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ABSTRACT In pancreatic B-cells, insulin granule membranes are enriched in cholesterol and
are both recycled and newly generated. Cholesterol’s role in supporting granule membrane
formation and function is poorly understood. ATP binding cassette transporters ABCG1 and
ABCA1 regulate intracellular cholesterol and are important for insulin secretion. RNAi inter-
ference-induced depletion in cultured pancreatic p-cells shows that ABCG1 is needed to sta-
bilize newly made insulin granules against lysosomal degradation; ABCA1 is also involved but
to a lesser extent. Both transporters are also required for optimum glucose-stimulated insulin
secretion, likely via complementary roles. Exogenous cholesterol addition rescues knockdown-
induced granule loss (ABCG1) and reduced secretion (both transporters). Another cholesterol
transport protein, oxysterol binding protein (OSBP), appears to act proximally as a source of
endogenous cholesterol for granule formation. Its knockdown caused similar defective stabil-
ity of young granules and glucose-stimulated insulin secretion, neither of which were rescued
with exogenous cholesterol. Dual knockdowns of OSBP and ABC transporters support their
serial function in supplying and concentrating cholesterol for granule formation. OSBP knock-
down also decreased proinsulin synthesis consistent with a proximal endoplasmic reticulum
defect. Thus, membrane cholesterol distribution contributes to insulin homeostasis at
production, packaging, and export levels through the actions of OSBP and ABCs G1 and A1.
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INTRODUCTION

In eukaryotic cells, sterols are essential membrane lipids that must
be maintained within narrowly defined limits of concentration to
support a wide array of functions both at the cell surface and intra-
cellularly. Regulation of cholesterol in metazoa entails not only con-
trol of the overall level of free cholesterol through a combination of
biosynthesis, import, storage, and export but also control of its
subcellular distribution, which factors significantly in the distinct
biophysical properties and unique functions of different membrane-
bounded organelles (Chang et al., 2006; van Meer et al., 2008;
Mesmin and Maxfield, 2009). In regulated secretory cells that store
and secrete insulin, proinsulin is synthesized in the endoplasmic
reticulum where membrane cholesterol content is low (~5 mol% of
membrane lipid; van Meer et al., 2008; Sokolov and Radhakrishnan,
2010). As folded proinsulin advances from the endoplasmic reticu-
lum (ER) through the Golgi complex and into immature granules
(where it is proteolytically processed to insulin for subsequent
storage), membrane cholesterol levels progressively increase (Orci
et al,, 1981). Fully packaged insulin is stored in granules whose
surrounding membranes are estimated to contain ~35 mol%
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cholesterol (Westhead, 1987), comparable to concentrations typi-
cally found in the plasma membrane (van Meer et al., 2008; Mesmin
and Maxfield, 2009). The typical pancreatic B-cell contains 9-10,000
insulin storage granules with a total surface area that is ~4.5 times
that of the plasma membrane (Sato and Herman, 1981). Thus, the
secretory granule pool contains a very large fraction of the B-cell’s
membrane cholesterol.

We have been interested in how cholesterol might be regulated
and concentrated in membranes that are used for insulin granule
formation. Although endocytic recycling and reutilization of granule
membrane components postexocytosis certainly contributes to
the formation of new insulin granules, it is clear that there must also
be accompanying synthesis and incorporation of new membrane
components. Indeed, under normoglycemic conditions, proinsulin
synthesis is active (Wicksteed et al., 2003) and is increased by feed-
ing (Schuit et al., 1988). Yet under these conditions, only a small
fraction of the population of stored granules is mobilized and under-
goes exocytosis (Rorsman and Renstrém, 2003). To maintain the B-
cell's homeostatic level of insulin, there is continual turnover of gran-
ules by lysosomal degradation (Orci et al., 1984; Marsh et al., 2007,
Riahi et al., 2016), which increases as glucose concentrations de-
crease (Halban and Wolheim, 1980). Replacing the lost membranes
is essential and requires a source of cholesterol and mechanisms to
concentrate it. These considerations raise interesting possibilities
about the roles of the oxysterol binding protein OSBP and the cho-
lesterol-regulatory ABC (ATP binding cassette) transporters ABCG
and ABCA1. OSBP localizes to interorganellar contact sites between
the ER and trans-Golgi network (TGN; Storey et al., 1998), where it
enables nonvesicular cholesterol export from the ER and concentra-
tion in the TGN through coupled countertransport of phosphati-
dylinositol-4-phosphate (Mesmin et al., 2013b, 2017). Although
ABCs G1 and A1 have mainly been the focus of studies aimed at
assessing their contributions to cholesterol export from the cell sur-
face to extracellular lipoproteins (reviewed in Chang et al. [2006],
Wang et al. [2007], Tarling and Edwards [2012], and Phillips [2014]),
interest has grown in possible roles in regulating intracellular choles-
terol distribution (Vaughan, 2005; Sturek et al., 2010; Tarling and
Edwards, 2011, 2012). In particular, our earlier study of the relation-
ship of ABCG1 deficiency to impaired glucose tolerance and im-
paired insulin secretion in mice raised the possibility that ABCG1
might be an important player in regulating the distribution of choles-
terol during insulin granule formation (Sturek et al., 2010). To gain
further insight into this earlier observation and to consider more
broadly how intracellular cholesterol distribution might regulate in-
sulin’s secretory pathway, we have hypothesized that OSBP, ABCGT,
and ABCA1 collaborate to support the continual and tightly con-
trolled supply of cholesterol-enriched membranes that are needed
for insulin granule biogenesis and exocytosis. Notably, there is
strong reason to believe that increased cholesterol levels enhance
the packaging and storage of secretory products (Blazquez et al.,
2000; Wang et al., 2000; Hosaka, 2003), whereas conditions of either
cholesterol excess or deficiency impair the regulated exocytosis of
secretory granules (Brunham et al., 2007; Hao et al., 2007; Hao and
Bogan, 2009; Xia et al., 2008; Sturek et al., 2010; Bogan et al., 2012)
including the formation of fusion pores (Kreutzberger et al., 2015).

In the present study, we have examined small interfering RNA
(siRNA)-mediated knockdowns of ABCG1, ABCA1, and OSBP. We
find that deficiency of either ABCG1 or OSBP decreases the stability
of newly formed insulin granules leading to increased loss due to ly-
sosomal degradation, whereas a similar effect elicited by ABCA1 loss
is more modest. Notably, deficiency of any of the three transporters
reduces the competence for glucose-stimulated insulin secretion.
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Further, our supporting evidence argues that OSBP and the ABC
transporters act serially and that their mechanism is indeed linked to
membrane cholesterol availability within the secretory pathway.

RESULTS

ABCG1 knockdown in INS1 cells reduces cellular insulin
content

In undertaking these studies, ABCG1 was our initial focus due to our
earlier efforts in exploring its role in insulin-secreting cells (Sturek
et al., 2010). At the outset, we improved on the specificity of the
commercially available anti-ABCG1 antibody used previously by
developing a new antibody to a synthetic peptide located in the
cytoplasmic N-terminal domain (see Materials and Methods). This
antibody was not useful for immunofluorescence but exhibited ex-
cellent selectivity in detecting ABCG1 by Western blotting, and we
could confirm successful siRNA-mediated knockdown of transporter
expression (Supplemental Figure S1). Within 48 h of initiating knock-
down in the INS1-832/13 beta cell line and particularly after 72 h,
levels of ABCG1 were reduced 80-90% (Materials and Methods).
Notably, this caused a consistent, significant decrease in cellular
insulin levels (Figure 1A).

Knockdown affects the products of proinsulin processing
and other proteins of immature secretory granules

To explore the intracellular source of secretory protein loss in
ABCG1-deficient cells, we mainly used the glucose-responsive insu-
lin-secreting C-peptide-modified human proinsulin (GRINCH) clone
of INS1 cells (Haataja et al., 2013) that stably expresses human pro-
insulin containing a superfolder green fluorescent protein (GFP) in-
sert in the C-peptide domain (hPro-CpepSfGFP). hPro-CpepSfGFP
is synthesized, transported, processed, and insulin stored and
secreted in parallel with endogenous proinsulin/insulin. The
CpepSIGFP (endoproteolytic processing product) allows for easy
monitoring of intracellular transport and secretion using both
biochemical and fluorescence approaches. Knockdown of ABCG1
reduced the levels of CpepSfGFP present in cell lysates similar to its
effect on insulin (Figure 1B). The level of the hPro-CpepSfGFP pre-
cursor protein was also significantly decreased, albeit to a lesser
extent than that observed for CpepSfGFP.

To gain insight regarding which intracellular organelles might ac-
count for the loss of the CpepSfGFP granule marker, we subjected
postnuclear supernatant fractions to a two-step isoosmotic cell frac-
tionation procedure. Our goal was to resolve subpopulations of se-
cretory granules based on subtle differences in buoyant density and
to distinguish lower-density organelles involved in proinsulin trans-
port and processing (see Materials and Methods and Figure 1C).
Analysis of the U1, U2, L1, and L2 fractions by quantitative Western
blotting showed that the ER chaperone calnexin was largely confined
to U1. Carboxypeptidase E (CPE, involved in trimming the products
of proinsulin cleavage by prohormone convertases and known to lo-
calize to TGN, immature and mature secretory granules; Dhanvantari
and Loh, 2000) was abundant in U1 but also was well represented in
U2 and L2. This is consistent with lower-density TGN-derived mem-
branes being present in U1 and progressively higher-density imma-
ture granules (IGs) and mature secretory granules (SGs) being
enriched in U2 and L2, respectively. Finally, CpepSfGFP, one of the
final products of hPro-CpepSfGFP processing, was well represented
in U1 and U2 (containing early stages of granule biogenesis) but was
most abundant in L2 (that is enriched in mature insulin granules).

Application of this fractionation protocol to ABCG1 knockdown
cells showed only modest changes to hPro-CpepSfGFP and CPE
distributions but substantial loss of CpepSfGFP in the postnuclear
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also inhibits stimulated secretion. (A) Levels of insulin in INS1 cells measured by ELISA following treatment with siRNA
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RNAi-mediated depletion of ABCG1 reduces the levels of secretory proteins in insulin-secreting cells and

(control or ABCG1-targeted smart pool); n=7. (B) Levels of hPro-CpepSfGFP and CpepSfGFP in GRINCH cells

quantified from Western blots following control and ABCG1 knockdowns; n = 20. Data are presented as mean + SEM.

p values determined by Student'’s t test; *, p < 0.05; **, p < 0.01; **** p < 0.0001. (C) Isoosmotic fractionation protocol
used to resolve granule populations and accompanying distributions of marker proteins in the subfractions (PNS,
postnuclear supernatant; U1, U2 and L1, L2) resolved on the iodixanol gradients from the upper (lower density) and
lower (higher density) bands of the Percoll gradient, respectively. Markers are as follows: CalNXx, calnexin (ER); SUO,
succinate-ubiquinone oxidoreductase (mitochondria); CPE, carboxypeptidase (condensing vacuoles, immature and
mature granules); Cpep-GFP, CpepSfGFP. Percentages in red show principal concentration sites. (D) Western blots

showing the distributions of hPro-CpepSfGFP and CpepSfGFP (upper blot) and CPE (lower blot) in fractions obtained

from parallel fractionation of control (Ctl) and ABCG1-depleted (G1) cells. As discussed in the text and shown in
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supernatant (PNS), U1, and U2 fractions, with less apparent loss from
the L2 fraction (Figure 1, D and E, and Supplemental Figure S2A).
These data suggest that the main secretory pathway effect of ABCG'1
is in influencing the retention of proinsulin processing products dur-
ing granule biogenesis and maturation. Additionally, by analysis in
continuous density sucrose gradients, two other secretory granule
proteins, secretogranin Ill (Hosaka, 2003, 2005) and phogrin (Was-
meier and Hutton, 1996; Wasmeier et al., 2005), were also reduced
in the ABCG1 knockdown cells, in parallel with losses of CpepSfGFP
and a portion of CPE, whereas VAMP4 (associated predominantly
with the TGN [Ahras et al., 2006; Hao and Bogan, 2009; Zhang et al.,
2017]) was largely unaffected (Supplemental Figure S2B). These data
further support that secretory granule protein loss is particularly prev-
alent during the period of granule maturation, distal to the exit of
VAMP4 from secretory pathway membranes.

The ABCG1 knockdown effect is selective for newly formed
granules, and RNA interference (RNAi)-resistant ABCG1
prevents their loss

Because B-cells contain a reservoir of long-lived mature granules that
could predate and thus persist long after siRNA-mediated transfec-
tion, we decided to transiently transfect GRINCH cells to newly ex-
press a fluorescence-tagged secretory protein (NPY-mCherry, a very
good marker for insulin granules; Supplemental Figure S3). The goal
was to determine whether ABCG1 deficiency resulted in greater loss
of the marker of newer granules than for the CpepSfGFP marker of
both the newer and preexisting granule populations. Indeed,
Western blotting of ABCG1 knockdown cells showed that loss of
NPY-mCherry consistently and significantly exceeded the loss of
CpepSFfGFP (Figure 2A). To ensure that loss of newer granules specifi-
cally reflected deficiency in ABCG1, we first showed that an siRNA
targeted to the 3’-untranslated region (UTR) of rat ABCG1 was effec-
tive in reducing CpepSfGFP levels (Figure 2B), and then we expressed
the same siRNA along with NPY-mCherry in cell lines stably express-
ing either EGFP-tagged ABCG1 or a nonfunctional ABCG1(K124M)
mutant (Kobayashi, 2006) that lacked the endogenous 3’-UTR. Both
variants of ABCG1 showed very similar intracellular distributions, sub-
stantially concentrating at sites marked by the TGN markers proinsulin
(undergoing condensation in forming SGs) and Golgin 97 (Figure
2C). Both EGFP-tagged constructs were resistant to siRNA-mediated
knockdown, but only the wild-type EGFP-ABCG1 restored normal
levels of NPY-mCherry (Figure 2D). Thus, the data suggest that func-
tional ABCG1 preserves the stability of younger SGs. In making these
findings, we point out that the distribution now shown for ABCG1
contradicts our previous claim that this transporter resides in insulin
granules (Sturek et al., 2010). As discussed in a separate manuscript,
this earlier diagnosis is in error; there is very little ABCG1 associated
with insulin granules, and a major portion of this short-lived protein
colocalizes with the TGN (Harris et al., unpublished data).

ABCG1 deficiency does not amplify unstimulated secretion
but increases lysosomal degradation of proteins from the
insulin secretory pathway

Two alternatives might explain the loss of proteins from the younger
SGs observed in ABCG1-deficient cells: 1) increased routing during
intracellular transport along unstimulated secretory pathway(s)

(Kuliawat and Arvan, 1992; Turner and Arvan, 2000; Tsuchiya et al.,
2010; Cao et al., 2013; Holst et al., 2013; Du et al., 2016) or 2) tar-
geting to lysosomes for degradation (Marsh et al., 2007; Hannemann
et al., 2012; Goginashvili et al., 2015; Riahi et al., 2016, Hummer
etal., 2017; Zhang et al., 2017). We found that the level of unstimu-
lated secretion of hPro-CpepSfGFP over 20 h (at 5.5 mM glucose)
was essentially unaffected by ABCG1 knockdown, and the level of
unstimulated secretion of CpepSfGFP was not increased whatso-
ever (and indeed appeared slightly lower than that of control cells;
Figure 3A). Further, immunofluorescence localization of proinsulin
and VAMP4 in ABCG1-deficient cells showed both to be highly con-
centrated in the perinuclear cytoplasm as in control cells, consistent
with a close association with the TGN (Figure 3B). Together, these
results are not consistent with increased unstimulated secretion and
dispersion of IGs throughout the cytoplasm as in cells lacking PICK1
and HID1 (Cao et al., 2013; Du et al., 2016). In addition, they con-
trast with the profound dispersion of the TGN observed in INS1 cells
deficient in BAIAP3 (Zhang et al., 2017). However, during the final
24 h of knockdown, when we added to the medium leupeptin, pep-
statin, and antipain, which are endocytosed and delivered to lyso-
somes, there was a significantly increased recovery of CpepSfGFP
as well as a smaller increase in hPro-CpepSfGFP (Figure 3C). In sup-
port of secretory protein loss by lysosomal degradation, we noted in
the Western blot at the bottom of Figure 3C that the lower-mole-
cular-weight band below CpepSfGFP (about the size of SfGFP) was
significantly increased in the presence of lysosomal inhibitors, sug-
gesting that this band may be an intermediate in the degradation of
CpepSIGFP within lysosomes. This interpretation is further sup-
ported by pulse-chase labeling studies showing that the band ap-
pears kinetically after proinsulin processing (see below) but is never
detected in the secretion (Supplemental Figure S8).

Interestingly, the presence of this low-molecular-weight band in
the control cells indicates that a portion of proinsulin/C-peptide is
normally being delivered to lysosomes. A previous study reported
similar continual degradation and implicated ongoing macroau-
tophagy (Riahi et al., 2016). Accordingly, we carried out immuno-
staining of our cells with an antibody against LC3, a widely used
marker for this process. Although we observed a positive signal, it
was quite modest and certainly was not increased in ABCG1-defi-
cient cells (unpublished data). Thus, it seems most likely that the
secretory protein loss we have observed is occurring by a lysosomal
pathway that is distinct from macroautophagy.

Exogenous cholesterol addition partially alleviates the loss
of CpepSfGFP to lysosomal degradation when added to
ABCG1-deficient cells

In previous studies of pancreatic islets, we found that addition of ex-
ogenous cholesterol 1 d in advance of testing glucose-stimulated
insulin secretion was able to partially overcome inhibition that re-
sulted from knockout of ABCG1 (Sturek et al., 2010). We wondered
whether a similar low concentration (20 pM) of exogenous cholesterol
delivered as a methyl B-cyclodextrin (MBCD) complex might also re-
duce the loss of CpepSfGFP that we observed following knockdown
of ABCG1 in GRINCH cells. As shown in Figure 3D, addition of cho-
lesterol during the final day of knockdown indeed partially restored
CpepSfGFP in ABCG1-depleted cells. In attempting to increase the

Figures 3C and 6C, the band running below CpepSfGFP appears to be an intermediate in the degradation of
CpepSfGFP in lysosomes. (E) Two separate fractionations documenting little or no loss of hPro-CpepSfGFP in PNS and
U1 but pronounced loss of CpepSfGFP in PNS, U1, and U2 as compared with L2 following ABCG1 knockdown as
quantified from Western blots. Supplemental Figure S2 documents similar loss for CPE but no loss of SUO or CalNx in

ABCG1-depleted samples.
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observed CpepSfGFP recovery, we found that neither increasing cho-
lesterol to 50 pM nor extending the 20 uM treatment to 48 h pro-
vided added benefit. Notably, neither 20 nor 50 uM exogenous cho-
lesterol changed cellular levels of free cholesterol (Supplemental
Figure S4A).

Biosynthetic pulse-chase labeling demonstrates early loss of
insulin and CpepSfGFP in nascent SGs and rescue by
exogenous cholesterol

Expression of NPY-mCherry during the time of ABCG1 knockdown
highlighted an effect on newer granules. To learn how closely
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coupled the loss of secretory proteins was to insulin granule
formation, we used pulse-chase biosynthetic labeling with 3S-
amino acids to track the fate of newly synthesized secretory and
lysosomal proteins comparatively in ABCG1-deficient cells. Knock-
down of ABCG1 in INS1 cells, did not alter the amount of proinsulin
synthesized or the rate of prohormone processing, indicating no
effect of ABCG1 deficiency at the level of the ER or during proinsulin
transit through the Golgi. However, the level of insulin that accumu-
lated in the ABCG1-deficient cells was notably diminished (Figure
4A). In contrast, procathepsin B trafficking and processing was
unaffected in ABCG1-deficient cells (Figure 4B). Additionally,
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to or slightly less than that observed for control knockdown cells that were incubated for 20 h without stimulation.
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accompanying representative image shows the bands for hPro-CpepSfGFP (hPro) and CpepSfGFP (Cpep) as well as
the lower-molecular-weight band (Lys) that is a putative intermediate in the lysosomal degradation of CpepSfGFP.
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Quantification from Western blots; n = 5. The accompanying representative image shows the same bands as in C; an
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Data are presented as mean = SEM. p values are determined by Student'’s t test; *, p < 0.05; **, p < 0.01; ****, p < 0.0001.
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FIGURE 4: Effects of ABCG1 knockdown on granule formation. (A) Production and processing of 3S-amino acid-
labeled proinsulin are not affected by depletion of ABCG1 in INS1 cells. Representative phosphorimage comparing
labeled proinsulin/insulin in control and ABCG1 knockdown cells. Quantitative results pooled from three experiments
(0-2 h chase; extended to 4 h chase in two of the experiments) show that accumulation of labeled insulin during granule
formation is noticeably decreased by ABCG1 knockdown. (B) Transport and processing of procathepsin B (to cathepsin
B in lysosomes) is not affected by ABCG1 knockdown. The phosphorimage is representative of two separate
experiments. (C) Tracking of hPro-CpepSfGFP and CpepSfGFP in GRINCH cells following pulse labeling with 35S-amino
acids. Representative phosphorimage shows the progressive processing of hPro-CpepSfGFP (hPro) through an
intermediate (Int) to CpepSfGFP (Cpep) as well as accumulation of a lysosomal degradation band (Lys) in control and
ABCG1 knockdown samples. Quantification shows no effect of ABCG1 knockdown or of cholesterol-MBCD addition on
the level and processing of hPro-CpepSfGFP. For CpepSfGFP, levels are significantly decreased by ABCG1 knockdown
starting at 1 h (p < 0.05). Rescue of CpepSfGFP levels by cholesterol-MBCD addition (ABCG1 + chol) is indicated by no
significant difference from control (starting at 1 h) and significant difference (p < 0.05) from ABCG1 (starting at 2 h).

(D) Addition of MBCD alone significantly increases the loss of CpepSfFP in ABCG1-deficient samples by 2 h (results for
hPro-CpepSfGFP mimic those in C [unpublished data]). Significance determined by two-way analysis of variance

(ANOVA); n=3in C and in D. Data are presented as mean = SEM.

unstimulated secretion of newly synthesized proinsulin, insulin, and
procathepsin B was not elevated in the ABCG1-deficient cells (not
shown). Similarly, in ABCG1-deficient cells the synthesis and pro-
cessing of hPro-CpepSfGFP appeared unaffected, but there was a
clear deficit in the accumulation of newly synthesized CpepSfGFP
(Figure 4C). Once again, there was no increase in unstimulated
secretion of newly synthesized CpepSfGFP (not shown but consis-
tent with the results of Figure 2A). Taken together, the data indicate
that inefficient recovery of newly made insulin and C-peptide occurs
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intracellularly within ~2 h postsynthesis at a stage corresponding to
young SGs, with the remaining products appearing thereafter to be
stable for granule storage.

Because rescue of total cellular CpepSfGFP levels by exogenous
cholesterol in ABCG1-deficient cells may have been limited by the
presence of long-lived mature SGs that preceded transporter knock-
down, we made use of the pulse-chase biosynthetic labeling
approach to assess the effects of exogenous cholesterol selectively
on nascent granules. Addition of 20 pM cholesterol-MBCD had no
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effect on the levels or processing of hPro-CpepSfGFP, but this
treatment fully restored newly synthesized CpepSfGFP in ABCG1-
deficient cells (Figure 4C). Importantly, addition of MBCD alone
caused no recovery of CpepSfGFP but instead slightly aggravated
its loss (Figure 4D). These data strongly suggest that a cholesterol
imbalance perturbs the stability of young insulin SGs.

The effects of ABCA1 deficiency on new granule formation
are smaller than for ABCG1 and are not significantly
affected by addition of cholesterol-MBCD or MBCD alone

A series of previous studies have shown that ablation of ABCA1 in
mouse pancreatic islets inhibits glucose-stimulated insulin secretion
(Brunham et al., 2007; Sturek et al., 2010; Kruit et al., 2011, 2012).
Therefore, we tested whether deficiency in this transporter also af-
fects the formation of insulin granules in GRINCH cells. Initially, we
compared the distributions of ABCA1 and ABCG1 using subcellular
fractionation on sucrose density gradients centrifuged to equilib-
rium and found that they were quite similar (Supplemental Figure
S5B). Then, using our pulse-chase biosynthetic labeling approach,
we compared parallel siRNA-mediated knockdowns of ABCA1,
ABCG1, and both transporters together against the same control
knockdown used in the ABCG1 experiments above. As shown in
Figure 5A, 80-90% deficiency in ABCA1 (see Materials and Methods;
sample Western blot, Supplemental Figure S5A) had no effect on
the synthesis and processing of hPro-CpepSfGFP but had a similar

CpepSfGFP

but smaller effect on the loss of CpepSfGFP as compared with
ABCG1. The decrease in level of labeled CpepSfGFP in ABCAT1
knockdowns as compared with the control was observed through-
out the timecourse but only reached significance (p < 0.05) at 1 h.
Interestingly, combined knockdown of ABCs G1 and A1 had an
effect on CpepSfGFP that was not significantly different from that
observed in the knockdown of ABCG1 alone throughout the time-
course. The lack of additive or synergistic effects argues that the
functions of the two transporters are not redundant, yet contribute
toward the same goal of forming stable granules.

In a separate set of experiments, we also found that addition of
either cholesterol-MBCD or MBCD alone during the final day of
RNAi-mediated knockdown of ABCA1 did not significantly alter the
level of labeled CpepSfGFP as compared with the unsupplemented
ABCA1 knockdown, although inclusion of MBCD alone showed a
slight tendency toward aggravation of CpepSfGFP loss (Figure 5B).
Together, these data suggest that although the two transporters
may have complementary functions, the formation of new insulin
granules relies to a greater extent on ABCG1 than on ABCA1.

OSBP deficiency causes loss of both CpepSfGFP and
hPro-CpepSfGFP by affecting granule formation as well as
proinsulin synthesis in the ER

The ability of exogenous cholesterol to decrease the loss of young
insulin granules by lysosomal degradation in ABCG1-deficient cells
suggests that ABCG1 facilitates the con-
centrating of cholesterol in nascent granule
membranes and that exogenous choles-
terol may bypass its deficiency. To extend
these observations, we sought to interfere
with the delivery of endogenous choles-
terol to the TGN, where ABCG1 is accumu-
lated and where granule formation begins,
in order to determine whether this also
compromised the formation of stable insu-
lin granules. OSBP has gained wide interest
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OSBP localizes in GRINCH cells at TGN-
associated foci that are prospective sites of
cholesterol delivery (Figure 6A, left). These
foci are adjacent to concentrated proinsulin
staining and in close proximity to IGs
marked by both proinsulin staining and
SfGFP (Figure 6A, right). Also a portion of
the Qg-SNARE Vtila (which in part marks
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FIGURE 5: Effects of ABCA1 knockdown as compared with knockdowns of ABCG1 and of
ABCs G1 and A1 in combination. Tracking of hPro-CpepSfGFP and CpepSfGFP in GRINCH
cells during chase incubation following pulse labeling with 3°S-amino acids as in Figure 4C.

(A) Quantification shows no effect on the level and processing of hPro-CpepSfGFP (left). ABCA1
knockdown does not decrease CpepSfGFP as much as in ABCG1 knockdown, and ABCG1/A1
combined knockdown does not significantly decrease CpepSfGFP beyond the level observed in
ABCG1 knockdown alone (right). CoepSfGFP levels in ABCA1 knockdown samples are
significantly less than in control (p < 0.05) only at 1 h. Significance determined by two-way
ANOVA; n = 5. (B) Cholesterol-MBCD addition does not affect the small loss of CpepSfGFP
observed in ABCA1-deficient samples. Addition of MBCD alone slightly, but not significantly,
aggravates the loss of CpepSfGFP in ABCA1-deficient samples; n= 2. Data are presented as

mean + SEM.
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Time (Hour)

IGs [Walter et al., 2014]) concentrates at or
near sites marked by OSBP (unpublished
data). These distributions are consistent
with OSBP localizing to ER-TGN contacts
shown by electron microscopy to be adja-
cent to forming granules (e.g., Figure 2 in
Oliver and Hand, 1983). Remarkably, RNAi-
mediated knockdown of OSBP caused a
significant decrease in the steady-state
level of CpepSfGFP and at the same time
decreased the steady-state level of hPro-
CpepSIGFP more robustly than observed
for ABCG1 knockdown (Figure 6B). These
effects were confirmed using a different
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siRNA, which was directed to the 3’-UTR of OSBP mRNA, and in
cells depleted of OSBP using this approach, we were able to
achieve partial rescue by expressing OSBP-mCherry (Supplemental
Figure Sé). As shown in Figure 6C, at least some of the decrease of
both hPro-CpepSfGFP and CpepSfGFP could be restored by coin-
cubation of knockdown cells with lysosomal inhibitors (which again

increased the GFP-positive degradation product). These data
indicate that as in the case of ABCG1, the activity of OSBP has a
significant impact on the biogenesis and stability of young insulin
SGs. The more robust and likely proximal effect of OSBP (as com-
pared with ABCG1) depletion is supported by a significantly al-
tered fluorescence localization of hPro-CpepSfGFP/CpepSfGFP in
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Effects of OSBP depletion on hPro-CpepSfGFP and CpepSfGFP. (A) OSBP immunostaining is concentrated
in puncta that colocalize at the TGN with Golgin 97 (left) and are closely apposed to proinsulin (right). StGFP mainly
marks insulin granules and overlaps proinsulin (cyan) in young granules. Specificity of OSBP staining documented in
Supplemental Figure Sé. (B) Steady-state levels of both hPro-CpepSfGFP and CpepSfGFP are significantly decreased in
OSBP knockdown cells as compared with control knockdown cells and are not restored by exogenous cholesterol.
Quantification from Western blots; n = 4. (C) Endocytic uptake of lysosomal inhibitors partially restores both hPro-
CpepSFfGFP (hPro) and CpepSfGFP (Cpep) and increases the lysosomal SfGFP degradation product (Lys) in OSBP-
depleted samples. The included image shows a representative Western blot (noncontiguous lanes are from the same
blot). Quantification from Western blots; n = 4. (D) Images showing distinct separation of SfGFP fluorescence and
Golgin97 immunostaining in control and ABCG1 knockdowns but increased overlap in OSBP knockdowns.
Accompanying plot shows Manders’ overlap; control cells, # = 26; OSBP KD cells, # = 31. Data are presented as mean +
SEM; p values are determined by Student's t test; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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OSBP-depleted cells such that SfGFP significantly overlaps with
Golgin97 (Figure 6D).

The finding that the steady-state level of hPro-CpepSfGFP was
decreased also raised the possibility that OSBP depletion might
have effects in the ER. Consequently, we used pulse-chase/immuno-
precipitation to examine the synthesis of new hPro-CpepSfGFP.
Remarkably, in OSBP-depleted cells, hPro-CpepSfGFP synthesized
during the pulse labeling was significantly decreased. Thereafter,
hPro-CpepSfGFP appeared to be processed at the same rate as in
control cells, suggesting no effect on ER-to-Golgi and intra-Golgi
proinsulin transport (Figure 7A). When the pulse period was
shortened (to 10 min) to negate any potential contribution from ER-
associated degradation (ERAD), the inhibition of hPro-CpepSfGFP
synthesis remained apparent in OSBP-deficient cells (Figure 7B).
Moreover, MG 132 addition preceding and during pulse labeling did
not enhance recovery of hPro-CpepSfGFP (Figure 7B), further sup-
porting our deduction that OSBP deficiency does not diminish
newly synthesized hPro-CpepSfGFP levels via ERAD but instead
causes a decrease in proinsulin translation itself.

Elevated cholesterol in the ER can decrease coupled translation/
translocation of nascent polypeptides (Nilsson et al., 2001). None of
the knockdowns—ABCG1, ABCA1, ABCs G1 and A1 together, and
OSBP—caused a significant change in the total level of cellular free
cholesterol measured using an oxidation and peroxidase-coupled
fluorometric assay (Supplemental Figure S4B; Robinet et al., 2010).
Nevertheless, OSBP deficiency might lead to a modest local accu-
mulation of cholesterol in the ER due to decreased transport to the
TGN (Nishimura et al., 2013; Mesmin et al., 2017). To evaluate this
possibility, we examined cholesterol biosynthesis, which is well
known to be quite sensitive to elevated ER cholesterol (Goldstein
and Brown, 2015). Whereas incorporation of [*H]acetate into choles-
terol (Yamauchi et al., 2015) was only modestly decreased by ABCG1
depletion, it was robustly inhibited by OSBP depletion (Figure 7C),
consistent with a modest degree of ER cholesterol accumulation.

In addition to the biosynthetic defect observed in OSBP-de-
pleted cells, the final level of CpepSfGFP that accumulated during
chase was significantly reduced (Figure 7A), which we confirmed by
normalizing our data in the control and OSBP-depleted samples to
the same initially synthesized level of hPro-CpepSfGFP (Supplemen-
tal Figure S7). Further, similar to the effect seen in ABCG1-deficient
cells (Figure 4C), this loss was confined to newly made granules dur-
ing the first 2 h after synthesis (Figure 7A). Thus, OSBP deficiency
resulted in both diminished newly synthesized hPro-CpepSfGFP
and decreased accumulation of CpepSfGFP in mature storage gran-
ules, leading us to conclude that OSBP activity may help to couple
proinsulin production and insulin packaging, potentially through ER-
to-TGN movement of cholesterol.

In an attempt to build support for the suspected elevation of ER
cholesterol inferred from suppressed cholesterol biosynthesis upon
OSBP depletion, we looked for redistribution of cholesterol away
from the perinuclear region where the TGN is localized. Thus, we
examined control and OSBP knockdown GRINCH cells that had
been fixed and stained with filipin using fluorescence microscopy
(Maxfield and Wistner, 2012). For quantification, we followed re-
cently presented strategies and measured fluorescence that accu-
mulated in perinuclear regions of interest known to contain both
TGN and the endosomal recycling compartment (ERC) and also nor-
malized to total cell fluorescence (Mesmin et al., 2017). We found
that there was a modest decrease in perinuclear fluorescence
suggesting that cholesterol in the TGN might be lower in OSBP-
depleted cells, but when normalized to total cell fluorescence, the
decrease did not reach significance (Figure 7D). Also, we were un-
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able to detect increased diffuse cytoplasmic fluorescence surround-
ing perinuclear accumulations, suggesting that the increase in ER
cholesterol is likely to be only modest. Similarly, knockdowns of
ABCG1 and ABCA1 did not detectably alter perinuclear filipin fluo-
rescence (unpublished data). These data are consistent with milder
effects on endocrine granule formation than has been seen upon
blockade of cholesterol biosynthesis and uptake (Wang et al., 2000).

Loss of hPro-CpepSfGFP and CpepSfGFP caused by OSBP
deficiency is not rescued by exogenous cholesterol, and
combined knockdowns of OSBP and ABCG1 and ABCA1 do
not have an additive effect

The decrease in both hPro-CpepSfGFP and CpepSfGFP caused by
OSBP depletion led us to examine how adding exogenous choles-
terol might affect the loss of the two proteins. If cholesterol levels
are elevated in the ER as a result of OSBP knockdown, we were
curious whether additional cholesterol might further decrease the
synthesis of hPro-CpepSfGFP. On the other hand, if exogenous cho-
lesterol addition stablizes young granules, we wondered whether it
would recover some of the loss of CpepSfGFP. As shown in Figure
6B, the addition of exogenous cholesterol had no effect on the level
of either protein. We also used our pulse-chase format to examine
cholesterol’s effect on biosynthesis of hPro-CpepSfGFP and the en-
suing accumulation of CpoepSfGFP. Even at a concentration of 50 pM
cholesterol addition, biosynthesis was not further depressed and
recovery of accumulating CpepSfGFP was not improved (Figure
7A). Finally, we carried out combined knockdowns of ABCG1 and
OSBP and found that the effects on loss of CpepSfGFP did not ex-
ceed those observed with the individual knockdowns (Figure 7E).
Likewise, knockdown of ABCAT and OSBP together did not increase
loss (unpublished data). These outcomes are consistent with OSBP
and the two ABC transporters acting serially within the same
pathway.

Glucose-stimulated exocytosis is decreased in ABCG1-,
ABCA1-, and OSBP-deficient cells; exogenous cholesterol
restores secretion only for ABCG1 and ABCA1 deficiency
Our and others’ previous studies using pancreatic islets from
ABCG1 and ABCA1 knockout mice showed that loss of either
transporter inhibited glucose-stimulated insulin secretion (Brun-
ham et al., 2007; Sturek et al., 2010; Kruit et al., 2011, 2012). Thus,
we were interested whether depletion of ABCG1, ABCA1, or of
OSBP would affect the glucose-stimulated secretory response in
GRINCH cells. The presence of SIGFP-tagged protein enabled use
of a facile and sensitive fluorescence assay for determining frac-
tional release into the medium (Supplemental Figure S8; Zhu et al.,
2016). As can be seen in Figure 8, A and B, exocytosis in response
to stimulation by 20 mM glucose was indeed significantly de-
creased in ABCG1-, OSBP-, ABCA1-, and dual ABCG1/A1-
deficient cells. Evaluation of secretion as a percent of total StGFP
fluorescence compensates for any loss of secretory protein due to
lysosomal degradation. Thus, the deficiencies in these transport-
ers inhibit secretion above and beyond the effects on production
of stable granules. Strikingly, 20 pM exogenous cholesterol added
during the final day of knockdown fully recovered secretion of
StGFP-tagged protein to control levels in ABCG1-deficient cells,
quite similar to the previously observed cholesterol-induced re-
covery in ABCG1 knockout islets (Sturek et al., 2010). Cholesterol-
MBCD addition also recovered secretion in ABCA1-deficient cells
and in cells that were deficient in both ABCs G1 and A1. However,
cholesterol-MBCD had no effect on OSBP-deficient GRINCH cells
(Figure 8, A and B). Moreover, addition of MBCD alone had no
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not amplify the effects of ABCG1 knockdown. (A) Effect of OSBP knockdown and pretreatment with exogenous
cholesterol on biosynthetically labeled hPro-CpepSfGFP and CpepSfGFP. hPro-CpepSfGFP levels in OSBP KD (+/—
cholesterol) are significantly different from control (+/— cholesterol) at 0 and 1 h. CpepSfGFP levels (+/- cholesterol) are
significantly different in OSBP KD from control (+/— cholesterol) at 1 h and later. Significance determined by two-way
ANOVA; n = 3. (B) Neither shortening the labeling period (left) nor including the proteasomal inhibitor MG 132 (right)
affects the level of accumulation of hPro-CpepSfGFP. Data (intensity/mg protein) are normalized to the control
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FIGURE 8: Glucose-stimulated secretion measured by release of fluorescence (SfGFP) is

inhibited in cells depleted of ABCG1 or OSBP (A) and ABCA1 and combined ABCs G1 and A1
(B). Addition of 20 pM cholesterol-MBCD restores output in ABCG1-, ABCA1- and ABCG1/
Al-depleted samples but not in OSBP-depleted samples. n=3 (A); n=2 (B). (C) In contrast to
addition of cholesterol-MBCD, addition of MBCD alone does not rescue stimulated secretion;

n = 3. Western blot images (Supplemental Figure S8) illustrate the proteins contributing to the
fluorescent signal in secretion and cell lysates. Significance was determined by one-way ANOVA.
Data are presented as mean + SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

restorative effect on inhibited secretion caused by transporter loss,
implicating a specific cholesterol requirement (Figure 8C). The
thorough recovery observed in ABCG1 and ABCA1 knockdown

+

cells might seem surprising given that
exocytosis-defective granules were likely
produced in advance of cholesterol addi-
tion. However, these findings are consis-
tent with previous observations indicating
that newly made granules are released in
preference to older granules following glu-
cose stimulation (Rhodes and Halban,
1987; Duncan et al., 2003; Michael et al.,
2007) and that it was mainly these younger
granules, whose glucose-stimulated insulin
secretion was restored.

DISCUSSION

Our studies have made a strong case that
ABCG1, ABCA1, and OSBP all act in the
secretory pathway of pancreatic beta cells
where they regulate the production, stor-
age, and glucose-stimulated discharge of
insulin and C-peptide. The hierarchical
(OSBP proximal to ABCs G1 and A1) and
likely collaborative function of these trans-
porters is implicated by the differing de-
grees to which individual deficiencies affect
proinsulin production and new insulin gran-
ule formation, yet the common and non-
synergistic effects of these deficiencies on
exocytosis. Indeed, loss of OSBP affects
proinsulin synthesis and impairs granule
formation and secretion. ABCG1 loss af-
fects only granule formation and secretion,
whereas ABCA1 loss only modestly affects
granule formation but impairs secretion to
the same extent as ABCG1 loss. The inabil-
ity of exogenous cholesterol to overcome
any of the effects of OSBP depletion is con-
sistent with a central role of OSBP in trans-
porting endogenous cholesterol from the
ER to the TGN, which may be essential for
matching the levels of proinsulin synthesis
and stable storage of its processed prod-
ucts. Whereas this possibility would reflect
OSBP's key role in ER-TGN cholesterol
transport (Mesmin et al., 2017), our conclu-
sions that defects due to loss of OSBP are
specifically related to cholesterol trafficking
must be tempered by our inability to detect
significant cholesterol redistribution (Figure
7D). For several reasons, however, we be-

lieve that impaired cholesterol transport likely underlies the ob-

served OSBP deficiency phenotype. First, OSBP knockdown re-
sults in both reduced biosynthesis of cholesterol (Figure 7C) and

(n =2, each in duplicate). (C) Cholesterol biosynthesis as measured by [*H]acetate incorporation showing a slight
decrease in ABCG1-depleted cells and strong decrease in OSBP-depleted cells. Quantification from scintillation
counting of [*H]cholesterol separated by thin-layer chromatography; n = 3-5. (D) Modest but not significant decrease in
filipin fluorescence concentrated perinuclearly in OSBP KD as compared with control. Fixed and stained cells are shown
in reverse contrast to highlight perinuclear fluorescence, which was quantified and normalized to total cell fluorescence;
control cells, # = 84; OSBP KD cells, # = 91 cells. Significance determined by Student's t test. (E) Combined knockdown
of ABCG1 and OSBP does not increase the loss of CpepSfGFP beyond the level observed with either knockdown alone.
Quantification from Western blots; n = 3. Data are presented as mean + SEM; p values are determined by Student'’s

ttest; *, p < 0.05; **, p < 0.01.
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FIGURE 9: Model of regulatory role of cholesterol dynamics in the insulin secretory pathway.
During proinsulin synthesis and vesicular transport from the ER, there is parallel nonvesicular
transport of cholesterol from the ER to the TGN that is mediated by OSBP acting at
interorganellar contacts. Cholesterol transport along this pathway simultaneously aids in
maintaining the low cholesterol content of the ER and provides cholesterol that is essential for
supporting the normal level of stable insulin granule formation. At the TGN, ABCG1- and
ABCAT1-driven phospholipid translocation and cholesterol redistribution to the inner membrane
leaflet promotes formation of new cholesterol-enriched membranes of nascent insulin granules.
Deficiency in either OSBP or ABCG1 augments lysosomal degradation of young insulin granules,
whereas deficiency of ABCA1 has a smaller effect at this level. The possible pathways of granule
degradation (1 vs. 2) are discussed in the text. Exogenous cholesterol suppresses degradation in
ABCG1-deficient cells but not in OSBP-deficient cells. The total granule pool that has escaped
lysosomal degradation is nevertheless still affected by deficiency of ABCG1, ABCA1, or OSBP as

indicated by their diminished exocytosis upon glucose stimulation.

redistribution of SfGFP fluorescence within the Golgi/TGN region
(Figure 6D), which, respectively, are consistent with cholesterol ac-
cumulation in the ER and decreased levels in the TGN. Second,
because granule formation proceeds at an attenuated level in each
kind of transporter-deficient cell, we anticipate that the extent of
cholesterol reduction in the TGN and IGs is much less drastic than
in cells challenged with acute severe cholesterol deficiency (Wang
et al., 2000). Third, in our previous study of ABCG1 deficiency
(Sturek et al., 2010), we observed that cholesterol content of gran-
ule-enriched fractions of pancreatic MIN6 cells was decreased
~10%. Unfortunately, in the current studies of GRINCH cells, we
have been unsuccessful in preparing fractions of newly formed
insulin granules that are sufficiently pure to enable direct assess-
ment of their cholesterol content unfettered by other organellar
contaminants.

For ABCG1, our data are compelling that exogenous cholesterol
overcomes its loss and averts both increased degradation of new
insulin granules and impaired glucose-stimulated secretion. Al-
though other explanations may be possible, the simplest explanation
is that ABCG1 acts directly in facilitating cholesterol concentration
to stabilize forming granule membranes and to ensure exocytotic
competence. For ABCAT1, our data suggest less direct involvement
in distributing cholesterol; although ABCA1 depletion also causes a
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loss of newly formed granules, the loss is
quite minor plus it does not amplify the loss
observed with ABCG1 depletion and is not
altered by exogenous cholesterol addition
(Figure 5). Yet, impaired exocytosis is res-
cued by cholesterol in ABCAT-depleted
cells (Figure 8), implying that ABCA1 does
indeed contribute to exocytotic compe-
tence in a cholesterol-dependent manner.
We believe that the functions of OSBP,
ABCG1, and ABCA1 are concentrated
along the secretory pathway axis with a fo-
cus in beta cells at the TGN site where insu-
lin granule formation begins (Figures 2C
and 6A and Supplemental Figure S5). We
thus hypothesize that OSBP and the two
ABC transporters act serially to supply an
essential TGN-associated cholesterol pool
and utilize it, along with other membrane
lipids, for concentration in cholesterol-en-
riched new granule membranes (Figure 9).

Although each of the three transporters
may affect TGN cholesterol, we believe that
the loss of secretory protein caused by
transporter deficiency most likely occurs dis-
tally and involves IGs. Perturbations induced
by transporter depletion have no effect on
the processing or unstimulated secretion of
proinsulin and do not appear to alter the
granule budding process (Figures 3A and
4B). This contrasts with previous findings
where ablation of other proteins involved in
insulin granule formation such as PICK1,
HID1, Rab2a, and BAIAP3 either delay or
inhibit processing, delocalize poorly con-
densed granules throughout the cytoplasm,
and significantly increase unstimulated pro-
insulin secretion (Cao et al., 2013; Du et al.,
2016; Matsunaga et al., 2017; Zhang et al.,
2017). Instead, our findings argue that cholesterol-insufficient young
granules are lost through degradation in lysosomes, a fate that has
been observed for other deficiencies (Hummer et al., 2017; Zhang
etal., 2017).

There are two pathways that could account for lysosomal tar-
geting. First, reduced cholesterol might decrease retention of se-
cretory cargoes as well as membrane-associated proteins like CPE
and result in their increased redistribution via AP-1 or other routes
leading to endosomes and lysosomes (Edwards et al., 2009;
Sumakovic et al., 2009; Hannemann et al., 2012; Topalidou et al.,
2016). Second, newly formed granule membranes with suboptimal
cholesterol content may be unstable because they are unable to
fully condense and package their secretory contents. Higher inter-
nal osmotic activity could cause bilayer packing defects and/or
decreased association with intragranular proteins (Blazquez et al.,
2000; Dhanvantari and Loh, 2000; Hosaka, 2003) or granule
stabilizing proteins like calcium-activated protein for secretion
(CAPS; Speidel et al., 2008) and lead to lysosomal fusion rather
than persistent storage. At present, we cannot fully distinguish be-
tween these possibilities, but we have observed no cholesterol-
mediated defects in procathepsin B sorting or trafficking in
ABCG1-deficient beta cells (Kuliawat and Arvan, 1994; Kuliawat et
al., 2004; Klumperman et al., 1998), implying that neither recycling
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of sorting receptors nor AP-1 mediated trafficking for lysosomal
biogenesis is perturbed (Figure 4B). We are inclined to favor the
second pathway because loss includes membrane and membrane-
associated proteins (phogrin and CPE) as well as major secretory
cargoes, insulin and secretogranin Il (Figure 1 and Supplemental
Figure S2). Also, the density distribution of remaining granule
markers in ABCG1-deficient cells is unchanged from that of control
cells (Supplemental Figure S2).

Macroautophagy is thought to proceed continually in B-cells
(Riahi et al., 2016). Because levels of LC3-immunostained puncta are
not increased, knockdown of OSBP or ABCG1 does not appear to
enhance young granule macroautophagy. Rather, deficiency-related
granule loss appears superimposed on other turnover mechanisms,
and might possibly reflect a form of crinophagy wherein young
insulin granules fuse directly with lysosomes (Orci et al., 1984), a
process augmented under starvation conditions (Goginashvili et al.,
2015) in which cholesterol supply could be limiting. Further studies
are needed to resolve the pathway of enhanced young granule turn-
over in transporter-deficient cells.

Constitutive export pathways require cholesterol (Grimmer et al.,
2005) at levels that are higher than in the TGN (Klemm et al., 2009;
Hankins et al., 2015). Further, cholesterol deprivation profoundly al-
ters secretory granule formation (Dhanvantari and Loh, 2000; Wang
et al., 2000; Gondre-Lewis, 2006; Tsuchiya et al., 2010). Until now,
neither ABCG1 nor ABCA1 has been implicated in these processes,
and the view has been that cholesterol enrichment and concurrent
sphingolipid synthesis in the TGN enable spontaneous (passive) as-
sembly of cholesterol-enriched membranes by a thermodynamic
trapping process (Holthuis and Menon, 2014). So why might these
transporters have a role in the present context? We suggest that this
reflects the need for both new granule membrane synthesis as well
as efficient packaging of very highly concentrated secretory con-
tents at low osmotic activity. As highlighted in the Introduction, -
cells invest a very large amount of membrane in storage of insulin,
and at least a portion is regularly lost by lysosomal digestion. Al-
though compensatory recycling following previous rounds of exocy-
tosis contributes at least some of the membrane used to make new
granules (Solimena et al., 1996, Arnaoutova et al., 2003; Bauer et
al., 2004; Kuliawat et al., 2004; Vo et al., 2004; Wasmeier et al., 2005;
Béack et al., 2010; Walter et al., 2014; Zhang et al., 2017), there may
be compositional editing and rerouting of cholesterol and sphingo-
lipids during endocytosis as reported elsewhere (Mobius et al.,
2003; Devlin et al., 2010; Kanerva et al., 2013). Thus, new input may
be necessary even to restore and maintain recycled membranes.
What ABCG1 and ABCA1 may provide is the ability to generate new
cholesterol/sphingolipid-enriched membranes by promoting coor-
dinate sphingomyelin synthesis and cholesterol translocation and
concentration in the forming intragranular membrane leaflet. For
this process, OSBP would serve as cholesterol source and as facilita-
tor of ceramide delivery for sphingomyelin synthesis because activ-
ity of the ceramide transporter CERT is coupled to OSBP (Perry and
Ridgway, 2006; Peretti et al., 2008). Both ABCs G1 and A1 have
been implicated as floppases that translocate phosphatidylserine
(PS) and phosphatidylcholine (PC) from the cytosolic to the luminal
leaflet of the bilayer (Kobayashi, 2006; Sano et al., 2007; Quazi and
Molday, 2013) and also drive cholesterol translocation (Pomorski et
al., 2004; Vaughan, 2005; Phillips, 2014). Because ABCG1 seems
directly related to providing cholesterol for forming new granule
membranes (Figure 4), we speculate that it catalyzes translocation of
phospholipid (likely PS) to the luminal leaflet; the consequent in-
crease in cholesterol’s chemical potential in the cytoplasmic leaflet
would cause its redistribution to the luminal leaflet. Ensuing ret-

Volume 29 May 15, 2018

rotranslocation of PS via TGN-associated aminophospholipid flip-
pase action (Zachowski et al., 1989; Ansari et al., 2015; Hankins et
al., 2015) would increase cholesterol’s chemical potential in the lu-
minal leaflet, leading it to form condensed complexes with sphingo-
lipids on the inner leaflet. Thus, we postulate that cholesterol deliv-
ered to the cytoplasmic leaflet by OSBP could be driven by ABCG1
to the luminal leaflet, allowing for its concentration during new gran-
ule membrane formation. We further speculate that translocation of
PC to the luminal leaflet by ABCA1 provides substrate along with
ceramide delivered by CERT for synthesizing sphingomyelin and
enabling its concentration by condensation with the translocated
cholesterol. We believe this could explain the less direct role of
ABCAT1 in forming new cholesterol-enriched granule membranes
and the subtler phenotype of ABCAT depletion on new granule sta-
bility. Moreover, this explanation could rationalize why exogenous
cholesterol addition (which presumably increases the chemical po-
tential of cholesterol in the TGN) is sufficient to bypass ABCG1 de-
ficiency effects on young insulin granule stability with little effect on
ABCAT1 deficiency. Although this scenario seems plausible, we note
that our hypothesis contrasts with prior views that these ABC trans-
porters act elsewhere to limit, rather than promote, formation of
cholesterol-enriched membranes (Vaughan, 2003, 2005; Zhu et al.,
2008; Frechin et al., 2015; Ito et al., 2015; Yamauchi et al., 2015).
The key difference may be intracompartmental cholesterol reloca-
tion coupled to phospholipid synthesis (for granule membranes)
rather than intercompartmental cholesterol relocation (either intra-
cellularly to the ER [Vaughan, 2003, 2005; Yamauchi et al., 2015] or
extracellularly at the plasma membrane [Phillips, 2014]) without ac-
companying phospholipid synthesis.

Regarding perturbation of exocytosis, knockdowns of ABCG1,
ABCAT1, or OSBP each cause partial impairment (Figure 8), thus
milder than when cholesterol is acutely depleted or its biosynthesis
severely perturbed (Wang et al., 2000; Tsuchiya et al., 2010). This
suggests that cholesterol management by these transporters repre-
sents a modulatory mechanism to adjust cholesterol beyond the ex-
isting levels in the TGN that support constitutive secretion. Because
transporter-deficient cells still produce some new granules that have
escaped lysosomal degradation yet are compromised in exocytotic
efficiency (Figure 8), we presume these granules have compositional
differences as compared with normal granules. Interestingly, our
dual phenotype of granule loss to lysosomal degradation and im-
paired exocytosis is shared by insulin granules in beta cells lacking
CAPS (Speidel et al., 2008), a protein that has been implicated in
docking/priming of neuroendocrine granules at the plasma mem-
brane in advance of exocytosis (Grishanin et al., 2002; Hammarlund
et al., 2008; Liu et al., 2010; Kabachinski et al., 2016). It will be of
great future interest to determine whether changes in membrane
composition resulting from ABC or OSBP knockdown may decrease
association of CAPS or other proteins that stabilize granules and
function in exocytosis.

As a final issue, we acknowledge that earlier reports have shown
that knockouts of ABCG1 and ABCA1 cause overaccumulation of
insulin (Brunham et al., 2007; Sturek et al., 2010; Kruit et al., 2012)
and also in the case of ABCA1, MBCD alone rather than cholesterol-
MBCD rescued impaired exocytosis in islet B-cells (Kruit et al., 2011).
These findings differ from our results where acute knockdown in
beta cell lines caused a deficit of insulin and CpepSfGFP. Moreover,
our current studies report that cholesterol-MBCD, not MBCD alone,
rescued glucose-stimulated secretion caused by loss of ABCG1 and
ABCA1 (Figure 8). More work is needed to determine whether
embryological absence of these transporters leads to compensa-
tory genetic changes that may alter/elevate intracellular cholesterol
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(in the case of ABCAT1 [Kruit et al., 2012]) and significantly impact on
secretory granule formation, trafficking, and stability.

Taken together, our findings regarding the serial action of OSBP
and ABCs G1 and A1 point to a cholesterol-dependent role of these
transporters in regulating the insulin secretory pathway (Figure 9).
Although many other metabolites are also critical regulators of
proinsulin synthesis and insulin exocytosis, we conclude from our
current work that cholesterol concentrations throughout the secre-
tory pathway appear to couple the level of proinsulin synthesized
with the creation of stable young insulin granules that are stored for
future glucose-stimulated release.

MATERIALS AND METHODS

Reagents

MBCD, cholesterol-MBCD complex (soluble cholesterol), and lyso-
somal inhibitors (leupeptin, pepstatin, antipain) were from Sigma-
Aldrich; proteasomal inhibitor MG132 was from Cayman Chemical
Co.; Optiprep (iodixanol) was from Axis-Shield/Accurate Chemical;
Percoll was from Amersham Biosciences.

Cells and culture

INS1 823/13 cells (Hohmeier et al., 2000) were maintained in RPMI
1640 medium, 10 mM HEPES, 1 mM sodium pyruvate, 50 pM B-
mercaptoethanol, 1x pen/strep, and 10% fetal bovine serum (FBS;
Atlanta Biological). GRINCH cells stably expressing hPro-CpepSf-
GFP derived and clonally selected from INS1 823/13 cells described
in Haataja et al. (2013) were obtained from the laboratory of coau-
thor Peter Arvan, University of Michigan Medical School. They were
maintained in the same medium as parent INS1 cells but in the pres-
ence of neomycin.

Antibodies used for Western blotting, immunoadsorption,
and immunofluorescence

CPE, mouse Mab, BD Transduction 610758; mitochondrial succi-
nate—ubiquinone oxidoreductase (OxPhos complex Il) mouse Mab,
Abcam 14715; calnexin, rabbit, Enzo ADI-SPA-865F; mCherry, rab-
bit, Biovision 5993; GFP, for IPs, Life Technologies mouse Mab,
3E6; for Western blots, Santa Cruz B2, sc9996; y-adaptin, BD Trans-
duction mouse Mab 610386; cathepsin B, rabbit 06-480 (lot
23784), Upstate Cell Signaling; porcine insulin, guinea pig, Dako
A0564; rat proinsulin, mouse Mab, ALPCO; phogrin, rabbit against
N-terminus, gift of Christina Wasmeier and John Hutton (University
of Colorado Medical Center, Denver, CO), and PTP 1A-2b, goat,
Santa Cruz sc30337; VAMP4, rabbit, Affinity Bioreagents PA1-768;
vtila, guinea pig, Synaptic Systems 165005; secretogranin lll, rab-
bit, gift of M. Hosaka, Akita Prefectural University, Japan; LIMP2,
mouse Mab, gift of I. Sandoval, CBM Severo Ochoa, Spain; anti-
ABCAT1, rabbit, gift of John Parks, Wake Forest School of Medicine
via our previous study (Sturek et al., 2010); specificity documented
in Supplemental Figure S5A; OSBP, rabbit, ThermoFisher PAS5-
30110, lot PC1833132H and Sigma HPA039227, lot A106684.

For anti-ABCG1, commercial antibodies did not perform well on
pancreatic cells containing relatively low amounts of antigen. There-
fore, we developed a different ABCG1 anti-peptide antibody. Both
synthetic peptide (C)KKVDNNFTEAQRFSSLPRR-NH;, (within the N-
terminal cytoplasmic domain) and rabbit polyclonal antibody were
made by Pacific Imnmunology. The antibody was affinity purified us-
ing peptide coupled to Sulfolink (Pierce/ThermoFisher). Western
blot (Supplemental Figure S1) shows very good specificity and loss
of antigen upon RNAi-mediated knockdown in INS1 cells. However,
the antibody is not satisfactory for immunofluorescence because the
signal is unaffected by the same RNAi-mediated knockdown.
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Secondary antibodies for immunofluorescence were Alexa con-
jugated from Molecular Probes/Life Technologies and Jackson
Immunoresearch (species cross-adsorbed). When pairing other anti-
bodies with guinea pig anti-insulin, use of secondary antibodies
cross-adsorbed against guinea pig was essential. Secondary anti-
bodies for Western blotting were from Licor: goat anti-rabbit 696,
goat anti-mouse 800, and donkey anti-goat 800.

Procedure for siRNA knockdowns

For RNAi-mediated knockdowns, INS1 or GRINCH cells were
transfected using the lipofectamine RNAiMax transfection reagent
(Invitrogen/ThermoFisher) using a reverse transfection procedure.
Complexes of 50 pmol siRNA/lipofectamine were generated in Op-
tiIMEM and incubated 30 min at room temperature in 35-mm dishes.
Cells suspended in antibiotic-free growth medium (1 x 10¢ per dish)
were added to complexes and cultured 48 h. At 48 h, medium was
changed to standard growth medium; at 72 h cells were used for
experiments. siRNAs were Dharmacon ON-TARGETplus.

1. Control (Ctl) ON-TARGETplus Non-targeting Pool (D-001810-10)

2. ABCG1 ON-TARGETplus Rat ABCG1 SMARTpool (GenelD
85264; Cat# L-093864-02)

3. ABCG1 3’-UTR-ON-TARGETplus Custom Duplex

Sense AGGCAAAACCGGAGAAGAAUU
Antisense 5’-P-UUCUUCUCCGGUUUUGCCUUU

4. ABCA1 ON-TARGETplus Mouse ABCAT (GenelD 11303; Cat#
J-040248-11-0005)

5. OSBP ON-TARGETplus Rat OSBP SMARTpool (GenelD 365410;
Cat# L-085377-02)

6. OSBP 3"-UTR - ON-TARGETplus Custom Duplex
Sense GGGCUUGAGUAUUGAGUUAUU
Antisense 5’-P- UAACUCAAUACUCAAGCCCUU

Assessment of the extent of knockdown was performed by
Western blotting on all experiments and ranged from 83 + 9% (SD),
n = 20 for ABCG1; 90 £ 5% (SD), n = 16 for ABCA1; and 77 £ 8%
(SD), n = 12 for OSBP except where specifically noted. Also, the
control siRNA routinely used did not significantly affect the steady-
state levels of endogenous and GFP-tagged exogenous proteins
that we routinely quantified in cell lysates (as compared with the
levels in untreated cell lysates). Where lysosomal inhibitors were
included during the final 24 h of knockdown, we added 10 uM leu-
peptin, 10 uM antipain, and 5 uM pepstatin, similar to Sirkis et al.
(2013). Where exogenous cholesterol was added during the final
24 h of knockdown, final concentrations of 20 and 50 uM MBCD-
cholesterol (soluble cholesterol) were added as specified. Under
these conditions, there was no evidence of cytotoxicity as has been
reported when higher concentrations are used (Tsuchiya et al.,
2010). MBCD alone (20 uM) was added in the same manner.

Expression of NPY-mCherry during RNAi-mediated
knockdown

To label newly formed insulin granules, we expressed a plasmid en-
coding the secretory protein NPY C-terminally tagged with mCherry.
NPY-mCherry was prepared by subcloning NPY excised from pEGFP_
N1-NPY (a kind gift from Wolf Almers, Oregon Health Sciences
University) into pmCherry-N1 (Invitrogen/ThermoFisher). GRINCH
cells were subjected to siRNA-mediated knockdown and transfection
with NPY-mCherry sequentially. Thus, after 48 h of knockdown, cells
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were resuspended and transfected with NPY-mCherry by Amaxa nu-
cleofection and then replated and used for experiments at 72 h after
the knockdown was initiated. For testing phenotypic rescue of cells
expressing GFP-G1 or GFP-G1(K124), cells were transfected with
the plasmid concurrent with siRNA-mediated knockdown using
the RNAIMax reverse transfection procedure, with increased lipo-
fectamine. Cells were used for experimentation at 48 h.

Generation of GFP-ABCG1 and a nonfunctional mutant
Mouse ABCG1 cDNA in pcDNA3.1 (obtained from the Hedrick
Laboratory, LaJolla Institute of Allergy and Immunology) was used
to generate N-terminally EGFP-tagged ABCG1 (GFP-G1) by in-
sertion into pmEGFP_C1 (Invitrogen/ThermoFisher). Use of N-
terminal tagging was based on a previous strategy (Vaughan,
2005). The sequence was confirmed, and the construct was trans-
fected into INS1 823/13 cells using Amaxa. Expressing cells were
selected for neomycin resistance and small clones were isolated
for subsequent propagation using cloning rings. Clonal isolation
was validated by fluorescence microscopy, and cells were main-
tained as for parent INS1 cells except in the continued presence
of neomycin. To generate a mutant of ABCG1 that does not ex-
hibit altered membrane trafficking but is inactive for cholesterol
efflux, we followed a previous strategy (Gao et al., 2012). Residue
K124 in the Walker A motif in the mouse sequence (correspond-
ing to K120 in human ABCG1 [Gao et al., 2012]) was changed to
M in our GFP-G1 construct using quick-change mutagenesis to
create GFP-G1(K124M). The mutation was verified by sequenc-
ing, and the construct was expressed in INS1 823/13 cells using
electroporation and selected for neomycin resistance. Lower-level
expressing cells were selected by fluorescence-activated cell sort-
ing (FACS).

Procedure for ELISA

Cell-associated insulin (extracted in 1% Triton, 10 mM Tris, 100 mM
NaCl, proteinase inhibitors with 1 min bath sonication) and secreted
insulin were assayed by enzyme-linked immunosorbent assay
(ELISA) using a homemade kit. An anti-rat proinsulin/insuln Mab
(Meridian Life Science E86201M) was used to coat the plates; anti-
rat insulin antibody (Millipore 1013K) was used as sandwich anti-
body; and insulin standards were Millipore 8013-K.

Western blotting

For quantitative Western blotting, samples containing equal protein
(BCA assay) or equal fraction of total (for cell fractionation) were
electrophoresed on NuPAGE 4-12% Bis-Tris gels (Invitrogen/Ther-
moFisher) and transferred to nitrocellulose. Blotting with primary
and secondary antibodies was done in 2.5% milk in phosphate-buff-
ered saline (PBS) 0.1% Tween20. Secondary antibodies conjugated
to either horseradish peroxidase or infrared (Licor) were used for
detection; dilutions for Licor secondary reagents were 1:10,000 for
goat anti-rabbit 696 and donkey anti-goat 800 and 1:25,000 for
goat anti-mouse 800. Quantitative densitometry of saved Tiff im-
ages was done using Fujifilm Multi Gauge software. All cell lysate
samples were also blotted for y-adaptin to ensure normalization be-
tween different samples on blots. We justified use of y-adaptin for
this purpose by showing that the y-adaptin/actin ratio was constant
in all types of cell lysate samples.

Subcellular fractionation of GRINCH cells

We devised an isoosmotic procedure capable of resolving organelles
(e.g., TGN, immature, mature granules) having minor differences in
buoyant density. Cells suspended in 0.29 M sucrose, 5 mM MOPS,
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0.2 mM EDTA (pH 7.2) supplemented with protease inhibitor cock-
tail (Complete Mini, Roche) were homogenized using a ball bearing
homogenizer (0.2507-in. cylinder; Balch and Rothman, 1985) eight
passes with 0.2496-in. ball bearing. The homogenate was spun
1000 x g, 10 min, in a microcentrifuge to prepare a postnuclear
fraction, which was then mixed with 60% Percoll in homogenization
medium to give a final Percoll concentration of 32% (refractive index
n=1.3541). The resulting solution was spun 40 min at 35,000 x g in
a tabletop ultracentrifuge using a Beckman TLA120.2 rotor. The up-
per 1/2 of the Percoll solution in each tube was collected to provide
material enriched in lower-density organelles and the lower %-V3 of
the solution above the Percoll pellet was collected to provide mate-
rial enriched in higher-density organelles including granules. Each of
these fractions was diluted 1:1 with homogenization medium and
layered over a step gradient of 15 and 30% Optiprep, each layer
containing 5 mM MOPS, 0.2 mM EDTA, and sufficient sucrose to
maintain isoosmolarity. These upper and lower samples were spun
2.5 h, 45,000 rpm, in a Beckman SW55 rotor to generate fractions
U1 and L1 at the load/15% Optiprep interface and U2 and L2 at the
15%/30% Optiprep interface, respectively. U1, U2, L1, and L2 were
each diluted with homogenization medium and spun 60,000 rpm in
the TLA120.2 rotor to recover the fractions above small amounts of
residual Percoll. The procedure is summarized in Figure 1C along
with the distributions of organelle markers and SfGFP-labeled pro-
teins determined by Western blotting.

For additional comparison of the levels of selected secretory and
membrane proteins in control and ABCG1-deficient cell samples,
postnuclear supernatant fractions prepared as above were loaded
on continuous (0.6-1.6 M) sucrose gradients prepared in Beckman
SW41 tubes and spun overnight (16 h, 35,000 rpm). Sucrose solu-
tions contained MOPS, EDTA, and protease inhibitors as above.
Fractions collected manually were individually checked for refractive
index (to confirm near identity of gradients being compared), di-
luted with 0.15 M MOPS, pelleted (40 min, 60,000 rpm) in a
TLA120.2 rotor, resuspended and solubilized in sample buffer for
Western blotting. An equal fraction of the total amount of each gra-
dient fraction was run on the gel. Alongside the gradient fractions
derived from control and ABCG1 knockdown cells that were run on
individual gels, additional identical samples were run on each of the
gels to enable normalization and thus quantitative comparison
between the different blots.

Pulse-chase biosynthetic labeling and immunoadsorption

GRINCH cells subjected to RNAi-mediated knockdown and plating
as described above were preincubated 30 min in cysteine- and
methionine-free RPMI medium containing 1.0 mg/ml bovine serum
albumin (BSA), pulse labeled 30 min in the same medium containing
35S Easy Tag Express Protein Labeling Mix (Perkin Elmer NEG772014;
80-100 pCi/ml) and then washed and chase incubated in low glucose
(5.5 mM) DMEM containing 2 mM glutamine and 1% FBS. Individual
wells were used for each timepoint and media were removed and
spun in a microcentrifuge to clear any cellular debris. Cells were
washed twice with PBS, lysed 20 min on ice with lysis buffer (1% Tri-
ton X-100, 10 mM Tris, 100 mM NaCl, T mM EDTA plus proteinase
inhibitors), and cleared of debris by centrifugation. An aliquot of
each supernatant was used to measure protein and another aliquot
was diluted with RIPA buffer and preadsorbed with Protein G-
Sepharose 30 min at 4°C and then used for immunoadsorption
overnight at 4°C with mouse anti-GFP/Protein G-Sepharose. The
amounts of anti-GFP sufficient to adsorb all radiolabeled pro/insulin
or SfGFP-labeled protein were determined by initial titrations.
Following three washes with 1% Triton containing lysis buffer and
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once with PBS, immunoadsorbed label was solubilized in sample
buffer and resolved by SDS-PAGE on 4-12% Bis-Tris gels. After fixa-
tion in isopropanol-acetic acid, the gels were dried and used for
phosphorimaging and quantification using the Fujifilm Multi Gauge
program. In one set of experiments, the proteasomal inhibitor
MG132 was added (10 pM final) during prepulse and pulse incuba-
tions to test its effect on newly synthesized proinsulin. All further pro-
cessing was as above.

GFP fluorescence assay of secretion

To capitalize on the stable expression of hPro-CpepSfGFP in
GRINCH cells, we devised an easy and sensitive assay of secretion
based on quantification of GFP fluorescence. (This resembles a
previous assay used to monitor SfGFP secretion from transfected
mouse pancreatic islets [Zhu et al., 2016].) In our experiments, cells
were knocked down and seeded at 1 x 10¢ cells/well in six-well
plates and cultured in RPMI-10% FBS. When tested, soluble cho-
lesterol (20 uM MBCD-cholesterol) or MBCD alone was added in
the same medium on the final day of the 3-d knockdown ~20 h
before starting the experiment. Before testing secretion, cells
were preincubated 4 h in KRBH-0.5% BSA medium containing 3
mM glucose, then incubated 1 h in the same medium to provide
basal secretion, and then switched to KRBH-0.5% BSA containing
20 mM glucose for a 30-min stimulation. Media following basal
and stimulated secretion were each collected and centrifuged at
10,000 rpm for 4 min to pellet any debris and dislodged cells.
Cells following stimulation were washed, scraped, and pelleted
from PBS (10,000 rpm, 4 min), lysed and solubilized in 1% Triton,
10 mM Tris, 100 mM NaCl, 1 mM EDTA plus proteinase inhibitors,
and centrifuged at 13,000 rpm, 4 min, and the supernatant used
for assaying GFP fluorescence (alongside media samples), protein,
and Western blotting to determine the extent of knockdown. Fluo-
rescence at 510 nm (emission peak of SfGFP) recorded in a fluo-
rimeter (Fluorolog 3, model FL3-21 from Horiba) was used to cal-
culate fractional secretion (percent of total GFP fluorescence
secreted under basal and stimulated conditions). Within each ex-
periment, control knockdowns were performed in duplicate wells
and ABCG1 and OSBP knockdowns were each performed in tripli-
cate wells.

Assays of free cholesterol and of cholesterol synthesis

To determine free cholesterol content, cell samples were scraped
and harvested from six-well plates in PBS and were aliquoted for
protein assay (used for normalization), Western blotting (to confirm
RNAi-mediated knockdown), and lipid extraction (procedure of
Bligh and Dyer, 1959). The dried chloroform phases were dissolved
in isopropanol-NP40 (9:1 vol/vol) and assayed for cholesterol fluori-
metrically using enzymatic oxidation by cholesterol oxidase and de-
tection via coupled horseradish peroxidase and Amplex Red (Robi-
net et al., 2010).

To assay cholesterol biosynthesis, we adapted a previously pub-
lished procedure (Yamauchi et al., 2015). Cells in six-well plates were
preincubated 30 min in RPMI 1640 medium containing 1 mg/ml
BSA and then labeled 2 h with 20 pCi/ml [*H]acetate (Perkin Elmer;
NETOO3H) in the same medium. Following washing and scraping in
PBS, aliquots of cell suspension were used as described above (see
free cholesterol assay). Extracted and dried lipids were dissolved in
1:1 chloroform/methanol containing unlabeled cholesterol standard
and subjected to TLC on silica gel plates developed in hexane/ethyl
ether/acetic acid (90:10:1). Cholesterol located by iodine vapor was
scraped and counted in a scintillation counter. The amount of [*H]
cholesterol was normalized to protein.
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Fluorescence and immunofluorescence microscopy

All microscopy was performed on cells that had been fixed with 3%
formaldehyde in 0.1 M sodium phosphate for 45 min at room tem-
perature. For immunostaining, the samples were further processed
at room temperature by quenching in 50 mM glycine in PBS, per-
meabilization in 0.1% Triton X-100 in PBS, and blocking in 2% goat
serum in the permeabilization medium. Staining with primary anti-
bodies and secondary antibodies diluted in blocking medium was
carried out for 1 h and 45 min, respectively, with intervening washes
in permeabilization medium.

After staining, samples were washed in permeabilization me-
dium and finally in PBS before being mounted in Prolong Gold An-
tifade (Invitrogen/ThermoFisher). Coverslips were imaged using a
Nikon C1 laser scanning confocal unit attached to a Nikon Eclipse
TE2000-E microscope with a 100x, 1.45-NA (numerical aperture)
Plan Apochromat objective. Image analysis was preformed using
Imaged.

In the experiment presented in Figure 6D, we analyzed the ex-
tent to which SfGFP overlapped with the TGN marker Golgin%7 in
control and OSBP knockdown cells. For this purpose, we used NIS-
Elements Software (Nikon) to manually define regions of interest
(ROI) on confocal images that were marked by concentrated Golgin
97 signal, and we quantified the extent to which the SfGFP signal
coincided using Manders’ overlap.

To detect and analyze relative levels of cholesterol within cells,
we followed a recommendation described by Maxfield and Wust-
ner (2012) and stained cells that had been fixed with 3% formalde-
hyde and quenched with 50 mM glycine using filipin (diluted 1:100
in 5% goat serum in PBS from a 50 mg/ml stock in dry dimethyl
sulfoxide). Staining and subsequent processing were performed
in a darkened room. Slides were mounted in Prolong Gold Anti-
fade (as above). Images were recorded using a wide-field Nikon
TE-2000 fluorescence microscope (100x objective, 4',6-diamidino-
2-phenylindole [DAPI] filters). Because filipin fluorescence readily
bleaches upon excitation, we focused our images using the fluo-
rescence from SfGFP and then switched to the DAPI filter set for
immediate image recording. Filipin intensities in ROl were mea-
sured, normalized, and analyzed using strategies employed by
Mesmin et al. (2017) as indicated under Results.

Statistical analyses

Data were analyzed using statistical software in GraphPad Prism 7.
The number of biological replicates/separate experiments (n) and
specific statistical tests used are indicated in the figure legends.
Where cells were analyzed in fluorescent images, the number of
cellsis indicated by #. Although we evaluated statistical significance
comprehensively among different samples within experiments, we
have identified significance in the figures for comparisons that are
specifically relevant to the experiments’ goals. In all figures, *, p <
0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; brackets identify
samples being compared except where comparisons are to the con-
trol, in which case p values are given without brackets. All results
with error bars are presented as mean + SEM.
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