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Lipid esters stored in cytoplasmic lipid droplets (CLDs) of hepatocytes are used to synthesize very low-density lipopro-
teins (VLDLs), into which apolipoprotein B (ApoB) is integrated cotranslationally. In the present study, by using Huh7
cells, derived from human hepatoma and competent for VLDL secretion, we found that ApoB is highly concentrated
around CLDs to make “ApoB-crescents.” ApoB-crescents were seen in <10% of Huh7 cells under normal conditions, but
the ratio increased to nearly 50% after 12 h of proteasomal inhibition by N-acetyl-L-leucinyl-L-leucinyl-L-norleucinal.
Electron microscopy showed ApoB to be localized to a cluster of electron-lucent particles 50–100 nm in diameter adhering
to CLDs. ApoB, proteasome subunits, and ubiquitinated proteins were detected in the CLD fraction, and this ApoB was
ubiquitinated. Interestingly, proteasome inhibition also caused increases in autophagic vacuoles and ApoB in lysosomes.
ApoB-crescents began to decrease after 12–24 h of proteasomal inhibition, but the decrease was blocked by an autophagy
inhibitor, 3-methyladenine. Inhibition of autophagy alone caused an increase in ApoB-crescents. These observations
indicate that both proteasomal and autophagy/lysosomal degradation of ApoB occur around CLDs and that the CLD
surface functions as a unique platform for convergence of the two pathways.

INTRODUCTION

Lipid droplets (CLDs) consist of a neutral lipid core with a
surrounding phospholipid monolayer (Murphy and Vance,
1999; Tauchi-Sato et al., 2002). CLDs are prominent in adi-
pose cells and steroidogenic cells, but they also exist in other
cell types. With the exception of a few cell types, CLDs have
been considered as inert excess lipid deposits. However,
recent studies have shown that a variety of proteins are
localized in CLDs, suggesting that they may play more
active functional roles than previously thought. In addition
to PAT family proteins, enzymes involved in eicosanoid
formation, enzymes for cholesterol synthesis, signaling pro-
teins, caveolins, and Rab proteins have been reported in
CLDs (Ozeki et al., 2005, and references therein). Proteomic
studies identified many more proteins of both known and
unknown functions in the CLD-rich fraction (Brasaemle et
al., 2004; Fujimoto et al., 2004; Liu et al., 2004; Umlauf et al.,

2004). The presence of functional proteins implies that CLDs
are not mere lipid storage vessels but may be involved in
various cellular activities.

In hepatocytes, the triglycerides in CLDs are thought to be
used for the synthesis of very low-density lipoprotein
(VLDL) (Gibbons et al., 2000). Enzyme activities that hydro-
lyze and reesterify neutral lipids are found in CLDs and/or
endoplasmic reticulum (ER), but the detailed mechanism by
which the CLD content is mobilized and incorporated into
lipoprotein particles is still unclear (Murphy, 2001). Apoli-
poprotein B (ApoB)-100, the primary protein component of
VLDL, is assembled with lipids in the ER lumen, and further
lipidation and maturation of the lipoprotein particles occur
in the ER or the pre-Golgi compartment (Olofsson et al.,
1999; Pan et al., 2002). ApoB is a huge amphipathic protein of
4536 amino acids, and when the assembly of VLDL does not
proceed effectively, excess ApoB molecules are destined for
degradation by both proteasomal and nonproteasomal path-
ways (Fisher et al., 1997; Cavallo et al., 1999). In contrast to
most other proteins subjected to ER-associated degradation,
with a notable exception of major histocompatibility com-
plex class I heavy chains in the presence of US2 or US11
(Wiertz et al., 1996a,b), ApoB is ubiquitinated and trans-
ferred to proteasomes directly from the ER membrane with-
out full translocation into the lumen (Mitchell et al., 1998;
Pariyarath et al., 2001).

In studying the functional role of CLDs in VLDL assem-
bly, we found serendipitously that ApoB accumulated
heavily around CLDs. Subsequent experiments revealed
that the ApoB accumulation around CLDs increased mark-
edly when either proteasomal function or autophagy were
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inhibited. Ubiquitinated ApoB, proteasomal subunits, and
autophagic vacuoles were all found in or around the ApoB-
positive CLDs. The observation indicates that CLDs provide
a site to hold amphipathic ApoB without gross aggregation,
where proteasomal and autophagic pathways converge for
degradation.

MATERIALS AND METHODS

Cells and Transfection
The human hepatocellular carcinoma cell lines Huh7 and HepG2 were ob-
tained from the Japanese Collection of Research Bioresources Cell Bank
(Tokyo, Japan). They were cultured in DMEM supplemented with 10% fetal
calf serum (FCS), 50 U/ml penicillin, and 0.05 mg/ml streptomycin at 37°C in
a humidified atmosphere containing 5% CO2. Frozen human hepatocytes
were purchased from Tissue Transformation Technologies (Edison, NJ), and
cultured in the incubation medium obtained from BIOPREDIC International
(Rennes, France). When appropriate, cells were incubated in medium con-
taining 10 �M N-acetyl-l-leucinyl-l-leucinyl-l-norleucinal (ALLN; Sigma-
Aldrich, St. Louis, MO) or MG132 (Sigma-Aldrich) to inhibit proteasome
functions, and/or 10 mM 3-methyladenine (3-MA; Sigma-Aldrich) to inhibit
autophagy. Lipoprotein-deficient serum (LPDS) was prepared from FCS as
described previously (Goldstein et al., 1983).

In some experiments, cells were transfected with cDNA by using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instruction. Expression vectors for dynamin-2 and myc/His6-tagged ubiq-
uitin were kindly donated by Drs. Kazuhisa Nakayama (Kyoto University,
Kyoto, Japan) and Ron R. Kopito (Stanford University, Stanford, CA), respec-
tively.

Antibodies and Reagents
Mouse monoclonal anti-human ApoB-100 (clone 6H12 from INTRACEL,
Frederick, MD; clone 5F8 from MONOSAN, Uden, The Netherlands), goat
polyclonal anti-human ApoB-100 (Rockland, Gilbertsville, PA), mouse anti-
adipose differentiation-related protein (ADRP) (Progen, Brisbane, Australia),
mouse anti-ubiquitin (clone FK1; Affinity Bioreagents, Golden, CO), mouse
anti-early endosomal antigen (EEA)1 (Transduction Laboratories, Lexington,
KY), and mouse anti-lysosomal-associated membrane protein (Lamp)1 anti-
body (clone H4A3; Developmental Studies Hybridoma Bank, University of
Iowa, Iowa City, IA) were obtained from the respective suppliers. Mouse
anti-lysobisphosphatidic acid, rabbit anti-GM130, rabbit anti-ADRP, rabbit
anti-LC3, and rabbit anti-polyubiquitin antibodies were kindly provided by
Drs. Toshihide Kobayashi (RIKEN, Wako, Japan), Nobuhiro Nakamura (Ka-
nazawa University, Ishikawa, Japan), Tom Keenan (Virginia Polytechnic In-
stitute, Blacksburg, VA), Yasuo Uchiyama (Osaka University, Osaka, Japan),
and Sadaki Yokota (Yamanashi University, Yamanashi, Japan), respectively.
Mouse GC3� antibody recognizing �2, �6, and �7 proteasomal subunits and
guinea pig anti-�6 antibodies were obtained as described previously (Toku-
moto et al., 1995; Wakata et al., 2004). Rabbit anti-TIP47 antibody was raised
against a human TIP47 peptide (residues 305-318) as reported previously
(Miura et al., 2002). Secondary antibodies conjugated to fluorochromes (Invitro-
gen, Carlsbad, CA; Jackson ImmunoResearch Laboratories, West Grove, PA),
and streptavidin-colloidal gold (BioCel, Plano, Germany) were purchased from
the respective suppliers. Mevastatin, mevalonolactone, brefeldin A, and rhoda-
mine-transferrin were obtained from Sigma-Aldrich.

Subcellular Fractionation and Proteasome Activity Assay
Cells were disrupted by nitrogen cavitation and subjected to sucrose density-
gradient ultracentrifugation as described previously (Fujimoto et al., 2001).
Absence of contamination by other organelles was confirmed by Western
blotting of marker molecules as described previously (Tauchi-Sato et al., 2002;
Ozeki et al., 2005). The proteasomal activity was assayed using 100 �M N-succi-
nyl-Leu-Leu-Val-Tyr-7-amino 4-methylcoumarin (Bachem, Bubendorf, Switzer-
land) as the substrate according to the published protocol (Gaczynska et al., 1994).

Immunoprecipitation and Western Blotting
The lipid droplet fraction obtained from the top of the sucrose density
gradient was dissolved in lysis buffer (50 mM Tris, 150 mM NaCl, 1 mM
EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and protease inhib-
itor cocktail [Sigma-Aldrich], pH 8.0). Lysates were precleared using protein
A-agarose (Santa Cruz Biotechnology, Santa Cruz, CA) and then incubated
with 2 �g of goat anti-ApoB antibody for 8 h, followed by incubation with
rabbit anti-goat IgG antibody for 2 h and then with protein A-agarose for 2 h.
The agarose beads were washed in lysis buffer and bound proteins were
eluted by heating at 60°C for 10 min in SDS sample buffer. All the immuno-
precipitation procedure was carried out at 4°C.

In some experiments, subcellular fractions were precipitated with 10%
trichloroacetic acid, dissolved in sample buffer, and subjected to Western
blotting. After incubation with horseradish peroxidase-conjugated second

antibodies (Pierce Chemical, Rockford, IL), the blots were developed using
Super Signal West Dura Substrate (Pierce Chemical).

Immunofluorescence Microscopy and Data Analysis
Cells were fixed with 3% formaldehyde in 0.1 M phosphate buffer for 15 min
for double labeling of ApoB and organelle markers, or with a mixture of 3%
formaldehyde and 0.025% glutaraldehyde in 0.1 M phosphate buffer for 15
min for double labeling of ApoB and either ADRP or TIP47. To visualize
acidic organelles, cells were incubated with 500 nM Lysotracker-Red (Invitro-
gen) for 2 h before fixation. For immunolabeling, the fixed cells were perme-
abilized with 0.01% digitonin in phosphate-buffered saline (PBS) for 30 min,
and treated with 3% bovine serum albumin in PBS for 10 min. The cells were
then incubated for 1 h with goat or mouse anti-ApoB antibody in combi-
nation with another antibody in 1% bovine serum albumin in PBS and then
with secondary antibodies for 1 h. CLDs and nuclei were stained with
BODIPY493/503 (Invitrogen) and 4,6-diamidino-2-phenylindole (DAPI), re-
spectively. Images were captured using an LSM 5 PASCAL/Axioscope 2 laser
scanning microscope or Apotome/Axiovert 200M microscope (Carl Zeiss,
Jena, Germany), using an Apochromat 63� lens with a 1.40 numerical aper-
ture. Specimens were moved in a predetermined manner along the x-y-axis
using the mechanical stage of the microscope, and pictures were taken arbi-
trarily along the path. Color, brightness, and contrast of the images were
adjusted using Adobe Photoshop 7.0 (Adobe Systems, Mountain View, CA.
Cell numbers and colocalization of ApoB and other markers were quantified
using ImageJ (http://rsb.info.nih.gov/ij/).

Conventional Electron Microscopy and Immunoelectron
Microscopy
For conventional electron microscopy, cells cultured on coverslips were fixed
with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, post-
fixed with 1% osmium tetroxide in the same buffer, stained en block with
uranyl acetate, and embedded in Epon for thin sectioning. For immunoelec-
tron microscopy, cells were fixed with 3% formaldehyde and 0.025% glutar-
aldehyde in 0.1 M PIPES buffer, pH 7.4, for 60 min, infiltrated with a mixture
of sucrose and polyvinylpyrolidone, and frozen in liquid nitrogen. Ultrathin
cryosections were treated sequentially with goat anti-ApoB-100 antibody,
biotinylated horse anti-goat IgG antibody, and streptavidin-colloidal gold (10
nm). Sections were embedded in 2% methylcellulose containing 0.3–0.5%
uranyl acetate (Liou et al., 1996) and observed using a JEOL 1200CX electron
microscope operated at 100 kV.

RESULTS

ApoB around CLDs Is Increased by Proteasome Inhibitors
Huh7 cells are derived from human hepatoma and retain the
ability to secrete VLDL (Higashi et al., 2002, 2003; Lalanne et
al., 2005). At least 25% of ApoB in the conditioned medium
was recovered as lipoproteins of �1.063 g/cm3 (our unpub-
lished data). When Huh7 cells cultured in standard medium
were labeled for ApoB, intense labeling was observed in
crescent or circular shapes in occasional cells. Double label-
ing with BODIPY493/503 showed that the crescent-shaped
or circular labeling of ApoB was localized around CLDs
(Figure 1A). Based on the characteristic shape, we called the
ApoB labeling around CLDs the ”ApoB-crescent.“ ApoB-
crescents were labeled in the same manner by three different
antibodies to ApoB (mouse monoclonal clone 6H12 and goat
polyclonal, Figure 1A; mouse monoclonal clone 5F8, our
unpublished data). ApoB-crescents were also identified in
another hepatoma-derived cell line, HepG2, and in primary
human hepatocyte, although the frequency was lower than
in Huh7 cells (Supplemental Figure 1).

The frequency of ApoB-crescents increased markedly
when the cells were treated by proteasome inhibitors, ALLN
or MG132. ALLN at 10 �M increased the percentage of
Huh7 cells showing ApoB-crescents from �10% at 0 h to
nearly 50% at 12 h (Figure 1, B and C). The ALLN treatment
also increased the ratio of CLDs bearing ApoB-crescents in a
similar manner (Figure 1D). The increases were significant
as early as 1 h after addition of ALLN. These observations
suggest that ApoB-crescents are related to the ubiquitin-
proteasome degradation of ApoB. MG132 at 50 �M or ALLN
at concentrations �20 �M caused a similar increase but
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affected the overall cell shape. Therefore, we mainly used 10
�M ALLN for the subsequent experiments. Notably, the
frequency of ApoB-crescents decreased to the basal level
after 24 h of ALLN treatment (Figure 1C), and ApoB labeling
in other locations increased as described below.

The increase of ApoB-crescents was also observed when
cells were cultured in DMEM with 10% LPDS instead of 10%
FCS (Supplemental Figure 2). The frequency of ApoB-cres-
cent further increased by adding mevastatin and mevalono-
lactone to the LPDS medium to inhibit de novo synthesis of
cholesterol without affecting isoprenylation of Ras family
proteins. Mevastatin/mevalonolactone alone also induced a
slight but significant increase of ApoB-crescents. These re-
sults showed that ApoB-crescents were formed when lipid
supply was not adequate and that they did not form only as
a result of nonspecific stress response to the protease inhi-
bition. Brefeldin A, which blocks vesicular transport from
ER to Golgi, induced a sharp increase of ApoB-crescents as
expected.

ApoB-Crescents Were Complementary to ADRP and
TIP47 around CLDs
Among the PAT proteins that coat CLDs in mammalian
cells, ADRP and TIP47 are expressed in nonadipocytes
(Miura et al., 2002; Ohsaki et al., 2005; Wolins et al., 2005). On
immunofluorescence microscopy of Huh7 cells in the stan-
dard culture condition, ADRP was observed in most CLDs,
whereas TIP47 was seen in �10% of CLDs (Ohsaki et al.,

2005). Both ADRP and TIP47 were seen to encircle the whole
surface of CLDs that lacked ApoB labeling, but where ApoB-
crescents were observed, the two proteins were excluded
from the ApoB-positive area (Figure 2). Vertical reconstruc-
tion of confocal images showed that CLD globules contained
clear complementary ADRP/TIP47-positive and ApoB-pos-
itive hemispheres (Figure 2). By triple labeling of ApoB,
ADRP, and TIP47, ADRP and TIP47 were found to coexist in
those CLDs (our unpublished data). Another CLD-specific
protein, Rab18 (Ozeki et al., 2005), was never found in CLDs
with ApoB-crescents, but it occurred in those without ApoB-
crescents (our unpublished data).

CLD Fraction Contained Ubiquitinated ApoB and
Proteasomal Subunits
On sucrose density-gradient centrifugation of disrupted
Huh7 cells, CLDs were recovered in the top floating fraction
as shown by ADRP labeling (Figure 3A). The density of
ApoB-containing lipoproteins secreted from Huh7 cells was
reported as 1.04–1.06 g/cm3 (Higashi et al., 2002) and that of
premature lipoproteins in the secretory pathway must be no
less than that, whereas the top three layers used for the CLD
isolation were 0.99, 1.03, and 1.04 g/cm3. Thus, lipoproteins
in the secretory pathway were not likely to be included in
the top fraction. Markers of other organelles and soluble
proteins were detected only in the bottom fractions (Lamp1
as shown in Figure 3A; Ozeki et al., 2005), which confirmed

Figure 1. ApoB was localized in crescent-shaped areas adjacent to lipid droplets. (A) Huh7 cells cultured in normal medium. Some cells
showed labeling for ApoB (red) in a crescent shape adjacent to lipid droplets stained by BODIPY493/503 (green). Two different anti-ApoB
antibodies, mouse monoclonal (clone 6H12; left) and goat polyclonal (right), gave essentially the same results. Bars, 10 �m. (B) The
crescent-shaped ApoB labeling increased markedly when Huh7 cells were treated with 10 �M ALLN for 12 h. Cell nuclei were labeled with
DAPI. Bars, 10 �m. (C and D) Percentage of cells (C) and CLDs (D) showing ApoB-crescents. The frequency of crescent-positive cells and
CLDs increased gradually up to 12 h by ALLN treatment and then decreased at 24 h. Results of three independent experiments were
averaged; statistical difference from the control (0 h) was examined by Student’s t test (*p � 0.01, **p � 0.001).
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the purity of the CLD fraction. ApoB was recovered in both
the CLD fraction and in the bottom fractions. By measuring the
reaction intensity in the Western blotting, the proportion

of ApoB in the CLD fraction increased significantly from
�1% in the control to �15% in the ALLN-treated cell (n � 3;
Supplemental Figure 3).

Figure 2. The crescent-shaped ApoB was
complementary to ADRP and TIP47 in the
CLD surface. Confocal images of ADRP (red)
and ApoB (green) (top) and TIP47 (red) and
ApoB (green) (bottom) in Huh7 cells treated
with 10 �M ALLN for 12 h. Images recon-
structed in the x-z-axis along the red line are
shown above the top panel. In most CLDs, the
ApoB labeling occupied one- to two-thirds of
the CLD surface (arrows), whereas both ADRP
and TIP47 labeling were seen in the area com-
plementary to the ApoB-positive area (arrow-
heads). Bars, 10 �m.

Figure 3. The CLD fraction was enriched with ApoB,
proteasome subunits, and ubiquitinated proteins. (A, B,
and D) Huh7 cells were cultured with or without 10 �M
ALLN for 12 h, and fractions obtained by sucrose den-
sity-gradient centrifugation were subjected to Western
blotting. (A) ApoB (goat anti-ApoB antibody). Fraction 1
obtained from the top of the gradient contained ApoB
and its amount was greater in the ALLN-treated sample
than in the control (see Supplemental Figure 3 for quan-
titation). The concentration of ADRP (third panel) and the
lack of Lamp1 (fourth panel) verified that the fraction was
highly enriched with CLD. The result shown is represen-
tative of three independent experiments. (B) Western blot-
ting by GC3� and anti-�6 antibody recognizing proteaso-
mal subunits. The CLD fraction showed positive bands
with both antibodies. (C) The proteasome subunit �6 was
localized adjacent to CLDs bearing ApoB-crescents. �6
was also seen around CLDs that do not bear ApoB-cres-
cents and even without ALLN treatment (our unpublished
data). (D) Ubiquitin. The ubiquitinated proteins recovered
in the CLD fraction were increased significantly by ALLN
treatment. (E) The CLD fractions taken from control and
ALLN-treated cells were adjusted to the same volume,
lysed, and immunoprecipitated with goat anti-ApoB anti-
body. The precipitated proteins were subjected to Western
blotting with anti-ApoB (left), anti-ubiquitin (middle), or
anti-polyubiquitin antibodies (right). The ubiquitination of
ApoB was increased significantly in the ALLN-treated
sample. Cells transfected with ubiquitin cDNA were used
for this experiment, but essentially the same result was
obtained by using cells without the overexpression.
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Immunofluorescence analyses suggested that CLDs are a
site of ubiquitin-proteasome–dependent ApoB degradation.
To test this assumption, we examined whether proteasome
components and ubiquitinated proteins were associated
with CLDs. By Western blotting, proteasome subunits were
detected in the CLD fraction (Figure 3B); by densitometry,
the amount of GC3�-reactive bands in the CLD fraction
(fraction 1) was estimated to be �0.23% of the fraction 8,
containing the cytosol. Moreover, by immunofluorescence
microscopy, �6 was found around CLDs adjacent to apoB-
crescents (Figure 3C). The proteasomal activity of the iso-
lated CLD fraction was 0.18% of the fraction 8, but it was
likely to be underestimated because turbidity caused by
lipid esters disturbed the measurement significantly (Sup-
plemental Figure 4). Ubiquitinated proteins in the CLD frac-
tion were also increased drastically by ALLN (Figure 3D).
Finally, ApoB in the CLD fraction immunoprecipitated by
an anti-ApoB antibody showed ubiquitination, and the de-
gree of ubiquitination increased after ALLN treatment (Fig-
ure 3E). These observations indicate that CLDs of Huh7 cells
are associated with proteasomes and ubiquitinated proteins,
including ApoB, and their amount increases when the pro-
teasomal function is inhibited.

ApoB-positive Electron-lucent Particles Clustered Next to
CLDs
To elucidate the identity of ApoB-crescents, Huh7 cells were
observed by conventional electron microscopy. In untreated
control cells, CLDs were observed as round lucent struc-
tures, and their perimeter was demarcated from the cyto-
plasmic matrix (Figure 4A). After ALLN treatment, CLDs
themselves were observed similarly, but they were fre-
quently associated with a cluster of small electron-lucent
particles (Figure 4B, arrows). Some small particles ranging in
diameter from 50 to 100 nm were observed apart from CLDs,
but most were seen to be in contact with CLDs. On immu-
nogold labeling of ultrathin cryosections, electron-lucent ar-
eas next to CLDs were seen to be labeled strongly for ApoB
(Figure 4C, arrows). In cryosections, demarcation between
particles was not clear, probably due to the difference in the
staining procedures, but ApoB labeling most likely occurred
around the small particles adjacent to CLDs. Interestingly,
the contents of CLDs and the small particles often showed
different electron densities in both Epon sections and cryo-
sections, indicating some compositional differences between
them (Figure 4, B and C). The above-mentioned observations
suggested that clusters of small lucent particles adjacent to
CLDs were the ApoB-crescents observed by immunofluores-
cence microscopy.

ApoB Is Increased in Lysosomes by ALLN
Immunofluorescence labeling revealed that ApoB was local-
ized to structures other than CLDs. In addition to diffuse
labeling in the cytoplasm that probably corresponded to the
ER, labeling was observed in distinct dots that were not
related to BODIPY493/503 staining. The latter dot-type la-
beling increased after ALLN treatment (Figure 5A, arrows).
On double labeling with various organelle markers, ApoB
labeling hardly overlapped with either GM130, a Golgi
marker, or EEA1, an early endosome marker (Figure 5B). In
contrast, ApoB labeling colocalized extensively with late
endosome/lysosome markers Lamp1 and lysobisphospha-
tidic acid (our unpublished data), and Lysotracker, an acidic
organelle marker (Figure 5C). Compared with untreated
cells, colocalization of ApoB and Lysotracker was increased
by �2.5-fold after 6 h of ALLN treatment and increased
further to more than fivefold at 24 h (Figure 5D). The time

course was different from that of the frequency of ApoB-
crescents that decreased rapidly after 12 h of ALLN treat-
ment (compare Figures 1C and 5D).

Immunogold labeling of cryosections revealed that the
lysosomal lumen contained electron-lucent components la-
beled for ApoB (Figure 5E, arrows). Interestingly, the lyso-
somes were usually seen in the vicinity of ApoB-crescents
adjacent to CLD. In some cases, the limiting membrane of
the lysosomes containing ApoB labeling seemed to wrap
around the ApoB-crescent and the adjacent CLD (Figure 5F).

The absence of ApoB in the early endosome (Figure 5B)
implied that the lysosomal ApoB was not derived from
endocytosed VLDL. To further confirm this point, cDNA of
dominant-negative dynamin-2 (K44A) was transfected, and
its effect on the amount of the lysosomal ApoB was exam-
ined. In comparison with wild-type dynamin-2, the K44A
mutant inhibited the uptake of rhodamine-transferrin, but it
did not affect the apoB labeling that colocalized with Lyso-

Figure 4. ApoB-positive low-density particles occurred adjacent to
CLD in ALLN-treated Huh7 cells. (A and B) Huh7 cells were cul-
tured with or without 10 �M ALLN for 12 h and observed by
conventional electron microscopy. In control cells (A), the rim of
CLDs was demarcated by the cytoplasm. In ALLN-treated cells (B),
CLDs were often associated with a cluster of small round electron-
lucent particles (arrows). The small particles ranged from 50 to 100
nm in diameter. Bars, 1 �m. (C) Immunogold labeling of ApoB in
Huh7 cells treated with 10 �M ALLN for 12 h. ApoB was localized
to the electron-lucent particles adjacent to CLDs (arrows). The elec-
tron density of the ApoB-positive particles was lower than that of
CLDs, implying a difference in their composition. ApoB labeling
was also seen in the ER lumen (arrowheads). Bar, 0.5 �m.
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tracker (Supplemental Figure 5). The result showed that
most ApoB in the lysosome was not caused by uptake of the
secreted lipoprotein.

ApoB-Crescents Are Processed by Autophagy
The above-mentioned result as well as immunoelectron mi-
croscopy of ALLN-treated cells suggested that the ApoB-
positive particles in the lysosome were largely caused by
autophagy. In fact, a previous study demonstrated that in-
hibition of proteasomes in Huh7 cells induced autophagic
vacuoles (Harada et al., 2003). The increase in autophagic
vacuoles was confirmed by labeling with LC3 (Kabeya et al.,
2000); by ALLN treatment, the increase of LC3-positive par-
ticles was already evident at 1 h and became drastic at 12 h
(Figure 6A and Supplemental Figure 6). By triple labeling for
ApoB, LC3, and neutral lipids, the LC3-positive autophago-
somes were often seen adjacent to ApoB-crescents (Figure
6B, arrows). By treating the cells with leupeptin for 30 min to
inhibit the lysosomal digestion, ApoB-crescents in the
Lamp1-positive organelles were detected (Figure 6C, ar-
row). These observations suggest that inhibition of protea-
somal function induced autophagic vacuoles, which may
then engulf ApoB-crescents and adjacent CLDs. The de-
crease in ApoB-crescents after 12 h of ALLN treatment in-
dicated that autophagy was activated to a sufficient degree
by that time.

The above-mentioned assumption was tested by inhibit-
ing autophagy by 3-MA. The ALLN-induced increase in LC3

was suppressed when the medium contained 10 mM 3-MA
(Figure 6A), which confirmed the effectiveness of the re-
agent. In cells treated with 3-MA at 12 h after the beginning
of ALLN treatment, the decrease in ApoB-crescents between
12 and 24 h was suppressed (Figure 6D). The suppressive
effect was more obvious when cells were treated with 3-MA
and ALLN from the beginning (Figure 6D). This observation
verified that autophagy is important in the processing of
ApoB-crescents. Furthermore, it suggested that even when
proteasomal function is normal, autophagy may function in
ApoB degradation. This assumption proved correct because
3-MA alone caused an increase in ApoB-crescent-positive
cells and CLDs (Figure 6, E and F). The ratio of ApoB-
crescent-positive cells increased to more than 30% at 12 h
after addition of 3-MA. The results of the present study
indicate that proteasomal and autophagocytic systems col-
laborate to process ApoB and that CLDs provide a site at
which the two degradation systems converge.

DISCUSSION

CLDs as Sites of Proteasomal Processing of ApoB
ApoB is the primary structural protein of VLDL. It is syn-
thesized on membrane-bound ribosomes and translocated to
the ER lumen cotranslationally. Nascent lipoprotein parti-
cles are first assembled in the rough ER, and after matura-
tion in the smooth ER and possibly in the Golgi, they are

Figure 5. ApoB in lysosomal structures was
increased by ALLN treatment. Bars, 10 �m.
(A and B) Huh7 cells treated with 10 �M
ALLN for 12 h. Many ApoB-positive struc-
tures were not colocalized with BODIPY493/
503 (arrows in A), GM130 (B-left), or EEA1
(B-right). (C) Colocalization of ApoB (green)
and Lysotracker (red) increased drastically af-
ter ALLN treatment. (D) Huh7 cells treated
with 10 �M ALLN for the indicated times
were incubated with 500 nM Lysotracker-Red
for 2 h before fixation and immunolabeling.
Colocalization of ApoB and Lysotracker-Red
was quantified by measuring the number of
double-positive pixels in confluent cells. Re-
sults of three independent experiments were
averaged; statistical difference from the con-
trol (0 h) was examined by Student’s t test
(*p � 0.05, **p � 0.001). (E and F) Immuno-
gold labeling of ALLN-treated Huh7 cells.
Bars, 0.2 �m. (E) Lysosomes (arrowheads)
contained ApoB-positive electron-lucent par-
ticles (arrows) and adhered to the ApoB-cres-
cent area adjacent to CLDs. (F) In some cases,
the lysosomes containing ApoB labeling (ar-
rows) wrapped around the ApoB-crescent
and the adjacent CLD. The limiting mem-
brane of the lysosome is marked by arrow-
heads.
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secreted by exocytosis (for review, see Davis 1999). Thus,
along with other secretory proteins, ApoB has been shown
to exist in the ER and Golgi (Sakata et al., 2001). In addition,
labeling for ApoB was also observed in lysosomes (Du et al.,
1998), which may be derived, at least partially, from secreted
and then endocytosed VLDL (Williams et al., 1990; Twisk et
al., 2000). However, to our knowledge, there have been no
previous reports of localization of ApoB on the CLD surface.
The cluster of ApoB-positive particles adjacent to CLDs,
which we designated the ”ApoB-crescent,“ was observed in
both Huh7 and HepG2 cells and increased markedly when
proteasome function was inhibited. In HepG2 cells, inhibi-
tion of proteasomes was reported to cause particulate accu-
mulation of ApoB in association with the ER, but the ApoB-
crescent was not described (Fisher et al., 1997; Pariyarath et
al., 2001). ApoB-crescent may not have been identified pre-
viously because of its relatively low frequency in HepG2
cells. Furthermore, without CLD staining, it may be difficult
to discriminate between ApoB-crescents and dense particu-
late labeling.

Degradation of ApoB has been reported to occur by both
proteasomal and nonproteasomal pathways (Cavallo et al.,
1999; Fisher et al., 2001). When conditions are not appropri-
ate for VLDL assembly, ubiquitination and proteasomal
degradation of ApoB increase. In contrast to most other
proteins that probably undergo retrotranslocation from the
ER lumen for ER-associated degradation, ApoB is thought to

remain halfway through the translocon before being extracted
to the cytoplasm for degradation (Fisher and Ginsberg, 2002);
thus, proteasomes where ApoB is degraded are likely to be in
the proximity of the ER. In the present study, we showed that
proteasome subunits are located near CLDs. CLDs are gener-
ally distributed in the proximity of the ER (Murphy and Vance,
1999), and lipids stored in CLDs are thought to be mobilized
for pre-VLDL assembly in synchronization with ApoB trans-
lation (Gibbons et al., 2000). This functional relationship should
require that CLDs and the translocons for ApoB synthesis exist
in proximity. Thus, CLDs are likely to be in the vicinity of both
the ApoB translation site and proteasomes, which location
seems suitable to harbor ubiquitinated ApoB for proteasomal
degradation.

In addition to proximity, the CLD surface may offer an-
other important advantage for the processing of ApoB. That
is, even if the proteasomes are highly efficient in degrading
multiubiquitinated proteins, there is a danger that proteins
to be degraded may form aggregates in the cytoplasm
through hydrophobic interactions (Kopito, 2000). Such ag-
gregates were shown to impair proteasomal processing
(Bence et al., 2001) and may become toxic to the cells. In this
respect, CLDs may provide a surface to hold large amphi-
pathic proteins, such as ApoB, in an appropriate conforma-
tion and prevent them forming aggregates. This assumption
is supported by the structural resemblance of CLDs and
lipoprotein particles in that both consist of a neutral lipid

Figure 6. Autophagy is involved in processing the ApoB-crescent. (A) LC3 was observed only infrequently in Huh7 cells cultured under
normal conditions. ALLN (10 �M; 12 h) increased LC3 markedly, but cotreatment with 10 mM 3-MA suppressed the increase. Cell nuclei
were labeled by DAPI. Bars, 10 �m. (B) Triple labeling for LC3 (red), ApoB (green), and BODIPY493/503 (blue) in ALLN-treated cells. LC3
was seen near the ApoB-crescent and its adjacent CLD (arrows). Bar, 10 �m. (C) Triple labeling for Lamp1 (red), ApoB (green), and
BODIPY493/503 (blue). Cells were cultured with 10 �M ALLN for 12 h and added with 100 �M leupeptin for 30 min. The ApoB-crescent
and the adjacent CLD was found in the Lamp1-positive late endosome/lysosome (arrow). (D) In comparison with cells cultured with ALLN
alone for 24 h, addition of 3-MA at 0 h or 12 h increased the ratio of ApoB-crescent–positive cells at 24 h. The difference was statistically
significant by Student’s t test (n � 3; *p � 0.001). (E and F) Percentage of cells (E) and CLDs (F) showing ApoB-crescents in cells treated with
3-MA alone. The frequency of crescent-positive cells and CLDs reached a maximum at 12 h. Results of three independent experiments were
averaged; statistical difference from the control (0 h) was examined by Student’s t test (E: *p � 0.01, **p � 0.001; F: p � 0.05, **p � 0.001).
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core and a phospholipid monolayer. The importance of the
CLD surface for ApoB degradation might be tested by ma-
nipulating the expression of CLD-related proteins.

The Relationship between CLDs and Electron-lucent
Particles in the ApoB-Crescent
Immunoelectron microscopy indicated that ApoB was local-
ized around small electron-lucent particles that clustered
around CLDs. Their appearance suggested that the particles
are lipidic in nature, but their electron density often looked
different from that of CLDs, suggesting that the contents of
the particles and CLDs are not the same. The electron-lucent
particles in the ApoB-crescent were 50–100 nm in diameter,
roughly matching that of VLDL and/or premature VLDL
(Murphy, 2001; Swift et al., 2001). The origin of the particles
is not known, but one possibility is that binding of ApoB
induced segmentation of CLDs solely depending on the
molecular nature of ApoB, and gave rise to particles of that
size (Segrest et al., 2001). Alternatively, lipid esters made in
the ER membrane may bud to the cytoplasmic side; in this
case, the particles are thought to be an aberrant form of
CLDs coated with ApoB instead of PAT proteins. Finally, as
a third possibility, the particles could be VLDL and/or
pre-VLDL particles themselves. It is difficult to explain how
they could extravasate from the luminal side, but lipidic
particles bearing apolipoproteins can exist in the cytoplasm
(Ito et al., 2002).

In CLDs associated with ApoB-crescents, ADRP and
TIP47 were seen only in the area complementary to the
crescent. This distribution was reminiscent of the displace-
ment of ADRP from CLDs when Rab18 was overexpressed
(Ozeki et al., 2005), which then induced close apposition of
CLDs and the ER-derived membrane. The ApoB-crescent is
different from the above-mentioned case in that Rab18 was
not up-regulated (our unpublished data) and that both
ADRP and TIP47 were expelled from the area apposing the
ApoB-crescent. The function of ADRP (and possibly TIP47)
may be to shield the CLD surface from other organelles
(Ozeki et al., 2005). The absence of PAT proteins may be
necessary for the adherence of lipidic particles to CLDs and
the formation of the ApoB-crescent.

Convergence of Ubiquitin–Proteasome Pathway and
Autophagy–Lysosome Pathway in CLDs
ApoB level in the lysosome was increased by inhibition of
the proteasome, and it persisted even after the frequency of
ApoB-crescents began to decrease after 12 h. Two different
mechanisms have been proposed to explain the existence of
ApoB in the lysosome. One was the reuptake of secreted
VLDL through LDL receptors (Williams et al., 1990; Twisk et
al., 2000). The reuptake may also occur in Huh7 cells, but it
is likely to be of minor importance because the lysosomal
ApoB labeling persisted even in cell expressing the domi-
nant-negative dynamin-2. The other was the proteasomal
processing of ApoB resulting in a single-pass transmem-
brane protein (Du et al., 1998). However, labeling for ApoB
was observed throughout the lysosomal lumen in our im-
munoelectron microscopic study, which was unlikely to be
caused by a transmembrane protein in the limiting mem-
brane.

The ALLN-induced increase in ApoB in the lysosome was
probably caused by autophagy. First, LC3, a specific marker
of the autophagosomal membrane (Kabeya et al., 2000), was
increased by ALLN and was found near the ApoB-crescent.
Second, electron microscopy showed autophagic structures
engulfing the ApoB-crescent, and ApoB in the lysosomal
lumen was found around small electron-lucent particles re-

sembling those in the ApoB-crescent. Third, the decrease in
ApoB-crescents between 12 and 24 h of ALLN treatment was
blocked by 3-MA, an inhibitor of autophagy. These results
suggest that the ApoB-crescents were subjected to autoph-
agy when the proteasome function was inhibited. Previ-
ously, ALLN treatment was shown to induce ubiquitin-rich
intermediate filament inclusion bodies in Huh7 cells, which
were removed by autophagic vacuoles (Harada et al., 2003).
In view of the close relationship of CLDs with intermediate
filaments (Franke et al., 1987; Almahbobi, 1995), it is likely
that the inclusion bodies contain CLDs and the adhering
ApoB-crescents.

The participation of autophagy in processing ApoB is not
apparently limited to conditions where the proteasomal
function is compromised. Inhibition of autophagy caused a
similar increase in ApoB-crescent frequency as inhibition of
the proteasome. This observation suggests that autophagy
plays a major role in degradation of ApoB in Huh7 cells.
Previously, autophagy was shown to process aggresomes in
Schwann cells (Fortun et al., 2003). More recently, using
Atg7-deficient mice, ubiquitinated proteins were shown to
aggregate even in the presence of functional proteasomes,
and the aggregates were shown to be eliminated by the
autophagic process (Komatsu et al., 2005). Notably, the ac-
cumulation of ubiquitinated proteins was observed around
CLDs. The authors proposed that ubiquitination may serve
as a signal for the autophagic process as well as to the
proteasome pathway. The results of the present study fit
well with their proposal and show that such a mechanism
works physiologically to process ubiquitinated proteins in
vivo. In contrast, the relative importance of the proteasomal
and autophagic pathways for the ApoB degradation may
not be the same in different cell lines. For example, in HepG2
cells, a significant increase of ApoB-crescents were observed
by ALLN, but not by 3-MA (our unpublished data). In the
present study, Huh7 cells were used because the cell line
retains the ability to secrete VLDL (Higashi et al., 2002, 2003;
Lalanne et al., 2005), whereas HepG2 cells require exogenous
fatty acids for the secretion due to the deficiency of triacyl-
glycerol hydrolase (Lehner et al., 1999). But it does not mean
that other physiological mechanisms to regulate ApoB are
preserved in Huh7 cells as well. The detailed degradation

Figure 7. Role of CLDs in ApoB degradation. CLDs exist in the
vicinity of the ER and may serve to hold ApoB-positive lipidic
particles as the ApoB-crescent. Both the ubiquitin-proteasome path-
way and the autophagy–lysosomal pathway are involved in the
degradation of ApoB in normal cells. The ApoB-crescent is thought
to be the site where the two degradation systems converge.
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mechanism of ApoB in vivo needs to be studied under
physiological settings.

A diagram depicting the major features of the ApoB deg-
radation in Huh7 cells is shown in Figure 7. CLDs are likely
to provide a surface to integrate the two degradation sys-
tems—proteasomal and lysosomal—for ApoB. The unique
structure of CLDs must be important for their role as dis-
cussed above. In this way, CLDs in hepatocytes may act not
only as a reservoir of lipids for VLDL formation but also as
a platform on which to process the unused ApoB effectively,
and to prevent the unusually large amphipathic molecules
from forming toxic aggregates. An intriguing possibility is
that the role of CLDs as a site of convergence of proteasomal
and autophagic processing may not be limited to ApoB but
may be extended to other amphipathic/hydrophobic pro-
teins. In this context, it is noteworthy that oligomers of
�-synuclein have a propensity to bind CLDs (Cole et al.,
2002). �-Synuclein is a component of intraneuronal inclusion
bodies that are found in a number of neurodegenerative
diseases, including Parkinson’s disease (Spillantini et al.,
1998). In the neuronal cell, CLDs are scarce and labeling for
ADRP is not observed (Heid et al., 1998). If CLDs are impor-
tant for the safe processing of aggregation-prone proteins,
the paucity of CLDs may explain why toxic aggregates are
formed preferentially in neuronal cells. Further studies to
determine whether manipulation of CLD proteins and lipids
would modify aggregate formation are warranted.
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