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ABSTRACT

Low density lipoprotein receptor activity in cultured rabbit aortic
smooth muscle cells was enhanced by the addition of the conditioned
medium derived from the serum-free culture of a human lung cancer cell
line. By gel filtration, two peaks of low density lipoprotein receptor-
enhancing fractions were obtained, and the molecular weights were
140,000 and >850.000. These fractions also stimulated []H)thymidine

incorporation into DNA. Maximal stimulations of the low density lipo
protein receptor activity and |3H]thymidine incorporation were observed

at 16 and 20 h after the addition of the conditioned medium, respectively.
The apparent A,.,(about 10 jig/ml) was not changed by the addition of
the conditioned medium. De novo cholesterol synthesis was also stimu
lated by the conditioned medium. It is speculated that certain factors
released from the cancer cells affect cholesterol metabolism in normal
cells.

INTRODUCTION

In several epidemiolÃ³gica! studies an inverse correlation be
tween the plasma cholesterol level and cancer death has been
found (1-3). Hypocholesterolemia may be a predisposing factor
for cancer development, or it may occur secondary to cancer.
Recently, certain malignant cells have been found to have
greater LDL2 receptor activity than the corresponding normal
cells (4, 5). It is possible that one of the causes of hypocholes-
terolemia in cancer patients is accelerated LDL receptor activity
in the malignant cells. On the other hand, it is not known
whether or not malignant cells affect normal cells. Using a
serum-free culture system, we investigated the effect of the
conditioned medium derived from a cancer cell line on LDL
receptor activity.

MATERIALS AND METHODS

Smooth Muscle Cells. Rabbit aortic smooth muscle cells were ob
tained from a male newborn rabbit. Segments of thoracic aorta were
obtained under aseptic surgical conditions, and expiants of medial
segments of the aorta were prepared according to the method of Ross
(6). Expiants were grown in 35-mm plastic Petri dishes (Falcon: Becton
Dickinson Labware. Oxnard. CA) containing DMEM (Flow Labora
tories, McLean. VA) supplemented with penicillin (100 units/ml),
streptomycin (100 jig/ml), and 10% (v/v) fetal bovine serum (Flow
Laboratories) in humidified 95% air/5% CO2 at 37Â°C.When the cells

were confluent, they were dispersed with EDTA-trypsin solution (0.02%
EDTA and 0.25% trypsin: Difco Laboratories. Detroit. MI) and trans
ferred to a 25-cm2 culture flask (Falcon). Cells within the 12th passage

were used for experiments. For LDL receptor assay, the cells were
dispersed with EDTA-trypsin solution, and 3.0 x IO4cells were seeded
into 60-mm plastic Petri dishes (Falcon) containing 3 ml of DMEM
with 10% fetal bovine serum. Four days after seeding, the medium was
removed and the cells were washed once with 3 ml of serum-free
DMEM. Then 2 ml of DMEM supplemented with 10 mg of bovine
serum albumin (tissue culture grade: Sigma Chemical Co.. St. Louis.
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MO) were added, and the cells were cultured for an additional 36 h.
Lung Cancer Cell Line. The original cell line was established from

human adenocarcinoma of a lung as described elsewhere (7). When a
uniform monolayer was obtained, fetal bovine serum was decreased
stepwise over a long interval. In this manner, the cells could be main
tained in serum-free F-12 medium (Flow Laboratories) without any
other supplements. This cell line, HLC-Y3, has been maintained for
over 8 years. The doubling time for 1.0 x 10s cells seeded into a 60-

mm plastic Petri dish containing 5 ml of culture medium was about 72
h in a serum-free culture.

Conditioned Medium. Spent medium obtained from the HLC-Y3
culture system was collected under sterile conditions and stored at 4Â°C.

After removal of cell debris, the medium was concentrated about 100-
fold by ultrafiltration (Labo Cassette; M, \ 0,000 cutoff; Millipore Japan
Co.. Japan) and lyophilized.

Lipoproteins. LDL (density. 1.019-1.063 g/ml) and high density
lipoprotein (density. 1.063-1.210 g/ml) were obtained from the plasma
of healthy volunteers who had fasted for 15 h and were prepared by
sequential ultracentrifugation as described by Hatch and Lees (8). I25I-
LDL was prepared by the iodine monochloride method (9, 10). I25I(in
NaOH solution; specific activity, 100 mCi/ml; 1 Ci = 3.7 x 10'Â°
becquerels) was purchased from Amersham (England). The concentra
tion of LDL is given in terms of its protein content.

Gel Filtration. A gel filtration column, TSK-G3000SW (Toyosoda
Co., Japan), was used for molecular weight determination by high
performance liquid chromatography. The column was equilibrated with
Ca2+- and Mg2+-free Dulbecco's PBS containing 0.2 MNaCl. Lyophi

lized conditioned medium (3 mg) was dissolved with 0.5 ml of the PBS.
The sample was applied and eluted at a rate of 0.5 ml/min with the
PBS: 0.5-ml fractions were then collected. The column was calibrated
with the following standards: glutamate dehydrogenase. M, 290,000;
lÃ¡clate dehydrogenase, M, 142.000; enolase. M, 67,000; adenylate
kinase. M, 32.000: cytochrome e. M, \ 2,400. All samples were sterilized
by filtration (Millex-GV 0.22 /urn: Millipore Co., Bedford, MA) just
before use.

Assay Methods. LDL binding and degradation were measured by the
method of Goldstein et al. (11). Non-cell-associated lipoprotein binding
and degradation were measured under identical conditions in cell-free
dishes and were subtracted from the binding and degradation of the
cell-containing dishes.

[3H]Thymidine incorporation into DNA was measured according to

the method described by Mirata and Orth (12). The cells were incubated
with 2.5 uCi of [3H]thymidine (Amersham; 5.0 Ci/mmol) for 2 h at
37Â°C.

For determination of de novo cholesterol synthesis, 2.0 uCi of
[l-I4C]acetic acid, sodium salt (Amersham: 57 mCi/mmol). were added
to each dish, and the incubation was carried out for 2 h at 37Â°C.The

assay was performed as described elsewhere (13).
Protein was measured by the method of Lowry et al. (14). Duplicate

dishes were used for each determination.

RESULTS

LDL receptor activities on the smooth muscle cells were
measured as binding and degradation. LDL binding and deg
radation increased and become saturated with increasing con
centrations of 125I-LDL. There was an apparent suppression of

LDL degradation according to the increasing concentration of
unlabeled LDL. but not unlabeled high density lipoprotein (data
not shown).

Fig. 1 shows the time course of stimulation of LDL receptor
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Fig. l. Time course of stimulation of LDL receptor activity and DNA synthesis
by the conditioned medium. The cells were cultured in the growth medium for 4
days, and each monolayer was washed once with serum-free medium; then 2 ml
of the medium containing 0.5% bovine serum albumin were added. During the
additional 40 h of incubation, conditioned medium was added (final dose, 100
up 'ml) at each point, which indicates the length of exposure to conditioned
medium. The last 4 or 2 h was the incubation time for LDL receptor assay of
DNA synthesis assay, respectively, using I25I-LDL (final dose, 10 jig/ml: specific
activity, 127 cpm/ng protein) and [3H]thymidine (2.5 Â«Ci/dish), respectively.
Time 0 indicates the end of the incubation time for LDL receptor assay and DNA
synthesis assay; the conditioned medium was added immediately after the assay
incubation. The value of time 0 indicates the control of the value of each time
point.
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Fig. 2. Effect of concentration of conditioned medium on LDL binding and
degradation. The cells were cultured in the growth medium for 4 days and washed
once with serum-free medium; then 2 ml of the medium containing 0.5% bovine
serum albumin were added. Each concentration of the conditioned medium was
added 24 h after the medium change. After a further 12 h, i:'I 1.1)1 (final dose,

10 Â»ig/ml;specific activity, 104 cpm/ng protein) was added, and the cells were
incubated for 5 h at 37'C. Total binding and degradation (O) were corrected by
subtracting the values for cell-free dishes under identical conditions, and the
corrected values of binding (A) (â€¢)and degradation (B) (â€¢)were shown, x, specific
binding and degradation corrected by the nonspecific values of using excessive
unlabeled LDL (300 Mg/dish).

activity and DNA synthesis by the conditioned medium. The
enhancement of LDL binding and degradation occurred during
the early incubation period. Maximal stimulation was observed
16 h after the addition of the conditioned medium. On the
other hand, [3H]thymidine incorporation into DNA was de
creased for the first 12 h but gradually increased to a peak after
20 h.

As shown in Fig. 2, LDL binding and degradation were
stimulated dose dependently by the conditioned medium up to
400 /(g/ml. We also examined the effects of the conditioned
medium on the kinetics of LDL receptor activity. The activity,
assayed as LDL degradation (Fig. 3/1). was saturable with
increasing concentrations of '"I-LDL in either the presence or
the absence of the conditioned medium. Fig. 3/f shows the

Fig. 3. Effect of conditioned medium on the kinetics of LDL receptor activity.
Each concentration of '"I-LDL (specific activity. 68 cpm/ng protein) was added

12 h after the addition of the conditioned medium (final dose. 100 pg/ml) and
incubated for 5 h at 37'C. (A) Saturation curve of corrected LDL degradation in

the presence (â€¢ â€¢)and the absence (O O) of the conditioned medium.
Non-cell-associated LDL degradation in the presence (â€¢ â€¢)and the absence
(O O) of the conditioned medium; the value of the cell protein was used as the
average of the cell-containing dishes. (B) Double reciprocal plots of the same data
as in A.

double reciprocal plots for degradation. The point of intersec
tion with the abscissa is -/Km. The Kmwas not changed by the
addition of the conditioned medium (about 10 Â¿ig/ml),whereas
the Vma,was increased from 4000 to 9100 ng of LDL per mg
of cellular protein per 5 h by its addition.

Two peaks of active fractions, which enhanced LDL receptor
activity, were detected by gel filtration. The fractions were at
39 and 26, and their predicted molecular weights were 140,000
and >850,000, respectively. The fractions enhancing [3H]thy-
midine incorporation into DNA were similar to those enhanc
ing LDL receptor activity (Fig. 4).

As shown in Fig. 5A, lower concentrations of the conditioned
medium dose dependently stimulated de novo cholesterol syn
thesis, with the peak increase being observed 6-8 h after the
stimulation (Fig. 5B).

DISCUSSION

LDL is the major cholesterol transport particle in human
plasma. After binding to cell surface receptors, LDL is inter
nalized and degraded by lysosomal enzymes, yielding free cho
lesterol which is used for membrane synthesis (15-17). The
activity of LDL receptors in the cultured fibroblast can be
increased by certain hormones including insulin (18), triiodo-
thyronine (19), and glucocorticoid (20). Platelet-derived growth
factor (21) and linoleic acid hydroperoxide (22) have similar
effects on cultured aortic smooth muscle cells. Our study pro
vided evidence that LDL receptor activity in cultured rabbit
aortic smooth muscle cells was enhanced by the addition of the
conditioned medium derived from the human lung cancer cell
line. LDL binding and degradation were enhanced dose de
pendently by the conditioned medium. To confirm that a spe
cific substance that regulates the LDL receptor activity was
released by the tumor cells, the following control study was
performed. Serum-free Ham's F-12 medium and conditioned

medium from a companion dish of smooth muscle cells were
concentrated about 100-fold by ultrafiltration (A/r 10,000 cut
off) and lyophilized. To collect the conditioned medium, the
monolayers cultured with growth medium were washed with
serum-free DMEM and cultured with serum-free DMEM for
24 h. LDL receptor assay was performed by the same method
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Fig. 4. TSK-G3000SW gel nitration of the conditioned medium. Three mg of
the lyophilized conditioned medium were dissolved with 0.5 ml of Dulbecco's
PBS (0.2 M NaCI). TSK-G3000SW was equilibrated with the PBS. The sample
was eluted at the flow rate of O.S ml/min with the same buffer and collected every
minute. Fractions 23 to 55 were tested. LDL receptor activity was determined as
described in the legend to Fig. 2. Samples (100 /il/dish) were added, and receptor
assay was performed after a further 12 h ('"I-LDL specific activity, 124 cpm/ng
protein). [3H]Thymidine incorporation into DNA was determined as described in
the legend to Fig. 1. Samples (100 (iIdisii) were added 20 h after the medium
change and incubated for 16 h. Then [3H]thymidine was added and the sample
was incubated at 37'C for 2 h. LDL degradation, [3H]thymidine incorporation
<!'). and absorbance at 280 nm are shown.
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Fig. 5. Effect of conditioned medium on de novo cholesterol synthesis. The
effects of dose (A) and time course (B) are shown. The cells were prepared as
described in the legend to Fig. 1. Each concentration of the conditioned medium
was added 28 h after the medium change. After a further 8 h, cholesterol assay
was performed (.I). The incubation time with albumin-containing medium was
36 h; during this time, the conditioned medium was added (final concentration,
100 fig/ml) at each time point, which indicates the length of exposure to the
conditioned medium (B). For cholesterol assay, 2 pCi of [l-'4C]acetic acid sodium
salt were added and the cells were incubated for 2 h at 37'C. After saponification
(75*C, 2 h), digitonin-precipitable sterols were isolated and incorporated "C was

counted.

for tumor-derived conditioned medium (final dose, 100 jug/ml).
No stimulation was observed by the concentrated F-12 medium
or conditioned medium from the aortic smooth muscle cells.

It is difficult to concentrate the spent medium from the usual
serum-supplemented culture system. Fetal bovine serum con
tains lipoproteins and other factors, such as a platelet-derived
growth factor, and insulin which affect LDL receptor activity.
Therefore, a serum-free culture system is greatly advantageous
in the preparation of conditioned medium. Although intensive
efforts have been made to develop human cell lines in a serum-
free medium, only a few have been successful (7, 23-28). In our

laboratory the lung cancer cell line, HLC-Y3, could be main
tained by Ham's F-12 medium alone without any other supple

ments for more than 8 years.
The apparent Km was not changed by the addition of the

conditioned medium, but the apparent Vmaxwas increased from
4000 to 9100 ng of LDL per mg of cellular protein per 5 h.
This suggests that the conditioned medium increases the num
ber of LDL receptors, rather than the affinity of the receptors
for LDL. The apparent Km was similar to that of human skin
fibroblasts reported by Goldstein and Brown (29).

By gel filtration, two peaks in the conditioned medium en
hanced LDL receptor activity. Their molecular weights were
estimated to be approximately 140,000 and >850,000. The
molecular weight of the larger fraction is uncertain because: (a)
there is no standard in this molecular weight range; and (b) this
peak Ã©lÃ»tesat about the void volume of the column. The
fractions enhancing maximal | 'I I |tIn midine incorporation into

DNA were similar to those enhancing LDL receptor activity.
This suggests that the conditioned medium acts as a growth
factor and stimulates LDL receptor activity. The molecular
weights were larger than those of the platelet-derived growth
factor or transforming growth factor. Since the active fractions
of the molecular weight of about 140,000 contained a relatively
small amount of protein, it is unlikely that this phenomenon is
caused by nonspecific nutritional improvement of the culture
medium. Although DNA synthesis was blocked by mitomycin
C, LDL receptor activity was enhanced by the conditioned
medium (data not shown). Therefore, not all of the activity is
due to the growth factor; the conditioned medium may affect
lipid metabolism in the quiescent cells. Further purification is
under way.

The time course of stimulation of LDL receptor activity and
DNA synthesis by the conditioned medium resembled that of
the platelet-derived growth factor (21). LDL receptor activity
was enhanced prior to DNA synthesis. This finding suggests
that exogenous cholesterol is supplied to the cells for its use
during cell proliferation. The reason why DNA synthesis was
suppressed early after stimulation is not clear. The conditioned
medium may simultaneously contain substances that suppress
DNA synthesis.

The mechanism of the enhancing effect of the conditioned
medium on LDL receptor activity and de novo sterol synthesis
is not clear. It is well known that agents that decrease cell
cholesterol content increase the number of LDL receptors (16).
For example, casein and thyroglobulin are particularly good
cholesterol acceptors (30). It is possible that tumor-derived
conditioned medium draws cholesterol out of cells, which stim
ulates LDL receptor activity and de novo cholesterol synthesis.
However, the active fraction with a molecular weight of about
140,000 contains a relatively small amount of protein; the
fraction accounted for about 1.6% of the total protein, and the
final concentration of the conditioned medium was about 5 fig
of protein per ml for LDL receptor assay in Fig. 4. It is therefore
more likely that the conditioned medium acts as primary LDL
receptor stimulant rather than a cholesterol acceptor.

Recently, certain malignant cells have been found to have
greater LDL receptor activity than the corresponding normal
cells (4, 5), which partly explains why the plasma cholesterol
level is lowered in cancer patients. Our study indicates that the
conditioned medium from the human lung cancer cell line
contained substances that affect cholesterol metabolism of nor
mal cells. However, the physiological significance of our data
is not clear; the possibility cannot be ruled out that cancer cells
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play a role in lowering the serum cholesterol level in cancer-

bearing patients.
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