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Abstract

Objective—ATP hinding cassette transporter A1 (ABCAL1) is the principal protein responsible
for cellular cholesterol efflux. Abundance and functionality of ABCAL is regulated both
transcriptionally and post-translationally, with endocytosis of ABCAL being an important element
of post-translational regulation. Functional ABCA1 resides on the plasma membrane, but can be
internalized and either degraded or recycled back to the plasma membrane. The interaction
between the degradative and recycling pathways determines the abundance of ABCA1 and may
contribute to the efflux of intracellular cholesterol.

Approach and Results—Here, we show that the principal pathway responsible for the
internalization of ABCAL leading to its degradation in macrophages is ARF6-dependent endocytic
pathway. This pathway was predominant in regulation of ABCAL abundance and efflux of plasma
membrane cholesterol. Conversely, the efflux of intracellular cholesterol was predominantly
controlled by ARF6-indepednent pathways, and inhibition of ARF6 shifted ABCAL into recycling
endosomes enhancing efflux of intracellular cholesterol.

Conclusions—We conclude that ARF6-dependent pathway is the predominant route responsible
for the ABCAL1 internalization and degradation, while ARF6-independent endocytic pathways may
contribute to ABCAL recycling and efflux of intracellular cholesterol.
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Introduction

ATP binding cassette transporter A-1 (ABCAL1) is a key element of cellular cholesterol
trafficking machinery. ABCAL1 is responsible for the specific efflux of cellular cholesterol to
extracellular acceptors, principally, apolipoprotein A-I (apoA-1) 1, and for the trafficking of
cholesterol inside the cells 2. Cholesterol efflux is a critical element of reverse cholesterol
transport pathway (RCT) and plays a key role in biogenesis of high density lipoprotein
(HDL) 3. Both RCT and HDL are important for maintaining cellular cholesterol
homeostasis; impairment of cholesterol homeostasis plays a prominent role in pathogenesis
of many diseases, from atherosclerosis 4 and diabetes ® to Alzheimer’s disease 8 and

cancer /.

ABCAL abundance and activity are regulated on multiple levels. Transcription of ABCA1 is
principally regulated by the Liver X Receptors (LXR), and LXR agonists are potent
activators of cholesterol efflux 8. Post-transcriptionally, ABCAL is regulated by several
microRNAs, with miR-33 being a best investigated example . There are also several post-
translational regulatory pathways involving calpain-dependent degradation of ABCA1 10
and ubiquitination followed by either proteasomal 11 or lysosomal 12 degradation. Activity
and stability of ABCA1 are also regulated by phosphorylation of ABCA1 13 and formation
of complexes with ABCA12 14 and LXRp 1°. Furthermore, ABCAL1 is regulated by
endocytic recycling between plasma membrane and intracellular compartments, a poorly
investigated pathway.

Several studies demonstrated that internalization of resident plasma membrane ABCAL is
followed by either degradation or recycling 12 16.17_ Endocytosis of ABCA1 was found to
be an important determinant of ABCA1 abundance and functionality and is regulated by
many factors, such as apoA-1 16, infectious agents (e.g. HIV and prions) 18- 19 or LXR
agonists 12. It has been suggested that apart from regulating ABCA1 abundance on the cell
surface, recycling of ABCA1 may be functionally involved in trafficking lipids between
intracellular compartments and plasma membrane for the efflux or during formation of
HDL; evidence was reported both in favour 2: 20. 21 and against 22 23 this possibility. Earlier
studies extensively documented endocytosis of HDL 24; however, these reports preceded the
discovery of ABCAL, and the role of the latter in HDL endocytosis and retroendocytosis
could only be assumed. Recently, recycling and intracellular trafficking of ABCA1 were
implicated in trafficking of lipoproteins across the endothelium 2°. While it seems certain
that regulated endocytosis of ABCAL, alone or complexed with apoA-1 or HDL, does occur,
the involvement of the specific endocytic pathway(s) is yet to be characterized.

Endocytosis and endocytic recycling of proteins residing at the plasma membrane are
facilitated by a complex network of distinctive, but partially overlapping and redundant
pathways (for review see 26-28), The principal pathways that can be implicated in
endocytosis and/or endocytic recycling of ABCAL1 (i.e. carrying a cargo similar to ABCA1)
include clathrin-dependent pathway, caveolae-dependent pathway and two clathrin-
independent pathways, Cdc42-dependent and ARF6-dependent pathways. Azuma et al.
reported that endocytosis of ABCAL occurs via clathrin-dependent pathway and part of
internalized ABCAL is recycled back to the cell surface via Rab4-mediated pathway 2°. To
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our knowledge this is the only study which investigated a specific pathway of ABCA1
endocytosis. In our study, we investigated several endocytic pathways and established the
key role of ARF6 in regulation of ABCA1 endocytosis and cholesterol efflux under various
metabolic conditions.

Materials and Methods

Results

Materials and Methods are available as online-only Data Supplement. Schematic
representation of the experimental design is shown in Supplemental Fig. I.

ARF6 and dynamin-2 regulate endocytosis of ABCA1

To investigate the contribution of various pathways to endocytosis of ABCAL we employed
siRNA silencing in mouse macrophage cells RAW 264.7 to reduce the abundance of four
proteins playing key roles in different endocytic pathways: clathrin, dynamin-2, Cdc42 and
Arf6. Transfection of cells with the corresponding siRNA resulted in reduction of the
abundance of each of the proteins by 50-70% (Supplemental Fig. 11A); higher levels of
silencing affected cell viability. There was no off-target inhibition, /.e. silencing of one
protein did not affect the abundance of any of the three other proteins (data not shown).

Silencing of clathrin and Cdc42 did not affect the abundance of total Abcal, while silencing
of dynamin-2 and Arf6 increased the abundance of Abcal in the cells by approximately 20%
(Fig. 1A). When the abundance of Abcal on the cell surface was measured, silencing of
clathrin and Cdc42 again had no effect, while silencing of dynamin-2 and Arf6 increased the
abundance of the cell-surface Abcal by 70% (Fig. 1B). Given that silencing was partial for
all four factors, the observed difference in the effects indicates the predominant role of
dynamin-2 and Arf6 in regulation of Abcal abundance. To further elucidate the mechanism
responsible for the effects of silencing of dynamin-2 and Arf6 on the Abcal abundance, we
measured internalization and degradation of Abcal. Internalization was assessed by
biotinylation of cell-surface Abcal and measuring the abundance of the intracellular
biotinylated Abcal after 30 min incubation. Silencing of dynamin-2 and Arf6 reduced the
amount of internalized Abcal by 40% (Fig. 1C). Degradation of Abcalwas assessed in
pulse-chase experiments after labelling Abcal with 3°S; silencing of dynamin-2 and Arf6
reduced the rate of Abcal degradation by approximately 40%, although due to high
variability the difference was not statistically significant (Fig. 1D). Finally, we evaluated the
functional consequences of the inhibition of different endocytic pathways by measuring
cholesterol efflux from cells to apolipoprotein A-1 (apoA-1), a process exclusively controlled
by Abcal. Consistent with the effects on Abcal abundance, silencing of Arf6 and dynamin-2
increased cholesterol efflux to apoA-I by 50%, while silencing of clathrin and Cdc42 had no
effect (Fig. 1E). At the same time, a non-specific efflux to methyl-g-cyclodextrin (MBC, 200
pg/ml) was only slightly increased (<10%) with silencing of all four genes (Fig. 1 F). Thus,
the abundance of functional Abcal on the cell surface is controlled by endocytic pathways
involving dynamin-2 and Arf6, with clathrin-dependent and Cdc42-dependent pathways not
playing a substantial role.
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The experiments with Arf6 silencing were complemented by experiments with
overexpression of Arf6. Heterologous Arf6-GFP was transiently expressed in RAW 264.7
cells (Supplemental Fig. 11B). The abundances of total (Fig. 1G), cell-surface (Fig. 1H) and
internalized (Fig. 11) Abcalwere reduced in cells overexpressing Arf6. Cholesterol efflux,
however, was unaffected by Arf6 overexpression (Fig. 1J). Thus, the effect of Arf6
overexpression on Abcal abundance and localization were opposite to those of Arf6é
silencing, however, excessive Arf6 did not affect cholesterol efflux.

Finally, to ensure that the effects of Arf6 silencing were specific, the experiments were
repeated with an alternative siRNA directed to a different site of Arfé6 mMRNA (see Materials
and Methods). Both original and alternative siRNA caused similar reductions of Arf6é
abundance and similar increases of total and cell-surface Abcal (Supplemental Fig. IIC, D).
ARF6-dependent endocytic pathway is considered to be dynamin-independent 28, There is,
however, mounting evidence that dynamin-2 is an essential component of all endocytic
pathways, including ARF6-dependent pathway. Furthermore, recent report demonstrated
that dynamin-2 is a potent activator of ARF6 29. To investigate if inhibition of dynamin-2
and Arf6 regulates two independent endocytic pathways or different steps of the same
pathway, we compared the effects of silencing of Arf6 or dynamin-2 with the effects of co-
silencing of the two proteins together. Co-silencing of Arf6 and dynamin-2 resulted in
silencing of both proteins by 60-70% (Supplemental Fig. I11A), and led to an increase in the
abundance of total Abcal similar to that when each protein was silenced individually
(Supplemental Fig. I11A). There was no additive effect of co-silencing of Arf6 and
dynamin-2 on the abundance of cell-surface Abcal; on the contrary, co-silencing of Arf6
and dynamin-2 seems to reduce Abcal abundance on the cell surface (Supplemental Fig.
I11B). Furthermore, silencing of Arf6, dynamin-2, or co-silencing of the both proteins
resulted in similar increases of cholesterol efflux to apoA-I (Supplemental Fig. 111C). Thus,
it is likely that ARF6 and dynamin-2 target two steps of the same pathway.

To confirm that silencing of ARF6 and dynamin-2 targets a posttranslational regulatory step,
we repeated the experiments in the presence of protein synthesis inhibitor, cycloheximide.
Silencing of Arf6 or dynamin-2 similarly increased the abundance of total Abcal in the
presence or absence of cycloheximide (Supplemental Fig. 111D), confirming that ARF6 and
dynamin-2 affect post-translational steps of regulation of ABCAL abundance.

Endocytosis of ABCAL in cholesterol-loaded cells

Cholesterol regulates many aspects of cellular metabolism, and excessive cholesterol plays a
role in pathogenesis of many diseases, most notably, atherosclerosis. Excessive cholesterol is
often a consequence of impairment of cellular cholesterol metabolism, but at the same time
it regulates many pathways responsible for cholesterol homeostasis 2. To evaluate how
excessive cholesterol affects ABCAL endocytosis, we investigated relevant endocytic
pathways in cholesterol-loaded cells. Loading of cells by incubating them with methyl-§-
cyclodextrin/cholesterol complex resulted in almost tripling of cell total cholesterol content
(Fig. 2A). We then used methyl-p-cyclodextrin/BODIPY-cholesterol complex to determine
which cellular cholesterol pool is enriched by this method of cholesterol-loading. Time-
course of the loading is shown in Supplemental Fig. VA demonstrating that although

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mukhamedova et al.

Page 5

initially plasma membrane pool gets enriched with exogenous cholesterol, within 30 min
excessive cholesterol equilibrated among all cholesterol pools. Abundance of total and cell-
surface Abcal and cholesterol efflux were elevated in cells loaded with cholesterol
(Supplemental Fig. IVB-D).

Similar to the cells not loaded with cholesterol, silencing of clathrin and Cdc42 had no effect
on Abcal abundance, while silencing of dynamin-2 and Arf6 increased the abundance of
Abcal, although the magnitude of the effect was reduced compared to cells with
unmanipulated cholesterol content (Fig. 2B). When cell-surface Abcal was analysed,
silencing of dynamin-2, caused statistically significant increase in the abundance of cell-
surface Abcal in cholesterol-loaded cells, while silencing of Arf6 caused only marginal
increase of Abcal (Fig. 2C). Unexpectedly, both the amount of internalized Abcal (Fig. 2D)
and the rate of Abcal degradation (Fig. 2E) were increased after silencing of dynamin-2,
with silencing of Arf6 having no effect on the amount of internalized Abcal or the rate of its
degradation. The rate of cholesterol efflux from cholesterol-loaded cells was elevated after
silencing of dynamin-2 and Arf6, but also after silencing of Cdc42 (Fig. 2F).

The experiments with Arf6 silencing were complemented by the experiments with
overexpression of Arf6. The abundance of total (Fig. 2G), cell-surface (Fig. 2H) and
internalized (Fig. 31) Abcal as well as cholesterol efflux (Fig. 2J), were unaffected by
overexpression Arf6 in cholesterol-loaded cells.

Thus, it appears that the contribution of the ARF6-dependent endocytosis to regulation of
ABCAL abundance is reduced in cholesterol-loaded cells, whereas dynamin-2 continues to
play a role. There was a further inconsistency in the effects of silencing of dynamin-2 on
intracellular distribution of Abcal with increased abundance of cell-surface Abcal
coinciding with increased internalization and degradation of Abcal. The most plausible
explanation for these inconsistencies is that silencing of dynamin-2 affects not only ARF6-
dependent endocytosis leading to degradation, but also other, ARF6-independent, pathways
leading to recycling of ABCAL.

Endocytosis of ABCAL in cholesterol-depleted cells

To further investigate how ABCAL endocytosis is regulated by cell cholesterol content, we
studied endocytic pathways in cells depleted of cholesterol. Treatment of cells with methyl-
B-cyclodextrin resulted in 70% reduction of cellular total cholesterol content (Fig. 3A). It
was previously demonstrated that treatment of cells with MBD selectively depletes plasma
membrane cholesterol 30, a finding also confirmed in this study by dramatic reduction of the
abundance of lipid rafts after treatment with MBD (Supplemental Fig. IVE). Abundance of
total and cell-surface Abcal and cholesterol efflux were reduced in cholesterol depleted cells
(Supplemental Fig. IVB-D). Under these conditions we again found that silencing of
clathrin, dynamin-2 and Cdc42 had no effect on total Abcal abundance, while silencing of
Arf6 increased it (Fig. 3B). Cell-surface Abcal was also increased after silencing of Arf6
and dynamin-2, it was increased also after silencing of Cdc42 (Fig. 3C). The abundance of
internalized ABCA1 was increased after silencing of Arfé and dynamin-2 (Fig. 3D).
Conversely, silencing of Arf6é and dynamin-2 had a tendency to reduce Abcal degradation
(Fig. 3E). Unexpectedly, however, despite increased abundance of total and cell-surface
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Abcal, silencing of dynamin-2, Arf6 and Cdc42 significantly reduced cholesterol efflux
(Fig. 3F).

The experiments with Arf6 silencing were complemented by experiments with
overexpression of Arf6. The effects of the overexpression of Arf6 on Abcal abundance were
opposite to those of Arf6 silencing: the abundance of total (Fig. 3G), cell-surface (Fig. 3H)
and internalized (Fig. 41) Abcalwas reduced. Cholesterol efflux was also reduced in
cholesterol-depleted, Arf6 overexpressing cells (Fig. 3J).

Thus, the effects of silencing of endocytic pathways on Abcal abundance in cholesterol-
depleted cells were qualitatively similar to those in cells with unmanipulated cholesterol
content. However, a paradoxical reduction of cholesterol efflux after silencing of Arf6,
dynamin-2 and Cdc42 suggested that in cholesterol-depleted cells involvement of endocytic
pathways in cholesterol regulation may go beyond regulation of ABCA1 abundance.

Efflux of intracellular cholesterol

Inconsistencies in the effects of inhibition of endocytic pathways on ABCAL abundance and
cholesterol efflux suggested that the involvement of these pathways may not be limited to
regulation of ABCA1 abundance. In addition to regulating the abundance and localization of
ABCAL, endocytosis may also be involved in the efflux of intracellular cholesterol. That
may be achieved through retroendocytosis, when ABCA1-apoA-I complex cycles between
intracellular compartments and plasma membrane contributing to cholesterol trafficking
inside the cell. Recently, it was demonstrated that ABCAL1 is essential for transfer of plasma
membrane cholesterol to the endoplasmic reticulum and that clathrin-independent endocytic
pathways are involved 2. We investigated the effect of silencing of selected endocytic
pathways on the efflux of the newly synthesized, intracellular cholesterol. In these
experiments, labelling of newly synthesized cholesterol by incorporation of [3H]acetate was
combined with the efflux incubation, and a proportion of newly synthesized [3H]cholesterol
released to apoA-1 was assessed. Loading of cells with cholesterol had no effect on the rate
of cholesterol biosynthesis (Fig. 4A), however, cholesterol depletion resulted in significant
elevation of the rate of cholesterol biosynthesis (Fig. 4A). In cells with unmanipulated
cholesterol content, silencing of any of the endocytic pathways (clathrin-, dynamin-2-,
Arf6-, and Cdc42-dependent) reduced the efflux of intracellular cholesterol by up to 80%
(Fig. 4B). Interestingly, while there was no significant difference between the effects of
silencing of clathrin, dynamin-2 and Cdc42, silencing of Arf6 was less effective in reducing
intracellular cholesterol efflux. When cells were loaded with cholesterol, silencing of any of
the pathways had no effect on the efflux of intracellular cholesterol (Fig. 4C), arguing
against the contribution of endocytic pathways to the efflux of intracellular cholesterol in
cholesterol-loaded cells. In cholesterol-depleted cells, however, while silencing of clathrin,
dynamin and Cdc42 reduced the efflux of intracellular cholesterol, silencing of Arf6 caused
15-fold increase of intracellular cholesterol efflux (Fig. 4D). It appears that under the
condition of unmanipulated cholesterol content, but especially in cholesterol-depleted cells,
silencing of Arf6 prevented trafficking of Abcal into lysosomes, reducing its degradation
and instead redirecting it back to the cell surface, at the same time facilitating the efflux of
intracellular cholesterol.
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Intracellular itinerary of ABCAL

Collectively, our findings suggest that ARF6 plays a key role in endocytosis leading to
degradation of ABCAL while other endocytic pathways may be involved in ABCA1
recycling. Therefore, we investigated intracellular itinerary of ABCAL hypothesizing that
inhibition of ARF6 would redirect ABCAL from a degradative to a recycling pathway. We
used confocal microscopy to assess co-localization of Abcal with lysosome marker Lampl
and recycling endosome marker Rab11 27, Under condition of unmanipulated cholesterol
content silencing of dynamin-2 and Arf6 almost halved co-localization of Abcal with
lysosome marker Lamp1l (Fig. 5A, C) at the same time increasing by 50% co-localization
with Rab11 (Fig. 5B, D). In cholesterol-loaded cells, there was no statistically significant
impact of the dynamin-2 or Arf6 silencing on co-localization of Abcal with Lampl (Fig.
5E, G) or Rab11 (Fig. 5F, H). In cholesterol-depleted cells, silencing of Arf6, but not of
dynamin-2, reduced co-localization of Abcal with Lampl by 25% (Fig. 51, K) with no
statistically significant effect on co-localization of Abcal and Rabl11 (Fig. 5J, L). These
findings were consistent with the outcomes of pulse-chase experiments (Figs. 1D, 2E, 3E)
suggesting that silencing of ARF6 reduces endocytosis leading to degradation of ABCA1
under unmanipulated and cholesterol-depleted conditions.

We also investigated the effect of Arf6 overexpression on degradation of Abcal by assessing
co-localization of Abcal with Lampl (Supplemental Fig. V - note that colour of Abcal was
digitally changed to green for better visualization of co-localization). Consistent with the
measurements of Abcal abundance, Abcal/Lampl co-localization was increased in cells
with unmanipulated cholesterol content overexpressing Arfé (Supplemental Fig. VA, D). In
cholesterol-loaded cells Abcal/Lampl co-localization was reduced relative to cells with
unmanipulated cholesterol content and there was no effect of Arf6 overexpression on Abcal/
Lamp1 co-localization (Supplemental Fig. VB, D). In cholesterol-depleted cells Abcal/
Lamp1 co-localization was increased and there was a reduction in Abcal/Lampl co-
localization in cells overexpressing Arf6 (Supplemental Fig. VC, D). It appears that
increased abundance of Arf6 regulates Abcal degradation in cells with unmanipulated
cholesterol content and in cholesterol-depleted cells, but plays limited role in cholesterol-
loaded cells.

Combined, our findings are consistent with the hypothesis that inhibition of Arf6-dependent
degradative endocytic pathway may re-direct Abcal toward a recycling endocytic pathway,
at least in cells with unmanipulated cholesterol content.

ARF6 regulates endocytosis of ABCA1 in bone marrow derived macrophages

Finally, to confirm the main findings of this study in primary cells, we tested the effects of
Arf6 silencing in bone marrow derived macrophages (BMDM). Abcal abundance in these
cells was significantly higher compared to RAW 264.7 cells; therefore, the experiments with
BMDM were done without stimulation of Abcal expression with an LXR agonist.
Transfection of BMDM with siRNAAT resulted in approximately 50% reduction in Arf6
abundance in cells with unmanipulated cholesterol content, as well as in cholesterol-loaded
and cholesterol-depleted cells (Supplemental Fig. VIA). Silencing of Arf6 caused
approximately a 20% increase of Abcal/aNa/K-ATPase ratio under all three conditions
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(Supplemental Fig. VIA). Silencing of Arf6 also caused significant increase in the
abundance of cell-surface Abcal, especially in cholesterol-depleted cells (Supplemental Fig.
VIB). Consistent with changes in the abundance of cell-surface Abcal, cholesterol efflux
was significantly stimulated by Arf6 silencing (Supplemental Fig. VIC). An inconsistency in
the effects of Arf6 silencing on cholesterol efflux from cholesterol-depleted BMDM and
RAW 264.7 cells is most likely the result of much higher abundance of total and cell-surface
Abcal in BMDM.

Discussion

Endocytosis of the receptors on the surface of the cells, including lipoprotein receptors, is a
well-established phenomenon 2. Such endocytosis serves, on the one hand, to deliver
receptor ligands or cargo inside the cells, and on the other hand, to regulate receptor
abundance and exposure on the cell surface. Numerous evidence suggest that ABCAL, a key
transporter in cholesterol efflux pathway, is also a subject of endocytosis 16: 21, 31.32 byt the
mechanisms and physiological role of endocytosis of ABCAL are unclear.

One suggested role of ABCA1 endocytosis is regulation of ABCA1 abundance and its
exposure at the cell surface. According to this hypothesis, one may expect that inhibition of
a pathway responsible for ABCAL endocytosis and degradation would increase ABCA1
abundance and exposure at the cell surface as well as cholesterol efflux. Indeed, in this study
we demonstrated that silencing of dynamin-2 and ARF6 in cells with unmanipulated
cholesterol content increased the abundance of total and cell-surface ABCA1, reduced
internalization and degradation of ABCAL and increased cholesterol efflux. Silencing of the
key elements of the two other pathways, clathrin-dependent pathway and CDC42-dependent
pathway, had no effect on ABCA1 abundance, localization and function. Caveolin-
dependent endocytic pathway was not directly investigated in this study. However, treatment
of cells with MBC, which reduced the abundance of lipid rafts inhibiting caveolin-dependent
pathway, resulted in a decreased, rather than an increased, abundance of ABCA1, suggesting
that caveolin-dependent endocytosis is unlikely to contribute significantly to the regulation
of ABCAL1 abundance, at least in macrophages. Our findings are consistent with a
suggestion that endocytic pathway involving dynamin-2 and ARF6 plays an important role
in determining the rate of ABCAL1 endocytosis with subsequent lysosomal degradation in
cells with unmanipulated cholesterol content.

The involvement of the ARF6-dependent endocytosis in the regulation of ABCA1
abundance, localization and function became equivocal when cell cholesterol content was
altered. In cholesterol-loaded cells silencing of ARF6 had only a limited effect on ABCA1
abundance, localization and degradation, presumably reflecting limited role of ABCA1
degradation in cells overloaded with cholesterol. Several pathways of ABCAL degradation
were described, some of them only become active in response to loading of cells with
cholesterol 1112 and we speculate that cholesterol loading switches ABCA1 degradation
away from ARF6-dependent endocytosis. The effects of silencing of endocytic pathways on
ABCAlabundance in cholesterol-depleted cells were generally similar to those in cells with
unmanipulated cholesterol content. It was therefore surprising that cholesterol efflux,
although overall reduced by cholesterol depletion, was further reduced by silencing of
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clathrin-independent endocytic pathways and also after overexpression of ARF6, conflicting
with the effects of these treatments on the abundance of total and cell-surface ABCAL. It is
possible that clathrin-independent endocytic pathways are involved in delivery of cholesterol
from plasma membrane to intracellular compartments, as was recently suggested by
Yamauchi et al 2 reducing availability of cholesterol for the efflux. However, if this were the
case, inhibition of clathrin-independent endocytosis (CIE) would result in relative
enrichment of plasma membrane with cholesterol and increased cholesterol efflux, which
was not observed in our experiments. We therefore suggest that the effects of modulating
endocytic pathways on cholesterol efflux in cholesterol-depleted cells may affect the efflux
not only from the depleted pool of plasma membrane cholesterol, but also from the pool of
intracellular cholesterol.

Another suggested role of ABCAL endocytosis was its participation in intracellular
cholesterol trafficking. Two mechanisms were previously proposed. First, it was suggested
that after binding to apoA-I, ABCAL-apoA-1 complex may be endocytosed, bind
intracellular lipids and recycle back to the cell surface releasing apoA-1 along with
associated lipids into extracellular space 31 33-35, Second, it was suggested that ABCAL in
the absence of extracellular acceptors may facilitate transfer of cholesterol from the plasma
membrane to endoplasmic reticulum through CIE and that ABCAL abundance affects the
efficiency of certain CIE pathways 2, which may in turn affect the egress of cholesterol from
intracellular compartments. Involvement of ABCAL in trafficking of intracellular cholesterol
to the plasma membrane is supported by the recent finding that newly synthesized sterols are
a preferential substrate for ABCAZ1-dependent efflux and that ABCA1 and newly
synthesized sterols selectively accumulate in the same plasma membrane domain, rafts 36.
When we investigated the involvement of endocytic pathways in efflux of specifically
intracellular cholesterol, we found that it was significantly reduced by inhibition of both
clathrin-dependent and clathrin-indepenedent pathways in cells with unmanipulated
cholesterol content. However, inhibition of ARF6 was the least efficient; moreover,
localization of the intracellular ABCAL shifted from the lysosomes to the recycling
endosomes after silencing of ARF6. In cholesterol-depleted cells, where cholesterol efflux
was low, silencing of ARF6 resulted in a dramatic elevation of the rate of intracellular
cholesterol efflux. Collectively, these findings suggest that inhibition of ARF6 endocitic
pathway may redirect ABCAL into alternative endocytic pathways involved in ABCA1
recycling and trafficking of intracellular cholesterol.

Overall, based on our findings, we suggest the following model of involvement of different
endocytic pathways in regulation of ABCA1 abundance and function (Fig. 6). We propose
that ARF6-dependent pathway is responsible for endocytosis of ABCAL, directing it into
late endosomes with subsequent degradation. This pathway regulates the abundance of
ABCAL on plasma membrane and consequently the efflux of plasma membrane cholesterol.
Other clathrin-dependent and clathrin-independent pathways may be responsible for the
recycling of ABCAL; they are not involved in regulation of ABCA1 abundance, but may be
involved in the efflux of intracellular cholesterol. In cholesterol-loaded cells, the
contribution of the endocytic pathways to the regulation of the ABCAL abundance and
function is reduced, leaving ABCA1 on the cell surface to maximize cholesterol efflux. In
cholesterol-depleted cells, a significant proportion of the effluxed cholesterol comes from
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intracellular compartments and cholesterol efflux is predominantly affected by the rate of
ABCAL recycling rather than by its abundance on plasma membrane. Endocytic pathways
may compete with each other, and inhibition of ARF6-dependent degradative pathway may
redirect ABCAL into recycling pathways leading to increased intracellular cholesterol efflux
at the expense of plasma membrane cholesterol.

In conclusion, our findings demonstrate the critical role of ARF6 in regulation of ABCAL
abundance and function. However, further studies are required to test the proposed model of
endocytic pathway interactions.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
. ARF6-dedpendent endocytosis is the predominant pathway of ABCAL
degradation
. ARF6-independent pathways control intracellular cholesterol efflux
. ABCAL1 endocytosis may shift between degradation and recycling
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Figure 1. The effect of silencing of individual endocytic pathways on ABCAL1 abundance and
functionality

A — The abundance of total Abcal in cells with silenced clathrin (Cl), dynamin-2 (Dy), Arf6
(Ar) or Cdc42 (Cd). Left — Western blot of total Abcal; right — densitometric quantitation of
bands from three independent experiments (Means£SEM). B — The abundance of cell-
surface Abcal in cells with silenced clathrin (Cl), dynamin-2 (Dy), Arf6é (Ar) or Cdc42 (Cd).
Left — Western blot of cell-surface Abcal; right — densitometric quantitation of bands from
three independent experiments (Means=SEM). C — The abundance of internalized Abcal in
cells with silenced dynamin-2 (Dy) or Arf6 (Ar). Left — Western blot of internalized Abcal;
right — densitometric quantitation of bands from three independent experiments (Means
+SEM). D — Rates of degradation of Abcal in a pulse-chase experiment after silencing
dynamin-2 (Dy) or Arf6 (Ar). MeanstSEM of triplicate determinations are shown. E-
Cholesterol efflux to apoA-1 (final concentration 30 ug/ml) from cells with silenced clathrin
(CI), dynamin-2 (Dy), Arf6 (Ar) or Cdc42 (Cd). Means + SEM of quadruplicate
determinations are shown. ***p<0.001. F- Cholesterol efflux to methyl-p-cyclodextrin
(MBC, final concentration 200 pg/ml) from cells with silenced clathrin (Cl), dynamin-2
(Dy), Arf6 (Ar) or Cdc42 (Cd). Means + SEM of quadruplicate determinations are shown.
*p<0.05; ***p<0.001 G — The abundance of total Abcal in cells transiently transfected with
Arf6 (+Ar) or mock (M) plasmid. Left — Western blot of total Abcal; right — densitometric
quantitation of bands from three independent experiments (Means=SEM). *p<0.05 (versus
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mock transfected cells with the same treatment). H — The abundance of cell-surface Abcal
in cells transiently transfected with Arf6 (+Ar) or mock (M) plasmid. Left — Western blot of
cell-surface Abcal; right — densitometric quantitation of bands from three independent
experiments (Means£SEM). *p<0.05 (versus mock transfected cells with the same
treatment). | — The abundance of internalized Abcal in cells transiently transfected with
Arf6 (+Ar) or mock (M) plasmid. Left — Western blot of internalized Abcal; right —
densitometric quantitation of bands from three independent experiments (Means+SEM). J-
Cholesterol efflux to apoA-I (final concentration 30 pg/ml) from cells transiently transfected
with Arf6 or mock plasmid. Means + SEM of quadruplicate determinations are shown.
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Figure 2. The effect of silencing of individual endocytic pathways on ABCAL1 abundance and
functionality in cells loaded with cholesterol

A — Cholesterol content of cells loaded with cholesterol. B — The abundance of total Abcal
in cells with silenced clathrin (Cl), dynamin-2 (Dy), Arf6 (Ar) or Cdc42 (Cd). Left -
Western blot of total Abcal; right — densitometric quantitation of bands from three
independent experiments (Means£SEM). C — The abundance of cell-surface Abcal in cells
with silenced clathrin (CI), dynamin-2 (Dy), Arf6 (Ar) or Cdc42 (Cd). Left — Western blot of
cell-surface Abcal; right — densitometric quantitation of bands from three independent
experiments (Means£SEM). D — The abundance of internalized Abcal in cells with silenced
dynamin-2 (Dy) or Arf6 (Ar). Left — Western blot of internalized Abcal; right —
densitometric quantitation of bands from three independent experiments (MeanstSEM). E —
Rates of degradation of Abcal in a pulse-chase experiment after silencing Arf6 (Ar) or
dynamin-2 (Dy). Means+SEM of triplicate determinations are shown. F- Cholesterol efflux
to apoA-I (final concentration 30 pg/ml) from cells with silenced clathrin (Cl), dynamin-2
(Dy), Arf6 (Ar) or Cdc42 (Cd). Means + SEM of quadruplicate determinations are shown.
*p<0.05, ***p<0.001. G — The abundance of total Abcal in cells transiently transfected with
Arf6 (+Ar) or mock (M) plasmid. Left — Western blot of total Abcal; right — densitometric
guantitation of bands from three independent experiments (Means=SEM). H — The
abundance of cell-surface Abcal in cells transiently transfected with Arf6 (+Ar) or mock
(M) plasmid. Left — Western blot of cell-surface Abcal; right — densitometric quantitation of
bands from three independent experiments (Means£SEM). | — The abundance of
internalized Abcal in cells transiently transfected with Arf6é (+Ar) or mock (M) plasmid.
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Left — Western blot of internalized Abcal; right — densitometric quantitation of bands from
three independent experiments (Means+SEM). J- Cholesterol efflux to apoA-1 (final
concentration 30 pug/ml) from cells transiently transfected with Arf6 or mock plasmid.
Means £ SEM of quadruplicate determinations are shown.
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Figure 3. The effect of silencing of individual endocytic pathways on ABCAL1 abundance and
functionality in cholesterol-depleted cells

A — Cholesterol content of cholesterol-depleted cells. B — The abundance of total Abcal in
cells with silenced clathrin (CI), dynamin-2 (Dy), Arf6 (Ar) or Cdc42 (Cd). Left — Western
blot of total Abcal; right — densitometric quantitation of bands from three independent
experiments (MeanstSEM). *p<0.05. C — The abundance of cell-surface Abcal in cells with
silenced clathrin (CI), dynamin-2 (Dy), Arf6 (Ar) or Cdc42 (Cd). Left — Western blot of cell-
surface Abcal; right — densitometric quantitation of bands from three independent
experiments (MeanstSEM). **p<0.01. D — The abundance of internalized Abcal in cells
with silenced dynamin-2 (Dy) or Arf6 (Ar). Left — Western blot of internalized Abcal; right
— densitometric quantitation of bands from three independent experiments (Means=SEM).
*p<0.05. E — Rates of degradation of Abcal in a pulse-chase experiment after silencing Arf6
(Ar) or dynamin-2 (Dy). Means£SEM of triplicate determinations are shown. F- Cholesterol
efflux to apoA-1 (final concentration 30 pug/ml) from cells with silenced clathrin (ClI),
dynamin-2 (Dy), Arf6 (Ar) or Cdc42 (Cd). Means £ SEM of quadruplicate determinations
are shown. **p<0.01, ***p<0.001. G — The abundance of total Abcal in cells transiently
transfected with Arf6 (+Ar) or mock (M) plasmid. Left — Western blot of total Abcal; right
— densitometric quantitation of bands from three independent experiments (MeansSEM).
*p<0.05 (versus mock transfected cells with the same treatment). H — The abundance of
cell-surface Abcal in cells transiently transfected with Arf6é (+Ar) or mock (M) plasmid.
Left — Western blot of cell-surface Abcal; right — densitometric quantitation of bands from
three independent experiments (MeanszSEM). ***p<0.001 (versus mock transfected cells
with the same treatment); 1 — The abundance of internalized Abcal in cells transiently
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transfected with Arf6 (+Ar) or mock (M) plasmid. Left — Western blot of internalized
Abcal; right — densitometric quantitation of bands from three independent experiments
(MeansxSEM). J- Cholesterol efflux to apoA-I (final concentration 30 pug/ml) from cells
transiently transfected with Arfé or mock plasmid. Means = SEM of quadruplicate
determinations are shown. **p<0.01 (versus mock transfected cells with the same
treatment).
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Figure 4. The effect of silencing of individual endocytic pathways on the efflux of intracellular
cholesterol

A — Incorporation of [3H]acetate into cholesterol in cells with unmanipulated cholesterol
content, cholesterol loaded and cholesterol-depleted cells. Means + SEM of quadruplicate
determinations are shown. B — Intracellular cholesterol efflux to apoA-I (final concentration
30 pg/ml) from cells with unmanipulated cholesterol content after silencing of clathrin (CI),
dynamin-2 (Dy), Arf6 (Ar) or Cdc42 (Cd). Means £ SEM of quadruplicate determinations
are shown. C — Intracellular cholesterol efflux to apoA-I (final concentration 30 pg/ml) from
cholesterol-loaded cells after silencing of clathrin (CI), dynamin-2 (Dy), Arf6 (Ar) or Cdc42
(Cd). Means + SEM of quadruplicate determinations are shown. D — Intracellular cholesterol
efflux to apoA-1 (final concentration 30 ug/ml) from cholesterol-depleted cells after
silencing of clathrin (CI), dynamin-2 (Dy), Arf6 (Ar) or Cdc42 (Cd). Means = SEM of
quadruplicate determinations are shown. *p<0.05; **p<0.01, ***p<0.001 (versus mock-
transfected cells); #p<0.05 (versus clathrin, dynamin-2 and Cdc42 silencing).
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Figure 5. The effect of silencing of Arf6 endocytic pathway on intracellular localization of Abcal
A — Confocal microscopy analysis of co-localization of Abcal and Lampl in cells with

unmanipulated cholesterol content after silencing of dynamin-2 (Dy) or Arf6 (Ar). Bar — 10
pum. B — Confocal microscopy analysis of co-localization of Abcal and Rab11 in cells with
unmanipulated cholesterol content after silencing of dynamin-2 (Dy) or Arf6 (Ar). Bar — 10
um. C -Quantitation of co-localization of Abcal and Lampl (MeanstSEM for 50-70 cells
for each bar). ***p<0.001. D -Quantitation of co-localization of Abcal and Rab11 (Means
+SEM for 50-70 cells for each bar). *p<0.05. E — Confocal microscopy analysis of co-
localization of Abcal and Lampl in cholesterol-loaded cells after silencing of dynamin-2
(Dy) or Arfé (Ar). Bar — 10 um. F — Confocal microscopy analysis of co-localization of
Abcal and Rab11 in cholesterol-loaded cells after silencing of dynamin-2 (Dy) or Arf6 (Ar).
Bar — 10 um. G -Quantitation of co-localization of Abcal and Lampl (Means+SEM for 50—
70 cells for each bar). G -Quantitation of co-localization of Abcal and Lampl (Means+SEM
for 50-70 cells for each bar). H -Quantitation of co-localization of Abcal and Rab11
(Means+SEM for 50-70 cells for each bar). I — Confocal microscopy analysis of co-
localization of Abcal and Lampl in cholesterol-depleted cells after silencing of dynamin-2
(Dy) or Arfé (Ar). Bar — 10 um. J — Confocal microscopy analysis of co-localization of
Abcal and Rab11 in cholesterol-depleted cells after silencing of dynamin-2 (Dy) or Arf6
(Ar). Bar — 10 um. K -Quantitation of co-localization of Abcal and Lampl (Means£SEM
for 5070 cells for each bar). ***p<0.001. L -quantitation of co-localization of Abcal and
Rab11 (Means+SEM for 50-70 cells for each bar).
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Figure 6. Schematic representation of the proposed involvement of endocytic pathways in the

regulation of ABCA1 endocytosis

ARF6-dependent pathway is responsible for endocytosis of ABCAL directing it into late
endosomes followed by degradation of ABCAL. This pathway is responsible for regulation
of the abundance of ABCAL1 on cell surface. Other clathrin-dependent and clathrin-
indepedndent pathways may be responsible for the recycling of ABCAL; they are not
involved in regulation of ABCAL abundance, but may be involved in the efflux of
intracellular cholesterol. Endocytic pathways compete with each other and inhibition of
ARF6 (degradation) pathway may re-direct ABCAL into recycling pathways leading to
increased activity of intracellular cholesterol efflux.
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