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Exogenous VLDL stimulates apolipoprotein B
secretion from HepG2 cells by both pre- and post-

translational mechanisms

Xujun Wu, Nobuhiro Sakata, Joseph Dixon,' and Henry N. Ginsberg?

Department of Medicine, College of Physicians and Surgeons, Columbia University, 630 West 168th

Street, New York, NY 10032

Abstract Previous studies have suggested that oleic acid (OA),
by increasing availability of triglyceride (TG) and/or cholesteryl
ester (CE), increases the secretion of apolipoprotein B (apoB)
from HepG2 cells. The present studies were conducted to deter-
mine the effect of exogenous very low density lipoproteins
(VLDL), which can provide TG and cholesterol to cells and be
returned to the liver after secretion, in the regulation of hepatic
apoB secretion. Addition of exogenous VLDL (50 ug pro-
tein/ml) to culture media was found to significantly stimulate
apoB secretion from HepG2 cells. This effect was observed con-
sistently with VLDL isolated from either normal or hyperlipi-
demic subjects. The effects of addition of VLDL were compared
to that of OA, which was previously shown to stimulate apoB
secretion by a posttranslational mechanism. VLDL appeared to
increase apoB secretion by two mechanisms; the dominant one
being posttranslational. Thus, VLDL protected newly synthe-
sized apoB from rapid intracellular degradation in a manner
similar to OA. Although treatment with VLDL increased the
mass of both TG and CE, 3-fold and 2.6-fold, respectively, it ap-
peared that the increase in TG was the critical factor associated
with increased apoB secretion. Triacsin D, which is a potent in-
hibitor of TG synthesis, significantly inhibited the VLDL-
induced stimulation of apoB secretion. Inhibition of apoB secre-
tion by Triacsin D was associated with the loss of the protective
effect of VLDL on newly synthesized apoB. In addition to its
posttranslational effects, exogenous VLDL also regulated apoB
secretion at the pretranslational level. Thus, we also observed
that VLDL treatment consistently increased synthesis of apoB
protein by 20-30%, an effect that is not observed after treatment
of HepG2 cells with OA. A sensitive solution hybridiza-
tion/RNase protection assay indicated that the increased apoB
synthesis was associated with a 20-30% increase in apoB
mRNA in VLDL-treated HepG2 cells. OA treatment had no
effect on apoB mRNA levels. Bl We conclude that VLDL
treatment stimulates apoB secretion in HepG?2 cells primarily by
supplying fatty acids for TG synthesis. However, 20-30% of the
stimulatory effect was due to a second mechanism that appeared
to be pretranslational. Based on studies with OA, it appears that
some component of VLDL other than TG-derived fatty acid was
responsible for this effect.—Wu, X., N. Sakata, J. Dixon, and
H. N. Ginsberg. Exogenous VLDL stimulates apolipoprotein B
secretion from HepG2 cells by both pre- and posttranslational
mechanisms. /. Lipid Res. 1994. 35: 1200-1210.
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Overproduction of apolipoprotein B (apoB)-containing
lipoproteins appears to be a common cause of hyper-
lipoproteinemia in humans (1-4). Although progress has
been made recently in understanding the regulation of the
secretion of apoB-containing lipoproteins from hepato-
cytes, the exact mechanisms involved remain incom-
pletely understood (5). Most studies using primary cul-
tures of rat hepatocytes (6), whole livers (7-10), and
cultured HepG?2 cells (11-15) suggest that apoB secretion
is regulated posttranslationally. Thus, apoB mRNA levels
and the incorporation of labeled amino acids into apoB
were not significantly changed in those studies under con-
ditions where apoB output was significantly increased or
decreased. As a result, recent studies have focused on
posttranslational degradation of apoB as an important
mechanism for regulating the assembly and secretion of
apoB-containing lipoproteins (13, 16-21).

Results from our laboratory have shown that treatment
of HepG?2 cells with oleic acid (OA) increased apoB secre-
tion several-fold by facilitating the translocation of newly
synthesized apoB away from one or more proteases (22)
associated with the endoplasmic reticulum (ER) (13, 16,
17, 21), thereby protecting newly synthesized apoB from
early degradation (13, 21). Demonstration that OA in-
creased triglyceride (TG) synthesis without significantly
altering cholesteryl ester (CE) or phospholipid synthesis
(21) suggested that TG availability played an important
role in regulating apoB degradation. This belief was con-
sistent with previous studies indicating that TG delivered
to hepatocytes by lipoproteins such as chylomicron rem-
nants (23, 24) could stimulate the assembly and secretion

Abbreviations: VLDL, very low density lipoproteins. apoB,
apolipoprotein B; TG, triglyceride; CE, esterified cholesterol; OA, oleic
acid; BSA, bovine serum albumin; ER, endoplasmic reticulum; ACAT,
acyl-CoA:cholesterol acyltransferase.
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University of Missouri, Columbia, MO 65211.
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of apoB-containing lipoproteins. These earlier studies
(23, 24), however, did not differentiate between
lipoprotein-delivered TG or cholesterol as the stimulus for
apoB secretion. Nor did they determine whether the
effects of circulating lipoproteins on apoB secretion in-
volved pre- or posttranslational changes.

In the present studies we report that incubation of
HepG?2 cells with exogenous VLDL, isolated from either
normal or hyperlipidemic individuals, can significantly
stimulate the secretion of apoB-containing lipoproteins
from HepG2 cells. Our data also indicate that VLDL
stimulates apoB secretion both by providing TG-derived
fatty acids and thereby protecting newly synthesized apoB
from early intracellular degradation, and by increasing
apoB synthesis.

EXPERIMENTAL PROCEDURES

Materials

L-[4, 5-*H]Jleucine (135 Ci/mmol, catalog No.
TRK.683), [2-3H]glycerol (1.0 Ci/mmol, catalog No.
TRA.118), and [2-Clacetic acid, sodium salt (57
mCi/mmol, catalog No. CFA. 14} were purchased from
Amersham Corp. (Arlington Heights, IL). Monospecific
antihuman apoB antiserum was raised in a goat (25). Pro-
tein A-Sepharose CL 4B was obtained from Pharmacia
LKB Biotechnology, Inc. (Uppsala, Sweden). Minimum
essential medium (MEM), nonessential amino acids, so-
dium pyruvate, and penicillin/streptomycin were from
GIBCO laboratories (Grand Island, NY). Fetal bovine se-
rum was from Integen (Purchase, NY). Leucine-free
medium was generated from a minimum essential selecta-
mine kit (CIBCO, catalog No. 300 9050AV). Leupeptin
and pepstatin A were from Peninsula Laboratories, Inc.
(Belmont, CA). Bovine serum albumin (BSA) (essentially
fatty acid-free) and oleic acid (sodium salt) (catalog No.0
7501) were from Sigma Chemical Co. (St. Louis, MO).
Triacsin D was a gift from Fujisawa (Osaka, Japan). San-
doz 58-035 was provided by Sandoz Pharmaceutical
Corp. (Hanover, NJ). All other chemicals were of the
highest purity available.

Growth of cells

HepG2 cells, obtained from ATCC, were grown in
35-mm dishes which had been coated with collagen. The
cells were maintained in MEM containing 0.1 mM
nonesential amino acids, 1 mM sodium pyruvate, penicil-
lin (100 units/ml)/streptomycin (100 xg/ml each), and 10%
FBS for 4 days with medium replenishment at day 3. The
medium was then changed to serum-free MEM ex-
perimental medium containing 1.5% BSA as described below.

Isolation of VLDL from plasma

Human fasting plasma containing 0.1 mM EDTA was
centrifuged in a Beckman TL-100 ultracentrifuge
(100,000 rpm, 210 min, 4°C). The d < 1.006 g/ml fraction
(VLDL) was collected and dialyzed against phosphate-
buffered saline (PBS) containing 0.1 mM EDTA over-
night. VLDL protein content was determined by the BCA
(bicinchoninic acid) method (26) and added to the ex-
perimental medium at 50 pg protein per ml

Pulse-chase experiments

Cells were preincubated in serum-free MEM contain-
ing: 1) 1.5% BSA for 20 h; or 2) 1.5% BSA plus VLDL
(50 pg/ml protein) for 20 h; or 3) 1.5% BSA for 19 h, fol-
lowed by 1.5% BSA plus VLDL (50 pg/ml protein) for 1
h; or 4) 1.5% BSA for 19 h, followed by 1.5% BSA plus
OA (0.4 mM) for 1 h. Cells were washed twice with warm
PBS (37°C), labeled for 25 min with 1 ml of leucine-free
MEM containing 100 xCi of [*H]leucine, and chased for
60 min in serum-free medium. Medium was collected in
tubes containing a mixture of protease inhibitors (1 mM
benzamidine, 5 mM EDTA, 0.86 mM phenylmethylsul-
fonyl fluoride, 100 kallikrein-inactivating units/ml of
aprotinin, and 10 mM HEPES, pH 8.0), and the cells
were harvested in lysis buffer (62.5 mM sucrose, 0.05%
sodium deoxycholate, 0.05% Triton X-100, 50 pg/ml
leupeptin, 50 pg/ml pepstatin A, 150 pg/ml PMSF, 5 mM
EDTA, 50 mM Tris-HCI, pH 7.4, 150 mM NaCl). To de-
termine the intracellular decay of nascent apoB, cells were
preincubated as above, labeled for 10 min, and chased for
various periods (10-60 min). At every time point, medium
was collected and cells were harvested as above. In some
experiments, VL.DL was present in the chase medium. To
determine the early incorporation of [*H]leucine into
apoB, cells were preincubated as above, labeled for 5 min,
and chased for short periods (0-10 min).

Immunoprecipitation

Immunoprecipitation of apoB in medium and cell
homogenates was carried out exactly according to the
method of Dixon, Furukawa, and Ginsberg (13). Briefly,
samples were mixed with NET buffer (150 mM NaCl, 5
mM EDTA, and 50 mM Tris-HCI, pH 7.4, 0.5% Triton
X-100, and 0.1% SDS) and an excess amount of anti-apoB
antiserum, and the mixture was incubated on a shaker for
10 h at 4°C. Protein A-Sepharose CL 4B was added to the
mixture, the incubation was continued for an additional
3 h, and the beads were washed extensively. ApoB was ex-
tracted from the protein A pellet with sample buffer (0.125
M Tris-HCI, pH 6.8, 4% SDS, 20% glycerol, 10% mer-
captoethanol) by boiling. An aliquot of each sample was
used for scintillation counting and another aliquot was
used for SDS-PAGE (3-15% gradient gel). The gel was
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treated with autofluor and, after drying, was exposed to

a film (Kodak, X OMAT AR) at -80°C.

Uptake of newly secreted apoB-containing
lipoproteins

HepG2 cells, pretreated with serum-free medium for
20 h in the presence of VLDL, were labeled for 30 min
and chased with serum-free medium in the absence of
VLDL for 60 min. The medium, containing [*H]apoB-
containing lipoproteins was collected and placed onto
other cells that had been pretreated with serum-free
medium in the absence or presence of VLDL for 20 h (the
VLDL-containing medium had been washed out im-
mediately before the addition of the medium containing
[*H]apoB-containing lipoproteins). After the cells were
incubated in the labeled medium for 60 min, the medium
was collected, and apoB was immunoprecipitated. A se-
cond protocol used labeled lipoproteins. Thus, after a
pulse-chase, the labeled medium was collected and its
density was adjusted with KBr to 1.063 g/ml. The d <
1.063 g/ml fraction was isolated by ultracentrifugation,
and the endogenously labeled lipoproteins were added to
serum-free medium. This mixture was incubated for 30
or 60 min with cells that had been pretreated as described
above.

Northern blotting and solution hybridization/RNase
protection for apoB mRNA measurement

HepG2 cells were incubated in serum-free medium in
the absence or presence of VLDL for 20 h. Total RNA
was prepared by a one-step extraction method described
in the manufacturer’s instructions (Biotex, CA). The total
RNA was demonstrated to be intact by agarose elec-
trophoresis which showed two bands corresponding to 18s
and 28s RNA, respectively. ApoB cDNA (1.6 kb) (27) and
a full length actin cDNA were labeled with a random
primer method (28). For Northern blotting, 10 ug total
RNA was run on 0.8% agarose denaturing gels contain-
ing formadehyde, and then transferred to nitrocellular
membranes by capillary blotting. Prehybridization and
hybridization were both performed at 42°C for 16 h. The
membranes were placed into cassettes and exposed to film
for 24 h.

To achieve greater sensivity, apoB mRINA levels were
also measured by solution hybridization/R Nase protec-
tion {29). An apoB riboprobe (168 bp) was transcription-
ally labeled and mixed with 10 pg of the total RNA sam-
ple. The mixture was incubated at 63°C for 4 h. RNase
A and RNase T1 were added to the mixture and the con-
tents were incubated at 34°C for 40 min. Cold tricholora-
cetic acid was added to the mixture and the entire con-
tents were filtered through a glass-fiber filter and washed
with 7% cold trichloroacetic acid. The filter, after being
air-dried, was put into a scintillation vial containing 5 ml
of hydrofluor, and radioactivity was determined. To verify
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the specificity of the riboprobe for apoB mRNA, after
treatment with RNase A and T1, the protected fragment
was examined by gel electrophoresis and autoradiogra-
phy. The riboprobe resulted in a RNase-resistant band
(125 bp) after hybridization with HepG2 cell total RNA,
but did not result in a detectable RNase-resistant band af-
ter hybridization with yeast tRNA (data not shown). In
our assay system, hybridization was linear upto 150 pg of
apoB cRNA. Every assay was accompanied with a stan-
dard curve; R values for these curves were between 0.94
and 0.99, and the slopes were between 20 and 30 cpm/pg
of apoB ¢cRNA. Multiple measurements of total RNA
samples were shown to be reproducible with standard
deviations within 10% of the means.

Lipid synthesis and mass determination

HepG2 cells, grown in 35-mm dishes, were pretreated
in serum-free medium with BSA for 20 h in the absence
or presence of VLDL. After the incubation period, the
medium was removed, and the cell monolayer was washed
twice with cold PBS. Lipids were extracted from cells with
hexane-isopropanol 3:2 (v/v). The organic solvent was re-
moved under nitrogen, and the lipids were resuspended in
hexane. TG mass was determined with a kit from Sigma
(UV334), and cholesterol mass was determined by gas-li-
quid chromatography.

RESULTS

Effects of VLDL on cell lipid mass

To determine the effects of VLDL on cell lipid composi-
tion, HepG2 cells were incubated with 1.5% BSA (con-
trol) or 1.5% BSA plus VLDL (50 pg/ml) for 20 h. Cellu-
lar TG content was increased 3-fold by VLDL plus BSA
compared to BSA alone (P < 0.05). Unesterified
cholesterol increased slightly (NS), while CE content was
increased 2.6-fold by VLDL (P < 0.05) (Table 1). When
HepG2 cells were incubated with VLDL for 1 h, no
significant changes in cellular lipids were seen.

TABLE 1. Effect of VLDL treatment on lipid composition of
HepG2 cells

Treatment TG ucC CE

ne/mg protein

BSA (1.5%) 45. 5 18.8 + 4.6 33+ 12
.67 23.0 + 3.5 8.6 + 2.3

5+ 1 +
BSA/VLDL 1354 + 3 +

HepG?2 cells were incubated with or without VLDL for 20 h. Lipids
were extracted from cells by hexane-isopropanol 3:2 (v/v). TG was de-
termined with a TG kit from Sigma (UV 334); unesterified cholesterol
(UC) and esterified cholesterol (CE) were determined by gas-liquid chro-
matography. Results are from three experiments and reported as mean
+ SD.

*P < 0.05 (BSA/VLDL vs. BSA).
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Effects of VLDL and OA on apoB secretion

In these experiments, cells that had been incubated
with BSA alone, BSA plus VLDL, or BSA plus OA were
pulse-labeled with [3*H]leucine for 25 min and chased for
60 min, and apoB content in the medium was determined
by immunoprecipitation. As shown in Fig. 1., VLDL
preincubation for either 20 h or 1 h resulted in a
significant stimulation of apoB secretion into the
medium. VLDL preincubation for 1 h resulted in less
stimulation than VLDL preincubation for 20 h. OA at a
concentration of 0.4 mM stimulated apoB accumulation
in the medium to a much greater extent than either short-
term or long-term incubation with VLDL. The effects of
exogenous VLDL on apoB secretion were observed with
VLDL isolated from many individuals, including normal
and dyslipidemic subjects.

The second band present in all lanes, which migrated
more rapidly than apoB, is an unidentified protein that is
nonspecifically precipitated from the medium (but not
cell extract) by our procedures. This protein is also
nonspecifically precipitated from the medium by antisera
against human apoA-I, apoA-II, apoC-II, apoE, albumin,
antitrypsin, and a-fetoprotein, etc. (data not shown). Our
preliminary data have shown that this nonspecific protein
is also immunoprecipitated by apoB antibody from the
medium of CHO cells, a cell line that does not synthesize
and secrete apoB. It is not recognized by polyclonal apoB
antibody in an immunoblot. It is unaffected by perturba-
tions that alter apoB secretion. Furthermore, we do not
see this band when we immunoprecipitate apoB from cell
homogenates (see Fig. 3B). This protein was present in

VLDL  VLDL
C__20h _1h _OA

r —

S --—. -
e b em e oo |[P0F

Fig. 1. VLDL increases apoB secretion from HepG2 cells. HepG2
cells were preincubated with control medium, VLDL or OA as described
in Experimental Procedures, pulse-labeled with [*H]leucine for 25 min,
and chased for 60 min. OA was present in preincubation, pulse, and
chase medium at 0.4 mM. VLDL was not included in chase medium
because it would interfere with [*H]apoB immunoprecipitation.
Medium apoB content was immunoprecipitated using a polyclonal apoB
antibody. An aliquot of the sample was electrophoresed on a 3-15% gra-
dient polyacrylamide gel containing SDS. The labeled protein which mi-
grates more rapidly than apoB is nonspecifically precipitated from the
medium. It is particularly prominent in the controls because the long-
term incubation (19-20 h) of HepG2 cells in BSA-containing serum-free
medium inhibits apoB secretion (11). This is representative of numerous
experiments in which a 1-h VLDL incubation modestly and a 20-h incu-
bation more significantly stimulated apoB secretion. OA stimulated
apoB secretion to a greater degree than VLDL.

' C . OA VLDL
Py P, Py P, Py Py

EED

—Apo B

Fig. 2. The stimulation of apoB secretion by VLDL and OA disap-
pears shortly after the removal of OA or VLDL from medium. After
preincubation with control medium or medium containing VLDL (20
h) or OA (1 h), HepG2 cells were labeled for 25 min and chased for 60
min. The medium was collected, the cells were washed twice with warm
PBS, and the pulse-chase protocol was repeated. The new medium was
collected, and apoB secreted into both the initial (P1) and the second me-
dia (P2) was determined by immunoprecipitation, electrophoresis, and
fluorography. The experiment was repeated with different preparations
of VLDL from different individuals.

our earlier studies (13, 21, 22) but is more pronounced in
the current experiments because the HepG2 cells were in-
cubated for 20 h in serum-free medium containing 1.5%
BSA, which inhibits apoB secretion (11).

Effects of VLDL and OA on apoB secretion are rapidly
reversed by removal of VLDL or OA from the medium

We had previously demonstrated that the stimulation
of apoB secretion by OA disappeared completely by 40
min after removal of OA from the medium (13). In the
present studies, VLDL was compared with OA in a dou-
ble pulse-chase protocol. After preincubation with VLDL
or OA, cells were labeled for 25 min and chased for 60
min in the presence of either substance. The media were
collected, the cells were washed twice with warm PBS,
and the pulse-chase protocols were repeated. VLDL and
OA were omitted from the respective media during this
second pulse-chase period. The new media were collected,
and apoB secretion into both the initial and the second
media was determined. It was found that both VLDL and
OA stimulated apoB secretion during the first pulse-chase
period (note the ratio of apoB/nonspecific protein), and
that the effects of both were lost during the second pulse-
chase period (Fig. 2). These results suggested similar,
evanescent mechanisms for VLDL- and OA-induced
apoB secretion.

Both OA and VLDL protect apoB from degradation

In order to better define the mechanism responsible for
the stimulation of apoB accumulation in the VLDL-
treated cell medium, HepG2 cells were preincubated as
described above, then labeled for 10 min and chased for
various periods of time. ApoB radioactivity was deter-
mined in both the cells and in the medium at each time
by immunoprecipitation. Because the media immunopre-
cipitates contained both labeled apoB and a nonspecific
band, apoB radioactivity in the medium was obtained by
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scanning the autoradiogram and those data was used to
correct the immunoprecipitation data. Based on previous
studies, we used the apoB radioactivity in the cells at 10
min as maximal incorporation of labeled amino acid into
apoB and normalized all the other points to the 10 min
apoB counts. The percent of apoB degraded in the cells
at any time was obtained by subtracting the sum of the
apoB secreted into the medium plus that remaining in the
cells from the initial counts at 10 min. In the control cells,
after a 60-min chase, about 75% of nascent apoB was
degraded, whereas in VLDL-treated or OA-treated cells,
about 65% and 60% of initially synthesized apoB was
degraded, respectively (Fig.3A). The percent of apoB re-
maining was significantly greater for VLDL- and OA-

_ 120
=
;‘g 100 |
S 8o
R
=~ 60
[11]
2 .
2 4o
s 20
(]
-
o A X A A A A

0 10 20 30 40 50 60 70

>

Chase (min)

' Cc VLDL OA
10 20 30 60 10 20 30 60 10 20 30 60

.'.- -.". .,"‘—o—ApoB
. A

Fig. 3. VLDL protects nascent apoB from intracellular degradation.
After preincubation with 1.5% BSA for 20 h ((J), or VLDL for 20 h (),
or OA for 1 h (O), HepG2 cells were labeled for 10 min and chased for
various periods (10, 20, 30, and 60 min). Labeled apoB content was de-
termined in extracts of cells and medium by immunoprecipitation. Sam-
ples were quantitated by scintillation counting and visualized by elec-
trophoresis. After 10 min of chase, apoB radioactivities recovered from
control cells, OA-treated cells, and VLDL-treated cells were
396,234 + 25,708 cpm/mg protein, 404,046 + 35,249 cpm/mg protein,
and 482,006 + 38,165 cpm/mg protein, (mean + SE), respectively.
ApoB radioactivity in the medium was obtained by scanning the au-
toradiogram and using those data to correct for the nonspecific protein
present in the immunoprecipitates. A) Total apoB radioactivity (cellular
and medium) at each chase point is presented as percentage of initially
synthesized apoB + SE. B) ApoB radioactivity remaining in the cells
during chase. At each point after 10 min of chase, significantly more
apoB radioactivity was immunoprecipitated from VLDL-treated
(P < 0.01) and OA-treated cells (P < 0.01).
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Fig. 4. Triacsin D blocks OA-stimulated or VLDL-stimulated apoB
secretion from HepG2 cells. After preincubation with VLDL for 20 h
or OA for 1 h, HepG2 cells were labeled for 25 min and chased for 60
min. When cells were incubated with Triacsin D (12.5 pM), it was added
concurrently (VLDL-treated cells), or 5 min before (OA treatment)
preincubation. Medium apoB content was determined by im-
munoprecipitation. Samples were electrophoresed on a 3-15% gradient
polyacrylamide gel containing SDS. The minimal apoB secretion from
control (-) cells is the result of 20 h incubation with BSA. Triacsin D
further reduced apoB secretion from control cells, and inhibited the
stimulation of apoB secretion usually observed with VLDL or OA. This
gel is representative of three different experiments.

treated cells, compared to control cells at all time points
after 10 min of chase (P < 0.01). In addition, protection
by OA was greater than by VLDL (P < 0.05). Fig. 3B
shows the protective effect of VLDL on intracellular
apoB. After chase for 20, 30, and 60 min, more apoB radio-
activity was immunoprecipitated from VLDL-treated
and OA-treated cells than from control cells. Overall,
these studies indicated that VLDL, like OA, could protect
apoB from rapid intracellular degradation. It appeared
that, at the doses used, VLDL was not as potent as OA,
and this probably was reflected in the greater stimulation
of apoB secretion seen with OA (Fig. 1).

Triacsin D, an inhibitor of acyl-CoA synthetase, blocks
both VLDL-stimulated and OA-stimulated apoB
secretion

As OA stimulation of apoB secretion appears to be
linked to stimulation of TG synthesis (13), we investigated
the link between TG synthesis and VLDL secretion. Tri-
acsin D is a competitive inhibitor of fatty acyl-CoA syn-
thetase (30, 31), and a potent inhibitor of OA-induced TG
synthesis in HepG2 cells. When Triacsin D (12.5 pM) and
VLDL were co-incubated with cells for 20 h, a significant
decrease in apoB accumulation in the medium was ob-
served (Fig. 4). Triacsin D inhibited the VLDL-
associated increase in TG mass by 60% without affecting
the VLDL-associated increase in CE mass (data not
shown). Triacsin D also blocked the stimulation of apoB
secretion by OA. The inhibition of both OA-stimulated
and VLDL-stimulated apoB secretion by Triacsin D was
associated with a loss of the protective effects of OA and
VLDL on newly synthesized apoB (Fig. 5). The curves
representing the percent apoB remaining in the cells
treated with VLDL alone and OA alone are significantly
different from those respective Triacsin D treatment cells
(P < 0.01). These results indicate that VLDL, similar to
OA, protects apoB from rapid intracellular degradation

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1)l mmm woiy papeojumoq


http://www.jlr.org/

A A N a

A

" ASBMB

JOURNAL OF LIPID RESEARCH

i

120

100

80

60

40

20

Total ApoB (% of initial)

0 i i i i
0O 10 20 30 40 50 60 70

Chase (min)

Fig. 5. Triacsin D blocks the protective effect of both OA and VLDL
on intracellular nascent apoB in HepG2 cells. After preincubation with
1.5% BSA alone for 20 h (A), BSA and VLDL (50 pg/ml) (O) for 20 h,
or BSA and OA (0.4 mMm) for 1 h (OJ), HepG2 cells were labeled for 25
min and chased for various periods (10, 20, 30, and 60 min). When cells
were incubated with Triacsin D (12.5 uMm), it was added concurrently
(VLDL-treated cells) (@), or 5 min before (OA-treated cell) preincuba-
tion (). After 10 min of chase, apoB radioactivities recovered from con-
trol cells, OA-treated cells, VLDL-treated cells, OA/Triacsin D-treated
cells, and VLDL/Triacsin D-treated cells were 396,234 + 25,708
cpm/mg protein, 404,046 + 35,249 cpm/mg protein, 482,006 + 38,165
cpm/mg  protein, 395,769 + 36,492 cpm/mg  protein, and
468,154 + 29,767 cpm/mg protein, respectively. After each chase time
point, cellular apoB and apoB secreted into the medium were deter-
mined by immunoprecipitation. Medium data were corrected for the
nonspecifically precipitated protein as described in Fig. 3a. The reco-
vered apoB activity from cell and medium was combined to provide an
estimate of the proportion of apoB that was protected under each ex-
perimental condition. Data represent the % of initial apoB recovered in
cells after 10 min of chase + SE. The data for control cells and VLDL
plus Triacsin D are superimposable. After 60 min of chase, a
significantly greater portion of apoB was precipitated from VLDL-
(P < 0.01) or OA-treated cells (P < 0.01), compared to control cells.
There were no significant differences in apoB radioactivity between con-
trol cells and VLDL/Triacsin D- or OA/Triacsin D-treated cells.

by providing newly synthesized TG. As VLDL delivers
both cholesterol and TG to cells, we used the ACAT inhi-
bitor, Sandoz 58-035, to inhibit VLDL-stimulated CE
formation. The VLDL-induced rise in CE mass was in-
hibited 70%, while concomitant increase in TG mass was
unaffected. However, although Sandoz 58-035 inhibited
the VLDL-stimulated rise in HepG2 CE content, stimu-
lation of apoB secretion by VLDL was not affected.

Uptake of nascent apoB is not affected by VLDL
treatment

Some apoB-containing lipoproteins, once secreted into
the medium, may be taken up rapidly by the same cells.
If this occurred to a significant degree, the accumulation
of apoB in the medium that we observed would be the
sum of both secretion and reuptake. To determine to what
extent apoB accumulation was affected by reuptake of

nascent lipoproteins, and to see whether preincubation of
cells with VLDL could affect rapid uptake, the following
experiments were carried out. HepG2 cells were prein-
cubated with VLDL for 20 h, labeled for 30 min, and
chased for 60 min. The media were collected and then
placed onto another set of HepG2 cells that had been
preincubated in serum-free MEM with or without VLDL
for 20 h, and the VLDL-containing medium had been
washed out. The cells were incubated for 60 min, and the
amount of apoB remaining in the medium was deter-
mined by immunoprecipitation. There were no differ-
ences in medium apoB radioactivity between the control
cells and VLDL-treated cells (Fig. 6). Identical results
were obtained with medium from cells treated with 1.5%
BSA and added to cells incubated with or without VLDL
(data not shown).

Because the nonspecific band was the predominant
band in the gel shown in Fig. 6, we wanted to eliminate
the possibility that this nonspecific protein might con-
found our uptake results. Endogenously labeled apoB-
containing lipoproteins were first isolated by ultracen-
trifugation at d < 1.063 g/ml and then placed onto
HepG2 cells pretreated as described above (the
nonspecific protein has a density greater than 1.063 g/ml).
Incubation was continued for 30 min and 60 min, and the
[*H]apoB-containing lipoproteins remaining in the
medium were determined by directly counting the radi-
oactivity of the medium and by apoB immunoprecipita-
tion. We found that 6.9% of the radioactivity disappeared
from the medium of the control cells, and 3.7% of the
radioactivity disappeared from the medium of the
VLDL-treated cells after 60 min of incubation (Table 2).
There were also no differences between control cells and
VLDL-treated cells in the amount of apoB remaining in
the medium (Fig. 7). These results suggested that the re-
uptake of newly secreted apoB-containing lipoproteins
was minimal, and did not significantly affect our estima-
tion of the accumulation of apoB in the medium. Further-
more, the presence of the nonspecific protein did not con-
found the interpretation of our results.

B C_ VLDL

Ll A

wq—w‘w_ApOB

A A LI

Fig. 6. ApoB uptake from HepG2 cell medium was not affected by
VLDL treatment. HepG2 cells were preincubated with VLDL for 20 h,
labeled for 30 min, and chased for 60 min. The media containing
[*H]apoB were collected and then placed onto another set of HepG2 cells
that had been preincubated with BSA (C) or with VLDL (VLDL) for
20 h. The cells were incubated for 60 min and the amount of apoB in
the medium before (B) and after incubation was determined by im-
munoprecipitation. The results from duplicate wells are presented.
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TABLE 2. Effect of VLDL on apoB uptake from HepG2 cell

medium
Treatment Added Recovered Disappeared
cpm cpm %
BSA (1.5%)
30 min 314,470 295,536 6.0
60 min 314,470 292,722 6.9
BSA/VLDL
30 min 314,470 305,036 3.0
60 min 314,470 302,834 3.7

HepG2 cells were preincubated with VLDL for 20 h, labeled for 30
min, and chased for 60 min. The medium was collected and thed < 1.063
g/ml fraction was prepared. Aliquots of thed < 1.063 g/ml fraction were
placed onto other sets of HepG2 cells that had been preincubated with
or without VLDL for 20 h. The incubation was continued for 30 and
60 min. Aliquots of medium containing d < 1.063 g/ml fraction were
taken to count before and after incubation.

VLDL treatment increases apoB synthesis

At the 10-min point in the pulse-chase experiment
described earlier (Fig. 3B), there was approximately 20%
more apoB radioactivity found in VLDL-treated cells
than in BSA-treated cells, suggesting that VLDL treat-
ment increased incorporation of [*H]leucine into apoB
molecules (i.e., treatment with VLDL might have in-
creased apoB synthesis). This effect was observed consis-
tently in several experiments. In contrast, as we had
previously observed, OA treatment did not affect initial
(10 min) apoB radioactivity compared to control cells. To
better define the effects of VLDL incubation on apoB syn-
thesis, HepG2 cells were preincubated in serum-free
MEM, in the absence or presence of VLDL for 20 h,
pulse-labeled for 5 min, and chased for 0, 5, and 10 min.
These early time points were used to focus on the early in-
corporation of [3H]leucine into apoB, before any
significant intracellular degradation could occur. Approx-

VLDL
| |

—Apo B 100

Fig. 7. ApoB uptake from HepG2 cells was not affected by VLDL
treatment. HepG2 cells were preincubated with VLDL for 20 h labeled
for 30 min, and chased for 60 min. Endogenously labeled apoB-
containing lipoproteins were isolated by ultracentrifugation atd < 1.063
g/ml (the nonspecific protein is not lipid-associated and has a density
greater than 1.063 g/ml) and placed onto HepG2 cells that had been
preincubated with BSA (C) or with VLDL for 20 h (the VLDL-
containing medium had been washed out immediately before the addi-
tion of d < 1.063 g/ml fraction). Incubation was continued for 60 min,
and the amount of apoB in the medium before (B) and after incubation
(both C and VLDL) was determined by immunoprecipitation. The
results from duplicate wells are presented.
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imately 20% more leucine was incorporated into apoB in
VLDL-treated cells compared to control cells (P < 0.05,
Fig. 8). These results contrasted with the lack of effect of
OA at these time-points in earlier studies (13) and in
parallel experiments (data not shown). As neither apoB
degradation nor secretion are detectable during the 0 and
5 min chase periods, the intracellular radioactivity data
may be used as a reflection of apoB synthesis. The results
indicated that VLDL, in contrast to OA, stimulated apoB
synthesis.

VLDL treatment increases apoB mRNA content

To further define the mechanism by which apoB syn-
thesis was increased by VLDL treatment, apoB mRNA
levels were determined. HepG2 cells preincubated for 20
h with serum-free MEM, in the absence or presence of
VLDL, were extracted with Trisolv reagent (Biotex, CA)
and total RNA was prepared. Northern blotting and solu-
tion hybridization were carried out as described in Ex-
perimental Procedures. We were unable to observe
significant differences in apoB mRNA levels between con-
trol and VLDL-treated cells by Northern blotting (Fig.
9). With the more sensitive solution hybridization/R Nase
protection assay, however, we consistently observed a
20-30% increase in apoB mRNA in VLDL-treated
HepG2 cells compared to BSA-treated cells (P < 0.05)
(Table 3). This increase in apoB mRNA paralleled the in-
crease in apoB synthesis that we had observed. When
Sandoz 58-035 was included in VLDL incubation, apoB
mRNA level was unchanged compared to VLDL alone.
As had been reported by other investigators (11, 12, 32),
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Fig. 8. VLDL treatment increases apoB synthesis. HepG2 cells were
preincubated with 1.5% BSA (A) or VLDL (0) for 20 h, labeled for 5
min, and chased for various periods (0, 5, and 10 min). Cellular apoB
was determined by immunoprecipitation. The data represent the
mean + SE of triplicate dishes at each time point. At all time points,
apoB radioactivities recovered from VLDL-treated cells are significantly
greater than that from control cells (P < 0.05). This experiment was
repeated three times with identical results.
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Fig. 9. Effect of VLDL treatment on apoB mRNA content in HepG2
cells. HepG2 cells were incubated in serum-free medium containing
1.5% BSA (C) or VLDL for 20 h. Total RNA was prepared as described
in Experimental Procedures. Ten pg total RNA was run on 0.8%
agarose denaturing gels containing formadehyde, and then transferred
to nitrocellular membranes by capillary blotting. Prehybridization and
hybridization with 32P-labeled apoB cDNA (1.6 kb) or 3?P-labeled «-
actin were both performed at 42°C for 16 h. The membranes were
placed into cassettes and exposed to film for 24 h. There was no discerni-
ble effect of VLDL on apoB mRNA. Total mRNA recovery was the
same in both control and VLDL-treated cells, as judged by actin
mRNA.

OA treatment had no effects on apoB mRNA levels. In-
deed, treatment of HepG2 cells with VLDL plus OA in-
creased apoB mRNA to levels comparable to those seen
with VLDL alone (data not shown).

DISCUSSION

The results of the present studies indicate that ex-
ogenous VLDL stimulates the assembly and secretion of

apoB-containing lipoproteins by two mechanisms. First,
VLDL appears to protect nascent apoB from intracellular
degradation; this effect is similar to that which we ob-
served for OA (13), and seems to account for most of the
increased secretion of apoB. Second, incubation of
HepG2 cells with VLDL stimulates apoB synthesis; these
effects of VLDL are pretranslational and modest in our
cell culture system. Thus, although our findings generally
agree with the widely accepted concept that apoB secre-
tion from cultured cells is regulated posttranslationally,
the results suggest that pretranslational regulation of
apoB secretion could be significant under certain condi-
tions or in other systems.

The conclusion that the major effect of VLDL on apoB
secretion in HepG2 cells is similar to that of OA is based
on the following observations. First, both OA and VLDL
must be present continuously in the medium in order to
stimulate apoB secretion; once OA or VLDL is removed
from medium, their effect on apoB secretion disappears
rapidly. We previously observed a lag time of about 40
min for the appearance and the disappearance of OA’s
effect on apoB secretion (13). In the present studies we
found a similar time course for the effect of VLDL. Se-
cond, both VLDL and OA protect newly synthesized
apoB from intracellular degradation. From the results ob-
tained with pulse-chase experiments, it is obvious that the
stimulatory effect of VLDL on apoB secretion is due prin-
cipally to its ability to protect apoB from intracellular
degradation. Finally, Triacsin D, which inhibits TG syn-
thesis significantly, blocks most of the effects of both
VLDL and OA on apoB secretion. In the presence of Tri-
acsin D, neither VLDL nor OA protect newly synthesized
apoB from rapid, intracellular degradation.

TABLE 3. Effect of VLDL treatment on apoB mRNA content (cpm riboprobe hybridized/ug RNA).

BSA (%) VLDL (%) VLDL/58-035 (%) OA (%)

Exp. 1 277.6 (100.0) 349.3 (125.8) 342.4 (123.3) 281.4 (101.4)
Exp. 2 476.4 625.7 Not done 496.6

+9.3 (100.0) +13.1 (131.3) +11.2 (104.2)
Exp. 3 371.2 442.8 480.4 428.8

+22.4 (100.0) +12.0 (119.3) +56.0 (129.6) + 13.3

(115.2)

Exp. 4 239.6 (100.0) 307.2 (128.2) Not done Not done
Exp. 5 173.7 215.0 203.3 182.1

+4.5 (100.0) +8.8 (123.8) +16.4 (117.0) +6.3 (104.8)
% Control
Mean + SD (%) 100.0 125.7 + 6.3° 123.3 + 6.1° 106.4 + 6.2

HepG?2 cells were preincubated in serum-free medium containing BSA (1.5%), BSA with VLDL (with and without
2 pg/ml Sandoz 58-035) for 20 h, or OA for 1 h. Total RNA was prepared and solution hybridization/R Nase protec-
tion was carried out as described in Experimental Procedures. Five experiments are listed individually. Results are
reported as cpm per pug of total RNA. Where the data are cpm + SD, the data are the mean of duplicate or triplicate
wells. Each experimental result is also presented as a % in relation to the BSA alone group done at the same time
(100%). The mean percent changes in mRNA for each stimulus compared to BSA alone are presented at the bot-

tom of the table as mean + SD.
“P < 0.05 (VLDL or VLDL/58-035 vs. BSA).
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Although VLDL uptake by cells delivers TG,
cholesterol, and phospholipids (along with several pro-
teins), we believe that it is the TG, or more likely TG-
derived free fatty acids, that play the key role in the post-
translational regulation of apoB secretion. Support for
this view derives from our previous work that demon-
strated that OA increased TG synthesis by more than
5-fold, but only increased cholesterol and CE synthesis
modestly (13). In the present study, VLDL treatment in-
creased TG mass by 3-fold, but also increased CE mass
by 2.6-fold. Several lines of evidence, however, indicated
that the VLDL.-associated increase in CE mass did not
result in changes in apoB secretion. In the experiment
with Triacsin D, the VLDL-stimulated increase in TG
mass was inhibited by 60% without any change in the
VLDL-stimulated increase in CE mass. Despite a lack of
effect on CE mass, Triacsin D reversed most of the protec-
tive effect of VLDL on apoB, and apoB secretion was
reduced greatly. Our results are in accord with those from
Arbeeny et al. (33) who reported that inhibition of fatty
acid synthesis decreased hepatic synthesis of TG and
secretion of both VLDL-TG and VLDL apoB-100 in the
hamster, while cholesterol synthesis was unaffected.

The strongest evidence against a key role for VLDL-
delivered cholesterol in the regulation of apoB secretion
comes from our ACAT inhibitor experiments. Sandoz
58-035, which effectively inhibited the formation of CE
during incubation of the HepG2 cells with VLDL, had no
effect on either intracellular degradation or secretion of
apoB. These findings contrast with those of Cianflone et
al. (34), who reported that in HepG2 cells it was CE, and
not TG, that was the major regulator of apoB secretion.
This discrepancy is difficult to explain, but it should be
noted that in their studies (34), the changes in apoB secre-
tion (measured by mass assays of the media) associated
with perturbations of CE mass or synthesis, were small
(less than 30%).

The protective effect of both OA and VLDL on apoB
was observed after the cells were pulsed for 10 min and
chased for 20 min, suggesting that VLDL and OA are
affecting apoB at the same, early stage in the secretary
pathway. We previously reported that the ER is the site
where early apoB degradation occurs (21). Presumably,
either VLDL or OA, by increasing TG synthesis and
thereby making more TG available for association with
nascent apoB, can facilitate the assembly of apoB
lipoproteins and reduce the accessibility of apoB to one or
more proteases associated with the ER (21).

The mechanism by which exogenous VLDL increases
the intracellular lipid content of HepG2 cells is probably
multi-staged. Presumably, VLDL particles are taken up
via receptor-mediated pathways and then hydrolyzed in
lysosomes. The fatty acids and glycerol derived from
hydrolyzed TG are reutilized to synthesize TG and phos-
pholipids, while VLDL-derived free cholesterol (includ-
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ing that from lysosomal hydrolysis of VLDL CE) can be
either distributed to plasma and intracellular membranes
or re-esterified. In addition to intracellular hydrolysis,
however, lipolysis of VLDL TG can occur in the medium.
Indeed, Evans et al. (35) recently reported that large
hypertriglyceridemic VLDL (S; 60-400) failed to aug-
ment the total cholesterol, CE, and TG content of HepG2
cells after a 24-h incubation unless the VLDL were co-
incubated with bovine milk lipoprotein lipase. In the
present studies, we used a more heterogenous VLDL (the
entire d < 1.006 g/ml fraction), which included small
VLDL particles. These small particles could have been
taken directly into the cells via receptors, and/or lipolyzed
in the medium before uptake. While we do not know if
large VLDL particles were lipolyzed in our media, we
have found that the TG component of nascent lipoprotein
particles secreted from HepG?2 cells are rapidly hydro-
lyzed into diacylglycerol, monoacylglycerol, or fatty acids
and glycerol. Moreover, we find that HepG2 cell condi-
tioned medium is able to lipolyze VLDL-TG in vitro (X.
Wu and H. N. Ginsberg, unpublished data). Arrol et al.
(36) also reported that a large percentage of HepG2 cell-
secreted TG is hydrolyzed in culture medium. Hepatic li-
pase secreted by HepG2 (37) cells could be responsible for
lipoprotein-TG lipolysis in the medium.

Our studies suggest that VLDL treatment also stimu-
lates apoB secretion from HepG2 cells by a second
mechanism: increased apoB synthesis. We consistently
observed that VLDL treatment not only protected apoB
from intracellular degradation, but also increased the in-
corporation of [3H]leucine into apoB. Additionally, in
repeated experiments, the apoB mRNA level was found
to be increased by 20-30%. The effect of VLDL on apoB
mRNA content contrasted with the well-described lack of
effect of OA on apoB mRNA (9-11, 32), which we confirmed.

Despite the body of data indicating that apoB secretion
is regulated at posttranslational level, several groups have
reported that it can also be regulated at transcriptional or
pretranslational levels. For example, 25-OH cholesterol
increased apoB mRNA levels by 50% in HepG2 cells (14),
EPA decreased apoB mRNA levels to 25% of control in
CaCo2 cells (32), and thyroid hormone increased apoB
mRNA levels by 30% in HepG2 cells (38). Additionally,
a study in mice by Srivastava et al. (7) suggested that
hepatic apoB mRNA content could be changed by diet.
The lack of an effect of short-term incubations with OA
on apoB mRNA levels, in contrast to the effect of VLDL,
suggests that increased TG synthesis and mass do not
effect apoB mRNA. On the other hand, the report by
Dashti (14), indicating that 25-OH cholesterol increases
apoB mRNA (a finding that we have confirmed), suggests
that VLDL-derived cholesterol might be involved at the
level of pretranslation. We were unable to demonstrate
differences between apoB mRNA levels after incubation
of cells with VLDL plus the ACAT inhibitor compared to
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VLDL alone, despite the fact that cell free cholesterol
content increases further and CE content decreases
significantly in the presence of the ACAT inhibitor. Obvi-
ously, more work is required to fully define the regulation
of apoB secretion at the pretranslational level.

The current results, together with those from several
other laboratories (23, 24, 36) indicate that the delivery of
fatty acids and/or TG to hepatocytes by TG-rich
lipoproteins can stimulate the assembly and secretion of
nascent apoB-containing lipoproteins. One could specu-
late that in situations where lipoprotein-TG was not
efficiently cleared from peripheral plasma by lipoprotein
lipase-mediated hydrolysis, the resulting TG-rich rem-
nant lipoproteins could be catabolized in the hepatic vas-
cular bed and stimulate the assembly and secretion of
nascent apoB-containing lipoproteins. This scheme might
be of particular importance during the postprandial
period, where any deficiency in lipoprotein lipase-mediated
clearance of chylomicron-TG could be the stimulus for in-
creased VLDL concentrations in the fasting state. Addi-
tionally, our finding that incubation of HepG2 cells with
VLDL, in addition to affecting apoB secretion posttrans-
lationally, may increase apoB gene expression or stability
of apoB mRNA, suggests a second mechanism whereby
inefficient TG disposal in the periphery could result in
chronic overproduction of apoB-containing lipoproteins. It
will be important to demonstrate similar findings in hu-

man hepatocytes, and to determine the basis for the effect
of VLDL on apoB mRNA. B

This work was supported by National Institutes of Health grants
HL-39324, HL-36000, and HL-21006.

Manuscript received 14 September 1993 and in revised form 24 January 1994.

REFERENCES

1. Janus, E. D, A. M. Nicoll, P. R. Turner, P. Magill, and B.
Lewis. 1980. Kinetic bases of the primary hyperlipidemia:
studies of apoB turnover in genetically defined subjects.
Eur. J. Clin. Invest. 10: 161-172.

2. Kissebah, A. H., S. Alfarsi, and P. W. Adams. 1981. In-
tegrated regulation of very low density lipoprotein triglycer-
ide and apoB kinetics in man: normolipidemic subjects,
familial hypertriglyceridemia and familial combined hyper-
lipidemia. Metabolism. 30: 856-868.

3. Teng, B, A. D. Sniderman, A. K. Soutar, and G. R.
Thompson. 1986. Metabolic basis of hyperapobetalipopro-
teinemia: turnover of apoB in low density lipoprotein and
its precursors and subfractions compared with normal and
familial hypercholesterolemia. J. Clin. Invest. 77: 663-672.

4. Arad, Y, R. Ramakrishnan, and H. N. Ginsberg. 1990.
Lovastatin therapy reduces low density lipoprotein apoB
levels in subjects with combined hyperlipidemia by reduc-
ing the production of apoB-containing lipoproteins: impli-
cations for the pathophysiology of apoB production. /. Lipid
Res. 31: 567-582.

5. Dixon, J. L., and H. N. Ginsberg. 1993. Regulation of
hepatic secretion of apolipoprotein B-containing lipoproteins:

information obtained from cultured liver cells. J. Lipid Res.
34: 167-179.

6. Leighton, J. K., J. Joyner, J. Zamarripa, M. Deines, and
R. A. Davis. 1990. Fasting decreases apolipoprotein B
mRNA editing and the secretion of small molecular weight
apoB by rat hepatocytes: evidence that the total amount of
apoB secreted is regulated posttranscriptionally. J. Lipid
Res. 31: 1663-1668.

7. Srivastava, R. A. K., S. Jiao, J. Tang, B. A. Pfleger, R. T.
Kitchens, and G. Schonfeld. 1991. In vivo regulation of low
density lipoprotein receptors and apolipoprotein B gene ex-
pression by dietary fat and cholesterol in inbred strains of
mice. Biochim. Biophys. Acta. 1086: 29-43.

8. Pape, M. E,, C. K., Castle, R. W. Murray. G. M. Funk,
C. E. Hunt, and K. R. Marotti. 1991. ApoB metabolism in
the cynomolgus monkey: evidence for posttranslational
regulation. Biachim. Biophys. Acta. 1086: 326-334.

9. Kroon, P. A., J. A. DeMartino, G. M. Thompson, and
Y. S. Chao. 1986. Molecular cloning of partial cDNAs for
rabbit liver apolipoprotein B and the regulation of its
mRNA levels by dietary cholesterol. Proc. Natl. Acad. Sci.
US4. 83: 5071-5075.

10. Sorci-Thomas, M., M. D. Wilson, F. L. Johnson, D. L.
Williams, and L. L. Rudel. 1989. Studies on the expression
of genes encoding apolipoproteins B100 and B48 and the
low density lipoprotein receptor in nonhuman primates. J.
Biol. Chem. 264: 9039-9045.

1. Pullinger, C. R, J. D. North, B. B. Teng, V. A. Rifici,
A. E. Ronhild de Brito, and J. Scott. 1989. The
apolipoprotein B gene is constitutively expressed in HepG2
cells: regulation of secretion by oleic acid, albumin, and in-
sulin, and measurement of the mRNA half-life. . Lipid Res.
30: 1065-1077.

12. Moberly, J. B., T. G. Cole, D. H. Alpers, and G. Schonfeld.
1990. Oleic acid stimulation of apolipoprotein secretion
from HepG2 and Caco 2 cells occurs post-transcriptionally.
Biochim. Biophys. Acta. 1042: 70-80.

13. Dixon, J. L., S. Furukawa, and H. N. Ginsberg. 1991. Ole-

+ate stimulates secretion of apolipoprotein B-containing
lipoproteins from HepG?2 cells by inhibiting early intracel-
lular degradation of apolipoprotein B. J. Biol. Chem. 266:
5080-5086.

14. Dashti, N. 1992. The effect of low density lipoproteins,
cholesterol, and 25-hydroxycholesterol on apolipoprotein B
gene expression in HepG2 cells. J. Biol Chem. 267:
7160-7169.

15. Dashti, N., D. L. Williams, and P. Alaupovic. 1989. Effects
of oleate and insulin on the production rates and cellular
mRNA concentrations of apolipoproteins in HepG2 cells.
J. Lipid Res. 30: 1365-1373.

16. Borchardt, R. A., and R. A. Davis. 1987. Intrahepatic as-
sembly of very low density lipoproteins. Rate of transport
out of the endoplasmic reticulum determines rate of secre-
tion. J. Biol Chem. 262: 16394-16402.

17. Sato, R., T. Imanaka, A. Takatsuki, and T. Takano. 1990.
Degradation of newly synthesized apolipoprotein B-100 in
a pre-Golgi compartment. J. Biol. Chem. 265: 11880-11884.

18. Lang C. A, and R. A. Davis. 1990. Fish oil fatty acids im-
pair VLDL assembly and/or secretion by cultured rat
hepatocytes. J. Lipid Res. 31: 2079-2086.

19. Thrift, R. N,, J. Drisko, S. Dueland, J. D. Trawick, and
R. A. Davis. 1992. Translocation of apolipoprotein B across
the endoplasmic reticulum is blocked in a nonhepatic cell
line. Proc. Natl. Acad. Sci. USA. 89: 9161-9165.

20. Borén, J., L. Graham, M. Wettesten, J. Scott, A. White,

Wu et al. Exogenous VLDL and apoB secretion 1209

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1)l mmm wouy papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

21.

22.

23.

24.

25.

26.

27.

28.

29.

1210

and S. F. Olofsson. 1992. The assembly and secretion of
apoB-100-containing lipoproteins in HepG2 cells. J Biol.
Chem. 267: 9858-9867.

Furukawa, S., N. Sakata, H. N. Ginsberg, and J. L. Dixon.
1992. Studies of the sites of intracellular degradation of
apolipoprotein B in HepG2 cells. J. Biol Chem. 267:
22630-22638.

Sakata, N., X. Wu, J. Dixon, and H. N. Ginsberg. 1993.
Proteolysis and lipid facilitated translocation are distinct
but competitive processes which regulate secretion of
apolipoprotein B in HepG2 cells. J Biol Chem. 268:
22967-22970.

Craig, W. Y,, R. Nutik, and A. D. Cooper. 1988. Regula-
tion of apoprotein synthesis and secretion in the human
hepatoma HepG2 cells. The effect of exogenous
lipoprotein. J. Biwl Chem. 263: 13880-13890.

Kosykh, V. A., D. K. Novikov, I. N. Trakht, E. A, Podrez,
A. V. Victorov, V. 8. Repin and V. N. Smirnov. 1991. Effect
of chylomicron remnants on cholesterol metabolism in cul-
tured rabbit hepatocytes: very low density lipoprotein and
bile acid production. Lipids. 26: 799-805.

Gibson, J. C., A. Rubinstein, P. R. Bukberg, and W. V.
Brown. 1983. Apolipoprotein E-enriched lipoprotein sub-
classes in normolipidemic subjects. J Lipid Res. 24:
886-898.

Smith, P. K., R. I. Krohn, G. T. Hermanson, A. K. Malia,
F. H. Gartner, M. D. Provenzano, E. K. Fujimoto, N. M.
Goeke, B. J. Olson, and D. C. Klenk. 1985. Measurement
of protein using bicinchoninic acid. Anal. Biochem. 150: 76-85.
Huang, L. S., S. C. Bock, S. I. Feinstein, and J. L. Breslow.
1985. Human apolipoprotein B cDNA clone isolation and
demonstration that liver apolipoprotein B mRNA is 22
kilobases in length. Proc. Natl. Acad. Sci. USA. 82: 6825-6829.
Feinberg A. P, and B. Vogelstein. 1983. A technique of
radiolabeling DNA restriction endonuclease fragments to
high specific activity. dnal. Biochem. 132: 6-13.

Azrolan, N, and J. L. Breslow. 1990. A solution hybridiza-
tion/RNase protection assay with riboprobes to determine
absolute levels of apoB, A-I, and E mRNA in human hepa-

Journal of Lipid Research Volume 35, 1994

30.

31

32.

33.

34.

35.

36.

37.

38.

toma cell lines. /. Liptd Res. 31: 1141-1146.

Omura, 8., H. Tomoda, Q. M. Xu, Y. Takahashi, and Y.
Iwai. 1986. Triacsins, new inhibitors of acyl-CoA synthetase
produced by Streptomyces sp. J. Antibiot. 39: 1211-1218.
Tomoda, H., K. Igarashi, J-C. Cyong, and S. Omura. 1991.
Evidence for an essential role of long chain acyl-CoA syn-
thetase in animal cell proliferation. J. Biol Chem. 266:
4214-4219.

Murthy, S., E. Albright, S. N. Mathur, N. O. Davidson,
and F. J. Field. 1992. Apolipoprotein B mRNA abundance
is decreased by eicosapentaenoic acid in Caco 2 cells. Effect
on the synthesis and secretion of apolipoprotein B. Arterios-
cler. Thromb. 12: 691-700.

Arbeeny, C. M., D. S. Meyers, K. E. Berguist, and R. E.
Gregg. 1992. Inhibition of fatty acid synthesis decreases
very low density lipoprotein secretion in the hamster. J.
Lipid Res. 33: 843-851.

Cianflone, K. M., Z. Yasruel, M. A. Rodriguez, D. Vas,
and A. D. Sniderman. 1990. Regulation of apoB secretion
from HepG2 cells: evidence for the crucial role for
cholesterol ester synthesis in the response to a fatty acid
challenge. /. Lipid Res. 31: 2045-2055.

Evans, A. ., C. G. Sawyez, B. M. Wolfe, and M. W. Huff.
1992. Lipolysis is a prerequisite for lipid accumulation in
HepG2 cells induced by large hypertriglyceridemic very low
density lipoproteins. J. Biol. Chem. 267: 10743-10751.
Arrol, S., M. I. Mackness, I. Laing, and P. N. Durrington.
1991. Lipoprotein secretion by the human hepatoma cell
line HepG2: differential rates of accumulation of
apolipoprotein B and lipoprotein lipids in tissue culture
media in response to albumin, glucose and oleate. Biochim.
Biophys. Acta. 1086: 72-80.

Busch, S. J., G. A. Martin, R. L. Barnhart, and R. L. Jack-
son. 1989. Heparin induces the expression of hepatic
triglyceride lipase in a human hepatoma (HepG2) cell line.
J. Biol. Chem. 264: 9527-9532.

Theriault, A., G. Ogbonna, and K. Adeli. 1992. Thyroid
hormone modulates apolipoprotein B gene expression in
HepG?2 cells. Biochem. Biophys. Res. Commun. 186: 617-623.

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1)l -mmm woiy papeojumoq


http://www.jlr.org/

