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Abstract The transport of apolipoprotein B (apoB) be-
tween the endoplasmic reticulum (ER) and Golgi was stud-
ied in puromycin-synchronized HepG2 cells, using an anti-
body that could distinguish between apoB in ER and Golgi
compartments. In cells with normal ER-to-Golgi transport,
both albumin and apoB colocalized throughout the ER and
appeared as intense, compact signals in Golgi. When ER-to-
Golgi transport was blocked with brefeldin A, apoB and
albumin remained colocalized in the ER network and three-
dimensional constructed images showed more intense sig-
nals for both proteins in a central, perinuclear region of the
ER. When protein synthesis was stopped in cells with brefel-
din A-inhibited ER-to-Golgi transport, apoB degradation
was visualized as a homogeneous decrease in fluorescence
signal intensity throughout the ER that could be slowed with

 

clasto

 

-lactacystin 

 

�

 

-lactone, a proteasome inhibitor. Incuba-
tion of cells with CP-10447, an inhibitor of microsomal tri-
glyceride transfer protein, inhibited apoB, but not albumin,
transport from ER to Golgi. Nanogold immunoelectron mi-
croscopy of digitonin-permeabilized cells showed protea-
somes in close proximity to the cytosolic side of the ER
membrane.  Thus, newly synthesized apoB is localized
throughout the entire ER and degraded homogeneously,
most likely by neighboring proteasomes located on the cyto-
solic side of the ER membrane. Although albumin is colo-
calized with apoB in the ER, as expected, it was not targeted
for ER-associated proteasomal degradation.

 

—Sakata, N., T. E.
Phillips, and J. L. Dixon.
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Apolipoprotein B-100 (apoB) is the structural protein
for plasma VLDL and LDL and is synthesized primarily in
hepatocytes (1, 2). The secretion rate of apoB is an impor-
tant factor determining the concentrations of apoB lipo-
proteins and cholesterol in blood (2, 3). The rate of apoB
secretion can vary during the course of the day within in-
dividuals (4), and has been observed to be increased in
patients with hyperlipidemias (5). Studies to decipher the
subcellular mechanisms regulating apoB and VLDL secre-

 

tion have been performed largely in cultured cells. ApoB
is synthesized on ribosomes attached to the endoplasmic
reticulum (ER) and translocated through the ER mem-
brane, and lipids are added to nascent apoB cotranslation-
ally or posttranslationally [for a comprehensive review see
Davis (2)]. ApoB-lipoprotein particles are enlarged in sub-
sequent lipidation steps, either in the ER (6) or in post-ER
compartments (7). Microsomal triglyceride transfer pro-
tein (MTP) is an ER lumenal protein that carries triglycer-
ide and phospholipid to nascent apoB molecules (8, 9)
and participates in early apoB-lipoprotein assembly (10).
Additional steps in the assembly of apoB-lipoproteins, es-
pecially transport from ER to Golgi, are less well under-
stood. Only small, dense apoB-lipoprotein particles were
observed in the ER (10), indicating that bulk transfer of
lipids may occur post-ER. By the time apoB is transported
to the plasma membrane and secreted into blood, it is
part of a VLDL particle that varies between 20 and 70 nm
in diameter.

One mechanism that regulates apoB secretion is
cotranslational or posttranslational degradation (11–13).
ApoB is a substrate for the cytosolic ubiquitin-proteasome
system (14–17). Much larger than other proteins that un-
dergo ER-associated degradation (18–21), apoB, located
in the ER lumen but associated with the ER membrane
(22), requires delipidation, deglycosylation, and retro-
grade transport before degradation by cytosolic or ER
membrane-associated proteasomes (17, 23). An important
advance to the translocation arrest model (11, 23, 24) for
ER apoB degradation was elucidated with the break-
through observation that apoB remains engaged to the ribo-
some and translocon and is not fully translated until nascent
lipoprotein assembly progresses sufficiently (25). There-
fore, underlipidated apoB can be drawn back through the
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translocon for degradation by the proteasome, probably
with the aid of cytosolic chaperons (26).

There are other pathways of apoB degradation in addi-
tion to proteasomal degradation. The kinetics of intracel-
lular apoB degradation are relatively slow in rat hepato-
cytes, indicating that apoB degradation occurs largely in a
post-ER compartment in rodent hepatocytes (27–29). It
has been proposed that degradation of apoB may involve
interactions with the LDL receptor in the secretory path-
way (30).

In the current work, we were able to deplete apoB and
albumin from the secretory pathway with puromycin, and
apoB transport between ER and Golgi was studied in rein-
itiated cells, using an antibody that could distinguish be-
tween apoB in ER and Golgi. Our results show that apoB
and albumin, proteins with vastly different posttrans-
lational modification itineraries, colocalize throughout
the extensive ER under normal transport conditions and
when ER-to-Golgi transport is inhibited by brefeldin A. In
contrast to albumin, which is stable in the secretory path-
way, apoB was degraded homogeneously in the ER when
ER-to-Golgi transport was blocked with brefeldin A. These
observations are consistent with the colocalization of
apoB and the proteasome throughout the extensive ER
network (17).

MATERIALS AND METHODS

 

Materials

 

Anti-proteasome 

 

�

 

-type subunits, HC10 and LMP7, were pur-
chased from Affiniti (Mamhead, UK). Anti-Golgin-97 was ob-
tained from Molecular Probes (Eugene, OR). The C1.4 and
CC3.4 monoclonal antibodies to apoB were gifts of G. Schonfeld
(Washington University, St. Louis, MO). Rabbit anti-human albu-
min (no. 55110) was purchased from Organon Teknika (Cappel)
(Durham, NC). Secondary antibodies conjugated with fluoro-
chromes (Cy3 or Cy5) were obtained from Jackson Immuno-
Research Laboratories (West Grove, PA). Puromycin and brefeldin
A were purchased from Sigma (St. Louis, MO). An MTP inhibi-
tor, CP-10447, was provided by Pfizer (Groton, CT) (31). 

 

clasto

 

-
Lactacystin 

 

�

 

-lactone was obtained from Novabiochem. MEM
and cell culture reagents were purchased from Life Technolo-
gies (Grand Island, NY). All other chemicals were of the highest
purity available.

 

Cell culture

 

HepG2 cells were grown in MEM with 0.1 mM nonessential
amino acids, 1 mM sodium pyruvate, penicillin (100 U/ml),
streptomycin (100 

 

�

 

g/ml), and 10% fetal bovine serum on col-
lagen-coated cover slips as previously described (22). Cells that
were 20–30% confluent were used for immunocytochemistry
experiments.

 

Depletion and replenishment of apoB
and albumin in HepG2 cells

 

In all experiments, HepG2 cells were first preincubated with
serum-free medium (containing 1.5% BSA but without fatty acid
supplement) for 60 min at 37

 

�

 

C. To deplete cellular apoB and al-
bumin, cells were incubated with medium containing puromycin
(20 

 

�

 

M) for 120 min at 37

 

�

 

C. To reinitiate protein synthesis,
cells were washed with warmed PBS three times and incubated

with serum-free medium (containing 1.5% BSA) without puro-
mycin for up to 60 min at 37

 

�

 

C and analyzed by immuno-
cytochemistry, using anti-apoB and anti-albumin antibodies.

 

Inhibition of protein transport

 

Brefeldin A (2 

 

�

 

g/ml) was used to interrupt protein transport
between the ER and Golgi. MTP inhibitor CP-10447 (20 

 

�

 

M)
was used to inhibit lipidation of apoB. In some experiments cells
were washed with cold PBS three times and incubated with cold
serum-free medium with or without inhibitors (brefeldin A or
CP-10447) at 4

 

�

 

C for 30 min to prevent reinitiation of protein
synthesis and transport, and to allow access of the inhibitors to
their sites of action. After incubation, cells were washed with
warmed PBS and incubated at 37

 

�

 

C for 60 min with serum-free
medium with or without inhibitors.

 

Degradation of newly synthesized apoB

 

To study sites of apoB degradation, transport of newly synthe-
sized apoB and albumin was inhibited by brefeldin A. After 120
min of incubation with brefeldin A, puromycin (20 

 

�

 

M) was
added to medium with brefeldin A to inhibit replenishment of
the apoB pool in ER by protein synthesis.

 

Cell permeabilization and immunocytochemistry

 

Cell fixation and permeabilization procedures were described
previously (17, 22). Saponin was used to perforate both plasma
and intracellular membranes, and digitonin was used to perfo-
rate only the plasma membrane. For permeabilization of cells
with saponin for immunocytochemistry, cells were washed twice
with PBS, fixed in 2% paraformaldehyde for 30 min, washed
three times with intracellular buffer (75 mM potassium acetate,
2.5 mM magnesium acetate, 1.8 mM calcium chloride, 25 mM
HEPES buffer, pH 7.2), and permeabilized with 0.1% saponin in
intracellular buffer with 0.1% BSA for 30 min at room tempera-
ture. All subsequent steps for saponin-permeabilized cells were
performed in intracellular buffer containing 0.1% saponin and
0.1% BSA. For permeabilization of cells with digitonin for
immunocytochemistry, HepG2 cells were washed twice with PBS
(4

 

�

 

C) and treated for 5 min at 4

 

�

 

C with digitonin (60 

 

�

 

g/ml) in
intracellular buffer. After removing digitonin, the cells were
washed three times with intracellular buffer and then fixed with
2% paraformaldehyde for 30 min at room temperature and pro-
cessed for immunocytochemistry. Saponin- or digitonin-perme-
abilized cells were incubated overnight with primary antibodies
and then incubated for 4 h with the appropriate anti-mouse or
anti-rabbit IgG secondary antibodies conjugated with fluoro-
chromes (Cy3 or Cy5). The coverslips were mounted on glass
slides with Mowiol and examined with an MRC-600 confocal mi-
croscope (Bio-Rad, Hercules, CA) as described in detail by Du et
al. (22).

Extremely low fluorescence (“background”) was observed
when permeabilized cells were treated with preimmune serum
and secondary antibodies, or primary antibodies without second-
ary antibodies. Confirmation of the specificity of the primary
antibodies was obtained when we were able to diminish their sig-
nals by treating cells with puromycin and allowing apoB or albu-
min to be degraded or secreted (see Fig. 2).

 

Analysis of immunocytochemistry data

 

ApoB, albumin, and proteasome signals from immunocyto-
chemistry were analyzed with the NIH Image program (version
1.62), on a Power Macintosh G3 system (Apple Computer).
Three-dimensional images were constructed with Metamorph
(version 4.0) on a Dell computer. Mean pixel intensities for cyto-
solic apoB and albumin signals were measured using NIH Image.
Signal intensity and area of an entire cell were measured and sig-
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nals in the nucleus were subtracted from total cellular signals.
Mean pixel intensity in each cell was calculated by dividing the total
nonnuclear signal intensity by total nonnuclear pixel number.
Mean pixel intensities between treatment groups were compared.

 

Nanogold immunoelectron microscopy

 

After fixation in cold PF fixative (2% freshly depolymerized
paraformaldehyde, 70 mM NaCl, 30 mM HEPES, 2 mM CaCl

 

2

 

, pH
7.4) for 1 h, cells were permeabilized with digitonin (60 

 

�

 

g/ml) for
5 min at 4

 

�

 

C, rinsed, and refixed for 1 h. After washing in HEPES
wash buffer (HWB: 70 mM NaCl, 30 mM HEPES, pH 7.4), reactive
aldehyde groups were blocked by incubation in 50 mM glycine in
HWB for 15 min. Nonspecific binding was blocked with 1% normal
goat serum, 0.8% BSA, 0.2% ovalbumin, and 0.1% Micr-O-protect
(Boehringer Mannheim, Indianapolis, IN) in HWB for 4 h. Cells
were then incubated overnight with primary antibodies that had
been diluted in HWB. After extensive rinsing, the cells were incu-
bated in a 1:50 dilution of 1-nm gold-conjugated goat anti-rabbit or
anti-mouse IgG for 1 to 24 h. Silver enhancement was per formed
with an HQ kit (Nanoprobes, Stony Brook, NY) for 4 to 8 min ac-
cording to the manufacturer’s protocol. Cells were postfixed in
0.1% osmium tetroxide for 15 min, stained en bloc with 1% uranyl
acetate for 1 h, dehydrated with an ethanol series, and embedded
in EmBed 812 epoxy resin (Electron Microscopy Sciences, Fort
Washington, PA).

 

Statistical analysis

 

Unpaired Student’s 

 

t

 

-tests were used to compare results ob-
tained in experiments for degradation of apoB and albumin. A
value of 

 

P

 

 

 

�

 

 0.05 was considered significant.

 

RESULTS

 

Localization of apoB and albumin
in HepG2 cells at steady state

 

Saponin permeabilization perforates plasma and intra-
cellular membranes and can be used to detect intracellular
apoB in the secretory pathway of HepG2 cells (22). Saponin-
permeabilized HepG2 cells (

 

Fig. 1

 

) were probed with mono-
clonal anti-human apoB (C1.4)/anti-mouse IgG-Cy3 (Fig.
1A) and rabbit anti-human albumin/anti-rabbit IgG-Cy5
(Fig. 1B) to identify the intracellular locations of these pro-
teins. Albumin signals were seen throughout the ER and
were highly concentrated in a focal juxtanuclear region
(Fig. 1B) that was confirmed as Golgi, as it colocalized with
signals from an antibody to a Golgi marker protein, Golgin-
97 (Fig. 1C–E). ApoB signals (probed with the C1.4 mono-
clonal anti-apoB antibody; Fig. 1A) were also detected
throughout the ER, with stronger staining observed in the
juxtanuclear region that overlapped with intense albumin
staining. We have previously shown that apoB, when
probed with a series of other monoclonal and polyclonal
antibodies, colocalizes with p63, a resident ER protein (22).
The strong staining for apoB that overlaps with strong albu-
min and Golgin-97 staining shows that the C1.4 antibody
provides distinctive staining for apoB in the Golgi. Because
C1.4 anti-apoB and anti-Golgin-97 are both monoclonal

Fig. 1. Localization of apoB and albumin in HepG2 cells. HepG2 cells grown for 2 days on coverslips, were incubated for 1 h in serum-free
medium without fatty acid, fixed in 2% paraformaldehyde, and permeabilized with 0.1% saponin to expose all internal compartments to the
antibodies. Permeabilized cells were probed simultaneously with mouse anti-apoB antibody C1.4 (A, 1:200 dilution) and rabbit anti-albumin
(B, 1:2,500 final dilution), followed by anti-mouse and anti-rabbit IgG secondary antibodies (1:100 dilution) conjugated with fluorochromes
(Cy3 or Cy5). In (C–E), cells were probed with rabbit anti-albumin (C) and mouse anti-Golgin-97 (D); (E) shows the signals superimposed.
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antibodies, we took advantage that intense, focal, albumin
labeling consistently colocalized with Golgin-97 staining
and used the intense albumin labeling as a surrogate
marker for Golgi in later transport studies.

 

ApoB depletion and replenishment assay

 

An apoB depletion and replenishment assay was used to
observe newly synthesized apoB transport in single
HepG2 cells. Puromycin was used to deplete the majority
of apoB and albumin from cells (see protocol in 

 

Fig. 2A

 

).
After 120 min of incubation in medium containing 20 

 

�

 

M
puromycin, signals for both apoB and albumin were de-
creased considerably, indicating that a large proportion of
apoB and albumin had been lost from the cells, because
of secretion or degradation [Fig. 2B, compare panels b
and g (0 min of reinitiation) with panels a and f (control
cells without puromycin treatment)]. Reinitiation of apoB
and albumin synthesis occurred when puromycin-containing
medium was removed and cells were incubated in serum-
free medium at 37

 

�

 

C. Signals for apoB and albumin were
still diminished after 5 min of reinitiation (Fig. 2B, panels
c and h), but could be seen throughout the ER with
strong staining in the focal juxtanuclear region at 30 min
(Fig. 2B, panels d and i), indicating transport to the Golgi
had already occurred. The observations with albumin
agree with those of Mizuno and Singer (32), who ob-
served significant transfer of albumin to Golgi in HepG2
cells 21 min after cycloheximide washout. The current
data with apoB indicate that apoB transfer to the Golgi is
also rapid. At 60 min after reinitiation (Fig. 2B, panels e
and j), the patterns of signals for cellular apoB and albu-
min were similar to those seen in control cells that had
not been treated with puromycin. These data indicate that

2 h of puromycin treatment is sufficient to largely deplete
cells of apoB and albumin, and reinitiation of apoB and
albumin synthesis and interorganelle transport occur rap-
idly and efficiently after washout of puromycin.

 

Effects of inhibition of ER-to-Golgi transport
on apoB and albumin distribution in the ER

 

The rapid transfer of apoB and albumin from ER to
Golgi after reinitiation of protein synthesis prevented use
of this protocol alone to study the distribution of apoB
and albumin in the ER. For this reason, we included a
“transport inhibition” step in which cells were incubated
with brefeldin A for 30 min at 4

 

�

 

C immediately after re-
moval of puromycin to inhibit ER-to-Golgi transport be-
fore reinitiation of protein synthesis (see protocol in 

 

Fig.
3A

 

). This step did not slow subsequent reinitiation of pro-
tein synthesis. With ER-to-Golgi transport blocked, similar
distributions for apoB and albumin were observed in the
extensive ER network after 60 min of renewed protein syn-
thesis (Fig. 3B, panels b and e).

We wished to test whether inhibition of apoB-lipoprotein
assembly would alter apoB transport and distribution. One
potential step to block is MTP, a protein that shuttles tri-
glyceride and phospholipid from ER membranes to apoB
in the ER lumen (8, 9). Treatment of apoB- and albumin-
depleted cells with CP-10447, an inhibitor of MTP (31),
prevented apoB from reaching the focal juxtanuclear
Golgi region in the period after reinitiation of protein
synthesis (Fig. 3B, panel c). ApoB was localized through-
out the ER, showing a pattern similar to that of apoB in
cells that were treated with brefeldin A. Albumin synthesis
and transport were minimally affected by CP-10447 (Fig.
3B, panel f), indicating that apoB transport from ER to

Fig. 2. Depletion and replenishment of apoB and
albumin in HepG2 cells. A: Experimental protocol:
after preincubation with serum-free medium for 1 h,
cells were incubated in medium plus puromycin (20
�M) for 120 min to deplete intracellular apoB and
albumin. Reinitiation of apoB and albumin synthesis
and transport occurred after puromycin-containing
medium was removed and cells were incubated in
fresh serum-free medium for up to 60 min. B: At
each time point, cells were fixed, permeabilized, and
probed with mouse anti-apoB (C1.4, 1:100 dilution)
and rabbit anti-albumin (1:2,500 dilution) anti-
bodies followed by the appropriate secondary anti-
bodies. Control denotes cells harvested before puro-
mycin treatment (a and f). a –e: ApoB signals; f – j:
albumin signals.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


 

Sakata, Phillips, and Dixon

 

Transport of apoB-100 from ER to Golgi 1951

 

Golgi was specifically affected when MTP-dependent lipid
transfer was interrupted with CP-10447.

 

Three-dimensional distribution of albumin and
apoB in control cells and cells with blocked
ER-to-Golgi transport

 

In previous experiments only signals for apoB and albu-
min from single horizontal confocal x-y sections of cells
were shown. To study the distribution of apoB and albu-
min more rigorously, it was necessary to probe through
multiple x-y sections and determine the three-dimensional
distribution of apoB and albumin in the ER and Golgi.
Multiple x-y sections through control (without transport
inhibition) and brefeldin A-treated cells (with interrupted
apoB and albumin transport) were scanned 60 min after
reinitiation of protein synthesis. Three-dimensional im-
ages were constructed and signal intensity was displayed as
pseudocolors (see scale at bottom of 

 

Fig. 4

 

). In a control
cell (Fig. 4A, panel a), the three-dimensional view indi-
cated that albumin was distributed throughout the ER
(purple, blue) with a highly concentrated signal (white,
red, and yellow) in the Golgi (seen in this cell as two nodes
in the focal juxtanuclear region). When the view of the
cell was rotated to 0

 

�

 

 (view from side) (Fig. 4A, panels b–
d), albumin signals were observed at every z level in the
ER and, in this particular cell, the Golgi was observed as a
compact doublet structure that spanned almost the entire
vertical thickness of the cell. When ER-to-Golgi transport
was interrupted with brefeldin A (Fig. 4A, panels e–h), sig-
nals for albumin were not detected in Golgi but were ob-

served throughout the ER, including regions that were im-
mediately adjacent to the plasma membrane. In the same
control cell depicted in Fig. 4A, apoB (Fig. 4B, panels i–l)
was also observed throughout the ER (blue), with a con-
centrated doublet signal (red, yellow) in the Golgi (Fig.
4B, panel l). In brefeldin A-treated cells, apoB was distrib-
uted in the ER similar to albumin, and was not seen in the
Golgi. Analysis of the three-dimensional images of the
brefeldin A-treated cells (providing manyfold more signal
than available from a single confocal plane) indicated that
there was increased signal intensity for both albumin (Fig.
4A, panels e–g) and apoB (Fig. 4B, panels m–o) in a
broad central portion of the ER surrounding the nucleus
(seen as yellow). The stronger signals in the central re-
gions were also seen with the 0

 

�

 

 view (Fig. 4: albumin,
panel h; apoB, panel p). Therefore, in cells with blocked
ER-to-Golgi transport, apoB and albumin are synthesized
and remain throughout the extensive ER network, includ-
ing central areas with increased signal intensity and other
areas that are immediately adjacent to the plasma
membrane.

 

ApoB degradation in brefeldin A-blocked cells

 

We reported that apoB degradation was more rapid in
brefeldin A-treated HepG2 cells (33) and that apoB and
the proteasome colocalize throughout the ER of the cell
(17). The latter observation led us to hypothesize that
degradation of apoB in the ER should occur widely, and
would not require transport to a specific region in the ER
or to a separate organelle. To test this hypothesis, we in-

Fig. 3. Inhibition of apoB transport with brefeldin A
and CP-10447, an MTP inhibitor. A: Experimental proto-
col: after preincubation with serum-free medium, cells
were cultured in medium with puromycin (20 �M) for
120 min at 37�C to deplete apoB and albumin. Cells were
washed and incubated at 4�C for 30 min without puromy-
cin in the presence of brefeldin A (BFA, 2 �g/ml; b and
e) or CP-10447 (MTP-I, 20 �M; c and f). Protein synthesis
was then restarted when the medium was replaced with
fresh 37�C medium without puromycin but containing
brefeldin A (b and e) or CP-10447 (c and f). B: After 60
min of reinitiation of protein synthesis, cells were fixed,
permeabilized, and probed with anti-apoB (C1.4; a –c)
and anti-albumin (d–f) followed by the appropriate sec-
ondary antibodies. Control (a and d) denotes cells that
were treated identically as experimental cells but without
inhibitors. Magnification bar: 10 �m.
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Fig. 4. Three-dimensional distribution of apoB in control and brefeldin-A-treated cells. Three-dimensional constructed images
show albumin (A) and apoB (B) distribution in control and brefeldin A-treated cells. Experimental protocol: after preincubation
with serum-free medium, HepG2 cells were treated with puromycin to deplete apoB and albumin and then treated in the absence
(Cont) or presence of brefeldin A (BFA) as described in Fig. 3. After 60 min of reinitiation with or without brefeldin A, cells were
fixed, permeabilized, and probed with (A) anti-albumin (1:2,500 dilution; a – h) and (B) anti-apoB (C1.4, 1:100 dilution; i – p) fol-
lowed by the appropriate secondary antibodies (1:100 final dilution). Multiple horizontal sections of cells were collected, three-
dimensional images were constructed, and signal intensity was converted into pseudocolor (see color table of pixel intensity) as de-
scribed in Materials and Methods. a, e, i, and m: Three-dimensional images from the 90� viewpoint (i.e., from directly above). b, f, j,
and n: Images from the 60� viewpoint. c, g, k, and o: Images from the 30� viewpoint. d, h, l, and p: Images from the 0� viewpoint (i.e.,
from the side).
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hibited ER-to-Golgi transport with brefeldin A and then,
in order to prevent replenishment of the ER apoB pool,
stopped apoB synthesis with puromycin (see protocol,

 

Fig. 5A

 

). After 120 min of brefeldin A treatment alone,
apoB and albumin were detected in the ER but not in the
Golgi (Fig. 5B, panels b and e). As observed in cells with
reinitiated protein synthesis (Fig. 3B, panel b), there were
no subdomains of the ER or cell with increased apoB sig-
nal. Puromycin was then added and after 60 min of incu-
bation at 37

 

�

 

C, apoB signal intensity was observed to have
decreased uniformly throughout the ER (Fig. 5B, panel
c). In the same cell, the albumin signal was maintained
in the ER (Fig. 5B, panel f), indicating that albumin was
not degraded (34). Analysis of signal intensities of the
entire nonnuclear region of cells (

 

Fig. 6

 

) indicated that
approximately 60% of the apoB mean pixel intensity was
lost after 60 min (

 

P

 

 

 

�

 

 0.001) whereas the albumin signal
was maintained during treatment with puromycin. Simi-
lar results, but with smaller changes in apoB signal, were
observed after 30 min of puromycin treatment (data not
shown).

To map the distribution of apoB when apoB degrada-
tion was inhibited in brefeldin A-treated cells, a protea-
some inhibitor, 

 

clasto

 

-lactacystin 

 

�

 

-lactone (20 

 

�

 

M), was
added to the cells with brefeldin A. Because ER-to-Golgi
transport was blocked, the staining represents apoB only in
the ER. Without proteasome inhibitor (

 

Fig. 7

 

, left), the
mean pixel intensity of apoB signal [58.6 

 

�

 

 5.6 arbitrary
units (

 

�

 

SD), n 

 

�

 

 5] in the entire ER network was signifi-
cantly lower (

 

P

 

 

 

�

 

 0.001) than the intensity [110.0 

 

�

 

 13.1

arbitrary units (

 

�

 

SD), n 

 

�

 

 5] in cells with proteasome in-
hibitor (Fig. 7, right). The apoB signal in some regions of
the ER appeared notably accentuated in 

 

clasto

 

-lactacystin

 

�

 

-lactone-treated cells, but these regions represented a
large percentage of the entire ER and did not appear to
constitute a subdomain or a specific organelle. These ex-
periments show that loss of apoB signal occurs widely and
homogeneously throughout the ER region in brefeldin A-

Fig. 5. Distribution of ER-associated proteasomal deg-
radation of apoB. A: Experimental procedure: HepG2
cells were preincubated with serum-free medium for 60
min and then incubated in medium containing brefeldin
A (BFA) (2 �g/ml) to inhibit secretory protein transport
from the ER to Golgi. After 120 min, cells were incubated
for 60 min with brefeldin A in the presence of puromycin
(20 �M) to prevent replenishment of apoB and albumin
in the ER. At 0 or 60 min, cells were fixed, permeabilized,
and probed with anti-apoB (C1.4, 1:100 dilution; a –c)
and anti-albumin (1:2,500; d–f). B: Control shows cells
before brefeldin A treatment (a and d). b and e: Sig-
nals after 120 min of brefeldin A treatment. c and f:
Signals after brefeldin A and puromycin treatment.

Fig. 6. Comparison of apoB and albumin signals in HepG2 cells.
The apoB and albumin signals from the experiment shown in Fig. 5
were analyzed by NIH Image as described in Materials and Meth-
ods. A total of 10 cells from two different experiments were ana-
lyzed. The mean pixel intensity from 10 cells after 60 min of puro-
mycin treatment was compared with that of 10 cells before
puromycin treatment (designated as 100%). A: ApoB; B: albumin.
Columns and bars show means � SD.
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treated cells and could be prevented when the protea-
some was inhibited.

 

Localization of proteasomes
in digitonin-permeabilized cells

 

We previously showed that two separate epitopes in
apoB colocalized with zeta and HC10 subunits of the 20S
proteasome (17). Colocalization was confirmed in the
current study by probing for the intracellular location of
an additional proteasome subunit, LMP7. When digitonin-
permeabilized cells with intact ER (

 

Fig. 8

 

) were probed si-
multaneously with an antibody to LMP7 and the CC3.4
antibody to apoB, there was good overlap in the signals
throughout the cell, although the signal for LMP7 was
smoother and more continuous than the punctate signal
for apoB. The CC3.4 antibody was used because it can rec-

ognize apoB in digitonin-permeabilized cells, as its epi-
tope is located on the cytosolic side of the ER membrane
(22). As washing digitonin-permeabilized cells will cause
loss of soluble cytosolic components, the signals for LMP7
probably emanate from proteasomes that are associated
with internal membranes, especially those on the cytosolic
side of the ER. Immunoelectron microscopy and nan-
ogold labeling were used to probe the location of the
proteasome more precisely (

 

Fig. 9

 

). Silver-enhanced gold
particles were observed in close proximity to the ER mem-
brane when digitonin-permeabilized cells were probed
with anti-proteasome subunit HC10. The more highly
magnified image in Fig. 9B shows silver-coated gold parti-
cles immediately next to the ER membrane or on the ER
membrane. These observations provide support for the
blueprint suggesting that the machinery of proteasomal
degradation is located, in addition to other places in the
cell, near or on the cytosolic side of the ER membrane
and, like apoB, is distributed throughout the extensive ER
network. We hypothesize that the proteasomes that are
most likely responsible for rapid degradation of newly syn-
thesized apoB are located throughout the ER region in
close proximity to apoB, but on the opposite side (i.e., the
cytosolic face) of the ER membrane.

DISCUSSION

In a previous immunocytochemistry study (22), we ob-
served apoB staining throughout the ER but could not dis-
tinguish between apoB in ER and Golgi compartments. In
the current study, it was possible to monitor apoB trans-
port between ER and Golgi by using the C1.4 monoclonal
anti-apoB antibody, which recognizes amino acids 470–
526 in apoB (35). This antibody produced stronger sig-
nals for apoB in the Golgi than any other antibodies we
have used (22), possibly because its epitope in apoB re-
mains unobstructed in lipidated apoB-lipoproteins in the
Golgi. The epitope for C1.4 in apoB is located in the lu-

Fig. 7. Distribution of apoB in the ER during inhibition of the
proteasome. HepG2 cells were preincubated with serum-free me-
dium for 60 min and then incubated for 2 hr in medium contain-
ing brefeldin A (2 �g/ml) to inhibit secretory protein transport
from ER to Golgi in the absence (left) or presence (right) of a pro-
teasome inhibitor, clasto-lactacystin �-lactone (20 �M). Cells were
fixed, permeabilized, and probed with anti-apoB (C1.4). Images
were obtained during the same session under identical laser and
microscope conditions. Magnification bar: 10 �m.

Fig. 8. Proteasome subunit LMP7 and apoB colocalize in the ER of HepG2 cells. Cells were incubated for 1 h in serum-free medium,
fixed, permeabilized with digitonin (60 �g/ml) for 5 min at 4�C, and washed before processing for immunocytochemistry. Permeabilized
cells were probed simultaneously with rabbit anti-proteasome subunit LMP7 (A, 1:100 final dilution) and mouse anti-apoB antibody CC3.4
(B, 1:200 dilution) followed by anti-mouse and anti-rabbit IgG secondary antibodies (1:100 dilution) conjugated with fluorochromes (Cy3
or Cy5). C: A superimposed picture of (A) and (B); colocalization of LMP7 and apoB is shown as yellow.
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men of the secretory pathway as saponin permeabilization
is required to detect it (data not shown).

Keller et al. (36) previously studied albumin and apoB
synthesis and transport in the secretory pathway of rat
hepatocytes, using cycloheximide to synchronize protein
synthesis. In their study, the sites of apoB and albumin
synthesis and their distribution in the ER did not colocal-
ize at early time points, probably the result of lower sensi-
tivity of the epifluorescence methods used and the inabil-
ity to block the rapid transport of albumin from ER to
Golgi. By using puromycin, brefeldin A, and confocal mi-
croscopy, the current immunocytochemical study visual-
ized albumin and apoB distribution in the ER in greater
detail and with the ability to interrupt transport between
compartments.

ApoB distribution and transport in the
unblocked secretory pathway

When ER-to-Golgi transport was normal, both apoB
(Fig. 4B, panels i–l) and albumin (Fig. 4A, panels a–d)
were distributed throughout the entire ER network and
in the Golgi 60 min after reinitiation of protein synthesis.
Analysis of the signal distributions of albumin and apoB
in Fig. 4 indicated that approximately 50% of the albu-
min signal was found in the Golgi compared with only
10% for apoB (data not shown). The high concentration
of albumin in Golgi supports observations that albumin
travels from ER to Golgi faster than most other secretory
proteins (37). Interestingly, the Golgi spanned almost the
entire thickness in HepG2 cells, leaving open the possibil-
ity that Golgi-to-plasma membrane transport is vectorally
directed to where the Golgi comes closest to the plasma
membrane.

Although our studies show good overlap of apoB and al-
bumin in Golgi, the resolution is only that allowed by light
microscopy. A previous immunogold electron microscopy
study of rat liver showed that albumin and apoB are not
completely colocalized in Golgi (38). Whereas albumin
was uniformly distributed throughout the Golgi stacks,
apoB and apoE were restricted to peripheral enlarged sac-
cular distensions of about 250 nm in diameter, suggesting
that enlarged VLDL particles require a larger lumen vol-
ume in the Golgi.

ApoB distribution in brefeldin A-blocked cells
When ER-to-Golgi transport was prevented by collaps-

ing the Golgi with brefeldin A (39), both apoB and albu-
min accumulated in the ER. Closer inspection of the
three-dimensional images of transport blocked cells indi-
cated that there was a ribbon of more intense signal for
both proteins in the central portion of the ER. It is not
known whether this build-up represents increased synthe-
sis in these areas or increased congregation during intra-
ER transport. The movements of soluble and membrane
proteins within and between cell compartments of the
secretory pathway are extremely rapid, occurring within
minutes if not seconds (40–42).

It is not known whether apoB is constrained in the ER
membrane or whether it is completely diffusible like other
ER membrane or lumenal proteins. The most crucial obser-
vation from three-dimensional analysis of apoB and albu-
min distribution in normal cells and in cells with blocked
ER-to-Golgi transport is that these two proteins, with vastly
different posttranslational processing requirements, are
both distributed similarly throughout the ER network and
in the Golgi. This is the first study that can visually distin-
guish between apoB in the ER and apoB in the Golgi com-
partments and allows comparison of its distribution with
that of albumin.

Effect of MTP inhibitor on apoB ER-to-Golgi transport
Whereas ER-to-Golgi transport of both apoB and albu-

min was inhibited by brefeldin A, only apoB transport was
greatly affected by CP-10447, an inhibitor of MTP. Inhibi-
tion of MTP prevents the early transfer of triglyceride and
phospholipid to apoB in the ER (43). We interpret the ex-
periment in Fig. 3, showing that apoB remains in the ER
in CP-10447-treated cells, as indicating that inhibition of
MTP prevents apoB from being made into a nascent lipo-
protein and packaged into transport vesicles, possibly be-
cause of improper nascent apoB lipoprotein particle size
or abnormal protein conformation. The exact role of
MTP in apoB-lipoprotein assembly is still under investiga-
tion. Inhibition of MTP slows apoB translocation across
the ER membrane and conversion to a nascent apoB par-
ticle (10). CP-10447 was also shown to slow apoB synthesis,
possibly through feedback from the stress response to un-
folded proteins (44). These studies show that the transla-
tion, translocation, and secretion of apoB constitute a deli-
cately balanced system (44). In mouse hepatocytes without
MTP expression, Raabe et al. (45) could not observe
VLDL-sized, lipid-staining particles in ER or Golgi. Fur-

Fig. 9. Proteasome is associated with the ER membrane in
HepG2 cells. HepG2 cells were fixed with 2% paraformaldehyde
and permeabilized with digitonin (60 �g/ml) as described in Mate-
rials and Methods. The cells were incubated with anti-proteasome
HC10 subunit antibody followed by secondary antibody conjugated
with nanogold particles. After washing, cells were processed to ob-
serve proteasome-bound nanogold under an electron microscope. A:
Arrows point to nanogold particles enlarged by silver coating. N, M,
and RER denote nucleus, mitochondrion, and rough endoplasmic
reticulum, respectively. B: Enlarged (2.4�) micrograph of (A).
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thermore, there was only a modest decrease in the secre-
tion of apoB-48 in MTP delta/delta mouse hepatocytes,
indicating that apoB-48, unlike apoB-100, does not re-
quire MTP for transport between ER and Golgi. Studies to
date indicate that MTP is important for the formation of a
nascent apoB-lipoprotein particle in the ER. Our studies
show that the transport of apoB between ER and Golgi is
compromised when MTP is inhibited, and suggest that if a
lipoprotein particle is not formed, apoB-100 cannot be
transported to the Golgi apparatus. This is consistent with
the model that MTP inhibition or low lipid availability
causes apoB to remain engaged to the ribosome and
translocon (25).

Intracellular degradation of nascent apoB
Intracellular degradation of newly synthesized apoB has

been observed in hepatoma cells and in primary hepato-
cytes (2, 46) and is a major regulatory mechanism for apoB
secretion (2, 3). Even in the presence of fatty acid, apoB deg-
radation was extremely rapid in HepG2 cells when ER-to-
Golgi transport was blocked with brefeldin A (33). Inhibi-
tion of the secretory pathway with brefeldin A would favor
degradation of apoB in the ER, which in intact HepG2
cells likely involves the proteasome (14–17, 47, 48) and
requires cytosolic components (17). Deglycosylation, de-
lipidation and retrograde transport of apoB through the
ER membrane would need to occur before degradation by
proteasomes in the cytosol or on the cytosolic surface of
the ER membrane (17, 23). Even so, degradation of apoB
is extremely rapid and efficient as partially degraded in-
termediates of apoB are difficult to detect, even in lipid-
poor HepG2 cells (33). In the current studies, apoB deg-
radation was allowed to occur in live cells and then visual-
ized by immunocytochemistry. Degradation of apoB in
the ER may also occur by a nonproteasomal pathway as
observed in permeabilized cells with disrupted proteasomal
degradation (49). In the ER, apoB was shown to be associ-
ated with ER-60, an ER-resident cysteine protease (50).

Location of ER apoB degradation
In the current experiments, an intense build-up of

apoB signal was not observed in any ER subdomain or
other cell organelle at either 30 min (data not shown), 60
min (Fig. 3B, panel b), or 120 min (Fig. 5B, panel b) in
brefeldin A-blocked cells, or in brefeldin A-blocked cells
treated with a proteasome inhibitor (Fig. 7). The current
data, and the observations that a small portion of the C
terminus of apoB remains untranslated until nascent lipo-
protein formation (25), suggest a near neighbor protea-
some degradation model (Fig. 10). Once targeted for deg-
radation, apoB is degraded by a proteasome located in
close proximity to the translocon used by an apoB mole-
cule during its synthesis. Incompletely translated apoB
may diffuse throughout the ER but would remain linked
to the original translocon complex (25). If lipidation and
nascent particle formation do not progress sufficiently,
apoB is drawn back through the translocon for degrada-
tion by a neighboring proteasome. Cytosolic factors (17),
including heat shock protein 70 (26), are required for ret-

rotransport and degradation. An alternative model is that
apoB is completely translated and translocated, and disen-
gages from the translocon and diffuses throughout the ER
before targeting to secretion or retrograde transport (51).
Studies of the orientation of apoB in the ER membrane
do not support an efficient and complete translocation
of apoB before it is targeted for rapid secretion or rapid
degradation (52).

The current observations do not match a model in
which apoB is transported to a specific location or or-
ganelle for proteasomal degradation, as was shown for ex-
cess cystic fibrosis transmembrane conductance regulator
polypeptides that become sequestered in the ubiquitin-
proteasome enriched centrosome after prolonged treat-
ment with a proteasome inhibitor (53, 54).

Our observations that 1) ER-associated proteasomal
degradation of apoB occurs homogeneously throughout
the extensive ER region and does not appear to occur in
specific regions of the ER; 2) apoB accumulates through-
out the ER in cells treated with proteasome inhibitors,
and 3) ER-associated proteasomes are also located homo-
geneously throughout the ER and colocalize with apoB
(Fig. 8), are consistent with the near neighbor protea-
some degradation model depicted in Fig. 10.

This work was supported by grant HL-47586 to Joseph L. Dixon
from the National Heart, Lung, and Blood Institute, National
Institutes of Health. An MTP inhibitor, CP-10447, was provided

Fig. 10. Model: ApoB is degraded by neighboring proteasomes.
ApoB is synthesized throughout the extensive ER network and is
transported to the juxtanuclear Golgi. If apoB transport from the ER
to the Golgi is blocked (either with brefeldin A or CP-10447), apoB is
targeted and then degraded by ER-associated proteasomes on the cy-
tosolic side of the ER membrane. ApoB, which is incompletely trans-
lated and translocated (25), undergoes reverse transport through
the translocon and is degraded by an available proteasome.
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