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ABSTRACT

The role of prostaglandin !â€¢:.-(l'<, I ,) in directly stimulating metastatic

spread by I.rÂ»islung carcinoma (III) cells was examined with the use
of an in vitro migration model for tumor dissemination. The extent to
which cloned metastatic and nonmetastatic I I ( cells migrated out of
glass capillary tubes in vitro reflected their capacity to form pulmonary
mÃ©tastasesÂ¡avivo. The addition of l'( .1 . to metastatic LLC cells further

stimulated their migration. Other cyclooxygenase products, besides
l"(,1 ,, did not stimulate the migration of metastatic LLC cells. Nonmet

astatic LLC cells did not migrate out of capillary tubes, even in the
presence of exogenous PGE2. the amount of PGE2 secreted by cloned
LLC cells was quantitated by a radioimmunoassay. Nonmetastatic LLC
cells secreted more l'(.l, than did the metastatic LLC cells. When the

nonmetastatic LLC cells were either mixed with or placed adjacent to
cloned metastatic LLC cells, the migration by the metastatic LLC cells
was stimulated. The migration-stimulatory capacity of the nonmetastatic
LLC cells was minimized in the presence of indomethacin, a prostaglandin
synthesis inhibitor. Studies were conducted to relate these in vitro results
to tumor metastasis in vivo. Injection of a mixture of metastatic and
nonmetastatic LLC cells into mice s.c. resulted in a greater number of
lung mÃ©tastasesthan did injection of metastatic cells alone. This increase
in metastasis formation was prevented by indomethacin. Formation of
pulmonary mÃ©tastaseswas also augmented when irradiated nonmetastatic
LLC cells were injected into metastatic LLC-bearing mice. The results
of our studies suggest that nonmetastatic LLC cells, by producing PGE2,
can augment in vitro migration and in vivo dissemination of metastatic
LLC cells. Thus, the response of tumor cells to l'<, I :. rather than simply

their production of PGE2, appears to be important in regulating tumor
dissemination.

INTRODUCTION

The process of tumor metastasis involves a sequence of steps
by which malignant cells depart from a primary tumor and
eventually form new foci at distant sites (1, 2). However, not
all tumor cells are malignant. Tumors are composed of heter
ogeneous subpopulations of tumor cells, some of which have a
greater capacity to produce mÃ©tastasesthan others. Studies
utilizing cloned tumor cells, such as B16 melanoma or LLC,3

have shown that there is a wide diversity among tumor cell
subpopulations with regard to their capacity to produce mÃ©tas
tases (3-5).

Metastasis is a process involving selection of preexisting
metastatic cells. Soluble tumor-derived factors, such as PGE:
may alter tumor metastasis. Secretion of l'( ;!â€¢'...has been asso

ciated with malignant breast tissue, B16 melanoma tissue, and
LLC tumor cells (6-9). The importance of prostaglandins in
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promoting tumor metastasis has also been suggested in in vivo
studies where the administration of prostaglandin synthesis
inhibitors, such as indomethacin or aspirin, decreased the de
velopment of mÃ©tastases.Reduced formation of mÃ©tastaseswas
observed in fibrosarcoma-bearing rats when treated with aspirin
(10) and in mice bearing LLC or mammary carcinoma tumors
when treated with indomethacin (11, 12).

Whether or not the production of PGE2 has a direct corre
lation with the metastatic capacity of tumor cells is controver
sial. In some studies, elevated PGE levels have been associated
with increased tumor metastasis. For example, the metastatic
mammary tumor lines 4526 and 410.4 produced more PGE
than did the nonmetastatic tumor line 410(13). However, other
studies have shown either no correlation or a negative correla
tion between PGE2 production and tumor metastatic capacity
(4, 14). No relationship was observed between breast cancer
PGE content and lymph node involvement while tumors me-
tastasizing to the bone had reduced PGE content (14). We
previously showed that cloned metastatic variants of LLC se
creted less PGEj than did cloned nonmetastatic LLC variants
(4). These conflicting results may in part be attributed to the
heterogeneity of the tumor cell subpopulations and the Â¡util
trating host cells, such as macrophages, which may produce
PGE2 within a tumor mass (15).

To investigate the possibility that PGE2 can directly stimulate
tumor metastasis, we have used migration of tumor cells out of
glass capillary tubes as an in vitro model for the early stage of
the metastatic process, dissemination of tumor cells from the
primary tumor mass (4, 15). The in vitro migration capacities
of tumor cells have been shown by us and by others to reflect
their in vivo metastatic capacities. Cloned metastatic LLC cells
and metastatic MAT 13762 rat mammary adenocarcinoma cells
migrated out of glass capillary tubes in vitro to a greater extent
than did the nonmetastatic variants (4, 16). Metastatic 3-meth-
ylcholanthrene-induced fibrosarcoma cells migrated /// vitro out
of agarose to a greater extent than did cells isolated from the
primary tumor mass (17).

In this study we used the //; vitro migration model for tumor
cell dissemination to investigate the role that PGE2 and PGE2-
producing cells may play in directly influencing tumor meta
static, PGE2-secreting, LLC cells can directly stimulate the
migration of metastatic LLC cells.

MATERIALS AND METHODS

Medium. The medium used to culture LLC tumor cells and for all
experiments was supplemented KI'MI 1640. This culture medium
contained 100 units/ml penicillin, 100 Â¿ig/mlstreptomycin, and 10%
fetal bovine serum (KC Biological, Inc., Lenexa, KS).

Tumor Cells. Cloned metastatic and nonmetastatic LLC tumor cells
were used in these studies. Seven LLC clones which were isolated from
metastatic lung nodules readily disseminated to the lungs upon s.c.
inoculation into CS7BL/6 mice. Histological sections of lungs from
mice bearing these tumors showed extensive tumor infiltration and
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micrometastases. The parental LLC cells and 11 LLC clones which
were isolated from s.c. parental LLC tumors were only rarely identified
in histolÃ³gica!sections of lungs from tumor bearers. The differences in
the frequency and the extent to which tumor cells infiltrated the lungs
of host mice were not due to differences in tumor growth rate, since
the primary tumors in mice bearing these cloned variants were similar
in size. The metastatic LLC cells grew in vitro as nonadherent spheroids
and were therefore subcultured by transferring a portion of the cell
suspension into a new flask. The nonmetastatic LLC cells were adherent
and spread to tissue culture surfaces and were therefore detached with
a Teflon scraper prior to passage into a new flask.

Migration of Tumor Cells in Vitro. The capacity of cloned LLC
variant cells to migrate in vitro was measured as we have previously
described (4). Briefly, 5 x 10s in vitro cultured cloned LLC cells or

mixtures of cloned metastatic and nonmetastatic LLC cells were drawn
into sterile (1.5 x 100 mm) glass capillary tubes. After sealing one end
of each capillary tube with a 50:50 mixture of Vaseline and paraffin,
they were centrifuged at 200 x g for 6 min and cut at the packed cell-
fluid interface. Two cell-filled stubs were placed into each well of a

leukocyte migration plate and fastened in place by a drop of sterile
Vaseline. The wells were filled with approximately 0.5 ml medium
containing either PGE2, PGE,, PGF,â€ž,PGF^ thromboxane B2,or 10~5

M indomethacin. After allowing the LLC cells to migrate out of the
glass capillary tubes for 24 h, the areas of migration were measured by
tracing and weighing the projected patterns. Data are expressed as
weight (mg x 10~2)of the migration pattern.

Secretion of PGE2 by Cloned LLC Variant Cells. Cloned LLC cells
were seeded into polypropylene tubes as a density of 2 x IO5cells/ml.

After 4 h, the supernatants were removed and frozen for PGE2 quan-

titation with a radioimmunoassay kit (New England Nuclear, Boston,
MA). Briefly, 0.1 ml anti-PGE2 was mixed with 0.1 ml [125I]PGE2and

0.1 ml of either PGE2 standards or LLC supernatant. After 24 h of
incubation at 4"( '. immune complexes were precipitated with 1 ml of a

16% polyethylene glycol solution (M, 6000), and the radioactivity in
the precipitate was counted on an I KM gamma counter. Using this
procedure, the extent of cross-reactivity between PGE2 and PGEi was
less than 1%, and the sensitivity of the assay was 0.25 pg PGE2.

Dissemination of LLC Cells to the Lungs of Mice. Groups of 10 mice
each received dorsal s.c. injections of either 5 x 10s metastatic LNC3
cells, 5x10* nonmetastatic C8 cells, or a mixture of 2.5 x 10s LNC3
and 2.5 x 10s C8 cells. In some studies, 10 ^g of the stable analogue
16,16-dimethyl-PGE2 were injected i.p. into LNC3-implanted mice on
days 7 and 8 after tumor implantation. Alternatively, some tumor-

implanted mice were administered indomethacin in the drinking water
from the time of tumor implantation for the duration of the study. The
indomethacin was dissolved in ethanol to 4 x Id ' M and then diluted
in water to 6 x IO'5 M. This was then given as drinking water to the

mice. In one series of studies, LNC3-implanted mice were given injec
tions of irradiated C8 tumor cells or with medium only on days 7 and
8 after LNC3 tumor inoculation. The nonmetastatic C8 cells were
treated with 5000 rads by using a Cobalt-60 teletherapy unit (Theraton
780; Atomic Energy of Canada, Ltd.). The irradiated C8 cells were
then washed and injected s.c. into LNC3-implanted mice at a site

adjacent to where the LNC3 tumor was inoculated. Some of the
irradiated C8 cells were also cultured in vitro to confirm the effective
ness of the irradiation in limiting their ability to grow. In all studies,
mice were sacrificed at 4 weeks after LNC3 tumor cell inoculation. The
primary tumors were excised and weighed. The number of lung nodules
in mice whose primary tumor weights were similar (approximately 3.5
g) was then determined. The lungs of these mice were exposed, filled
with 15% India ink, washed in buffer, and stored in Fekete's solution

until nodules were counted.
Analysis of Data. All experiments were conducted at least three

times. Data are expressed as mean values Â±SD of a typical experiment.
The Student's t test was used to analyze significance of differences
between results of in vitro studies. The Mann-Whitney I' test was used

to determine the significance of the difference between the number of
metastatic lung nodules in groups of mice.

RESULTS

Migration in Vitro by Cloned LLC Cells. The capacities of
metastatic and nonmetastatic LLC clones to migrate in vitro
were compared. As shown in Table 1, each of the metastatic
LLC clones migrated to a greater extent than did the nonmet
astatic LLC clones (P < 0.01). The mean migration by the
metastatic LLC was more than 7 times greater than the migra
tion by the nonmetastatic LLC clones. The parental LLC cells,
which had a low capacity to disseminate to the lungs in vivo,
did not migrate out of the capillary tubes in vitro. As a result
of the consistency with which the capacity of LLC clones to
metastasize coincided with their capacity to migrate in vitro,
this migration assay was used in the studies described below as
an /// vitro model for tumor dissemination.

Reduced PGE2 Secretion by Metastatic LLC Clones. To de
termine if there was a relationship between the capacity of
tumor cells to migrate in vitro or metastasize in vivo and to
secrete PGE2, the amount of PGE2 secreted by the LLC clones
was quantitated. As shown in Table 2, the metastatic LLC
variants secreted less PGE2 than did the nonmetastatic LLC
variants (P < 0.005). The combined results in Tables 1 and 2
showed that the capacity of the cloned LLC cells to migrate in
vitro was not directly related to their capacity to secrete PGE2.
The PGE2-secreting cells were considered to be LLC variant
cells and not contaminant infiltrating cells, such as macro
phages, since the LLC variants were cloned, morphologically

Table 1 Enhanced in vitromigrationby clonedmetastaticLLC variants

Metastatic
capacityHighLowLLCcloneLN1LN2LN-3LN4LN5LN6LNC3AlASB3C6C8C9CllD8E9F6F9Parental

LLCMigration

area*5.48

Â±0.604.33
Â±1.205.71
Â±0.496.71
Â±1.165.07
Â±0.2715.91
Â±1.178.18

Â±0.160.64

Â±0.300.97
Â±0.230.86
Â±0.150.44
Â±0.280.60

Â±0.101.43
Â±0.471.46
Â±0.200.35

Â±0.160.84
Â±0.331.61

Â±0.271.26
Â±0.230.86

Â±0.19%

of shift
from

LLC+537-t-403+564+680+490+

1750+851-26+130-49-30+66+70-59-2+87+47/>'<O.OOI<0.01<0.001<0.001<0.001<0.001<0.001NS<NSNSNSNSNSNSNSNS<0.05NS

" Means of at least quadruplicatesÂ±SD.
*Significanceof differencefrom migration by parental LLC cells.
' NS, not significant.

Table 2 ClonednonmetastaticLLC cellssecretemorePGE2than do cloned
metastaticLLC cells'

Metastatic
LLCcloneLN1LN2LN3LN4LN5LN6LNC3Mean

Â±SEPGE2secreted/

IO5
cells(pg)243

Â±34118
+7167
Â±2678

Â±4218
+2572+

1108
Â±6143

+ 26Nonmetastatic

LLCcloneA-lB-3C-6C-8C-9D-8E-9Mean

Â±SEParental
LLCPGE2secreted/

10'
cells(pg)487

Â±59315
+77265
Â±41669
Â±31292
Â±33455
Â±43326
Â±17401

Â±55357
Â±12

" The amount of PGE2secretedduring4 h of cultureby cloned LLC cellswas
quantitated. Data shownare means of quadruplicates â€¢SD.
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resembled LLC tumor cells, and have been maintained in
culture for over 50 passages.

Exogenous P<, I ;, Enhances the in Vitro Migration of Cloned
Metastatic LLC Cells. The in vitro model for tumor dissemi
nation was used to determine whether exogenous PGE2 would
directly stimulate LLC cell migration. As shown in Table 3,
addition of exogenous PGE2 stimulated the migration of the
cloned metastatic LLC cells out of capillary tubes. The migra
tion of five of the six tested metastatic LLC clones was increased
when 10 ng/ml PGE2 were added to the migration medium (P
< 0.05). In a more extended dose-response study with 2 meta
static LLC clones, the tumor cell migration was shown to be
increased with the addition of as little as 0.1 ng/ml PGE2 (Table
4). All of the metastatic LLC clones migrated to a greater
extent when the concentration of PGE2 was increased to 100
ng/ml (Table 3). In contrast, the nonmetastatic LLC clones did
not migrate out of capillary tubes, even when the concentration
of exogenous PGE2 was increased to 1 Mg/ml. Thus, the meta
static LLC cells appeared to be more responsive to PGE2 in the
migration assay than were the nonmetastatic LLC cells. Studies
were conducted to determine if other cyclooxygenase products,
besides PGE2, could stimulate the migration of metastatic LLC
cells. As shown in Table 4, the addition of PGE,, PGF,â€ž,PGF2â€ž,
or thromboxane Bâ€¢did not stimulate tumor cell migration. In

Table 3 PCEi enhances in vitro migration of cloned metastatic LLC cells"

Metastatic
capacityCloneHigh

LN1LN2LN3LN6LNC3Low

AlB3C6C8C9E9F6F9Migration

in the presence of added l'( ,1(ng/ml)05.644.455.3314.347.960.820.990.420.651.060.621.611.261013.15(133)6.49

(46)5.6329.37(105)12.99(63)0.771.010.540.590.680.681.671.73(37)10015.20(170)8.29(86)6.92
(30)29.93
(109)13.19(66)0.741.290.430.611.000.661.421.34100011.48(104)9.18(106)8.78

(65)24.73
(72)16.84(112)1.001.020.550.640.721.041.521.45

" Data are means of quadruplicates. In all cases, SDs were less than 20% of
the mean. Significant (/' < 0.05) percentage of increases from the migration in
the absence of added l'(, I . are shown in parentheses.

Table 4 Effects of cyclooxygenase metabolites in LLC migration0

LLC clonesAdditionLN1

PGE2PGE,PGF,â€žPGF2â€žTXB/NoneLNC3

PGEjPGE,PGF,â€žPGFj.TXB2NoneAmount

added
(ng/ml)1010.10.0110110101001010.10.01101010.110100Migrationarea12.04Â±

1.69*10.86
Â±0.76*9.17
Â±1.20*6.07

Â±0.581.31
Â±0.121.12

+0.072.52
Â±0.105.32

Â±0.885.18
Â±0.245.08

Â±0.5712.

14Â±0.44*9.99
Â±0.25*8.33

Â±0.897.65
Â±1.374.21

Â±0.311.45
Â±0.326.48

Â±0.227.43
Â±0.067.40
Â±0.138.

16Â±0.538.
10 Â±0.54

" Means of quadruplicates.
* Significant (/' < 0.05) increase in migration with added cyclooxygenase

metabolite.
c TXB2, thromboxane B2.

fact, in some instances the migration of the tumor cells was
inhibited by the cyclooxygenase products.

Cloned Nonmetastatic LLC Cells Enhance the Migration of
Cloned Metastatic LLC Cells. The above studies showed that
nonmetastatic LLC clones secreted elevated amounts of PGE2
and that exogenous PGE2 stimulated the migration of meta
static LLC cells. Therefore, studies were conducted to deter
mine if the PGE2-producing nonmetastatic LLC cells would
stimulate migration by the metastatic LLC cells. When non
metastatic LLC cells were mixed with metastatic LLC cells,
there was an increase in tumor cell migration (P < 0.05) (Table
5). The cells in the periphery of the migration patterns were
removed from the migration wells and placed into culture for 2
days. These cells maintained a rounded, nonadherent phenotype
which was characteristic of the metastatic LLC clones. Thus,
the cells whose migration was stimulated in the mixture of
cloned metastatic and nonmetastatic LLC cells were identified
as the cloned metastatic LLC cells.

In additional studies, capillary tubes packed with metastatic
or with nonmetastatic LLC cells were placed adjacent to each
other in a migration well. The migration of the metastatic LLC
cells was greater in wells which contained adjacent nonmeta
static LLC cells (P < 0.05) than in wells which contained
adjacent metastatic LLC cells (Table 6). The nonmetastatic
cells did not migrate out of the capillary tubes regardless of
whether the migration well contained an adjacent capillary tube
packed with nonmetastatic or with metastatic LLC cells. These
data suggest that the nonmetastatic LLC cells stimulated the
migration of the metastatic LLC cells by secreting a soluble
migration-stimulatory factor.

The effect of indomethacin, an inhibitor of prostaglandin
synthesis, on the enhancement of metastatic LLC cell migration

Table 5 Mixture of nonmetastatic LLC to metastatic LLC cells stimulates tumor
cell migration"

Area of migrationbyIndomethacin

LLC clones inmediumLN6/D8LNI/C8

LNC3/C8Metastatic

LLConly14.53

Â±2.26
13.76Â± 1.88
5.17 Â±0.56
8.62 Â±0.68
7.69 Â±0.32Nonmetastatic

Mixture
LLC only ofclones0.40

Â±0.12 32.42 Â±3.57*

0.41 Â±0.31 17.66 Â±1.89
0.40 Â±0.12 14.19 Â±0.41*
0.54 Â±0.11 11.77 Â±0.49*

0.51 Â±0.23 8.91 Â±0.27
" Into each migration well were placed 2 capillary tubes, both of which were

packed with either cloned metastatic LN1, LN6, or LNC3 cells (5 x 10*), cloned
nonmetastatic C8 or D8 cells (5 x IO5), or a mixture of cloned metastatic LLC
(2.5 x 10*)and cloned nonmetastatic LLC (2.5 x 10*)cells. Data shown are areas

of migration of tumor cells from the capillary tubes. Values are means Â±SD of
quadruplicates.

* Migration by mixture of LLC cells significantly (P < 0.05) greater than by

single clones alone.

Table 6 Stimulation of metastatic LLC cell migration by adjacent nonmetastatic
LLC cells"

Migration areaofTubes

inwellMetastatic

LNC3/Metastatic
LNC3Nonmetastatic

C8/Nonmetastatic
C8Metastatic

LNC3/Nonmetastatic
C8Indomethacin

Metastatic
in medium LLCcells8.01

Â±0.55

+ 7.48 Â±0.3216.35

Â±1.02*

+ 10.89 Â±0.99Nonmetastatic

LLCcells0.76

Â±0.090.53

Â±0.16
0.62 Â±0.120.50

Â±0.24
" Each migration well contained 2 capillary tubes packed with metastatic LNC3

or nonmetastatic C8 cells. The migration of each LLC variant was measured.
Data shown are means Â±SD of quadruplicates.

* Migration stimulated (P < 0.05).
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by the nonmetastatic LLC cells was assessed. As shown in
Tables 5 and 6, the addition of indomethacin to the migration
wells prevented the migration-stimulating effect of the nonmet
astatic LLC cells. The extent of migration by the metastatic
LLC cells which were cultured in the absence of the nonmeta
static LLC cells was not directly affected by the indomethacin.
Thus, these results showed that the capacity of the nonmeta
static LLC cells to stimulate the migration of the metastatic
LLC cells was prostaglandin mediated.

Tumor Dissemination in the Presence of PGE2 or PGE2-
secreting Nonmetastatic Tumor Cells. The above in vitro studies
showed that either PGE2 or PGE2-secreting nonmetastatic LLC
cells could stimulate the migration of metastatic LLC cells.
Thus, in vivo studies were conducted to determine if PGE2
might also augment in vivo dissemination by metastatic LLC
cells (Table 7, Experiment 1). Mice were implanted s.c. with
metastatic LNC3 cells. They were then given injections of the
stable analogue 16,16-dimethyl-PGE2 on days 7 and 8, when
metastatic tumor foci were not yet detectable in the lungs. Mice
which were implanted s.c. with metastatic LNC3 cells, but
which received only placebo treatment, formed metastatic lung
nodules within 4 weeks of tumor implantation. However, the
16,16-dimethyl-PGE2-treated mice had an increased number of
pulmonary mÃ©tastases(P < 0.05). The number of mÃ©tastases
in 16,16-dimethyl-PGE2-treated mice was approximately 4
times the number in the control tumor-bearing mice.

Additional studies were conducted to determine if nonmeta
static, PGE2-secreting, C8 cells might also augment dissemi
nation of the metastatic LNC3 cells (Table 7, Experiments 2
and 3). Mice were implanted s.c. with either metastatic LNC3
cells, nonmetastatic C8 cells, or a mixture of LNC3 and C8
cells. At 4 weeks, the number of mÃ©tastasesin the mice were
counted. At this time, the primary tumors of all tumor-bearing
mice were similar in size (approximately 3.5 g). Metastatic lung
nodules formed in LNC3-bearing mice, while such nodules were
rarely observed in C8-bearing mice. Mice which had been
implanted with a mixture of metastatic LNC3 and nonmeta
static C8 cells had a greater number of lung nodules than did
mice implanted with only the metastatic LNC3 cells (P < 0.05).
The total number of tumor cells injected into each group of

Table 7 Tumor metastasis in mice given injections of metastatic LLC-C3
tumor cells"

Experiment1"T*3"4'Tumor
cells

injectedMetastatic

LNC3Metastatic

LNC3Nonmetastatic
C8Metastatic

LNC3+nonmetastatic
C8Metastatic
LNC3Nonmetastatic

C8Metastatic

LNC3+nonmetastatic
C8Metastatic

LNC3Tumor

nodulesTreatmentNone16,l6-Dimethyl-PGE2NoneNoneNoneNoneIndomethacinNoneIndomethacinNoneIndomethacinNoneNonmetastatic

C8 ir
radiated)Median1146'12041C1070051C31436'Range6-1921-667-160-134-492-170-120-30-145-630-78-2222-58

* Ten mice/group were used.
* Mice received i.p. injections of 10 Â»g16,16-dimethyl-PGE2 on days 7 and 8

after inoculation of 5 x IO5LNC3 cells.
' Significant (P < 0.05) increase in nodules compared to mice given injections

of LNC3 cells alone.
' Mice were given injections of either 5 x 10s LNC3 cells, 5 X 10* C8 cells, or

a mixture of 2.5 x IO5LNC3 and 2.5 x IO5C8 cells.
' Mice were given injections s.c. of 10* irradiated C8 cells on days 7 and 8

after s.c. inoculation of 5 x 10' LNC3 cells.

mice and the sizes of the primary tumors which developed were
constant, and thus did not influence the formation of lung
nodules. Similar results were also observed when mice were
first implanted s.c. with metastatic LNC3 cells and then given
injections on days 7 and 8 of irradiated nonmetastatic C8 cells
(Table 7, Experiment 4). The irradiated C8 tumor cells were
unable to grow either in vitro or in vivo. However, LNC3-
bearing mice which had received injections of irradiated C8
tumor cells had a greater number of mÃ©tastasesthan did pla
cebo-treated LNC3-bearing mice (P < 0.05).

Studies were conducted to determine if the increased tumor
dissemination in the presence of nonmetastatic C8 cells was
mediated by prostaglandins (Table 7, Experiment 3). This was
accomplished by administering indomethacin to mice which
had been implanted with mixtures of metastatic LNC3 and
nonmetastatic C8 cells, and then quantitating the number of
lung nodules in mice bearing similarly sized primary tumors.
Mice which had been implanted with a mixture of LNC3 and
C8 tumor cells had more mÃ©tastasesthan did mice which had
been implanted with LNC3 cells alone. Indomethacin treatment
prevented this augmentation of metastasis in mice which had
been implanted with the LNC3 and C8 mixture. The number
of mÃ©tastaseswhich formed in mice implanted with only met
astatic LNC3 cells was slightly reduced by indomethacin treat
ment. These results suggest that the augmented tumor cell
metastasis in the presence of C8 cells could be mediated by the
production of prostaglandins.

DISCUSSION

Many studies have shown that tumor cells secrete higher
amounts of prostaglandins, especially PGE2, than do normal
cells. In some studies with malignant breast cancer, elevated
PGE2 production was associated with increased metastasis (13,
18). In other studies with breast cancer patients or with mice
bearing LLC tumors, no relationship or an inverse relationship
was shown between tumor metastasis and PGE2 production (4,
14). Thus, the role of PGE2 in tumor metastasis has remained
unclear.

We examined the role of PGE2 and PGE2-producing cells in
directly promoting tumor metastasis by using an in vitro model
in which the capacity of cloned LLC tumor cells to migrate
reflects their capacity to metastasize in vivo. Neither the in vitro
migration nor the in vivo dissemination capacity of the LLC
clones was directly associated with the amount of PGE2 which
the tumor cells secreted. These results agreed with our earlier
preliminary study (4) showing that the metastatic LLC cells
secreted less PGE2 than did the nonmetastatic LLC cells. We
have now extended these results by showing that the cloned,
low PGE2-secreting, metastatic LLC cells were more responsive
in the migration assay to exogenous PGE2. The migration by
the metastatic LLC in the presence of PGE2 was stimulated,
whereas nonmetastatic LLC remained stationary, even in the
presence of PGE2. Our study would suggest that the amount of
PGE2 secreted by tumor cells in and of itself is not the single
crucial determinant of whether a tumor has a high or a low
metastatic capacity. Instead, our study suggests that tumor cell
responsiveness to PGE2 could influence its capacity to metas
tasize.

We considered the possibility that the PGE2-producing non
metastatic LLC cells could stimulate the migration of the
metastatic LLC cells. The rationale for this possibility was
based on the following observations: (a) nonmetastatic LLC
cells secreted elevated amounts of PGE2; (b) PGE2 stimulated
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the migration of metastatic LLC cells; and (c) we previously
showed that PGE2-secreting host macrophages stimulated the
migration of metastatic LLC cells (15). When nonmetastatic
LLC cells were mixed with or placed adjacent to metastatic
LLC cells, the migration of metastatic LLC cells was stimu
lated. The migration-stimulatory capacity of the nonmetastatic
LLC cells was prostaglandin mediated, as it was reduced in the
presence of the prostaglandin synthesis inhibitor, indometha-
cin. Our current and past (15) studies showed that other cy-
clooxygenase products, besides l'( .1 ,. did not have any stimu

latory effects on LLC cell migration. Thus, our results suggest
that the PGE2 produced by nonmetastatic LLC cells was stim
ulatory to the migration of metastatic LLC.

The results of in vivo metastasis studies were analogous to
the results of the above-described in vitro migration studies.
The stable analogue 16,16-dimethyl-PGE2 augmented metas
tasis formation by the metastatic LNC3 cells. Likewise, more
mÃ©tastasesformed in mice which had been implanted with
mixtures of nonmetastatic C8 and metastatic LNC3 cells than
in mice which had been implanted with only metastatic LNC3
cells. This augmentation of metastasis formation was prosta
glandin mediated, as it was eliminated by the administration of
indomethacin to the tumor bearers. The most likely interpre
tation of these results is that the nonmetastatic C8 cells were
stimulating dissemination of the metastatic LNC3 cells. This
interpretation is supported by studies showing that injection of
irradiated nonmetastatic C8 cells into LNC3-implanted mice
also resulted in an augmentation of metastasis formation.

The above studies suggest that nonmetastatic tumor cells, by
secreting PGE2, can augment the migration and metastasis by
metastatic tumor cells. However, this PGE2-mediated augmen
tation of tumor metastasis may not be restricted to the PGE2-
secreting nonmetastatic tumor cells. Other PGE2-secreting cells
which infiltrate a tumor might also augment tumor metastasis.
For example, we have previously shown that macrophages of
tumor bearers were stimulated to secrete PGE2, and that these
PGE2-secreting macrophages could augment the migration and,
presumably, dissemination of metastatic LLC cells (15). It is
possible that in vivo, the PGE2 from both macrophages and
LLC tumor cells is important in augmenting the dissemination
capacity of PGE2-responsive metastatic tumor cells.

The results of these studies suggest that tumor-derived PGE2
could directly enhance the dissemination of tumor cells from
the primary tumor mass. Within any tumor, there may be a
subpopulation of tumor cells, such as nonmetastatic LLC cells,

which secrete elevated amounts of PGE2, and a subpopulation
of metastatic LLC tumor cells which are responsive to the
secreted PGE2. Our hypothesis is that the combination of
PGE2-secreting and PGE2-responsive tumor cells could result
in the stimulation of tumor metastasis from the primary tumor.
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