SR-BI influence atherosclerotic lesion develop-
ment (20, 21), and SR-BI functions as a bidirectional transporter of
cholesterol and lipids in the reverse cholesterol transport pathway.
However, new biological functions for SR-BI are emerging, includ-
ing its role as a critical factor in adaptive and innate immunity
(22). Clinical studies have identified single-nucleotide polymor-
phisms (SNPs) in conserved regions of the extracellular domain
of SR-BI in humans that are associated with reduced macrophage
cholesterol efflux, impaired platelet function, and risk of coronary
artery disease (23-26). Deletion of SR-BI in macrophages acceler-
ates atherosclerosis in both low-density lipoprotein receptor-null
(Ldlr”") and apolipoprotein E-null (Apoe”") mice, independent of
its role as HDL’s receptor in the liver (20, 27). Sr-bI7~ versus WT
macrophages in atherosclerotic lesions exhibit increased apopto-
sis susceptibility, and Sr-b17- cells are proinflammatory compared
with WT macrophages (28).

Several lines of evidence suggest the possibility that SR-BI
enhances autophagy. Previously, we reported that deletion of
macrophage SR-Bl results in FC-engorged lysosomes and extreme
accumulation of cytoplasmic lipid droplets, with 97% of the cyto-
plasm occupied by lipid (29). In addition, SR-BI deficiency caused
a failure of erythrocyte maturation in mice due to cholesterol accu-
mulation and defective lysosome function (30). Recent studies
showed that SR-BI induces autophagy in the setting of infection
by forming cholesterol domains (31). Therefore, we examined
the role of macrophage SR-BI in autophagy in the settings of ER
stress and foam cell formation. We demonstrate that macrophage
SR-BI deficiency results in impaired autophagy in response to
ER stress induced by starvation, oxidized LDL (oxLDL), and FC
enrichment, resulting in increased inflammation and cell death.
In addition, oxLDL treatment resulted in more cytoplasmic lipid
droplets in Sr-b17~ versus WT cells. Our results demonstrate that
SR-BI deletion reduces expression of key autophagy genes encod-
ing proteins of the VPS34 complex and the master autophagy gene
transcription factor, TFEB, by decreasing activation of PPARa
in response to ER stress. In addition, SR-BI enhances autophagy
via the VPS34 complex by increasing Barkor binding to SR-BI-
associated cholesterol domains. Thus, our studies identify what
we believe are novel functions of SR-BI in macrophage autophagy.

Results

Effects of SR-BI deficiency on macrophage autophagy in response to
stress. We first examined the impact of SR-BI loss of function on
autophagy by quantifying the protein levels (Western blotting)
of VPS34, Beclin-1, and LC3II in response to different ER stress-
ors, including serum starvation and oxLDL (Figure 1, A and B).
Studies have shown that FC enrichment of macrophages induc-
es ER stress, and we also examined the effects of FC loading by
incubating WT and Sr-bI7- macrophages with acetylated LDL in
the presence the acyl-CoA cholesterol acyltransferase (ACAT)
inhibitor Sandoz 58035 (Figure 1C). Basal levels of autophagy
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proteins were determined in control macrophages incubated
with DMEM containing 10% FBS. After serum starvation (Fig-
ure 1A) and treatment with oxLDL or FC (Figure 1, B and C),
VPS34 and Beclin-1 protein levels were increased 2.1- to 2.2-fold
and 1.8-to 2.5-fold, respectively, in macrophages from WT mice.
In contrast, minimal changes in VPS34 and Beclin-1 protein
levels were found in Sr-b17- macrophages in response to the 3
stress conditions. Examination of the basal levels of VPS34 and
Beclin-lintriplicate (Supplemental Figure 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI94229DS1) shows that Sr-b17-macrophageshad slightlylower
levels of both proteins. In addition, we examined the effects of
rapamycin, an inhibitor of the mTOR pathway, on induction of
autophagy. Rapamycin treatment markedly increased VPS34
and Beclin-1 protein levels in WT compared with Sr-b17- mac-
rophages (Figure 1D). Rapamycin effectively inhibited mTOR in
both cell types, as demonstrated by the decreased phosphorylat-
ed mTOR (Figure 1D). Most importantly, LC3II protein levels,
which can be used as a measure of autophagosome formation,
were greatly increased in WT (2.1- to 3.1-fold) versus Sr-b17/-
(1.1- to 1.3-fold) macrophages after starvation, oxLDL, FC, and
rapamycin treatment (Figure 1, A-D). The basal levels of LC3II
on average were reduced by 30% in Sr-b17~ versus WT macro-
phages (Supplemental Figure 1). The impaired autophagy in
Sr-bI7- macrophages was not the result of a decreased ER stress
response, as the levels of CHOP and calnexin were increased in
Sr-b17- versus WT macrophages during starvation, oxLDL, and
FC treatments, where, under the same conditions, the WT mac-
rophages contained much higher LC3II levels (Supplemental
Figure 2). To investigate the effects of SR-BI deletion on autoph-
agy gene expression, the mRNA levels of key autophagy factors
were measured by real-time PCR. In response to FC enrichment
(Figure 2), the expression levels of many autophagy/lysosome
genes, including mRNAs encoding ATG5, VPS34, Beclin-1,
ATG?7, LC3, IRGM1, Rab5, Rab7, and Rab7 were increased in
WT macrophages. Importantly, the expression of the major
transcription regulator of lysosome/autophagy gene expression,
TFEB, was also increased in WT macrophages. In contrast, the
expression of the same genes was not enhanced in Sr-bI7~ mac-
rophages in response to FC loading. In addition, incubation with
rapamycin to inhibit mTOR, which controls TFEB phosphory-
lation, resulted in markedly increased mRNA levels for VPS34,
Rab7, LC3, and TFEB in WT macrophages, but expression of the
same genes was minimally increased in Sr-b17~ macrophages
(Supplemental Figure 3). These results suggest that SR-BI likely
regulates autophagy at the transcriptional level. Consistent with
this concept, transfection of both WT and Sr-b17- macrophages
with Sr-b1, followed by enrichment in FC, resulted in increased
levels of mRNAs encoding ATG5, VPS34, ATG7, Beclin-1, LC3,
Rab7, and TFEB (Figure 3). Transfection with Sr-b1 resulted in
similar Sr-b1 mRNA levels in WT and Sr-b17- macrophages, pro-
moting similar levels of expression of these autophagy genes
in both cell types (Figure 3). Formation of autophagosomes is
a critical marker of autophagy. Immunofluorescence and elec-
tron microscopic analyses confirmed enhanced autophagosome
formation in WT compared with Sr-b17- macrophages. Analysis
of the number of fluorescent LC3II-positive vacuoles revealed
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Figure 1. The effects of macrophage SR-BI deficiency on autophagy. (A-D) WT and Sr-b7”/- mac-
rophages were exposed to different levels of starvation (A), oxidized LDL (B), free cholesterol (FC)
enrichment (C), or rapamycin (D). (A) For starvation, the cells were incubated for 12 or 24 hours in
DMEM without serum. (B) Cells were incubated for 24 hours in DMEM containing 50 or 100 pg/mL
oxidized LDL. (C) Cells were incubated for 24 hours in DMEM containing 50 or 100 pg/mL acetylated
LDL and 5 ug/mL Sandoz 58035 (ACAT inhibitor). (D) Cells were incubated for 24 hours with 150 or
300 nM rapamycin. In A-D, also shown are basal levels for cells that were incubated for 24 hours
with DMEM containing 10% FBS. The levels of VPS34, Beclin-1, and LC31l were analyzed by Western
blotting and dot quantitation. The blots are representative, and the numbers are the mean of 3
experiments, in which the values are normalized to either basal WT (green, regular font) or basal

Sr-b17- levels (red, italic font).

that, compared with WT macrophages, Sr-b17- macrophages
contained 66.7% fewer autophagosomes in response to FC
enrichment (Figure 4, A and B). In addition, electron micro-
scopic analysis showed that FC treatment resulted in 80 % fewer
(P < 0.05) autophagosomes in Sr-b17- versus WT macrophages
(Figure 4, C and D). Taken together, these data demonstrate that
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SR-BI deletion leads to impaired auto-
phagy in macrophages.

Effects of hematopoietic cell SR-BI dele-
tion on autophagy in atherosclerotic lesions
in Ldlr” mice. Previous studies have shown
that autophagy is critical to atherosclerotic
lesion formation in humans and experi-
mental mouse models (3, 32). Therefore,
we examined the effects of hematopoietic
cell SR-BI deletion on atherosclerotic
lesion autophagy. To examine the effects
of SR-BI deletion on expression of criti-
cal autophagy players in the aortic arch,
Ldlr’- mice were transplanted with bone
marrow (BM) from WT or Sr-bI7- mice and
fed either a chow or Western-type diet for
16 weeks. In Ldlr/- mice fed a chow diet,
which does not induce significant athero-
sclerosis development, SR-BI deletion did
not cause changes in the expression levels
of autophagy genes in the aortic arch tis-
sue (Figure 5A). In Ldlr’- mice transplant-
ed with WT BM and fed a Western diet for
16 weeks, the expression levels of critical
genes encoding proteins involved in auto-
phagosome formation and trafficking,
including ATGS5, VPS34, Beclin-1, ATG7,
LC3, Rab5, Rab9, and Rab7, were increased
in aortic arch tissue containing atheroscle-
rotic lesions compared with tissue devoid
of atherosclerosis (Figure 5A). In contrast,
atherosclerosis development failed to
impact the expression of critical autophagy
genes in the aortic arches of Ldlr/- mice
receiving Sr-b17~ BM. Most interestingly,
the expression of Tfeb, which is a master
transcription factor of autophagy and lyso-
some genes, was also increased (mRNA)
in atherosclerotic aortic arch tissue con-
taining WT versus Sr-b17~ macrophages
(Figure 5A). Moreover, the expression of
mRNA encoding ATG1, which is part of the
unc-51-like kinase complex that is released
upon mTOR inhibition, was not induced by
atherosclerosis development in Ldlr”- mice
receiving WT BM. We next examined the
impact of SR-BI deficiency on advanced
atherosclerotic lesion Beclin-1 protein
levels by immunostaining the proximal
aortic sections from Ldlr”- mice that were
reconstituted with WT, Sr-b17-, Apoe”, and

Apoe”~Sr-bl7- double-knockout (DKO) BM and fed a Western diet
for 16 weeks (Figure 5, B and C). Compared with atherosclerotic
lesions containing WT or Apoe”- cells, Beclin-1 expression was
reduced by 58% and 78% in lesions containing Sr-b17~ and DKO
cells, respectively. We previously published that the extent of
proximal aortic atherosclerosis in these Ldlr7~ mice transplant-
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tent with autophagy being impaired in Sr-b17~ cells, rapamycin
treatment reduced the number of lipid droplets in WT mac-
rophages by 51% but had no effect in Sr-b17- macrophages.
In addition, Oil Red O staining of neutral lipids showed that
Sr-b17- macrophages had a 1.6-fold increase in neutral lipid
in the presence of oxLDL compared with WT macrophages
(Supplemental Figure 4, C and D), and rapamycin treatment
markedly reduced the neutral lipid accumulation in WT mac-
rophages but had no effect in Sr-b17- macrophages. Measure-
ment of cellular cholesterol confirmed that WT macrophages
accumulated less cholesterol compared with Sr-b17- mac-
rophages (Supplemental Figure 4E), and that induction of
autophagy significantly reduced the cholesterol content of
WT macrophages but did not change the cholesterol content
of Sr-bI7~ macrophages. OxLDL promotes ER stress leading
to apoptosis, and induction of autophagy alleviates ER stress
promoting cell survival (33). Examination of oxLDL-induced
apoptosis, as detected by annexin V staining, demonstrated a
36% increase of apoptosis in Sr-b17- compared with WT mac-
rophages (Supplemental Figure 5, A and B). Most importantly,
induction of autophagy with rapamycin reduced WT apopto-

:
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Figure 2. The effects of free cholesterol (FC) enrichment on mRNA levels of

autophagy players in WT versus Sr-b7/- macrophages. Macrophages were
enriched in FC by incubation for 24 hours in DMEM containing 100 pg/mL

acetylated LDL and 5 pg/mL Sandoz 58035. The mRNA levels for key autophagy
proteins were then measured by real-time PCR in WT and Sr-b77/- macrophages
with or without FC enrichment, including ATG1, ATG5, VPS34, Beclin-1, ATG7,
LC3, IRGM-1, Rab5, Rab7, Rab9, and TFEB. The data are expressed as mean +
SEM from 3 independent experiments (n = 3 per group). *P < 0.05, **P < 0.01 by

1-way ANOVA with Bonferroni’s post hoc test.

ed with WT, Sr-b17-, Apoe”~, and DKO was 76.7, 192, 196, and
385 x 10% um?, respectively, suggesting that the effects of SR-BI
deficiency on autophagy impact moderate and late-stage athero-
sclerosis (28). Importantly, examination of the number of LC3II-
positive puncta in aortic root sections of Apoe”~ mice fed a West-
ern diet for 8 weeks showed that the number of autophagosomes
was reduced by 77% in early atherosclerotic lesions containing
DKO versus Apoe”~ cells (Figure 5, D and E). Taken together,
these data demonstrate that hematopoietic cell SR-BI deficiency
impairs autophagy in atherosclerotic lesions and suggests that the
defective autophagy accelerates atherosclerosis.

SR-BI regulation of cytoplasmic lipid droplet turnover, apoptosis,
and inflammation. Recent studies demonstrated that in macro-
phages, cytoplasmic CE is mobilized to lysosomes via autophagy
for hydrolysis to FC and release from the cell (6). Therefore, we
examined the accumulation of perilipin 2-positive lipid drop-
lets in WT and Sr-b17~ macrophages treated with control DMEM
alone, oxLDL, or oxLDL plus 300 nM rapamycin to enhance
autophagy (Supplemental Figure 4, A and B). Compared with WT
macrophages, Sr-b17- macrophages had a 1.8-fold increase in per-
ilipin 2-positive lipid droplets (Supplemental Figure 4B). Consis-

sis by 68% but had no effect on apoptosis in Sr-b17- macro-
phages. Next, we tested the effects of SR-BI-mediated auto-
phagy in regulation of the inflammatory response to oxLDL
(Supplemental Figure 5, C and E). Compared with WT, Sr-b17
macrophages expressed 5.8-fold, 1.7-fold, and 1.9-fold more
IL-1B, IL-6, and TNF-q, respectively. Induction of autophagy
in WT macrophages by rapamycin reduced the expression of
IL-1B, IL-6, and TNF-a by 61.3%, 52.3%, and 55.1%, respec-
tively. Consistent with the defective autophagy observed in
Sr-bl7- macrophages, rapamycin did not affect the inflamma-
tory response to oxLDL.

SR-BI regulates TFEB-mediated autophagy in macrophages
and in atherosclerotic lesions. TFEB is a master regulator of
lysosome biogenesis and autophagy (19). Because of the
observed reduction in Tfeb gene expression in Sr-b17- macro-
phages in response to FC loading, TFEB protein levels were mea-
sured in macrophages and in atherosclerotic lesions. First, SR-BI
deletion in hematopoietic cells was found to result in a 65.8%
decrease in TFEB protein expression in atherosclerotic lesions of
Apoe”~ mice fed a Western diet for 8 weeks compared with control
animals (Figure 6, A and B). Similarly, TFEB protein levels were
decreased in Sr-b17~ versus WT macrophages in response to FC
enrichment (Supplemental Figure 6A). This decrease in TFEB pro-
tein was associated with reduced levels of Rab5 and Rab7 protein
expression, 2 known targets of TFEB (Supplemental Figure 6A).
In the absence of autophagy inducers, TFEB remains inactivated
through sequestration in the cytoplasm, whereas induction of
autophagy by inhibition of mTOR promotes nuclear translocation
of TFEB and transcription of autophagy genes in a TFEB-depen-
dent manner (34). Therefore, we examined the impact of loss of
SR-BI on the nuclear localization of TFEB in FC-loaded macro-
phages. There were lower nuclear levels of TFEB in Sr-b17~ versus
WT macrophages and the nuclear to cytoplasmic ratio of TFEB
was reduced by 67% (Supplemental Figure 6, B and C). There-
fore, we next examined whether Tfeb overexpression could restore
TFEB nuclear mobilization and autophagy in FC-enriched Sr-b17~
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Figure 3. The effects of Sr-b1 transfection on mRNA levels of autophagy players in
WT versus Sr-b1/- macrophages. Sr-b7-expressing or control plasmid was transfected
for 48 hours into WT or Sr-b77/- macrophages using jetPEI-Macrophage DNA Trans-
fection reagent. Cells were enriched in FC by incubation for 24 hours with 100 pg/mL
acetylated LDL and 5 pg/mL Sandoz 58035. The mRNA levels for key autophagy pro-
teins were then measured by real-time PCR in cells with or without FC enrichment. The
data are expressed as mean + SEM from 3 independent experiments (n = 3 per group).
*P < 0.05, **P < 0.01, ***P < 0.001 by 1-way ANOVA with Bonferroni’s post hoc test.

macrophages. Transient expression of Tfeb increased the cellular
(Supplemental Figure 7), cytoplasmic, and nuclear levels (Figure
6C) of TFEB in both WT and Sr-b17~ macrophages. In addition,
the nuclear to cytoplasmic ratio of TFEB was partially restored
in Tfeb-transfected Sr-b17- macrophages (Figure 6D). Consistent
with this result, the mRNA levels for VPS34, Rab7, and TFEB were
markedly increased in Tfeb-transfected Sr-bI7- macrophages with
and without FC enrichment (Figure 6E). Importantly, transient
expression of Tfeb rescued autophagy activity in Sr-bI7~ macro-
phages, as demonstrated by increased VPS34 and LC3IIlevels and
by decreased p62, which is a marker of degradation via autophagy
(Figure 6F and Supplemental Figure 7). These data suggest that
SR-BI links the stress response elicited by lipid accumulation to
autophagosome/lysosome function, TFEB expression and nuclear
localization in macrophages, and atherosclerotic lesions.
Macrophage SR-BI enhances autophagy by interacting with the
VPS34 complex. In hepatocytes and HeLa cells, SR-BI has been
reported to traffic to endosomes/lysosomes (35). This observa-
tion suggests that SR-BI may play a direct role in autophagy signal-
ing, and, to test this hypothesis, we next examined the subcellular
localization of SR-BI and whether SR-BI localized to autopha-
gosomes (Figure 7, A and B). Confocal fluorescence microscopy
showed that macrophage SR-BI localizes to LC3II-positive vac-
uoles (Figure 7A). In addition, cellular fractionation by density-
gradient ultracentrifugation (Figure 7B) showed that SR-BI was
abundantly present in the plasma membrane and ER; however,
macrophage SR-BI was also localized to the lysosomal fraction
containing LAMP-1 (Figure 7B). Rab7 functions in the fusion of
autophagosomes with lysosomes by interacting with the VPS34

J Clin Invest. 2021;131(7):e94229 https://doi.org/10.1172/)C194229

with cholera toxin B (CT-B), which interacts with lipid
rafts. Immunoprecipitation of the cholesterol domains
with anti-CT-B antibody revealed that both SR-BI and
Barkor interacted with cholesterol domains (Figure
7D). Consistent with SR-BI enhancing association of
the VPS34-Beclin-1 complex to the forming autopha-
gosomal membrane, examination of the effects of
SR-BI deficiency on VPS34 activity showed that treat-
ment with oxLDL or oxLDL plus rapamycin increased
the production of PtdIns(3)P by 41% and 156% in WT
macrophages, respectively, but had no effect in Sr-b17- macro-
phages (Figure 7E). In addition, VPS34 activity was 2-fold higher
in the atherosclerotic aortic arch tissue in Ldlr7- mice containing
WT compared with Sr-b17~ cells (Figure 7F). We next examined
the levels of Barkor and cholesterol domains in FC-enriched
Sr-b17-versus WT macrophages (Figure 8A). Compared with WT,
Sr-bl7- macrophages contained 50% and 40% lower levels of
Barkor and cholesterol domains, respectively. In addition, trans-
fection of Sr-b17- versus WT macrophages with Sr-b1 resulted in
similar levels of Barkor, cholesterol domains, and VPS34 (Figure
8, A and B). Importantly, transfection of Sr-bI17~ and WT macro-
phages with Sr-bI resulted in similar levels of autophagosomes,
as evidenced by similar LC3II levels in FC-enriched cells (Fig-
ure 8B). In addition, transfection of Sr-b17~ cells with increasing
levels of Sr-bI followed by FC enrichment stimulated autophagyin
adose-dependent fashion, as evidenced by the increased levels of
VPS34 and LC3II (Supplemental Figure 8A). Furthermore, a com-
parison of WT versus Sr-b1*/- macrophages showed similar auto-
phagic responses to FC enrichment as determined by the VPS34
and LC3II levels, which is consistent with the 2 cell types having
comparable SR-BI levels (Supplemental Figure 8A). Consistent
with SR-BI forming cholesterol domains, transfection of Sr-b17
macrophages with Sr-b1 after FC enrichment stimulated autoph-
agy to a similar degree to that in WT macrophages, as evidenced
by increased TFEB and VPS34 and decreased p62 (Supplemental
Figure 8B). We next examined by confocal fluorescence micro-
scopic analyses the number of intracellular puncta containing
cholesterol domains and Barkor in WT and Sr-b17- macrophages
(Figure 8, C-E). Basal levels of intracellular cholesterol domains
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Figure 4. Macrophage SR-BI deficiency causes reduced numbers of autophagosomes.

(A-D) WT or Sr-b1”/- macrophages were enriched with FC by incubation for 24 hours in DMEM
containing 100 pg/mL acetylated LDL and 5 ng/mL Sandoz 58035. The cellular autophago-
somes (APGs) were detected and quantitated by immunofluorescence (A and B) and electron
microscopy (C and D). (A) Representative immunofluorescence images show LC3II-positive
vacuoles. Scale bar: 20 um. (B) LC3II dots were analyzed by Image) software. n = 20 per group
from 3 independent experiments. The data are presented as mean + SEM. ***P < 0.001 by
1-way ANOVA with Bonferroni’s post hoc test. (C) Representative electron microscopic images
of APGs (arrows) are shown. Scale bars: 1 um. (D) Quantitation of the number of APGs. Data
are the mean + SEM of 3 experiments (n = 8 per group). *P < 0.05 by Mann-Whitney test.

were 48% higher in WT versus Sr-b17- macrophages and FC
enrichment resulted in 64% more cholesterol domain-positive
puncta in WT macrophages but did not change the number of
intracellular cholesterol domains in Sr-b17- macrophages (Figure
8, C and D). Similar results were obtained when the cholesterol
domains were measured in isolated intracellular membrane frac-
tions from WT and Sr-bI/- macrophages (Supplemental Figure
9A). In addition, FC-enriched WT macrophages compared with
Sr-bl7- macrophages contained 2.6-fold (P < 0.01) more intracel-
lular puncta that were positive for both cholesterol domains and
Barkor (Figure 8, C and E). Similar results were observed in colo-
calization of Barkor and cholesterol domains in isolated intracel-
lular membranes (Supplemental Figure 9A). In FC-enriched WT
macrophages, 68% of the puncta that were positive for cholesterol
domains and Barkor were also positive for SR-BI. Consistent with
SR-BI increasing VPS34 activity by enhancing association of the
VPS34 complex with the forming autophagosomal membrane,
FC-enriched Sr-b17- macrophages contained 1.6-fold more ubiqg-
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uitinated VPS34 compared with WT macrophages
(Supplemental Figure 9B), and inhibition of prote-
asomal degradation resulted in increased ubiquiti-
nated VPS34 in both cell types.

Our data suggest that SR-BI functions to
enhance PtdIns(3)P production as part of the
VPS34 complex; therefore, we next examined
whether overexpression of Vps34 could rescue
the defective autophagy observed in Sr-b17" mac-
rophages (Figure 9). In response to FC loading,
mRNA levels for Beclin-1, ATG5, LC3, and TFEB
were increased in WT cells, but did not signifi-
cantly change in Sr-b17" cells (Figure 9A). In con-
trast, transfection of Sr-b1/- and WT macrophages
with Vps34 significantly increased the mRNA lev-
els of key autophagy proteins, including Beclin-1,
ATGS, and LC3 in both cell types with and with-
out FC enrichment (Figure 9A). Most interest-
ingly, expression of mRNA encoding TFEB was
upregulated by Vps34 overexpression in both WT
and Sr-b17- macrophages (Figure 9A). Consistent
with this observation, the whole cellular levels of
TFEB protein were increased in WT and Sr-b17~
macrophages (Supplemental Figure 10). More-
over, Vps34 overexpression resulted in increased
protein levels of VPS34 and Beclin-1 in both WT
and Sr-b17- cells with or without FC treatment
(Figure 9B and Supplemental Figure 10). In addi-
tion, overexpression of Vps34 resulted in similarly
increased levels of LC3II in FC-loaded WT and
Sr-bl7- macrophages, suggesting similar numbers
of autophagosomes in the 2 cell types (Figure 9B).
Consistent with this possibility, the levels of p62,
which is a marker for degradation via autophagy,
were markedly decreased in both WT and Sr-b17-
cells with Vps34 overexpression and FC loading
(Figure 9B and Supplemental Figure 10). Inter-
estingly, overexpression of Vps34 significantly
promoted TFEB nuclear localization, showing
positive feedback for TFEB activity (Figure 9, C and D). Further-
more, Vps34 overexpression decreased FC-induced apoptosis
by 42% and 67% in WT and Sr-b17- macrophages, respectively
(Figure 9, E and F). Hence, overexpression of Vps34 resulted in
similar numbers of apoptotic cells in cultures of WT and Sr-b17-
macrophages (Figure 9, E and F).

SR-BI impacts autophagy via TFEB-mediated transcription of
VPS34. SR-BI expression increases the mRNA levels of both Tfeb
and Vps34 during autophagy induction. In Sr-b17- macrophages
— in which autophagy is impaired — the overexpression of either
Vps34 or Tfeb increases expression of autophagy genes and res-
cues autophagy function. Therefore, we next examined whether
TFEB regulates transcription of Vps34. First, we determined the
effects of TFEB knockdown using siRNA in FC-enriched J774
cells. Consistent with TFEB playing a role in transcription of
Vps34, knockdown of TFEB markedly reduced Vps34 mRNA lev-
els (Figure 10A). Similarly, the mRNA levels of genes known to be
transcriptionally regulated by TFEB, including mRNAs encoding

J Clin Invest. 2021;131(7):e94229 https://doi.org/10.1172/)C194229
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Figure 5. Hematopoietic SR-BI deletion leads to attenuated autophagy in atherosclerotic lesions. (A) Total RNA was isolated from the aortic arches of
Ldlr’- mice transplanted with WT or Sr-b77- bone marrow and fed either a chow or Western diet for 16 weeks. Relative gene expression was analyzed by
real-time gPCR. Data are presented as mean + SEM (n = 3 mice per group). *P < 0.05, **P < 0.01 by 1-way ANOVA with Bonferroni's post hoc test. (B and C)
LdIr’- mice were reconstituted with WT, Sr-b77-, Apoe™~, and Sr-b17/- Apoe™- (DKO) bone marrow and fed a Western diet for 16 weeks. (B) Proximal aortic
sections were stained using anti-Beclin-1 primary antibody and FITC-labeled secondary antibody (green). Nuclei were counterstained with Hoechst (blue).
Scale bar: 100 pm. (C) Beclin-1-positive area and total lesion area were quantitated by Image) software. (D and E) Apoe”~ mice were reconstituted with
Apoe”- or DKO bone barrow and fed a Western diet for 8 weeks. (D) Proximal aortic sections were immunofluorescently stained with anti-LC3II primary
antibody and Alexa Fluor 568-labeled secondary antibody (red). Nuclei were counterstained with Hoechst (blue). Scale bar: 100 um. (E) LC3II-positive area
and total lesion area were quantified by Image] software. (B-E) Data are presented as mean + SEM (n = 6 mice per group). ***P < 0.001 by 1-way ANOVA

with Bonferroni’s post hoc test (C) and *P < 0.05 by Mann-Whitney test (E).

Rab7 and LC3, were decreased. In addition, overexpression of
Tfeb by transient transfection of cells increased VPS34 protein in
FC-enriched WT and Sr-b17/- macrophages (Figure 6F and Supple-
mental Figure 7). TFEB regulates expression of autophagy genes
by binding to consensus DNA sequences in promoters of target
genes. We next analyzed the sequence of the Vps34 gene promoter
and 5" untranslated region (5" UTR) for the presence of potential

J Clin Invest. 2021;131(7):e94229 https://doi.org/10.1172/)C194229

TFEB binding sites and identified 2 sites (site I and site II) in the
5' UTR (Figure 10B). Oligonucleotides containing these predicted
TFEB consensus sites were labeled with IRDy700 fluorescent dye,
and a gel shift assay revealed that TFEB protein strongly binds to
DNA within site I (Figure 10C) and weakly with site II (data not
shown). Importantly, mutation of site I and competition with unla-
beled DNA disrupted this interaction at site I, suggesting selectiv-

7


https://www.jci.org
https://doi.org/10.1172/JCI94229
https://www.jci.org/articles/view/94229#sd
https://www.jci.org/articles/view/94229#sd

:

RESEARCH ARTICLE

The Journal of Clinical Investigation

A B
28
2
o c
20
03
EE
S E
c3
~ gL
o 53
ApoE-+— ApoE-+ DKO — ApoE~+ z0
c Sham TFEB D owT F Sham TFEB
—/— —_—
Cytosol Nucleus Cytosol Nucleus 3- BSRBI mF"B"/’WTSR‘B"”
WT SR-BI*- WT SR-BI-- WT SR-BI-- WT SR-BI-- — *k TFEB — - -
m O
17} 1 0.6 1.8 1.7
TFER /- . —— - - E% 2 Jpsas “~
c-Jun - - g
in r - =] 1 0719 1.8
-Actin | =5 14
~ LC3ll
o- 1 0523 24
————
%‘o’b@,{(& GAPDH
WT basal levels = 1
TFEB VPS34 LC3 Rab7
10 - *k * *kk * *kk owT
ok ] * B SR-BI--
0
% 8 % % %: wk
S 6
14
€
2 47
©
& 27
o|||| T 1T T TT T 17T
TFEB- - ++ -- ++ -- +4+ -- ++ - ++ - ++ - ++ -+ 4+
FC -+ -+ -4 -+ -4 -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+

Figure 6. The effects of TFEB on autophagic activity in WT versus Sr-bT/- macrophages and in atherosclerotic lesions. (A and B) Hematopoietic SR-BI
deletion lowers the expression of TFEB in atherosclerotic lesions. Apoe™- mice were constituted with Apoe™- or Sr-b17/- Apoe™- (DKO) bone marrow and fed
an atherogenic diet for 8 weeks. (A) Proximal aortic sections were stained using anti-TFEB primary antibody and FITC-labeled secondary antibody (green).
Nuclei were counterstained with Hoechst (blue). Scale bar: 100 um. (B) The TFEB-positive cells were quantitated by Image) software. Data are presented

as mean + SEM (n = 6 mice per group). ***P < 0.001 by unpaired Student'’s t test. (C-F) Tfeb-expressing or control plasmid was transfected for 48 hours

into WT or Sr-b7/- macrophages using jetPEI-Macrophage DNA Transfection reagent. Cells were enriched with FC by incubation for 24 hours with 100 pg/
mL acetylated LDL and 5 ug/mL Sandoz 58035. (C and D) Cytoplasmic and nuclear levels of TFEB in response to FC enrichment were analyzed by Western
blotting and dot quantitation. (C) The blots are representative, and (D) the data are presented as mean + SEM from 3 independent experiments (n = 3 per
group). **P < 0.01 by 1-way ANOVA with Bonferroni’s post hoc test. (E) The mRNA levels for TFEB, VPS34, LC3, and Rab7 were measured by real-time PCR in
Tfeb- or control plasmid-transfected cells with or without FC enrichment. The data are expressed as mean + SEM from 3 independent experiments (n = 3 per
group). *P < 0.05, **P < 0.01, ***P < 0.001 by 1-way ANOVA with Bonferroni’s post hoc test. (F) Tfeb overexpression rescues defective autophagy in Sr-b77/-
macrophages as examined by Western blotting of LC311 and TFEB levels. The blots are representative, and the numbers are the mean of 3 experiments, in

which the values are normalized to WT basal levels (green, regular font).

ity of this effect. In addition, incubation with anti-TFEB antibody
produced a clear supershift band (Figure 10C), strongly indicating
that TFEB directly modulates Vps34 transcription.

SR-BI impacts autophagy via PPARa activation. Our stud-
ies show that SR-BI promotes the expression of TFEB (Figures
2, 3, 5A, and 6E). Studies have shown that activation of PPARa
promotes recruitment to the PPARa binding site on the Tfeb pro-
moter, leading to enhanced expression of TFEB and autophagy

(38-40). In addition, studies suggest that SR-BI modulates cel-
lular and plasma fatty acids, which are ligands for PPARa (41).
Therefore, we next examined the effects of SR-BI expression on
PPARa activation by measuring nuclear PPARa levels using an
ELISA. Compared with FC-enriched WT macrophages, nuclear
PPARa activity was markedly decreased in Sr-b17- cells (Figure
11A). In contrast, PPARy and PPARS activity was similar in WT
versus Sr-b17/- macrophages (Supplemental Figure 11, A and B).
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Figure 7. Macrophage SR-BI regulates autophagy via the VPS34 complex. (A) WT macrophages were
treated with acetylated LDL and Sandoz 58035 for 24 hours and SR-BIl and LC3II subcellular localization
were examined by immunofluorescence confocal microscopy. Scale bar: 1 um. (B) Plasma membrane,
lysosome, ER, and nuclear fractions were isolated from WT macrophages by density-gradient ultracen-
trifugation, and SR-BI distribution was detected by Western blotting. LAMP-1was used as a lysosomal
marker. (C) FC-enriched WT macrophage lysates were cross-linked and immunoprecipitated with anti-
SR-BI antibody or IgG and protein A/G magnetic beads. VPS34, Beclin-1, Barkor, Rab7, Bif-1, LC3, ATG5,
and SR-BI were then detected in immunoprecipitated proteins by Western blotting. (D) SR-BI and Barkor
are associated with cholesterol domains. FC-enriched WT macrophages were incubated with cholera
toxin B (CT-B), which interacts with lipid rafts. Cell lysates were cross-linked and immunoprecipitated
with anti-CT-B antibody or IgG and protein A/G magnetic beads. Barkor and SR-BI were then detected in
immunoprecipitated proteins by Western blotting. In A-D, data are representative of 3 experiments. (E)
VPS34 activity was measured using the Class 11l PI3K ELISA Kit in macrophages treated with or without
100 pg/mL oxLDL or 300 nM rapamycin for 24 hours. Data are expressed as mean + SEM (n = 6 per group
from 3 independent experiments). *P < 0.05, **P < 0.01 by 1-way ANOVA with Bonferroni’s post hoc test.
(F) VPS34 activity was measured in aortic arch tissue lysates from Ld/r”/- mice reconstituted with WT or
Sr-b1”/- bone marrow and fed either a chow or Western diet for 16 weeks. Data are expressed as mean +
SEM (n = 6 mice per group). *P < 0.05 by 1-way ANOVA with Bonferroni's post hoc test.

Examination of the nuclear levels of PPARa by Western blotting
also showed increased PPARa in WT versus Sr-b17- macrophages
(Figure 11B). Incubation with the PPARo agonist CP-775146
increased the nuclear levels of PPARa in both WT and Sr-b17~
macrophages, as determined by ELISA (Supplemental Figure
11C) and Western blotting (Figure 11B). In addition, the PPARa
antagonist GW6471 decreased nuclear PPARa levels in both
cell types (Figure 11B and Supplemental Figure 11C). Consistent
with PPARa promoting transcription of Tfeb, the Tfeb mRNA
levels were increased in WT and Sr-b17- macrophages treated
with CP-775146, whereas the expression of Tfeb was decreased

J Clin Invest. 2021;131(7):e94229 https://doi.org/10.1172/)C194229

rophages, and similar to the effects
of FC enrichment on Tfeb mRNA
expression (Figures 2 and 6E), FC
enrichment markedly increased
PPARa expression in WT compared
with Sr-bI7~ macrophages (Figure
11C), but did not significantly impact
the expression of mRNAs for PPARy
and PPARS in either cell type (Sup-
plemental Figure 11D). In addition,
PPARa agonist treatment of WT and
Sr-b17/~ macrophages significantly
increased the levels of mRNA encod-
ing PPARaq, and GW6471 decreased
expression of PPARo mRNA in both
cell types (Figure 11E). These results
are consistent with studies showing
that TFEB also regulates expres-
sion of PPARa (43, 44). Consistent
with the effects of PPARa on Tfeb
and autophagy genes, the PPARa agonist CP-775146 increased
the protein levels of TFEB, Beclin-1, VPS34, and Rab7 in FC-en-
riched WT and Sr-bI7~ macrophages (Figure 11F). In addition,
CP-775146 increased autophagic flux in both cell types as evi-
denced by decreased p62 and increased LC3II levels (Figure
11F). In contrast, the PPARo antagonist, GW6471, decreased the
levels of autophagy proteins in both cell types and increased the
p62 levels (Figure 11F). Furthermore, treatment of FC-enriched
WT cells with the PPARy and PPARS agonists pioglitazone and
GW501516, respectively, did not impact the levels of autophagy
proteins (Supplemental Figure 11E). Importantly, PPARa protein
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Figure 8. SR-BIl impacts autophagy by enhancing Barkor-cholesterol domain interaction. (A and B) Sr-b7-expressing or control plasmid was transfected
for 48 hours into WT or Sr-b77~ macrophages using jetPEI-Macrophage DNA Transfection reagent. Cells were then incubated for 24 hours with 100 pg/mL
acetylated LDL and 5 ug/mL Sandoz 58035. SR-BI, Barkor, cholesterol domains (CT-B), VPS34, and LC3II were detected by Western blotting. The blots are
representative, and the numbers are the mean of 3 independent experiments in which the values are normalized to WT basal levels (green, regular font).
(C-E) Cells were incubated with DMEM with 10% FBS or enriched in FC by incubation for 24 hours with 100 pg/mL acetylated LDL and 5 pg/mL Sandoz
58035. The intracellular localization of cholesterol domains, Barkor, and SR-BI were examined by confocal fluorescence microscopy in cholesterol-normal
(-) and FC-enriched (+) WT and Sr-b77/- macrophages. (C) Shown are representative images of SR-BI (purple), Barkor (green), cholesterol domains (red), and
merged images. Scale bar: 1 um. (D and E) Quantitation of the average number of intracellular puncta positive for cholesterol domains alone (D) or positive
for both Barkor and cholesterol domains (E) in 50 cells. **P < 0.01, ***P < 0.001 by Kruskal-Wallis test with Dunn’s multiple-comparison test. The data are

presented as mean + SEM (n = 50 per group from 3 independent experiments).

levels were markedly increased in plaques of Apoe”~ mice with
SR-BI-expressing versus Sr-b17- hematopoietic cells (Supple-
mental Figure 11, G and H). Taken together, our results show that
SR-BI regulates Tfeb expression to enhance autophagy by con-
trolling PPARa expression and activation, and that TFEB, SR-BI,
and PPARa are coordinately regulated in promoting autophagy.

Discussion

Autophagy is stimulated in human and experimental mouse
atherosclerotic lesions by a number of ER stress factors includ-
ing oxidized lipids, FC, and inflammatory cytokines (2, 3).

e

In addition, CE loading of macrophages stimulates autoph-
agy, with a major portion of the FC being made available for
efflux via autophagic flux of cytoplasmic CE to lysosomes and
hydrolysis by acid lipase (6). Defective autophagy accelerates
atherosclerosis development by enhancing foam cell forma-
tion, cell death, and inflammation (2, 4, 6). In addition, SR-BI
deletion accelerates atherosclerosis development in Apoe”~ and
Ldlr”~ mice (21, 45). Our current study demonstrates that mac-
rophage SR-BI enhances autophagy in foam cells of atheroscle-
rotic lesions and thus likely influences total cellular lipid bur-
den, inflammation, and death. Importantly, we demonstrate
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that SR-BI regulates autophagy by controlling expression of
critical autophagy genes, including Tfeb, a major regulator of
autophagy gene transcription, via PPARa activation. Moreover,
SR-BI appears to have a direct effect on autophagy through
interaction with Barkor as part of the VPS34 complex, where
it enhances VPS34 activity. As a consequence, Sr-bI7~ macro-
phages exhibit increased cytoplasmic lipid accumulation and a
resulting increase in cell death and a proinflammatory activa-
tion state. These findings expand on our previous work demon-
strating that atherosclerotic lesions containing SR-BI-null cells
have extensive cell death and massive expansion of the cellular
cytoplasmic lipid volume (29). Although studies have shown
that autophagy becomes impaired during late stages of athero-
sclerosis development (3), the defective autophagy that occurs
in lesions containing SR-BI-null cells is likely not the result of
increased atherosclerosis, rather the atherosclerosis is acceler-
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Figure 9. Overexpression of Vps34 rescues
defective autophagy and decreases apoptosis
susceptibility in Sr-bT7/- macrophages. (A-E)
WT and Sr-b7/- macrophages were transfect-
ed with pcDNA4-Vps34 or empty plasmid for
48 hours. The cells were then treated with or
without acetylated LDL and Sandoz 58035 for
24 hours. (A) The levels of mRNA for Beclin-1,
ATG5, LC3, and TFEB were measured by real-
time gPCR. The data are expressed as mean *
SEM from 3 independent experiments (n = 3
per group). **P < 0.01, ***P < 0.001 by 1-way
ANOVA with Bonferroni’s post hoc test. (B)
VPS34, Beclin-1, p62, LC3, and GAPDH were
detected by Western blotting and quantitated
by using LI-COR Odyssey software. The values
are normalized to WT basal levels (green, regu-
lar font). (C and D) Cytosolic and nuclear levels
of TFEB were measured by Western blotting
and (D) the nuclear to cytoplasmic ratio was
quantitated. The data are expressed as mean +
SEM from 3 independent experiments (n = 3 per
group). *P < 0.05 by 1-way ANOVA with Bon-
ferroni's post hoc test. (E and F) Macrophage
apoptosis was detected using Cy3-labeled
annexin V (red). Nuclei were counterstained
with Hoechst (blue). (E) Shown are repre-
sentative images. Scale bar: 20 pm. (F) The
percentage of apoptotic cells was quantitated,
and the data are expressed as mean + SEM (n =
9 per group from 3 independent experiments).
*P < 0.05 by 1-way ANOVA with Bonferroni’s
post hoc test.

-

% Apoptoic cells

ated by the defective autophagy that occurs in both early and
more advanced atherosclerotic lesions (Figure 5).

Tissuesand cellsinduce autophagyinresponse to environmen-
tal stresses through stimulus-coupled regulation of autophagy-
related genes. Precise control of this gene program is required for
proper autophagosome assembly and maintenance of autoph-
agy function. This study reveals a previously unrecognized role
for SR-BI in the expression of critical autophagy effector genes
induced by proatherogenic stimuli (Figure 5A) and ER stress
(Figures 2, 3, and 9A). In pursuit of a candidate mechanism, we
focused on the master transcription factor TFEB. TFEB coordi-
nates induction of autophagy and lysosomal genes in response to
multiple stressors (19). Here, we found that the expression (both
mRNA and protein) of TFEB itself was significantly attenuated in
Sr-b17-versus WT macrophages and in Sr-b17~ hematopoietic cells
in atherosclerotic lesions under conditions of cholesterol stress
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Figure 10. Impact of Tfeb on transcription of VPS34. (A) Knockdown of TFEB by siRNA
attenuates Vps34 gene expression. J774A.1 macrophages were transfected with 25 nM
Tfeb siRNA for 24 hours, and then treated with FC for 24 hours. The expression levels of
mRNA encoding TFEB, VPS34, Rab7, and LC3 were detected by real-time PCR. Real-
time PCR data are expressed as mean + SEM from 3 independent experiments (n =3

per group). *P < 0.05 by unpaired Student’s t test. (B) The potential TFEB binding sites
in the Vps34 gene promoter and 5’ UTR were analyzed by in silico methodology, and 2
potential sites were revealed (sites | and Il) in the 5’ UTR. (C) TFEB protein interacts with
Vps34 gene DNA. The specific DNA oligonucleotides (site 1) were labeled with IRDy700.
TFEB protein (5 pg) and 1 ulL of 25 nM dsDNA were incubated in EMSA buffer for 20
minutes, and then resolved by 5% TBE polyacrylamide gel electrophoresis and the image
was captured by LI-COR Odyssey.

(Figures 2 and 5A). Furthermore, TFEB nuclear translocation
and target gene expression were significantly reduced in Sr-b17-
macrophages compared with WT macrophages (Supplemental
Figure 6 and Figures 2 and 6). The increase in expression and
nuclear localization observed in WT cells is consistent with stud-
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ies identifying an autoregulatory loop involving TFEB,
in which stress signals promote cytoplasmic-to-nuclear
translocation of TFEB and activation of its own tran-
scription, as well as autophagy effector genes (43). Our
study suggests that this TFEB positive feedback loop is
disrupted in Sr-b17- cells, as evidenced by the reduced
TFEB levels and the defective TFEB nuclear localiza-
tion. Consistent with this possibility, overexpression
of Tfeb increased TFEB levels and partially restored
nuclear localization, leading to rescue of targeted gene
expression and of the defective autophagy observed in
Sr-bl7- macrophages (Figure 6). Importantly, our stud-
ies show that the disruption in TFEB expression and
nuclear localization and autophagy gene expression
in Sr-b17- macrophages likely results from decreased
PPARa activation via SR-BI, as evidenced by decreased
nuclear PPARa (Figure 11, A and B). This concept is fur-
ther substantiated by our observation that agonism of
PPARa increased TFEB nuclear levels and autophagy
gene expression in both Sr-b17- and WT macrophages
(Figure 11, B and D, and Supplemental Figure 11C),
whereas PPARa antagonism had the opposite effects.
Indeed, PPARa agonism rescued the defective auto-
phagic flux in Sr-b17- macrophages (Figure 11F). This
is consistent with studies demonstrating that SR-BI
regulates potential PPARa ligands (46-48) and that
PPARa recruitment to its binding site on the Tfeb pro-
moter enhances Tfeb and autophagy gene expression
(38-40). Interestingly, our studies suggest that PPARa,
SR-BI, TFEB, and autophagy gene expression are
coordinately regulated. In this regard, we found that
besides enhancing Tfeb expression, PPARo agonism
upregulated levels of mRNA encoding PPARa (Figure
11E). This observation suggests that TFEB also regu-
lates PPARo expression, which is consistent with other
studies (43, 44). In addition, PPARa agonism increased
SR-BI expression and SR-BI deficiency reduced PPARa
mRNA levels (Figure 11, C and D). Similar to the effects
of SR-BI loss of function and consistent with autoph-
agy gene expression being coordinately regulated, the
overexpression of Vps34 also upregulated expression
of autophagy genes (Figure 9A). The increased expres-
sion of TFEB and TFEB nuclear localization (Figure 9),
resulting from VPS34 overexpression, likely contrib-
utes to the enhanced expression of autophagy genes in
both WT and Sr-b17- macrophages. In addition, recent
studies showed that VPS34 coordinates with the VPS34
complex protein, GRP78, in a positive feedback loop
to regulate autophagy gene expression (49). VPS34
signaling prevents ubiquitin-mediated degradation of
GRP78 and promotes its transcription via ATF6, lead-
ing to increased expression of autophagy genes by acti-

vating the unfolded protein response p-eIF20,/ATF4 pathway (50).
The coordinated regulation of TFEB and VPS34 expression is fur-
ther evidenced by our findings that knockdown of TFEB reduces
Vps34 mRNA levels and that there is an active TFEB binding site
in the Vps34 promoter (Figure 10). Taken together, these data

J Clin Invest. 2021;131(7):e94229 https://doi.org/10.1172/)C194229


https://www.jci.org
https://doi.org/10.1172/JCI94229
https://www.jci.org/articles/view/94229#sd
https://www.jci.org/articles/view/94229#sd
https://www.jci.org/articles/view/94229#sd

The Journal of Clinical Investigation

RESEARCH ARTICLE

A PPAR tivit B WT SR-BI- % 5 X
oL actvi -Bl-" % % ¢
' & L Lo
S B SR-BI*- o 1 15 0.6 06 1.2 0.4 TFEB _
¢ 154 - 1.7 2510 1 2.0 0.7 1 05 17 16 03 03
° » e 20 1 34 32 0.6 0.6
o * !
2 + X m N 116 05 0614 03
S 05O g W 1.7 2.7 0.8 1 2.3 0.5 1 04 18 1603 0.3
3 ™ 25 1 4.5 2.6 0.8 0.8
S VPS34
0 5 10 15 20 25 CP-775146 - + - -+ - 1 0616 1.7 0.4 0.4
Dose of nuclear extracts GWe471 -t - -t 1.7 1 27 2.8 0.7 0.7
(o) e
c E 1 0517 18 04 03
PPARG. 20 1 34 36 08 06
PPAR
¢ - 1. 15 03 04 16 16
® g- Rl » 57 07 1 06 08 32 32
8 o wr o o OWT LC3l
5, °m SR.BI- B 44 8 SR-BI-+- LC3ll
< 7] < * 1 0617 16 03 03
& @ 37 N 1.7 1 28 2.7 05 05
Q >
E R i ® CP-775146 - - + + - -
o = 14
0] ] GW6471 - - - -+ F
04 o PQ:,]
0 - 0 T T T
AcLDL + CP-7751146 - + - - + -
+58035 GW6471 - -+ - -+
D
$ 6, TFEB  Becin-  Rab7  LC3 VPS34  ATGS SRBI @ en o
2 ]
< 5
Z 4
4
g 31
2 2
T 4
S 1
4 0-
CP-7751146 -
GW6471 - -+ - - + - -+ - - + - -+ - - + - - +

Figure 11. SR-BI deficiency decreases PPARG. activity in macrophages. (A) PPARa activity was measured using serial doses of nuclear extracts (NEs) from
WT and Sr-b77/- macrophages treated with 100 pug/mL acetylated LDL and 5 pg/mL Sandoz 58035 (FC enriched) for 24 hours. The data are expressed as
mean = SEM from 3 independent experiments (n = 3 per group). *P < 0.05, **P < 0.01, ***P < 0.001 by unpaired Student’s t test. (B) WT and Sr-b77- cells
were FC enriched and treated with or without either CP-775146 or GW6471. The levels of PPARa, TFEB, and c-Jun in nuclear extracts were then detected by
Western blotting. The blots are representative, and the numbers are the mean of 2 experiments, in which the values are normalized to either basal WT
(green, regular font) or basal Sr-b7 levels (red, italic font). (C) WT and Sr-b77/- macrophages treated with 10% FBS or enriched with FC by incubation with
acetylated LDL and Sandoz 58035 for 24 hours. The expression of mMRNA encoding PPARa was then measured by real-time PCR. (D) The expression levels
of mRNA for TFEB, Beclin-1, Rab7, LC3, VPS34, and ATGS were determined by real-time PCR in FC-enriched WT and Sr-b77/- macrophages treated with
vehicle alone or with either CP-775146 or GW6471. (E) The relative PPARa mRNA levels were measured by real-time PCR in FC-enriched WT and Sr-b17-
macrophages treated with vehicle alone or with CP-775146 or GW6471. In C-E, the data are expressed as mean + SEM from 3 independent experiments (n =
3 per group). *P < 0.05, **P < 0.01, ***P < 0.001 by 1-way ANOVA with Bonferroni’s post hoc test. NS, not significant. (F) The expression of Beclin-1, TFEB,
VPS34, LC3I, LC3II, p62, Rab7, and GAPDH was analyzed by Western blotting in FC-enriched WT and Sr-b77/- macrophages treated with vehicle, CP-775146,
or GW6471. The blots are representative, and the numbers are the mean of 2 independent experiments. In B and F, the values are normalized to either

basal WT (green, regular font) or basal Sr-b77 levels (red, italic font).

suggest that SR-BI is an important mediator of the stress-induced
signal transduction pathways that activate TFEB transcriptional
responses (Figures 2, 5A, 6, 9A, and 10).

In addition to reduced expression of TFEB and its target
genes, we also detected increased expression of proinflammatory
genes in oxLDL-treated Sr-bI7~ macrophages. The degree and
magnitude of proinflammatory signaling may also play a role in
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autophagy control. Indeed, prior work has shown that mycobac-
terium infection in macrophages impairs autophagy and inhibi-
tion of NF-kB restores its function (51-54). These data suggest
that NF-kB transcriptional activity may dampen autophagy gene
expression in other biological contexts. Thus, the heightened
proinflammatory activation in Sr-b17~ macrophages observed both
in our work (Supplemental Figure 5) and by others (55) could inter-
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fere with induction of autophagy genes indirectly through NF-xB-
dependent mechanisms.

Consistent with a direct role for SR-BI in autophagy signaling,
we demonstrate that intracellular SR-BI is localized to lysosomes
and LC3II-positive vacuoles in macrophages (Figure 7, A and B).
This finding is consistent with other studies showing that SR-BI
localizes to the late endosomal/lysosomal compartment in hepato-
cytes and HeLa cells (35). We observed that macrophage SR-BI
interacts with members of the VPS34 complex, including VPS34,
Beclin-1, Rab7, and Bif-1 (Figure 7C). The VPS34 complex is criti-
cal to the initiation and formation of autophagosomes. Formation
of PtdIns(3)P by VPS34 recruits other proteins that are essential to
autophagosome elongation and closure (37). Beclin-1 forms a com-
plex with VPS34 and is recruited to the forming autophagosomal
membrane by lipid-binding proteins such as Barkor and UVRAG
(23). Our studies show that SR-BI increases formation of intracel-
lular cholesterol domains that interact with Barkor (Figure 8 and
Supplemental Figure 9A). Our study suggests that SR-BI formation
of cholesterol domains enhances interaction with Barkor, leading
to more association of the VPS34-Beclin-1 complex and increased
VPS34 activity, because SR-BI-null macrophages and atheroscle-
rotic lesions had markedly decreased VPS34 activity. Consistent
with the concept of enhanced recruitment of Beclin-1 and VPS34
to the forming autophagosomal membrane, Sr-b17~ versus WT
macrophages had significantly more ubiquitinated VPS34, which
is targeted for proteasomal degradation (Supplemental Figure 9B).
In addition, overexpression of Vps34 rescued the defective autoph-
agy observed in Sr-b17" cells and reduced apoptosis to levels sim-
ilar to that of WT cells (Figure 9, B and C). However, the finding
that autophagy could be rescued in the absence of SR-BI is con-
sistent with there being multiple effectors of VPS34 in autophagy,
including UVRAG, Bif-1, and Beclin-1 and with SR-BI enhancing
autophagy by forming cholesterol domains that increase Barkor
association (Figure 8 and Supplemental Figure 9) with the form-
ing autophagosomal membrane (13, 56). Although the observation
that forced overexpression of Vps34 or Tfeb rescues autophagy in
Sr-bl7- macrophages suggests that SR-BI is not a necessary part
of the VPS34 complex, our studies show that under conditions of
ER stress, macrophage SR-Bl is a critical component of the VPS34
complex (Figures 7 and 8 and Supplemental Figure 9). It should
also be realized that overexpression of Vps34 or Tfeb likely does not
occur within the atherosclerotic lesion, whereas macrophage ER
stress plays a vital role in the pathogenesis of atherosclerosis. Thus,
it is likely that SR-BI is critical to enhancing VPS34 activity in the
plaque, which is consistent with autophagic flux being greater in
plaques containing SR-BI-expressing versus Sr-bI7- hematopoietic
cells (Figure 5D). Interestingly, studies have also shown that fusion
of autophagosomes with lysosomes is dependent on Rab7 activa-
tion of VPS34. Ahras and colleagues (35) demonstrated that active
Rab7 is required for trafficking of SR-BI to lysosomes in HeLa cells.
The current finding that SR-BI associates with Rab7 and VPS34 in
response to stress suggests that Rab7 also likely regulates VPS34
activity by interacting with SR-BI. We recently reported that mac-
rophage SR-Blinteracts with Src to activate PI3K to form the phago-
cytic cup in mediating the efferocytosis of apoptotic cells (28). In
addition, studies have shown that the Rab7 interaction with the
VPS34 complex to facilitate formation of PtdIns(3) P is essential for
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the fusion of phagosomes with lysosomes (57). Our data indicate
that it is likely that SR-BI also functions in phagosome maturation
during efferocytosis by interacting with Rab7 and VPS34.

In conclusion, our studies have uncovered a function for SR-BI
in macrophage foam cell metabolism and atherosclerotic lesion
development through its enhancement of autophagy, resulting
in lipid clearance and in an antiinflammatory, prosurvival state.
SR-BIin lipid-engorged cells regulates autophagy gene expression
via PPARa-mediated transcription of Tfeb and forms cholesterol
domains to enhance interaction with Barkor and the VPS34 com-
plex to promote autophagosome formation. Hence, deletion of
macrophage SR-BI resulted in increased cytoplasmic lipid accu-
mulation, apoptosis, and inflammation, which is consistent with
the extensive cytoplasmic lipid volume and cell death that occurs
in SR-BI-null atherosclerotic lesions. These studies not only iden-
tify potentially novel functions for SR-BI in macrophage autoph-
agy but also suggest therapeutic targets for the prevention and
treatment of atherosclerosis.

Methods

Mice. Sr-bI*/~ mice (1:1 mixed C57BL/6 x S129 genetic background)
were obtained from The Jackson Laboratory and backcrossed over 10
generations onto the C57BL/6 background. Mice were maintained on
chow or a Western-type diet containing 21% milk fat and 0.15% cho-
lesterol (Teklad).

Cell culture, autophagy induction, siRNA, and transfections. Peritone-
al macrophages were isolated from mice reconstituted with WT, Sr-b17/~,
Apoe”~, and Sr-bI”/~ Apoe”~ (DKO) BM, as previously described (28).
To stimulate autophagy, an ER stress response was induced in macro-
phages by starvation, FC enrichment, or oxLDL treatment, as described
in the Supplemental Methods. To knock down Tfeb gene expression, 25
nM siRNA for mouse Tfeb (Ambion) was transfected into J774A1 cells
(ATCC) with DharmaFECT reagent (Dharmacon) for 24 hours. For
transient transfections, Lipofectamine LTX with PLUS reagent (Invitro-
gen) or jetPEI-Macrophage DNA Transfection Reagent (Polyplus-trans-
fection) with pcCMV6-SR-BI (Origene), pcDNA4-VPS34 (Addgene
24398; ref. 11), or pEGFP-N1-TFEB (Addgene 38119; ref. 34), or scram-
ble control plasmids were applied to macrophages for 48 hours.

BM transplantation and atherosclerosis analyses. Female Apoe”~
or Ldlr”~ mice were lethally irradiated and transplanted with 5 x 10¢
BM cells from Sr-b1*/* Apoe”~ and DKO mice or BM from WT, Sr-b17/-,
Apoe”~, and DKO mice, respectively. After 4 weeks, the mice were
placed on a Western-type diet for 8 weeks or 16 weeks. The extent of
atherosclerosis was examined both in Oil Red O-stained cross sec-
tions of the proximal aorta and by en face analysis using the KS300
imaging system (Kontron Elektronik GmbH, ref. 28). Immunofluores-
cence staining was used to examine the autophagosome levels in ath-
erosclerotic lesions as described in Supplemental Methods (28).

Plasma membrane and lysosome preparation. Plasma membranes
were extracted using a plasma membrane extraction kit (BioVision).
Lysosomes were prepared from macrophage lysates by density-gradi-
ent ultracentrifugation as described using the Lysosome Isolation Kit
(Sigma-Aldrich) (58).

Immunoprecipitation and Western blotting. For immunoprecipita-
tion experiments, cross-linked whole-cell lysates were prepared as
described previously (59) and immunoprecipitated with 10 pg of anti-
body against SR-BI (Novus) and 25 pL of magnetic beads (Invitrogen).
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The elicited supernatant was used for detecting mouse VPS34, Beclin-1,
Rab7, LC3, Barkor, or SR-BI. For Western blotting, the cell lysates were
resolved by SDS-PAGE, transferred onto nitrocellulose membranes
(Amersham Bioscience), and probed with indicated primary and sec-
ondary antibodies as described in the Supplemental Methods.

Oil Red O staining of foam cells, immunofluorescence staining of
lipid droplets, and measurement of cellular cholesterol. Oil Red O stain-
ing was used to measure macrophage foam cell formation (60), as
described in the Supplemental Methods. The number of cytoplasmic
lipid droplets was quantitated by immunofluorescence staining of
perilipin 2. Briefly, the cells were treated as indicated, fixed with fresh
4% paraformaldehyde (Sigma-Aldrich) in PBS, permeabilized with
0.2% Triton X-100, blocked with 2% BSA in PBS, and then incubated
with anti-perilipin 2 antibody (Novus) and Alexa Fluor 658-labeled
secondary antibody and nuclei were counterstained with Hoechst
(Sigma-Aldrich). The images were processed using a fluorescence
microscope (Olympus IX81) and SlideBook 6 (Intelligent-Image)
software. Cellular cholesterol was measured by enzymatic cholester-
ol assay as described previously (61).

Electron, fluorescence, and confocal microscopic analyses. A mono-
layer of cells was fixed, and then scraped and postfixed dehydrated
with a series of ethanol concentrations, and gradually infiltrated with
Epon resin. Thin sections were stained with uranyl acetate and lead
citrate. Transmission electron microscopy was performed using an
FEI Tecnai T-12 operated at 100 kiloelectron volts to ultrastructurally
analyze cell autophagosome content. Macrophage autophagosome
levels were also detected by immunofluorescence staining using
anti-LC3II primary and fluorescently labeled secondary antibodies.
The intracellular locations and expression levels of SR-BI, Barkor/
ATGI14L, and cholesterol domain marker CT-B were detected by
immunofluorescence staining and confocal microscopy as described
in Supplemental Methods.

VPS34 kinase activity assay. A Class III PI3K ELISA Kit (Echelon)
was used to measure endogenously or exogenously expressed VPS34
kinase activity in macrophages or aortic root tissue following the man-
ufacturer’s instructions and as described in Supplemental Methods.

Aortic root RNA isolation and real-time RT-PCR. Total RNA was iso-
lated and purified using an Aurum Total RNA kit (Bio-Rad). Comple-
mentary DNA was synthesized with iScript reverse transcriptase (Bio-
Rad). Relative quantitation of the target mRNA was performed using a
Bio-Rad real-time PCR kit as described in Supplemental Methods.

Gel shift assay. In silico methodology was applied to examine the
potential existence of TFEB binding sites in the VPS34 gene promoter
and 5" UTR (62). The predicted and mutant DNA and TFEB consensus
(5'-GTAGGCCACGTGACCGGG-3') oligonucleotides were labeled
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with fluorescent IRDy700 dye (Invitrogen) and annealed with dsDNA.
The gel shift assay was performed using the Odyssey EMSA Kit
(LI-COR) as described in the Supplemental Methods.

PPAR activity assay. Nuclear extracts were prepared from the mac-
rophages using a nuclear extraction kit (Abcam). PPARo,/y/3 activities
were measured using the PPARa,/y/8 Transcription Factor Assay Kit
(Abcam). Briefly, 100 pL (5 pg protein) of nuclear extract was added to
designated wells, incubated at 4°C overnight, and then primary anti-
PPARo,/y/8 antibody and HRP-conjugated secondary antibody were
applied to each well and incubated for 1 hour at room temperature.
After washing, the wells were incubated for 45 minutes at room tem-
perature with the supplied Transcription Factor Developing Solution,
and the absorbance was read at 450 nm within 5 minutes of adding
the Stop Solution.

Statistics. Data are presented as mean * SEM. Differences between
mean values were determined by 1-way ANOVA (Bonferroni’s post
hoc test), Kruskal-Wallis test (Bunn’s multiple-comparison test),
Mann-Whitney test, and Student’s ¢ test after the normality of the sam-
ple populations was examined by the Kolmogorov-Smirnov test using
GraphPad Prism. P values less than 0.05 were considered significant.

Study approval. The animal studies complied with all relevant eth-
ical regulations for vertebrate animal research. Animal protocols were
approved by and performed according to the regulations of Vanderbilt
University’s Institutional Animal Care and Usage Committee.
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