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Lipoprotein Metabolism by Rat Hepatomas
Studies on the Etiology of Defective Dietary
Feedback Inhibition of Cholesterol Synthesis
Graham F. Barnard, Sandra K. Erickson,
and Allen D. Cooper
Department of Medicine, Stanford University School of Medicine,
Stanford, California 94305

Abstract. In contrast to normal liver, it is
known that in vivo hepatomas fail to decrease their rate
of cholesterol biosynthesis in response to increased dietary
cholesterol. From a consideration of the available data
it has been hypothesized that the defect might lie in the
delivery of cholesterol to the hepatoma cell. To study this
further, lipoprotein interactions with rat hepatoma cells
in tissue culture (HTC 7288C) and with the same cell
line in vivo were investigated. HTCcells grown in a me-
dium containing 10% calf serum exhibited saturable, spe-
cific, calcium-dependent binding of rat 1251I-chylomicron
remnants at 40C with half maximal saturation at 4.8 ,ug
protein/ml and maximum binding of 96 ng protein/ 106
cells. At 4VC, HTCcells also bound human '251I-low den-
sity lipoprotein (LDL) specifically, but bound it with a
much lower affinity. These cells also exhibited specific
binding for rat LDL and rat hypercholesterolemic very
low density lipoprotein (VLDL). All these lipoproteins
were degraded by HTCcells. Thus, it was concluded that
hepatoma cells possess lipoprotein receptors that recognize
and process LDL, VLDL, and chylomicron remnants.

Overnight incubation of HTC cells in lipid-depleted
medium containing 0.5 ,gM compactin increased binding
of rat chylomicron remnants and of hypercholesterolemic
VLDL 1.7-fold without a significant change in binding
affinity. LDL binding also increased, by -3.5-fold. These
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changes were also observed when binding and internal-
ization were measured at 370C.

After HTCcells were incubated in lipid-depleted me-
dium, the rate at which ['4C]acetate was incorporated
into ['4C]cholesterol increased 2.5-fold. Inclusion of rat
chylomicron remnants at 5-10 utg protein/ml prevented
this increase in acetate incorporation or, if added after
culture in lipid-depleted medium, reduced the increased
levels back to control values. However, the rate of acetate
incorporation into cholesterol by cells grown in complete
medium was not decreased to levels below base line by
rat chylomicron remnants. Inclusion of human LDL only
partially prevented the rise or only partially reduced the
increased levels back to control and did not reduce control
levels below base line. Hypercholesterolemic VLDL,
which contain more cholesterol per particle than chy-
lomicron remnants, did reduce ['4C]acetate incorporation
to below control levels. Therefore, the intracellular mech-
anism for down regulation of cholesterol synthesis by
lipoproteins is intact in these cells.

Based on these results we hypothesized that a relative
lack of lipoprotein receptors expressed by hepatomas in
vivo in comparison with those expressed by normal liver
would explain the apparent absence of feedback inhibition
of cholesterol synthesis. Consistent with this hypothesis,
the binding of chylomicron remnants to liver cell mem-
branes was 3-5 times greater than to membranes from
tumors grown in vivo subcutaneously or intramuscularly.
Membranes from tumor cells grown in vitro bound rem-
nants least well. It is proposed that the relative lack of
receptors places the hepatoma at a disadvantage in com-
peting with the liver for lipoproteins of dietary origin and
may account for the lack of feedback regulation of cho-
lesterol synthesis in hepatomas.

Introduction

The rate of cholesterol synthesis in normal liver is determined
in part by the amount of cholesterol in the diet. When dietary
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cholesterol content increases, the rate of hepatic cholesterol bio-
synthesis decreases, and vice versa. This process is referred to
as feedback regulation (1). Dietary cholesterol is transported to
the liver in lipoproteins that are called chylomicron remnants
(2-4). Current evidence suggests that the hepatocyte surface has
a receptor that recognizes apolipoprotein E (5-8), which is an
important constituent of the chylomicron remnant. After bind-
ing, the lipoprotein particle is degraded with hydrolysis of es-
terified lipid (3, 9-1 1) and, as with other cell types (12), the
liberated free cholesterol then modulates the rate of cholesterol
synthesis primarily at the level of 3-hydroxy-3-methylglutaryl
coenzyme A (HMGCoA)' reductase, which is the rate-limiting
enzyme of cholesterol biosynthesis (13, 14).

Siperstein ( 15) observed that the rate of cholesterol biosyn-
thesis in Morris hepatomas grown subcutaneously in rats was
not inhibited by increasing the amount of cholesterol in the
diet. This was true for a large number of transplantable rat
hepatomas (16), rat primary hepatocellular carcinomas (17),
and was also observed in human hepatomas (16). The defect
in the tumors was independent of the basal rate of cholesterol
biosynthesis, which ranged from levels higher than that of normal
liver to <10% of the normal rate (15). In addition, livers from
rats treated with hepatic carcinogens also exhibited this abnor-
mality of regulation even before malignant change was mor-
phologically evident (18).

Because the regulation of cholesterol biosynthesis is a mul-
tistep process, there are a number of potential sites at which
such a defect could occur. Despite many investigations in the
past, the defect has not yet been precisely identified. When
HMGCoA reductase was partially purified from hepatoma cells
and its physical and biochemical properties were compared with
the enzyme from normal liver, no differences were found (19),
which suggested that the enzyme per se is not altered to a major
extent. Although it has been suggested that there is a defect in
the coupling of cell cholesterol content to enzyme behavior in
hepatomas, this change was seen in the host livers as well (20).
Mevalonolactone injected in vivo suppressed HMGCoA re-
ductase in hepatomas (21). Since the action of mevalonolactone
depends at least in part upon its conversion to sterol, this sug-
gested that the regulatory mechanism for HMGCoA reductase
by sterols was functional. Furthermore, when hepatoma cells
were grown in tissue culture (HTC 7288C), their reductase ac-
tivity and their rate of sterol synthesis were decreased by the
presence of 25-hydroxycholesterol or by high concentrations of
low density lipoprotein (LDL) in the medium (22). Reductase
activity increased when these cells were cultured in the absence
of sterols. These observations further supported the concept that
the intracellular mechanism of HMG-CoAreductase regulation
was qualitatively intact.

Taken together, these studies suggested that the defect in
feedback regulation relates to the delivery of cholesterol to the

1. Abbreviations used in this paper: HTC, hepatoma cells in tissue culture;
HMGCoA, 3-hydroxy-3-methylglutaryl coenzyme A; LDM, lipid-de-
pleted medium; PMSF, phenylmethylsulfonyl fluoride.

site at which synthesis is regulated. Harry et al. (23) proposed
this based on their observation that less intragastrically admin-
istered 3H-cholesterol was found in intramuscularly grown hep-
atomas than in the liver of the same rat. However, similar ex-
periments with primary hepatomas showed only small differences
in 3H-cholesterol uptake (17, 24). Further, Bierne and Watson
(25) observed that HTCcells that had shown regulation in vitro
were no longer responsive to dietary cholesterol feedback when
transplanted back in vivo. On the basis of these observations
we hypothesized that a defect in the number or types of lipo-
protein receptors expressed by hepatomas could account for the
lack of feedback regulation in the tumor.

The purpose of the present investigation was to identify and
examine the nature of the lipoprotein receptors present on the
surface of HTC cells, to determine whether the receptors are
regulated and whether they are capable of transporting adequate
amounts of cholesterol to initiate feedback inhibition of cho-
lesterol biosynthesis, and finally to compare the numbers of
receptors expressed in vivo by hepatomas and normal livers
(26-28).

Methods

Materials. I-'4C-Acetic acid (sodium salt, 45-60 mCi/mmol) was pur-
chased from New England Nuclear (Boston, MA), and 125I (15 mCi/
,gg) came from Amersham Corp., Arlington Heights, IL. Swim's S-77
tissue culture medium, L-glutamine, L-cystine, antibiotic mixture (pen-
icillin, streptomycin, nystatin), and trypan blue solution were from Gibco
Laboratories, Grand Island, NY. Siliclad was from Clay-Adams, Par-
sippany, NJ, and bovine serum albumin (fatty acid free) came from
Calbiochem-Behring Corp., San Diego, CA. Compactin (ML-236B) so-
dium salt was a gift of Dr. Millie Wiley, University of California, San
Francisco, CA. Suramin was obtained from Mobay Chemical Corp.,
NY. All other chemicals were reagent grade. HTC cells derived from
rat liver minimal deviation hepatoma 7288C were obtained from the
Cell Culture Facility at the University of California, San Francisco.

Methods. Tissue culture media. Complete growth medium consisted
of Swim's S-77 medium supplemented with L-glutamine (298 mg/l), L-
cystine (13.8 mg/I), phenol red (10 mg/I), and tricine (0.05 M). The pH
was adjusted to 7.8 with I N NaOHbefore the medium was sterilized
by ultrafiltration (Nalgene filter 450-0020, Nalgene Labware Div. Nalge/
Sybron Corp., Rochester, NY). After sterilization, sterile 10% calf serum

and sterile antibiotic mixture (10 ml/I) were added.
Lipid-depleted medium (LDM) was the same as complete medium

except that the calf serum was lipid depleted by centrifuging whole calf
serum at d = 1.21 to remove lipoproteins. The upper 5 ml of each
20-ml tube was collected as serum lipoproteins. The serum fractions
were dialyzed three times against 6 L of 0.9% NaCl at 4°C, sterilized
by ultrafiltration, and stored at -20°C until use. The cholesterol content
of LDMand complete medium were determined by gas liquid chro-
matography (29). Compactin, ML236B, was prepared from the lactone
at -0.46 mMconcentration (30) and was sterilized by ultrafiltration
through a 0.45-M millipore filter before addition to the growth media.

Culture ofHTC cells. Cells as obtained from the tissue culture facility
(usually in midlog growth phase) were diluted 2-3 fold into complete
medium to yield a density of 2-3 X 105 cells/ml in 150 ml total volume.
They were grown in sealed serum bottles, with stirring (spinner culture)
for 48 h before transfer into fresh medium. Cell number was determined
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by counting an aliquot of cells in a hemocytometer and viability was
determined by trypan blue exclusion after incubation of cells in 0.9 ml
phosphate-buffered saline (PBS) plus 0.1 ml trypan blue solution. Cells
were harvested for experiments or for transfer to a different medium
by sedimentation at 100 g for 8 min, after which they were resuspended
in the desired medium. The cells had a doubling time of 24-30 h in
complete medium. The growth rate was not significantly altered by
growing the cells in LDMfor 24-48 h. However, when compactin was
included in the LDMmedium, the majority of the cells died by 72 h;
therefore, experiments were performed after 17-24 h using cells grown
in LDMplus compactin. The cells, when grown in basal medium, con-
tained 373±36 fg protein/106 cells (n = 7) and 5.82±2.2 fg total cho-
lesterol/ 106 cells (n = 5).

Preparation of lipoproteins. Rat chylomicrons were collected from
animals with a lymph duct cannula as described previously (31). Chy-
lomicron remnants were prepared in eviscerated rats as described pre-
viously (I 1, 32). Rat hypercholesterolemic VLDL (d = 1.006-1.019)
and HDL, (d = 1.019-1.080) were prepared as described previously
from rats fed an atherogenic diet (32). HumanLDL came from serum
of normolipidemic volunteers after a 14-h fast and was isolated by cen-
trifugation according to Sigurdsson et al. (33). The composition of the
lipoproteins used in these studies has previously been reported by this
laboratory (32, 34). Rat LDL (d = 1.022-1.050) was prepared from the
plasma of 83 rats. Sodium azide (0.04%) and EDTA(I mM)were added
to the plasma and its density was adjusted to 1.063 by the addition of
solid KBr. After centrifugation at 100,000 g for 16 h the fraction d
< 1.063 was removed, dialyzed against PBS that contained azide/EDTA,
and the density was readjusted to 1.022 by the addition of solid KBr.
Centrifugation at 100,000 g for 16 h floated the VLDL and IDL which
were removed. The density of the lower layer was adjusted to 1.050 by
the addition of solid KBr and was recentrifuged through an upper band
of PBS of 1.050 density to isolate the LDL. The LDL was removed and
dialyzed against PBS. The rat LDL contained 3.6 mg protein/ml, 0.8
mg cholesterol/mg protein, and 2.55 mg triglyceride/mg protein. SDS
gel electrophoresis on 7.5% acrylamide gels followed by densitometric
scanning of the Coomassie Blue stained gels showed that 86% of the
visible protein migrated as apo B, with 5% at the dye front (which may
include the C and A apoproteins) and 3% as apo E. The lipoproteins
were radioiodinated by the iodine monochloride method as previously
described (32). With triglyceride-rich lipoproteins, 90-95% of the 1251I.
label was precipitated with an equal volume of 20% trichloroacetic acid,
while with LDL, 97-99% was trichloroacetic acid precipitable (35).

Lipoprotein binding studies. HTCcells were innoculated into 100
ml of appropriate growth medium, complete medium or LDM, at a
density of -4 X l0 cells/ml and were grown for 20 h at 370C before
each experiment. The cells were harvested and washed once in Dulbecco's
PBSwhich contained 50MAMCaC12 and 20 mg/ml bovine serum albumin.
Final resuspension was in PBSat 40 or 370C at a concentration of -7.8
X 107 cells/ml. Binding assays were performed in glass tubes that were
coated with 1%siliclad and albumin (20 mg/ml in PBSbuffer). Reaction
mixtures contained 3.9 X 105 cells, '25I-labeled lipoproteins, unlabeled
lipoproteins, and EDTA in amounts as described in the legends to the
figures. The final volume was 200 Ml and was made up with S-77 medium
that contained no lipoproteins. Incubations at 40 or 370C for 1 h with
shaking were started by the addition of HTC cells and terminated by
the transfer of the tube contents to a 400-Mil polyethylene microfuge
tube coated with Siliclad and albumin. The tubes were centrifuged at
12,000 rpm for 2 min at 4VC in a Beckman Microfuge model 152
(Beckman Instruments Inc., Fullerton, CA). The supernatant was either
discarded or analyzed for trichloroacetic acid soluble reaction products

(35). The cell pellet was resuspended in 75 Al of PBS and layered onto
250 Ml of 100% calf serum which was contained in a siliconized 400-Ml
microfuge tube. These tubes were centrifuged at 12,000 rpm for 5 min
at 4VCand the supernatant was removed. The base of the tube containing
the pellet was cut off and the radioactivity was determined in a gamma
counter. The measured radioactivity was normalized to the number of
cells per incubation, which was determined by counting the cells after
the final resuspension at harvesting.

Lipoprotein degradation. HTCcells grown in complete medium (40
ml at 6 X 105 cells/ml) were harvested by centrifugation at 500 g for
10 min, washed once in PBS, and resuspended in 5 ml of LDM. Aliquots
of 600 Ml (2.4 X 106 cells) were added to each of four scintillation vials
that contained 5.4 ml of LDMand a small stir bar. Incubations were
started as indicated in the figure legend by the addition of 1251-labeled
lipoprotein (24-87 Ml vol) and continued at 370C with stirring. At various
times, 700-Ml aliquots were removed into l-ml capacity microfuge tubes
on ice and were centrifuged at 12,000 rpm for 5 min. To the supernatants,
20 Ml of bovine serum albumin (20 mg/ml) followed by 700 Ml of 20%
trichloroacetic acid were added. The suspensions were vortexed, left on
ice for not <30 min, and centrifuged at 10,000 g for 10 min. The
supernatants were transferred to a fresh tube and S Ml of 40% KI and
50 Ml of 30% H202 were added. The solutions were extracted with 0.7
ml of chloroform and the upper aqueous layer was counted for radio-
activity in a y-counter.

Synthesis of cholesterolfrom ["Clacetate. HTCcells grown in either
complete medium or LDMfor 20 h were harvested and resuspended
in 20 ml of fresh medium, and the cell number was counted. Aliquots
containing -1.3 X 10' cells were transferred to sterile Gibco (Gibco
Laboratories) culture flasks (100-ml capacity with stirring bar), lipo-
proteins sterilized by passage through a millipore filter were added (0.5-
2.0 ml), and the volume was made up to 25 ml by the addition of the
appropriate medium. The flasks were closed and incubated with stirring
for 2-4 h at 37°C and then ['4C]acetate (specific activity 2 MCi/Mmol)
was added to give a final concentration of 0.2 mM. Incubation was
continued for 7 h. The cell numbers were counted and then 40 ml of
95%ethanol, 6.5 ml of 33%KOH, 1 mgof carrier cholesterol in ethanol,
and 36,000 cpm of 3H-cholesterol as internal standard were added to
each flask. After standing overnight at 4°C, the sealed samples were
incubated at 90°C for 3 h, cooled, and then extracted three times with
30 ml of petroleum ether (boiling point 30-60°C). The pooled ether
extracts were washed with 10 ml of 0.1 N KOHand the washed ether
phase dried down to -0.5 ml under a stream of nitrogen. The ether
extracts were plated on silica gel H thin layer chromatography plates
that were developed with benzene/ethyl acetate (4:1) (36). The cholesterol
(0.3 Rf) was visualized by iodine vapor and after decolorization the
cholesterol band was scraped from the plate and counted in 10 ml of
Aquasol liquid scintillation fluid. Conversion of [14Clacetate to cholesterol
is expressed as cpm in cholesterol per 7-h incubation per 107 cells after
correction for losses using the 3H-cholesterol internal standard. Cells
were counted both at the beginning of the incubation period and at the
end of the incubations. Because cell number increased during this period
the average cell number was used in the calculations.

Growth of tumors in vivo. HTCcells were grown in complete medium
as detailed above. 300-ml batches of cells (4-6 X I05 cells/ml) were
harvested by centrifugation, washed once in sterile PBS, and resuspended
in 2.5 ml of PBS by passage through a 27-gauge needle. Buffalo rats
(180-200 g) were injected subcutaneously into one thigh and intra-
muscularly into the other thigh with 1.4 X 107 cells/injection. After 18
d all rats had tumors.

Preparation of cell membranes. (a) HTCcell membranes. Membranes
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were prepared and lipoprotein binding studies to them were carried out
by a modification of the method of Basu et al. (37). Actively growing
HTC cells in 300-ml batches (3-6 X 10' cells/ml) were harvested by
centrifugation at 100 g for 5 min. They were washed once by resuspension
in 50 ml sterile Dulbecco's medium followed by centrifugation. They
were resuspended in 7.5 ml hypotonic buffer at 4VC (10 mMTris/HCl,
pH 7.4, 1 mMCaCl2 with 1 mMphenylmethylsulfonyl fluoride [PMSF])
and after 10 min were homogenized first with 10 strokes of a motor
driven Potter-Elvehjem homogenizer and then with 10 strokes of a hand
held Potter-Elvehjem homogenizer. Whole cells were sedimented at 500
g for 5 min, the pellet was resuspended in 7.5 ml hypotonic buffer, and
the homogenization and centrifugation were repeated. The supernatants
were adjusted to isotonicity by addition of 8.7% NaCl. The sample was
centrifuged at 105,000 g for 30 min to give the cell membrane pellet.
This pellet was resuspended in 0.5 ml isotonic buffer, homogenized by
three strokes in a ground glass homogenizer, and 200 /l were transferred
into each of four Airfuge tubes (Beckman Instruments Inc.). Centrif-
ugation at 29 psi in an Airfuge (Beckman Instruments Inc.) for 10 min
gave the final pellet. After removal of the supernatant it was stored
frozen until assayed for lipoprotein binding activity.

(b) Liver and tumor cell membranes. Rats were anesthetized with
ether, samples of blood were withdrawn from the abdominal aorta, and
then 2-3-g samples of freshly excised liver or tumor tissue were added
to 8-10 ml of buffer (10 mMTris/HCl, pH 7.4, 150 mMNaCl, 1 mM
CaCl2, and 1 mMPMSF) and homogenized with 10 strokes of a motor
driven Potter-Elvehjem homogenizer followed by six strokes with a hand
held Potter-Elvehjem homogenizer. The suspension was centrifuged for
10 min at 500 g, the supernatant was respun at 500 g and then the new
supernatant was centrifuged at 105,000 g for 30 min. The membrane
pellet was resuspended in 8 ml of buffer, homogenized with five strokes
of a Dounce homogenizer, and recentrifuged at 105,000 g for 20 min.
The pellet was resuspended in 1.0 ml of buffer (without PMSF) and
200-IAI aliquots were transferred to airfuge tubes for centrifugation at
29 psi in an airfuge (Beckman Instruments Inc.) for 10 min. After
removal of the supernatant the pellet samples were stored frozen until
assayed.

Assay of lipoprotein binding to cell membranes. Aliquots of cell
membranes from liver, intramuscular tumor, subcutaneous tumor, or
HTC cells containing 1.6-4 mg protein were resuspended in 200 !sl
buffer (10 mMTris/HCl, pH 7.5, 50 mMNaCl, and 1 mMCaCl2) by
passage 10 times through a 27-gauge needle. Protein content was de-
termined on 1- , 2-, or 5-i1 samples using a micro method based on
that of Lowry et al. (38) with bovine serum albumin as reference protein.
Lipoprotein binding assays were carried out in 200 1l total volume in
microfuge tubes. The incubation mixture contained buffer (50 mMTris/
HCl, pH 7.5, 100 mMNaCl, and 0.5 mMCaCl2) cell membranes (150-
180 Mg protein), [1251]chylomicron remnants, and 0-30 Mg protein/ml
(specific activity equals 360 cpm/ng); 0.2 mMsuramin or 15 times
protein excess of nonradioactive chylomicron remnants over the radio-
active sample were used to determine nonspecific binding. Tubes were
incubated at 37°C with inversion of tube contents each 15 min for a
total of 60 min. The tubes were then centrifuged in a model 152 microfuge
(Beckman Instruments Inc.) for 5 min; the surface of the pellet was
washed 2 times with 10% sucrose and the pellet was counted for 12511
radioactivity. Control incubations contained either no membranes, 0.2
mMsuramin, or nonradioactive chylomicron remnants.

In preliminary experiments it was found that virtually all of the
membrane protein was recovered in the pellet with this centrifugation
procedure. Suramin, which has previously been shown to reverse LDL
binding to its specific receptor in human skin fibroblasts (39), competes

for the remnant binding site to about the same degree as a 20-fold excess
of unlabeled remnants but will not compete for the nonspecific binding
of remnants and phospholipid (unpublished observations). Thus, suramin
was used to quantify nonspecific binding in selected experiments to
conserve unlabeled remnants. Several experiments in each group were
done using 20-fold excess unlabeled remnants and the results always
correlated well with those obtained with suramin.

Results

Surface binding of rat chylomicron remnants to HTCcells. Bind-
ing of chylomicron remnants to cultured hepatoma cells was
studied at 4VC where internalization and degradation are neg-
ligible. The binding of 1251-chylomicron remnants to HTCcells
at 4VC is shown in Fig. 1 A. Nonspecific binding was determined
by measuring the amount of binding in the presence of a
20-fold excess of nonradioactive chylomicron remnants (top)
or in the presence of 4 mMEDTA (bottom). Specific binding
was defined as the total minus the nonspecific binding at each
lipoprotein concentration. The specific binding of 125I-remnants
to HTCcells at 4VC was virtually the same whether EDTAor
a 20-fold excess of unlabeled remnants were used. The binding
was readily detectable at a low remnant concentration. The
abolition of 80% of total binding by 4 mMEDTA (bottom)
suggests that the remnant binding requires Ca". Supplemen-
tation with additional calcium (up to 1 mM) did not increase
the observed total binding (not shown). Further characterization
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Figure 1. Binding of rat chylomicron remnants to HTCcells at 40C
and at 370C. HTC cells were grown in complete medium, harvested,
and resuspended in 100 ml of complete medium at about 3 X l0
cells/ml. After 20 h the cells were harvested, washed in PBS, and
binding assays were performed using 3.9 X l0 cells in 200 Ml vol in
glass tubes as detailed in Methods. The final '251-chylomicron rem-

nant concentrations were 0.2-12 Mg/ml (specific activity, 250-450
cpm/ng). Control incubations contained either 4 mMEDTAor a 20-
fold protein excess of nonradioactive chylomicron remnants, as indi-
cated. Incubations of 1 h duration were started by the addition of
HTCcells. (A) Binding at 4VC: * ----- *, total binding; i----- ci,
binding in the presence of 4 mMEDTA (bottom); ci - C1, specific
binding equals total minus EDTA resistant binding; X ----- a, bind-
ing in the presence of a 20-fold excess of chylomicron remnants
(top); i , specific binding equals total minus nonspecific bind-
ing. (B) Binding at 370C, symbols as in Fig. 1 A.
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of this binding site is given below. The results show that HTC
cells possess cell surface receptors that recognize chylomicron
remnants.

Binding and internalization of rat chylomicron remnants by
HTCcells. Binding of '25I-remnants to HTC cells at 370C is
illustrated in Fig. I B. As was observed at 40C, a similar pattern
of specific binding is obtained whether EDTAor an excess of
nonradioactive remnants was used to estimate nonspecific bind-
ing. Specific binding at 370C was consistently higher than that
observed at 4VC (an average of 5.2-fold higher in five experi-
ments). Since, at 370C, cell-associated radioactivity includes
'251-labeled lipoprotein that has been internalized into the cell
and that which has been degraded and remains in the cell, the
observed increase represents a metabolic component not ob-
served at 40C as well as any temperature dependent increase
in binding. Thus, consistent with studies in other cell types (10,
40), remnants are internalized and degraded at 370C but not
at 40C. HTCcells also bound rat 125I apo E rich high density
lipoprotein (HDLC), giving a curve very similar to that observed
with 251I-remnants in Fig. I B (data not shown).

Binding and metabolism of human LDL by HTCcells. Since
remnants that contain apo E can bind to both LDL (B,E) re-
ceptors and remnant (E) receptors it was important to further
characterize the specificity of the receptor. For this purpose,
studies were undertaken initially using human LDL. It is known
that human LDL binds to the rat fibroblast LDL receptor, but
that it does so with a lower affinity (41, 42). Studies presented
below compare some aspects of human and rat LDL metabolism
by HTC cells and confirm the fact that although the use of
human LDL may underestimate the affinity of HTCcell LDL
receptors, the binding qualitatively reflects that of rat LDL.

The binding pattern to HTC cells observed with human
LDL was different from that observed with remnants (Fig. 2).
Much higher concentrations of LDL than of remnants were
required to achieve measurable specific binding at 40C. At a
concentration of 200 ,g LDL protein/ml, 20 ng/ 106 cells were
bound (Fig. 2 A). The binding obtained with human LDL at
370C was threefold higher (n = 5) than that observed at 40C
(Fig. 2 B). Presumably this was due to the presence of both
internalized and partially degraded LDL as well as of surface
bound LDL. Another contrast between LDL and remnant bind-
ing was observed with EDTA. At 4VC, EDTAwas not as effective
in reducing LDL binding as a 20-fold excess of unlabeled li-
poprotein, which suggests that some Ca++ independent binding
was being measured. In the experiments performed at 37°C,
the nonspecific binding as determined using either EDTAor a
20-fold excess of unlabeled LDL gave very similar results, which
was in contrast to what was observed at 4°C. Taken together,
these data suggest that HTCcells also express a receptor that
specifically recognizes LDL, albeit with a lower affinity than for
remnants.

Competition of human LDL and rat chylomicron remnants
for the lipoprotein receptor(s) present on the HTCcell. Because
HTC cells bound both remnants and LDL specifically, it was
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Figure 2. Binding of human LDL to HTCcells at 4°C and 37°C.
Cells were prepared and grown in complete medium as detailed in
the legend to Fig. 1 and in Methods. The final human '25I-LDL con-
centrations were 25-200 ,g protein/ml (specific activity 200-390
cpm/ng) and controls contained either 4 mMEDTAor a 20-fold ex-
cess of unlabeled human LDL protein as indicated. Incubations of 1
h duration were started by the addition of HTCcells. (A) Binding at
4°C: *, total binding; o----- o, nonspecific binding in the presence
of 4 mMEDTA (bottom); o - o, specific binding equals total mi-
nus nonspecific EDTAbinding; Q ----- , nonspecific binding in the
presence of a 20-fold protein excess of human LDL (top); Q ,

specific binding equals total minus nonspecific human LDL binding.
(B) Binding at 37°C, symbols as used in A.

of interest to determine whether the same or different receptor
populations are involved. To study this question the competition
of the two lipoprotein moieties with one another was investigated.
Competitive binding studies at 4°C are shown in Fig. 3. Binding
of 2.6 Mg '251-remnants/ml is illustrated alone and in the presence
of an excess of either nonradioactive remnants, human LDL,
or rat HDLC (a lipoprotein that is enriched in apo E) (Fig. 3
A). A 50% reduction of '251-remnant binding required a threefold
excess of remnants, a twofold excess of HDLC, or a 90-fold
protein excess of human LDL. Thus, human LDL competed
with remnant binding, but did so very poorly. Moreover, while
remnants competed for >90% of remnant binding, even at high
concentrations, LDL did not compete for >62% of the remnant
binding.

The converse experiment was also carried out. Using 50 ,Ag/
ml of human '251I-LDL, a 50% reduction of LDL binding required
a fivefold protein excess of nonradioactive LDL but only a 0.06-
fold excess of remnants (Fig. 3 B). Thus, remnants were far
more effective in competing for LDL binding than was LDL
itself on a total protein basis. Taken together, these results suggest
that remnants and LDL share at least one recognition site, al-
though there may be a second remnant-specific site as well.

Lipoprotein binding and metabolism by cells grown in LDM.
The data presented thus far were obtained with cells grown in
complete medium that contained 10% calf serum. Because it
has been shown that other cell types express more receptors for
LDL when they are grown in LDM(43), the binding of lipo-
proteins to HTC cells grown in LDMwas investigated. The
cholesterol content of this medium was only 2.6% that of the
complete medium. In addition, the HTCcells were grown for
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Figure 3. Competitive binding of human LDL and rat chylomicron
remnants to HTCcells at 4VC. (A) Binding of rat '25I-chylomicron
remnants. HTCcells were grown in complete medium and harvested
as detailed in the legend to Fig. 1 and Methods. Binding assays con-
tained 2.64 gg '25I-chylomicron remnant protein per milliliter (spe-
cific activity equals 1,220 cpm/ng) and the indicated amounts of
nonradioactive human LDL, rat HDLC, or chylomicron remnants
(1.0-fold equals 2.64 Mug lipoprotein/ml). Incubations were started by
the addition of 3.9 X l0 HTCcells per 200-IA incubations and con-
tinued for 1 h at 4VC with shaking. Competing lipoproteins were: m,
rat chylomicron remnants; A, rat HDL; *, human LDL. The 100%
control value was 56 ng '25I-chylomicron remnants bound/106 cells.
(B) Binding of human '251-LDL. HTCcells were grown in LDMfor
20 h and harvested. Binding assays contained 53.8 Mg '25I-LDL pro-
tein/ml (specific activity equals 284 cpm/ng) and the indicated
amounts of nonradioactive human LDL or chylomicron remnants
(1.0-fold equals 53.8 Mg/ml). Incubations were performed as in A.
Competing lipoproteins were: a, rat chylomicron remnants; *, human
LDL. The 100% control value was 144 ng '25I-LDL bound/106 cells.

20 h before the binding experiments in 0.5 MAMcompactin to
deplete their supply of endogenously synthesized cholesterol
and to maximize the stimulus for receptor expression.

The binding of remnants at 4VC to HTC cells grown in
complete medium or in LDMwith compactin is shown in Fig.
4 A. In both cases, binding at 4VC approached saturation at
10MIg remnant protein/ml and exhibited half maximal binding

at 2-3 Mg/ml. However, whereas cells grown in complete medium
had an average maximal binding of 66 ng remnants/106 cells,
those grown in LDMhad an average maximal binding of 105
ng/106 cells, i.e. a 1.7-fold increase in remnant binding. A similar
increase in the amount of cell-associated radioactivity was ob-
served at 370C as shown in Fig. 4 B. At this temperature, the
binding and internalization were not saturated over the remnant
concentration used and the variability between different ex-
periments was large. However, in paired experiments performed
on the same day, the ratio of binding of '251-remnants at 10 Mug
protein/ml by cells grown in LDMto that of cells grown in
complete medium was equal to 1.7±0.2 (n = 5). This increase
is the same as that observed at 4VC for binding alone. Despite
the increase in maximal binding in LDMat 4VC, half maximal
binding was achieved at a similar concentration by cells grown
in either type of medium. The same conclusions are drawn from
the binding data analyzed by the method of Scatchard (44). At
40C the extrapolated total binding in LDMcompared with that

in complete medium increased 1.6-fold (154 vs. 96 ng/106 cells),
but the affinity of this binding did not change significantly (dis-
sociation constant [Kd] = 3.8 vs. 4.8 ,ug/ml).

The binding of human '25I-LDL to HTC cells grown in
complete medium or LDM containing compactin was also
compared (Fig. 5). At 4VC the LDL binding did not show com-
plete saturation, even at 250 jig LDL/ml. Cells grown in LDM
showed a mean 3.1-fold increase in human LDL binding at
each lipoprotein concentration, as compared with cells grown
in complete medium (Fig. 5). Scatchard analysis of the LDL
binding data at 4VC revealed an increase in the extrapolated
maximum binding in LDM(200 vs. 115 ng LDL/106 cells).
There was also an -twofold increase in the apparent affinity
of this binding by cells grown in LDM plus compactin (Kd
= 233 vs. 435 Mg/ml). Thus, the number of receptors increased
by culturing cells under these conditions. Although there are
several possible explanations for the altered Kd, the simplest
may be that when the cells are grown in complete medium and
assayed at 4VC, the total LDL binding is so low that accurate
separation of specific and nonspecific components is difficult.
This might also explain the lower EDTA sensitivity for the
binding under these conditions.
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Figure 4. Comparison of the binding of rat chylomicron remnants to
HTC cells grown in complete medium and in LDM. HTC cells were
grown in complete medium, harvested, and resuspended at circa 3
X 105 cells/ml in 100 ml of either complete medium or LDMcon-
taining 0.5 MMcompactin. After 20 h the cells were harvested,
washed in PBS, and binding assays were performed using 3.9 X l0t
cells in a 200 Ml vol, as detailed in Methods. The final '251-chylomi-
cron remnant concentrations were 1.2-20 yg protein/ml (specific ac-
tivity 200-450 cpm/ng). For nonspecific binding the same incubation
was carried out in the presence of 4 mMEDTAand a 10-fold pro-
tein excess of unlabeled chylomicron remnants. Incubations were
started by the addition of HTC cells and continued with shaking for
1 h. Specific binding equals total binding-nonspecific binding. Spe-
cific binding is plotted as the mean±SE for 5-8 experiments. (A)
Binding at4cC: , HTCcells grown in complete medium (Kd = 4.8
yg ml-', RT = 96 ng bound per 106 cells); o, HTCcells grown in
LDMwith 0.5 MMcompactin (Kd = 3.8t g mll, RT = 154 ng
bound per 106 cells). (B) Binding at37sC. The experimental details
and symbols are the same as in A.
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Figure 5. Comparison of the binding of human LDL to HTCcells
grown in complete and in LDMplus compactin. HTCcells were
grown as described in the legend to Fig. I and in Methods. The final
LDL concentrations used in these experiments were 25-250 ug pro-
tein/ml (specific activity 200-390 cpm/ng) and controls contained a
20-fold excess of unlabeled LDL. Specific binding is plotted as the
mean±SE for five experiments. Specific binding equals total binding
minus binding in the presence of a 20-fold protein excess of nonra-
dioactive LDL. (A) Binding at 4°C: *, HTCcells grown in complete
medium (Kd = 2 10 Ag * ml-', RT = 1 87 ng bound per I O' cells); o,
HTCcells grown in LDMwith 0.5 IgM compactin (KS = 103
,gg - ml-', RT= 525 ng bound per IO' cells). (B) Binding at 37°C.
The experimental details and symbols are the same as in A.

From these experiments it is clear that the expression of
specific binding sites for lipoproteins to HTCcells is responsive
to growth conditions that are known to change cellular cho-
lesterol metabolism (30).

Comparison of binding and internalization of rat LDL, hu-
manLDL, rat hypercholesterolemic very low density lipoprotein
(VLDL), and chylomicron remnants. Because it is difficult to
obtain adequate amounts of pure rat LDL to carry out extensive
studies, human LDL was used in most experiments. However,
species differences exist for lipoprotein binding. Accordingly,
comparative studies were carried out using rat LDL to insure
that species differences would not change the interpretation of
our results. In the preparation of rat LDL used, <3% of the
visibly stained protein was apo E. Rat LDL uptake at 37°C was
saturable, specific, and required calcium. It was increased by
culturing the cells in LDMthat contained compactin (Fig. 6
A). These characteristics are shared with human LDL (Fig. 5).
The affinity for rat LDL was between 1.5- and 5-fold greater
than for human LDL, depending upon the growth conditions'
of the cells. This is consistent with reports from other laboratories
using fibroblasts (41, 42), although the magnitude of the dif-
ference observed here was somewhat less than reported.

In addition, the metabolism of two types of rat VLDL by
these cells was studied. VLDL from normal fed rats displayed
saturable specific uptake that increased about fivefold when cells
were grown in LDMwith compactin (Fig. 6 B). VLDL from
rats fed an atherogenic diet (32) exhibited saturable specific
uptake that increased 1.8-fold when cells were grown in LDM
with compactin and had a I10-fold higher affinity compared with
VLDL from rats fed a normal diet (Fig. 6 C). Competitive
inhibition curves with rat LDL as the radiolabeled ligand are

shown in Fig. 7. In terms of ability to compete for rat LDL
binding, chylomicron remnants had the greatest potency while
rat LDL was more potent than human LDL. In experiments
with human '251I-LDL as the radiolabeled ligand there was a
similar competitive pattern of uptake, with rat LDL more ef-
fective than human LDL (not shown).

These experiments justify the use of human LDL for qual-
itative binding comparisons but confirm that, as suggested by
others (41, 42), the results cannot be quantitatively interchanged
with those of rat LDL. They also demonstrate that the choles-
terol-rich VLDL of rats fed an atherogenic diet is a ligand for
the receptor on these cells.

Degradation of lipoproteins. Degradation of each type of
lipoprotein used in these experiments was determined by mea-
suring the time-dependent appearance of 125I-labeled degradation
products in the media. Each class of lipoprotein, rat LDL, human
LDL, rat chylomicron remnants, and rat VLDL was degraded
by the cells (Fig. 8). The relative rates of degradation reflected
their relative uptake affinities.

Effect of lipoproteins on cholesterol biosynthesis by HTC
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Figure 6. Binding of rat LDL and rat VLDL to HTCcells grown in
complete medium and in LDMplus compactin. HTCcells were
grown as described in the legend to Fig. 1 and in Methods. Binding
assays were performed at 370C as described in the legend to Fig. 1.
(A) Rat LDL. The final rat '25I-LDL concentrations were 10-100 Ag
protein/ml (specific activity 161 cpm/ng). Specific binding equals to-
tal binding-nonspecific binding in the presence of 4 mMEDTA (70-
75% of total binding). It is plotted as the mean±SE for three experi-
ments. A, HTCcells grown in complete medium; A, HTCcells grown
in LDMwith 0.5 AMcompactin. (B) VLDL from rats fed a normal
diet. VLDL was prepared from rats fed a normal diet as detailed in
Methods. The final concentrations of rat '25i-VLDL were 10-200 Mg
protein/ml (specific activity 72 cpm/ng). Specific binding equals total
minus nonspecific binding in the presence of 4 mMEDTAor minus
a 10-fold protein excess of nonradioactive VLDL (similar values were
obtained with either of these two controls). Specific binding (75-90%
of total binding) is plotted as the mean±SE for three experiments.
+, HTCcells grown in complete medium; +, HTCcells grown in
LDMplus 0.5 AMcompactin. (C) VLDL from rats fed an athero-
genic diet. The final concentrations of rat hypercholesterolemic '25I-
VLDL were 1.25-20 Ag protein/ml (specific activity 819 cpm/ng).
Specific binding as defined in the legend to Fig. 6 B is plotted as the
mean±SE for three experiments. v, HTCcells grown in complete
medium; v, HTCcells grown in LDMplus 0.5 AMcompactin.
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K) Figure 7. Competitive binding
of rat '25I-LDL. HTCcells
were grown in complete me-

75 \ \ dium and harvested as detailed
in the legend to Fig. l and in

'K 1 K \Methods. Binding assays con-

o 50/ tained 30 Ag of rat 1251-LDL
2 \ * protein/mi (specific activity

161 cpm/ng) and the indicated
° 25 amounts of nonradioactive li-
Ilk poproteins (1.0-fold equals 30

Mg lipoprotein/ml). Incubations
.__._.__,_.__._.__._. were started by the addition of
4 8 /2 16 20 3.7 X i0' HTCcells per 200
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Ml incubation and continued

for 1 h at 370C with stirring. Competing lipoproteins were: A, rat
LDL; *, human LDL; *, rat chylomicron remnants. The 100% con-
trol value was 88 ng rat '25I-LDL bound/106 cells.

cells. Having established that HTCcells could bind and degrade
lipoproteins, it was next important to examine the effect of these
lipoproteins on cholesterol biosynthesis. Cells were cultured in
either complete medium or LDMand then were resuspended
in either complete medium or LDM. After 3 h of incubation
in resuspension medium, ['4C]acetate was added and the cells
were incubated for an additional 7 h. The amount of acetate
incorporated into cholesterol was then determined. The results
are shown in Table I. HTCcells grown and incubated in complete
medium had a mean rate of ['4C]acetate incorporation into
cholesterol of 18,900 cpm/10' cells per 7 h (line 1). Similar
results were obtained when the cells were grown in LDMand
resuspended in complete medium (line 4). In contrast, HTC
cells resuspended in LDMhad a significantly greater (P < 0.00 1)
rate of ['4C]acetate incorporation into cholesterol. The rate was
the same regardless of whether they were initially grown in
complete medium or LDMbefore resuspension in LDM(lines
2 and 3). These results verified that the rate of cholesterol bio-
synthesis by HTCcells in culture can be rapidly modulated by
variation in the cholesterol content of the medium.

Inclusion of chylomicron remnants at 20-30 ,Ag cholesterol/
ml reduced the rate of ['4C]acetate incorporation by cells grown
in LDMand resuspended in LDM to a level comparable to
that of cells grown and resuspended in complete medium (line
6 compared with line 1). HumanLDL, which bound much less
efficiently to the HTCcells, reduced ['4C]acetate incorporation
into cholesterol by -25% (line 8, compared with line 3). The
amount of inhibition was independent of cholesterol concen-
tration over the range of 53-292 ,ug LDL cholesterol per milliliter.

When cells were transferred to LDMat the start of a 3-h
incubation, the inclusion of remnants in the medium prevented
the increase in ['4C]acetate incorporation (line 5, compared
with lines 1 and 2), whereas the inclusion of human LDL (line
7 compared with lintes 1 and 2) did not. Thus, chylomicron
remnants both returned cholesterol synthetic levels in cells grown
in LDMto the level seen in complete medium and prevented
the rise induced by transfer from complete medium to LDM.

In contrast, human LDL only partially reduced the cholesterol
synthetic rate of cells grown in LDMand did not prevent the
rise induced when cells were transferred from complete to LDM.
These findings are consistent with the binding data and confirm
the concept that the amount of cholesterol to which the HTC
cells are exposed is not per se the crucial factor in regulating
cholesterol biosynthesis, but rather it is the ability of the cell
to bind and transport the particular lipoprotein particle involved
that is important.

When either remnants (line 9) or human LDL (line 10)
were added at the highest concentrations used in the previous
experiments to HTCcells grown and resuspended in complete
medium, there was no suppression of [I4Clacetate incorporation
into cholesterol to a level below that seen in cells grown in
complete medium (line 1). The same was true when the entire
lipoprotein-enriched fraction derived from the upper layer of
calf serum (density 1.21) was used, even though it contained
2.5 times the cholesterol content of complete medium (line 1 1).
Two possibilities exist to explain this failure to suppress cho-
lesterol synthesis to a level below the base line that was expressed
by culture in complete medium. Either the cells simply cannot
lower their rate of synthesis any further, which would constitute
an abnormality of the intracellular mechanism for feedback
inhibition, or the number of receptors expressed in the presence
of serum is inadequate to transport sufficient cholesterol in chy-
lomicron remnants to suppress synthesis further. To distinguish
between these possibilities, the abnormal VLDL from hyper-
cholesterolemic rats were used. These lipoproteins contain sub-
stantially more cholesterol per particle than do chylomicron
remnants (32, 34), and are bound and degraded by HTCcells
(Figs. 6 and 8). As would be expected, if the number of lipo-
protein receptors was limiting the amount of cholesterol entering
the cell, ['4C]acetate incorporation into cholesterol in the pres-
ence of hypercholesterolemic VLDL was suppressed below the
level present in cells grown in complete medium (Table I, line
12 compared with line 1). This suppression was dose dependent

Figure 8. Lipoprotein degrada-
120- tion by HTCcells. HTCcells

growing in complete medium
(40 ml at 6 X 105 cells/ml)

8 were harvested and degrada-
tion experiments performed as
detailed in Methods. Incuba-

t ° 40 tions were started by the addi-
Q. Z, /tion of '251-labeled lipoproteins

and continued at 370C with
stirring. Control incubations

2 4 6 8 (0 for the experiments shown
rI ME (H) here did not contain any HTC

cells. The ordinate plots TCA soluble counts not extracted into chlo-
roform as nanogram degraded lipoptotein per 106 cells (experimental-
control incubations). Lipoprotein degradation by cells at 6VC was

minimal. ., rat chylomicron remnants, 2 Mg/ml; A, rat LDL, 10 ,ug/
ml; v, rat hypercholesterolemic VLDL, 2 Mug/ml; o, human LDL, 10
Mlg/mi.
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Table I. Incorporation of ['4CAcetate into Cholesterol by HTCCells

Growth medium Resuspension medium Lipoprotein added ['4ClAcetate incorporation into cholesterol

cpm/107 cells/7 h

1. Complete Complete None 18,870+740 (n = 18)
2. Complete Lipid depleted None 46,450±7,500 (n = 3)*
3. Lipid depleted Lipid depleted None 44,400±2,970 (n = 9)*
4. Lipid depleted Complete None 21,970 (n = 1)
5. Complete Lipid depleted CR 23,615 (n = 2)
6. Lipid depleted Lipid depleted CR 20,320±2,390 (n = 3)
7. Complete Lipid depleted LDL 33,450 (n = 1)
8. Lipid depleted Lipid depleted LDL 32,790±3,450 (n = 3)
9. Complete Complete CR 20,610±1,290 (n = 4)

10. Complete Complete LDL 19,900 (n = 1)
11. Complete Complete Total serum lipoproteins 22,050 (n = 2)
12. Complete Complete Hypercholesterolemic VLDL 11,500±790 (n = 6)*

HTCcells were grown in complete medium or LDMfor 20 h, harvested and resuspended in fresh complete medium or LDM. They were
incubated for 3 h in the presence of the indicated lipoproteins, and then ['4C]acetate (2 MCi/hmol, final concentration 0.2 mM) was added and
the incubation continued for 7 h. After the addition of 3H-cholesterol as an internal standard, the suspensions were saponified, extracted with
petroleum ether, and the cholesterol was isolated by thin layer chromatography as described in Methods. Lipoprotein concentrations after resus-
pension in LDMwere: chylomicron remnants (CR) 7-10 jig protein/ml with 20-30 uig cholesterol/ml; human LDL 50-110 Mgg protein/ml with
130-290 Mug cholesterol/ml. Concentrations of lipoproteins in resuspensions with complete medium were: chylomicron remnants 10 Mg protein/
ml with 30 Mg cholesterol/ml; human LDL 110 Mig protein/ml with 290 Mg cholesterol/ml; hypercholesterolemic VLDL 30 Mg protein/ml with
105 Mg cholesterol/ml; total calf serum lipoprotein 45 Mg/ml. n = number of experiments. Results±SEM are given. * Significantly different
from line I (P < 0.001).

over the range of 35-113 jg cholesterol/ml (data not shown).
Thus, these studies provide no support for the presence of an
intrinsic defect in the mechanism of the regulation of cholesterol
biosynthesis. Rather, they suggest that the degree of regulation
of cholesterol biosynthesis in a hepatoma cell by lipoproteins
is more likely to be determined by the nature and number of
lipoprotein receptors expressed by the cell in vivo, and, other
factors being equal, by the amount of cholesterol within each
lipoprotein particle.

Comparison of remnant binding to cell membranes from
hepatomas and normal liver. Based on the above data, the hy-
pothesis that the deletion of feedback inhibition seen in hep-
atomas in vivo is due to a diminished ability to transport chy-
lomicron remnants as compared with normal liver, continued
to be plausible. To test whether there were fewer receptors ex-
pressed on hepatomas than on normal liver in vivo, cell mem-
branes were prepared from normal livers, livers of rats bearing
hepatomas, hepatomas that had been implanted intramuscularly
or subcutaneously, and hepatoma cells grown in vitro. The ability
of each of these preparations to specifically bind chylomicron
remnants was measured. The assay was similar to that reported
by Kovanen et al. (45) and used by Hui et al. (46). There was
no significant difference in binding between membranes of liver
from normal rats and the liver of tumor-bearing animals (Fig.
9). However, the membranes from tumors themselves bound
significantly fewer remnants than did either liver preparation
(P < 0.001). The membranes from intramuscularly grown tu-

mors bound slightly fewer remnants than those from tumors
grown subcutaneously in the same animal. Membranes from
the hepatoma cells that had been grown in vitro bound signif-
icantly fewer remnants than those from either normal livers or
subcutaneously grown tumors. They also bound fewer remnants
than intramuscularly grown tumors, but this difference was not
statistically significant. Maximal binding to membranes from
intramuscularly grown tumors was -30% of that to normal
liver. No significant differences in binding affinities, as deter-
mined by the slopes of the Scatchard plots, were noted
(Fig. 9 B).

These data support the concept that hepatomas express sub-
stantially fewer receptors capable of binding chylomicron rem-
nants than does normal liver. When considered along with the
in vitro experiments, these data add strong support to the hy-
pothesis that the lack of feedback inhibition in hepatomas is
due at least in part to a diminished capacity of the tumor to
transport lipoproteins of dietary origin as compared with normal
liver.

Discussion

Cholesterol is an essential component of all mammalian cell
membranes and, as such, regulation of its synthesis and me-
tabolism is of prime importance for cellular growth and function.
The demonstration of loss of regulation of cholesterol biosyn-
thesis by dietary cholesterol in a variety of liver neoplasms (14-
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Figure 9. Binding of ['25I]chylomicron remnants to cell membranes.
Cell membranes were prepared from livers of control rats (n = 5),
livers of tumor-bearing rats (n = 7), subcutaneous tumors (n 7),
intramuscular tumors (n = 7), and batches of HTCcells in vitro (n =
4) as detailed in Methods. Incubations at 370C for I h contained in a
200 ul total vol: 50 mMTris/HCl buffer pH 7.5, 100 mMNaCl, 0.5
mMCaCl2, 150-180 ug protein in cell membranes, and '251-chylomi-
cron remnants, (specific activity 360 cpm/ng). Control incubations
contained a 15 times protein excess of nonradioactive chylomicron
remnants or 0.2 mMsuramin. Specific binding was determined as
described in Methods and is plotted in A as micrograms '251-chylomi-
cron remnants bound per milligram cell membrane protein vs. the
chylomicron remnant concentration in micrograms per milliliter. The

18) led to the hypothesis that this regulatory defect was associated
with the etiology or pathogenesis of the malignant state (15).
Thus, it became important to identify precisely which step in
the regulatory pathway of cholesterol metabolism was aberrant.

Evidence has been provided that many of the intracellular
events in the regulation of cholesterol biosynthesis are intact in
these cells (22, 25), and that uptake of intragastrically admin-
istered cholesterol by tumors was less than by liver (23). Ac-
cordingly, we hypothesized that the abnormality in regulation
relates to the delivery of cholesterol to the cell as modulated
by the number, type, or affinities of the lipoprotein receptors
present on the plasma membrane of the hepatoma cells as com-
pared with those of normal hepatocytes. The present studies
first used hepatoma cells in tissue culture to characterize the
lipoprotein receptors present. Tissue culture was chosen because
it affords rigid control of the cells' environment and circumvents
problems of access of lipoproteins to the cells. From the work
reported here it is clear that HTCcells do express lipoprotein
receptors on their cell surface when grown in culture. These
receptors bind rat chylomicron remnants, rat LDL, human LDL,
and rat VLDL, and these lipoproteins are internalized and de-
graded. Chylomicron remnant binding has recently been shown
to be present in at least one other hepatoma cell line (47). Thus,

CHYLOMICRONREMNANTS, JUG BOUND. MG PROTEIN-

same batch of chylomicron remnants was used in these experiments.
Mean±SEMis shown. *, liver membranes from control rats; o, liver
membranes from rats bearing tumors; o, membranes from subcuta-
neously grown tumors; A, membranes from intramuscularly grown
tumors; A membranes from HTCcells in vitro. (B) The data of Fig.
9 A are plotted as bound/free vs. bound chylomicron remnant con-
centration. *, liver from control and tumor-bearing rats (Kd = 12 yg
chylomicron remnants/ml, maximum bound equals 4.36 Mg chylomi-
cron remnants/mg protein; o, subcutaneous tumor (Kd= 7, max. =
1.59); A, intramuscular tumor (Kd = 9, max = 1.29); A, HTCcells
(Kd = 6 ug chylomicron remnants/ml, maximum bound equals 0.8
Mg chylomicron remnants/mg protein).

it appears that the abnormality in regulation of cholesterol syn-
thesis is not due to a complete deletion of the ability of the
hepatoma to bind or transport lipoproteins.

Instead, the above results suggest that the defect relates to
the quantitative ability of these cells to bind and transport li-
poproteins. The number of lipoprotein receptors expressed by
HTCcells grown in the presence of calf serum was inadequate
to facilitate the transport of sufficient cholesterol, carried by
normal chylomicron remnants or human LDL, to result in
suppression of [14C]acetate incorporation into cholesterol to a
level below its base line. However, lipoproteins containing apo
E, which were highly enriched in cholesterol per particle, did
suppress ['4C]acetate incorporation into cholesterol below the
base-line level, which demonstrated that cholesterol synthesis
in these cells was indeed susceptible to further inhibition by
lipoprotein-derived cholesterol.

The defect could also relate to the nature of the lipoprotein
receptors present. Currently it is believed that liver can express
at least two relatively distinct lipoprotein receptors. The first
has been characterized extensively by Brown and Goldstein (43)
in human skin fibroblasts and is referred to as the LDL or B,E
receptor. This receptor requires Ca" for binding and its numbers
on the cell surface can be regulated in response to changes in
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sterol metabolism. The second receptor, which is responsible
for chylomicron remnant clearance, recognizes only apo E, is
more resistant to EDTA, and is expressed at the same level
regardless of the metabolic state of the liver (11, 32, 48, 49).
Because both receptors recognize apo E, both can transport
chylomicron remnants, hence either receptor could be respon-
sible for the ability of hepatomas to transport remnants as ob-
served in this study. On the basis of the data in this report it
is clear that these hepatomas express an LDL-type receptor.
The receptors on these cells recognized human LDL, were Ca+-
dependent, and were induced by culturing in LDMin the pres-
ence of compactin. The question of whether there is also a
remnant or apo E receptor could not be definitively resolved.
On the one hand, the competitive binding studies, which revealed
that LDL was able to displace only a portion of the remnant
binding are consistent with the notion that there are at least
some remnant-specific receptors on these cells. In less extensive
studies, similar findings were made with purified rat LDL. How-
ever, the number of rats required for extensive studies with rat
LDL was prohibitive, and the very high concentrations of LDL
that might be needed to compete for the higher affinity apo E
binding to the LDL receptor are toxic. Thus, definitive resolution
of the exact nature of the lipoprotein receptor(s) on HTCcells
will require the development of specific probes for the LDL and
remnant receptors.

Having demonstrated that functional lipoprotein receptors
are expressed in vitro, it became important to compare the
number of receptors expressed by hepatoma cells in vitro with
that expressed in vivo, and to compare this with the number
of receptors expressed by normal liver. To do this, the binding
of chylomicron remnants to cell membranes was studied. Con-
sistent with our hypothesis, the binding of chylomicron remnants
to liver membranes from either normal or tumor-bearing animals
was several fold greater than that to tumor membranes. Although
it is not certain whether this is due to a reduction or a complete
absence of remnant receptors, a difference of this magnitude
should significantly lower the ability of tumors to transport
chylomicron remnants in vivo as compared with normal liver.

There were some differences in binding among various HTC
cell preparations. Membranes from subcutaneously grown tu-
mors had a greater binding capacity than those from in vitro
grown hepatoma cells, while membranes from tumors grown
intramuscularly were intermediate. This result suggests that the
expression of lipoprotein receptors by a tumor cell can be reg-
ulated by its environment. This is consistent with the in vitro
demonstration that the number of receptors could be increased
by growing the cells in LDMwith compactin.

From all of the above findings it is clear that hepatomas do
express lipoprotein receptors. Wepostulate that a relative lack
of lipoprotein receptors expressed by hepatomas in comparison
with those on normal liver explains why hepatoma cells in vivo
may not compete efficiently with normal liver for the remnants
in the circulation after a cholesterol-containing meal, and there-
fore may explain why the tumors exhibit an apparent lack of
feedback inhibition of cholesterol synthesis.
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