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ABSTRACT

Two low HUMusi Â¡itic clones, M .-14 and M .-44. had been isolated from

the murine colon 26 adenocarcinoma after in vivo selection and subse
quent in vitro cloning. M -14 is defective in the ability to induce platelet
aggregation, but it has good in vivo growth potential. NL-44 possesses
low growth potential after s.c. inoculation, but it has strong platelet-
aggregating ability. A ouabain-resistant variant of NL-14 and a G418-
resistant variant of NL-44 were established. Each resistant cell line
conserved the phenotypes of platelet-aggregating ability or in vivo growth

potential as compared to the respective parental cell line. These two
clones were fused to examine the metastatic potential of hybridomas. Of
eight hybridomas tested, six possessed both platelet-aggregating ability

and good in vivo growth potential. These six hybridomas formed a higher
number of pulmonary mÃ©tastases after i.v. inoculation than the parental
cells. Of the two low metastatic hybridomas, one was lacking in the
ability to induce platelet aggregation, and the other showed the least
potential for in vivo growth. Hybridoma clones with high platelet-aggre

gating activity in vitro were generally arrested well in the lung following
i.v. inoculation. These results suggest that platelet-aggregating ability

and in vivo growth potential are two major determinants for successful
experimental lung metastasis of the colon 26 adenocarcinoma.

INTRODUCTION

Tumor metastasis results from the successful completion of
a series of processes, i.e., detachment of tumor cells from the
primary tumor, invasion into the host's blood vessel, migration
in the host's blood stream, adhesion of these migratory cells to

a vessel wall of a distant organ, and proliferation at the second
ary site (1-3). To elucidate the process of metastasis, it is
necessary to separate each event. We have focused our interest
on the arrest of circulating tumor cells at distant organs and
subsequent formation of metastatic nodules.

Metastatic tumor models can be classified into two cate
gories: (a) experimental (artificial) metastasis of tumor cells
after i.v. inoculation and (b) spontaneous metastasis of tumor
cells after s.c. or footpad inoculation (4). The former is a
suitable model to analyze the process of cancer metastasis
following infiltration of tumor cells into the host's blood

stream. During hematogenous dissemination, tumor cells inter
act with various host components. It is felt that the interaction
of circulating tumor cells with platelets results in the formation
of heterotypic aggregates, leading to an increase in the arrest
of tumor cell emboli in the microcirculation and subsequent
formation of metastasis (5-10). Inhibitors of platelet aggrega
tion, including calcium channel blockers, have been reported to
retard tumor metastasis in several tumor models (11-19).

We have established various high or low metastatic clones
from a metastatic variant of the colon adenocarcinoma 26 (20)
and have reported that the induction of platelet aggregation in
vitro significantly increased the pulmonary metastatic potential
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of a high metastatic clone, NL-17. However, a low metastatic
clone, NL-44, did not form mÃ©tastaseseven after the formation
of aggregates with platelets. NL-44 cells were found to prolif
erate more slowly in vivo than NL-17 cells (21). In the present
study, we have fused two low metastatic clones, NL-14 and NL-
44, and have examined the role of tumor cell platelet-aggregat
ing ability and /// vivo growth potential in the formation of
pulmonary metastasis. NL-14 is lacking in the ability to aggre
gate platelets but proliferates rapidly in vivo, and NL-44 has
the ability to aggregate platelets but proliferates slowly in vivo.
Most resulting hybridomas possessed platelet-aggregating abil
ity and formed numerous lung nodules after i.v. inoculation.
This study demonstrates that the acquisition of metastatic
ability can be achieved following fusion between two low met
astatic lines defective in either platelet-aggregating activity or
in vivo growth potential.

MATERIALS AND METHODS

Chemicals and Reagents. G418, an aminoglycoside antibiotic, was
obtained from GIBCO (Grand Island, NY). Ouabain was obtained from
Merck (Darmstadt, West Germany). [a-"P]dCTP (3000 Ci/mmol) and
[;weiAy/-3H]thymidine (91 Ci/mmol) were purchased from Amersham
Japan, Ltd. (Tokyo, Japan). Restriction endonucleases were from Boeh-
ringer (Mannheim, West Germany). All other reagents were of the
highest purity available.

Animals and Tumor Cells. Female BALB/c and BALB/c x DBA/2
F, (hereafter called CD2Fi) mice were obtained from Charles River
Japan, Inc., Tokyo, Japan. Mice of 12 to 16 wk of age were used
throughout these experiments. Three tumor clones, the low metastatic
NL-14 and NL-44 and the high metastatic NL-17, used in this study
were established in our laboratory from a metastatic variant of the
colon adenocarcinoma 26 as previously described (20). Tumor clones
were maintained in a-MEM3 supplemented with 10% fetal bovine

serum (growth medium).
Establishment of Ouabain-resistant NL-14 Variants. Ouabain-resist

ant variants of NL-14 were obtained by exposure of the cultured cells
with increasing concentrations of ouabain in vitro. At first, NL-14 cells
were plated in the growth medium containing 0.1 ITIMouabain. Surviv
ing cells were replated in the medium with increasing concentrations
(up to 4 mM) of ouabain. Two mo later, ouabain-resistant cells were
cloned by the limiting dilution technique.

Establishment of G418-resistant NL-44 Variants. Escherichia coli
HB101 containing the G418-resistant plasmili. pIPBl, was a generous
gift of Dr. M. Yoshida (22, 23). Plasmici DNA and cellular macromo-
lecular DNA were extracted by the method of Maniatis et al. (24). NL-
44 cells were transfected with pIPBl plasmid by the calcium phosphate
precipitation procedure as described by Wigler et ai. (25) with some
modifications. Briefly, NL-44 recipient cells were seeded at 6 x 10s
cells per 100-mm dish containing 10 ml of growth medium 1 day before
DNA transfection. On the day of DNA transfection, medium was
changed, and 4 h later, 1.5 ml of DNA-calcium phosphate complex
containing 1 fig of G418-resistant plasmid pIPBl and 20 Mgof NL-44
DNA (as a carrier) were added, dropwise, to 10 ml of NL-44 cell

3The abbreviations used are: a-MEM, Â»minimal essential medium; NL-
14oua, NL-14 cells resistant to ouabain; NL-44neo, NL-44 cells resistant to
G418; SDS, sodium dodecyl sulfate; PRP, platelet-rich plasma; PPP, platelet-
poor plasma; HBSS, Hanks' balanced salt solution; HAT, hypoxanthine: ami-

nopterine:thymidine; 1CÂ»,drug concentration inhibiting 50% of colony forma
tion; SSC, saline:sodium citrate.
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culture. Absorption occurred for 16 h at 37Â°C,and then 5 ml of 30%

dimethyl sulfoxide in growth medium were added to the culture to give
a final concentration of 10%. The culture was further incubated for 30
min. The medium was then aspirated, and 10 ml of fresh medium were
added. Cells were incubated for 24 h at 37Â°C,trypsinized, and split at

a 1:2 ratio. Twenty-four h later, the cultures were incubated with G418
at 400 Mg/ml. Medium containing G418 was changed every 3 or 4 days.
Three wk later, G418-resistant colonies were picked up after trypsini-
zation in cloning cylinders and were grown as mass populations.

Establishment of Ouabain-resistant, HAT-sensitive NL-14 Variants.
As a control fusion experiment, homotypic cell fusion was carried out.
For this purpose, ouabain-resistant, HAT-sensitive NL-14 variants were
established. Ouabain-resistant NL-14 cells described above were seeded
at 3 x IO6cells per 100-mm dish in 10 ml of the growth medium. On

the following day, the cells were treated with ethylmethanesulfonate at
500 Â«unil. Twenty-four h later, the medium was aspirated and replaced
with 10 ml of the drug-free medium. Cells were incubated for 24 h,
then trypsinized, and split at a 1:10 ratio. Three days later, the medium
was aspirated, and fresh medium containing 20 un'ml 8-azaguanine

was added to separate HAT-sensitive cells. The medium containing 8-
azaguanine was changed every 5 days. Eighteen days later, 8-azagua-
nine-resistant colonies were trypsinized in cloning cylinders. The clones
were expanded and tested for HAT sensitivity by using HAT medium
(100 MMhypoxanthine: 0.4 Â¿IMaminopterine:16 MMthymidine in the
growth medium). HAT-sensitive clones were used for further studies.

Generation of Hybridomas. NL-14oua and NL-44neo(l.S x IO6cells
each) were plated together in a 60-mm dish 1 day before hybridization.
The mixed cell culture was washed once with phosphate-buffered saline
and exposed to 1.5 ml of 50% (w/w) Polyethyleneglycol 4000 (Merck)
in serum-free a-MEM at 20'C for 80 s. The cells were washed 3 times
with serum-free a-MEM and incubated at 37Â°Cin the growth medium
for 24 h. The cells were trypsinized, counted, and plated at 5 x 10*
cells per 100-mm dish. Twenty-four h later, medium was aspirated, and
fresh medium containing 4 HIM ouabain and 400 Mg/ml G418 was
added. Medium and drugs were changed every 5 to 6 days. Sixteen days
later, viable colonies of hybridomas were picked up in cloning cylinders.

Homotypic hybridization with NL-14 and ouabain-resistant, HAT-
sensitive NL-14 clones was carried out as a control experiment. Hy
bridization procedures were the same as described above. After hybrid
ization, the cells were selected in HAT medium containing 4 HIM
ouabain.

Determination of Cell Size and Number of Chromosomes. The cell
size was determined with cells in log-phase growth using a Coulter
Counter equipped with a channelizer. Chromosome analysis was per
formed as described previously (26).

Clonogenic Assay. Sensitivity of the colon 26 clones and hybridomas
to ouabain and G418 was determined by the clonogenicity in soft
agarose as described previously by Ozols et al. (27). Colonies were
counted on a Model CA-7 colony analyzer (Oriental Instruments, Ltd.,
Tokyo, Japan). The ICy, was determined (27).

Detection of pIPBl by Southern Hybridization. Cellular macromolec-
ular DNA of the colon 26 cell lines and hybridomas was extracted as
described by Maniatis et al. (24). DNA was digested with 10 units of
BamW per Mgof DNA at 37Â°Cfor 16 h under the conditions recom

mended by the supplier. After ethanol precipitation, DNA samples (10
Mgper well) were run on a 1% agarose gel in 40 mM Tris-HCl:2 mM
EDTA:20 mM sodium acetate buffer (pH 8.3). The gel was stained with
5 Mg/ml ethidium bromide and photographed. DNA was transferred
from the gel to a nitrocellulose filter by the method of Southern (28).
The filter was dried in vacuo and baked at 80'C for 2 h. The G418-
resistant plasmid (pIPBl) was labeled to give a specific activity of 10"
cpm/Mg DNA by the oligolabeling method using [a-"P]dCTP (3000
Ci/mmol) (29, 30). The baked filter was incubated for 6 h at 65'C in
lOx Denhardt's solution (IX Denhardt's solution, 0.2 g of Ficoll

400:0.2 g of polyvinylpyrrolidone:0.2 g of bovine serum albumin/liter)
with 0.5% SDS and then hybridized for 16 h at 65Â°Cin 3 ml of

hybridization mixture containing 4x SSC[lx SSC, 0.15 M NaCl:0.015
M sodium citrate (pH 7.2)], 5x Denhardt's solution, 0.25% SDS, 100

Mg/ml of sonicated and denatured E. coli DNA, 40 M8/ml of polyaden-
ylic acid, and 1 x IO7cpm of "P-labeled pIPBl probe. The filter was
washed 3 times at 65'C for 30 min in 2x SSC and twice in 0.5x SSC
and then autoradiographed at -70*C on a Kodak XAR-5 film with an

intensifying screen.

Tumor Cell-induced Platelet Aggregation. PRP was prepared from
fresh heparinized blood drawn from CD2F| mice by cardiac puncture
following centrifugation (230 x g, 7 min) at room temperature. PPP
was obtained by centrifugation (1500 x g, 10 min) of the remaining
blood at room temperature. The platelets in PRP were counted by a
Coulter Counter and adjusted to 1 x 106/mm3 by adding PPP. Tumor
cells were harvested by brief exposure to Ca, Mg-free HBSS containing
0.05% trypsin and 0.02% EDTA (GIBCO). The cells were washed and
resuspended in HBSS containing 10 mM jV-2-hydroxyethyIpiperazine-
W-2-ethanesulfonic acid buffer (pH 7.2) to 3 x IO7cells/ml. Platelet

aggregation was measured photometrically by a NKK HEMA
TRACER I (Niko Bioscientific, Tokyo, Japan). PRP (200 M!)and 20
ii\ of 1 mg/ml of apyrase (Sigma) (31) were mixed and incubated in a
cuvet at 37Â°Cfor 5 min under constant stirring in the spectrophotom-

eter. A 10 Â»Ialiquot of the tumor cell suspension was then added to
the cuvet, and the change in light transmission was recorded (18, 21).

Assay of Experimental Metastasis. Tumor cells were collected as
described above and resuspended in HBSS supplemented with 1%
BALB/c serum. The cells were kept on ice for 10 min and then adjusted
to 2.5 x 10* cells/ml (20, 21). Under these conditions, more than 95%

of the cells excluded trypan blue dye. The mice were given injections
i.v. via the lateral tail vein with 0.2 ml of the tumor cell suspension and
sacrificed 3 wk later. The lungs were removed, rinsed in water contain
ing 1 unit/ml of heparin, and fixed overnight in Bouin's solution (20,

21). The number of tumor foci was determined by counting lung surface
colonies with the use of a dissecting microscope.

Assay of Tumor Cell Retention in the Lung. The retention of radio-
labeled tumor cells in the lungs was examined as described previously
(32, 33). Tumor cells were seeded at 1 x 10*cells to a 60-mm dish and
incubated for 24 h. The cells in log-phase growth were incubated with
[mefAj>/-3H]thymidine(91 Ci/mmol) for 16 h at a concentration of 2.5

nd/m\ (33). The labeled tumor cells were harvested and injected i.v.
as described above. At various times after injection, the mice were
sacrificed, and the lungs were excised. The lungs were solubilized in 2
ml of Protosol (New England Nuclear, Boston, MA) and decolorized
by adding 100 n\ of 30% H2O2. Five days later, the radioactivity was
counted in 10 ml of Aquasol II (New England Nuclear) with the
Beckman LS7500 liquid scintillation system equipped with automatic
quench compensation.

Growth Potential of Tumor Cells in Vitro and in Vivo. The in vitro
doubling time of tumor cells was calculated from the slopes of log-
phase growth curves. The mass doubling time of tumor cells in vivo
was calculated from the slopes of growth curves 8 to 20 days after s.c.
inoculation of the cells into the abdominal flank. Tumor size was
determined by ab*/2, where a and b are the largest and smallest

diameters, respectively.
Statistical Test. Student's t test was used for statistical analysis.

RESULTS

Establishment of Parental Cell Lines for Hybridization. NL-
14 cells were exposed with increasing concentrations (up to 4
HIM)of ouabain in vitro without mutagen. Two mo later, oua
bain-resistant NL-14 cells growing in the presence of 4 mM
ouabain were cloned. Each clone was subsequently tested for
sensitivity to ouabain. Of 48 clones isolated, one clone of
highest resistance, designated NL-14oua, was used for further
studies.

NL-14 cells were seeded at 6 x IO5 cells per 100-mm Petri

dish, and 3 dishes were used for DNA transfection. This cell
line was easily damaged by the calcium phosphate treatment,
and more than 80% or recipient cells were detached from the
surface of dishes before replating. For this reason, only one
colony resistant to G418, designated NL-44neo, could be iso
lated. This clone can grow in the presence of 400 Mg/ml of
G418, which is the lethal condition for the other cell lines.

Ouabain-resistant, HAT-sensitive variants of NL-14 were
obtained after treatment of NL-14oua with 500 Mg/ml of ethyl
methanesulfonate. About 90% of NL-14oua cells were killed by
the treatment of the mutagen. Surviving NL-14oua cells were
then selected with 20 Mg/ml of 8-azaguanine and cloned. Thirty-
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five 8-azaguanine-resistant NL-14oua clones were established
and tested for sensitivity to the HAT medium. Nineteen clones
showed sensitivity to the HAT medium and were designated
NL-14ouaH-l to NL-14ouaH-19.

Platelet Aggregation Induced by Colon 26 Clones. Platelet
aggregation induced by NL-14 and NL-14oua is presented in
Fig. \A. These two clones lacked the ability to form heterotypic
aggregation with platelets. In contrast, NL-44 and NL-44neo
possessed strong platelet-aggregating ability (Fig. IB). Hence,
the parental phenotype of platelet-aggregating activity was con
served when the cells acquired resistance to ouabain or G418.

Among 19 ouabain-resistant, HAT-sensitive NL-14 clones, 5
clones lacked the ability to induce platelet aggregation. The
other 14 clones acquired platelet-aggregating ability (data not
shown). Two clones deficient in platelet-aggregating ability,
designated NL-14ouaH-13 and NL-14ouaH-15, were used in
this study.

Generation of Hybridomas. Eight hybridoma clones were
established from the fusion between NL-14oua and NL-44neo.
These hybridomas were designated C1444-1 to C1444-8. The
cellular size and karyotypic analysis of these hybridomas are
summarized in Table 1. Morphologically, the hybridomas were
of a spindle shape, like the parental cells. The ouabain and
G418 sensitivity of the colon 26 clones and C1444-5 was
determined by the clonogenic assay (Table 2). In the presence
of 4 mM ouabain and 400 pg/m\ of G418, only hybridomas
between NL-14oua and NL-44neo can proliferate and form
viable cell colonies.

Two hybridoma clones were isolated after hybridizations
between NL-14ouaH-13 and NL-14, and between NL-14ouaH-
15 and NL-14. These two hybridomas were designated C1414-
13 and C1414-15, respectively, and used as control cells for the
experimental metastasis.

Detection of pIPBl in Hybridomas. Integration of the G418-
resistant plasmid pIPBl into NL-44neo and hybridomas be-

Table 2 Inhibitory effect of ouabain and G4I8 against NL-14, NL-44, their
variants, and a hybridoma

â€¢2 60

.2 40

20

Â£ 0

60

40

20

0024 024

Incubation time (min)
Fig. 1. Platelet aggregation induced by tumor cells. Aggregation curve was

obtained by the addition of 3 x 10* viable tumor cells at Time 0 to 200 Â¡Â¡\of
heparinized PRP. A, reaction with NL-14 and NL-14oua; B, reaction with NL-
44 and NL-44neo.

Table 1 Size and number of chromosomes of established clones and hydridomas

CloneNfc-14NL-17NL-44NL-14ouaNL-44neoC

144412345678Size

dan3)1630

Â±100Â°1560

Â±2201380Â±
1601800

Â±2201280
Â±2003360

Â±220a2450
Â±230^3160

Â±540*2710
Â±260a2660
Â±220*2700
Â±HO*2630
Â±300*2890
Â±200*Median

no. of*chromosomesNT*NTNT63

(60-64)'59
(56-62)117(108-120)111

(97-121)119(110-122)111

(101-119)109(101-122)111

(101-119)105(87-114)110(98-114)

" Mean Â±SD of triplicate determinations.
* NT, not tested.
' Numbers in parentheses, range of 9 to 11 determinations.
' Significantly large (P < 0.05) as compared to NL-14oua and NL-44neo.

CelllinesNL-14NL-14oua

NL-44
NL-44neo
C 1444-51CÂ»"Ouabain

(HIM)0.21
Â±0.008*

22 Â±1.5C

0.17 Â±0.003
0.47 Â±0.01

16 Â±0.3CG418(Mg/ml)73

Â±15.2
59 Â±9.7
46 Â±2.5

>3000
>3000

" ICjo value obtained by using 3 dishes per each drug dosage.
* Mean Â±SD.
c Significant (P < 0.01) as compared to the value of NL-14, NL-44, and NL-

44neo.

(kb)
23.6 â€”

9.6 â€”
6.6 â€”
4.3 â€”

2.2-^
2.0 â€”

AB12345678

*Â¥+ ' â€¢

Fig. 2. Southern blot analysis of pIPBl integrated to NL-44neo and hybrido
mas. Ten fiÂ¡>of genomic DNA from each cell line were digested with Â«Â«/Â»III.
electrophoresed, and transferred to a nitrocellulose filter. The filter was hybridized
with a "P-labeled pIPBl probe. Lane A, NL-14oua; Lane B, NL-44neo; Lanes I
to 8, C1444-1 to 8, respectively, kb, kilobase.

tween NL-14oua and NL-44neo was examined by Southern
blot hybridization (Fig. 2). NL-14oua DNA (Lane A) did not
hybridize with pIPBl. Integration of pIPBl was detected in
NL-44neo (Lane B). Eight hybridomas C1444-1 to 8 (Lanes 1
to 8, respectively) showed a similar pattern of hybridization of
pIPBl as the parental NL-44neo, indicating that DNA from
NL-44neo is well conserved in the hybridomas. These results,
in addition to the G418 resistance of NL-44neo and the hybri
domas, indicate that the G418-resistant gene is actually inte
grated and expressed in NL-44neo and the hybridomas.

Platelet Aggregation Induced by Hybridomas. Platelet aggre
gation induced by hybridomas between NL-14oua and NL-
44neo is presented in Fig. 3. The time required for the maxi
mum aggregation and the percentage of light transmission at
maximum aggregation are summarized in Table 3. Of eight
hybridomas tested, only one hybridoma, C1444-5, was similar
to NL-14 and NL-14oua in the inability to induce platelet
aggregation. The other seven hybridomas possessed platelet-
aggregating activity similar to NL-44 and NL-44neo, although
the activity was somewhat heterogenous in nature among the
hybridomas. These results indicate that platelet-aggregating
activity is dominantly expressed in these hybridomas.

Platelet-aggregating activity of the homotypic hybridomas
C1414-13 and C1414-15 was also examined. As shown in Table
3, these two hybridomas did not induce platelet aggregation
within 30 min. This result suggests that the acquisition of
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Table 4 Metaslalic ability of colon 26 clones and hybridomas
Mice were inoculated with 5x10* tumor cells i.v. and sacrificed 21 days later.

Ten mice were used for each group.

68 02

Incubation time (min)

Fig. 3. Platelet aggregation induced by hybridomas between NL-14oua and
NL-44neo. Aggregation curve was obtained by the addition of 3 x 10' viable
tumor cells at Time 0 to 200 ^1of heparinized PRP. Eight hybridomas, Cl444-1
to -8, were tested. The numbers on the curves correspond to the numbered
designations of the hybridomas.

Table 3 Platelet-aggregating activity of hybridomas and their parental cell lines
Platelet aggregation curve was obtained by the addition of 3 x 10*viable tumor

cells to 200 ,,I of heparinized PRP.

CloneNL-14NL-14ouaNL-44NL-44neoNL-14ouaH-13NL-14ouaH-15C14441'2345678C1414-13'C1414-I5Time

required for
maximum aggregation

(min)>30Â«>301.8

Â±0.2*1.7

Â±0.2>30>305.7

Â±0.80.7
Â±0.31.3

Â±0.21.4
Â±0.3>302.1

Â±0.92.5
Â±0.23.6
Â±0.4>30>30Light

transmission
on maximum

aggregation(%)0050-70*50-700045-6545-5540-5045-55035-4530-4040-5500

" Platelet aggregation was not observed for 30 min.
* Mean Â±SD of 3 to 5 determinations.
' Range of value of 3 to 5 determinations.
' Hybridoma between NL-l4oua and NL-44neo.
' Hybridoma between NL-14 and HAT-sensitive NL-14oua.

platelet-aggregating activity does not occur spontaneously in
hybrido mus between two NL-14 clones which are defective in
platelet-aggregating activity.

Metastatic Ability of Hybridomas after i.v. Inoculation. Met-
astatic ability of colon 26 clones and hybridomas was examined
after i.v. inoculation of 5 x IO4tumor cells into female BALB/
c mice (Table 4). NL-17 was used as a control of high metastatic
potential.

The lung metastatic potential of NL-14oua was slightly lower
than the parental NL-14. NL-44neo showed a similar low
metastatic potential as that of NL-44. Of eight hybridomas
tested, six hybridomas C1444-1, 2, 3, 4, 7, and 8 formed
significantly larger numbers of nodules than the parental cells.
Among these metastatic hybridomas, C1444-1, 2, and 8 formed
large nodules, although they are slightly smaller than those of
NL-17. Therefore, mean lung weights of C1444-1, 2, and 8
were significantly higher than those of the parental cells. On
the other hand, C1444-3, 4, and 7 produced many tumor
nodules in the lung. However, the nodules were rather small in
size, and the mean weights of these lungs were not significantly
heavier than those of the parental cells. Two hybridomas,
C1444-5 and 6, formed only small numbers of lung nodules.
The former was lacking in the activity to induce platelet aggre-

Experiment1NL-14NL-17NL-44NL-14ouaNL-44neoC

1444\c2345678Experiment

2NL-14NL-17NL-14ouaNL-14ouaH-13NL-14ouaH-15C1414-13'C1414-15No.

ofnodules12

Â±8"48

Â±393Â±23Â±62Â±219

Â±20*24
Â±11"22
Â±11'64

Â±34'4Â±31

Â±124
Â±13'43

Â±29'8Â±482

Â±22'4Â±23Â±210

Â±45Â±
19Â±6Lung

wt(mg)286

Â±17522
+271*281

Â±24274
Â±15279
Â±22370

Â±32'318
Â±18'287

Â±44305
Â±49294

Â±21274
Â±19292
Â±32311

Â±25'275

Â±23721
Â±158'269

Â±14278
Â±29291
Â±30281

Â±41288
Â±26Lung

tumor
incidence9/1010/109/104/109/1010/1010/1010/1010/108/105/1010/1010/108/1010/106/105/109/105/108/10

â€¢Mean Â±SD.
* Significant at P < 0.01 compared with NL-14oua and NL-44neo.
c Hybridoma between NL-14oua and NL-44neo.
' Significant at P < 0.001 compared with NL-14oua and NL-44neo.
' Hybridoma between NL-14 and HAT-sensitive NL-14oua.

Table 5 Growth of colon 26 clones and hybridomas in vitro and in vivo
The doubling time of tumor cells in vitro was calculated from slopes of growth

curves of the cells in log phase. The mass doubling time of tumor cells in vivo
was calculated from the slopes of growth curves 8 to 20 days after s.c. inoculation
of the tumor cells into the abdominal flank.

DoublingtimeClonesNL-14NL-17NL-44NL-14ouaNL-44neoC14441*2345618In

vitro
(h)14.5

Â±0.6Â°13.0

Â±0.715.4
Â±1.314.7

Â±0.716.3
Â±0.718.7

Â±0.218.2
Â±1.020.5
Â±1.820.5

Â±2.119.3
Â±0.521.0
Â±1.718.8

Â±0.920.8
Â±1.3//;

vivo Days when s.c. tumor
(days)appeared2.56

Â±0.282.36
+0.213.93
+0.513.06

+0.314.23
Â±0.453.37

Â±0.483.55
Â±0.453.95
Â±0.143.29
Â±0.423.02
Â±1.064.30
Â±0.453.82
Â±0.203.27
Â±0.707.8

Â±0.47.7
Â±0.513.0

Â±0.99.0

Â±0.513.5
Â±0.812.5

Â±.014.7
Â±.216.8
Â±.316.0
Â±.09.5
Â±.020.8
Â±2.616.4+

1.711.5
Â±0.5

Â°Mean + SD of 3 determinations.
* Hybridoma between NL-14oua and NL-44neo.

gation (Fig. 3). The low metastatic potential of C1444-6 was
shown to be related to its growth property as described below.

Two homotypic hybridomas, C1414-13 and C1414-15,
showed low metastatic potential, similar to the parental NL-
14, NL-14ouaH-13, and NL-14ouaH-15 lines. This result in
dicates that the acquisition of metastatic ability in hybridomas
between NL-14oua and NL-44neo does not occur simply as a
consequence of cell fusion or by an increase in cell size.

Growth Potential of Colon 26 Clones and Hybridomas in Vitro
and in Vivo. Colon 26 clones showed essentially the same
growth rates in vitro with minor variations in that NL-44 and
NL-44neo cells grew slightly more slowly and NL-17 slightly
more rapidly (Table 5). All eight hybridomas grew slowly in
culture.

NL-44 and NL-44neo grew more slowly in vivo when inocu
lated s.c. in the flank than NL-14 and NL-17. NL-14oua grew
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slightly more slowly in vivo than the parent NL-14. The in vivo
doubling times of eight hybridomas were intermediate between
those of NL-14oua and NL-44neo. The low metastatic hybrid-
oma, C1444-5, grew the most quickly, and C1444-6, the most
slowly. The former was lacking in platelet-aggregating activity
and had a low metastatic potential (Table 4). The latter formed
few metastatic nodules, presumably due to the slow growth
property of the clone in the flank which may reflect slow growth
in the lung.

Arrest of Tumor Cells in the Lung. The arrest of colon 26
clones and selected hybridomas in the lung was examined after
i.v. inoculation of 5 x IO4 radii (labeled tumor cells and sequen
tial sampling of the lung (Table 6). Three cell lines. NL-14oua,
C1444-5, and ('141413, were lacking in the ability to induce

platelet aggregation as described above (Table 3). These three
cell lines were less retained in the lung than the other five tumor
lines which possessed high platelet-aggregating ability (Table
3). These results indicate that platelet-aggregating ability in
vitro shows good correlation with the in vivo arrest of tumor
cells in the lung.

Metastasis of Low Metastatic Clones after Longer Periods.
Metastatic ability of low metastatic colon 26 clones and hybri
domas was examined for longer periods. BALB/c mice were
inoculated i.v. with 5 x IO4 tumor cells and sacrificed 21, 31,
and 41 days later. On Day 21, NL-14 and NL-44 showed a
lower metastatic potential than NL-17 (Table 7). On Day 31,
mean lung weight and the number of nodules were significantly
increased for NL-14 and NL-44, respectively. Actually NL-14
produced a small number of large nodules, and NL-44 produced
a large number of small nodules. These results suggest that a
small number of NL-14 initially arrested, but subsequently grew
well, while a large number of NL-44 entrapped well but grew
slowly in the lung. This disparity was also detected in two low

Table 6 Pulmonary retention of i.v. injected colon 26 clones andhybridomas[3H]Thymidine
retainedinlung

(% of injected cells)
PlateletCell

linesNL-17NL-14ouaNL-44neoC14445<678

C1414-13'15

min57"206230806775

352h481539205755382924

haggregation"2.8

+0.93.3

+1.23.4

+4.6
+4.7

+
1.6

" See Table 3.
b Mean of triplicate experiments; range is less than 25% of the mean.
c Hybridoma between NL-14oua and NL-44neo.
d Hybridoma between NL-14 and HAT-sensitive NL-14oua.

Table 7 Metastatic ability of low metastatic colon 26 clones and hybridomas for
longer period

Mice were inoculated with 5x10* tumor cells i.v. and sacrificed on Days 21,

31, and 41. Five mice were used for each group.

Day 21 Day 31 Day 41

Cell lines
No. of Lung wet No. of Lung wet No. of Lung wet

nodules wt (mg) nodules wt (mg) nodules wt (mg)
NL-14 4 Â±2Â° 287 Â±21
NL-14oua 8 Â±2 290 Â±34
NL-44 7 Â±5 279 Â±16
NL-44neo 13 Â±9 283 Â±9
C14445*678NL-175

Â±3 278 Â±403
Â±2 285 Â±1957
Â±21 335 Â±4885
Â±26 362 Â±51185
Â±52 835 Â±21612

Â±5 536 Â±121
13 Â±10 432 Â±85
61 Â±32 385 Â±121
53 Â±28 328Â±698

Â±5 405 Â±7811
Â±5 301Â±24DeadDeadDeadDead

Dead
Dead

Dead19

Â±3 615Â±19439
Â±7 421 Â±58

â€¢Mean Â±SD.
* Hybridoma between NL-14oua and NL-44neo.

metastatic hybridomas, C1444-5 and 6. On Day 41, C1444-5
produced a small number of large nodules, and C1444-6 pro
duced a large number of small nodules. The mice inoculated
with the high metastatic line (NL-17) and hybridomas (C1444-
7 and 8) generally succumbed to metastatic disease before Day
31. The mice inoculated with the low metastatic clones (NL-
14, NL-14oua, NL-44, and NL-44neo) survived for 31 to 41
days, while mice inoculated with the low metastatic hybridomas
(C 1444-5 and 6) survived for more than 41 days.

DISCUSSION

We have previously selected in vivo a high metastatic variant
from the colon 26 adenocarcinoma (designated P-26-select)
(20). Three clones used in this study, NL-14, NL-17, and NL-
44, were established by in vitro cloning of the cultured P-26-
select line (20). The isolation of the low metastatic NL-14 and
NL-44 tumor lines from the high metastatic variant suggests
that these cells may be deficient in only a few metastatic
phenotypes required to form experimental lung lesions. Thus,
these low metastatic clones seem to be suited for studies con
cerning the mechanisms of tumor metastasis.

Several metastatic tumor cells are known to possess platelet-
aggregating activity (21, 34, 35). We examined the platelet-
aggregating activity of the colon 26 clones and found that clonal
heterogeneity exists. Among them, NL-14 is a unique clone
that fails to elicit platelet aggregation (Fig. 1). NL-14 cells
proliferate as rapidly as the highly metastatic NL-17, both in
vitro and in vivo (Table 5). Therefore, if following the acquisition
of platelet-aggregating activity, NL-14 cells might arrest in the
lung microvasculature, where they could grow and form nu
merous large metastatic nodules as the NL-17. NL-44 cells
have a strong ability to induce platelet aggregation, but they
proliferate very slowly in vivo, and macrometastatic nodules in
the lung are rare. Therefore, if NL-44 cells can acquire a rapid
proliferating ability, they may form numerous metastatic nod
ules as well as the NL-17. In this paper, we examined these
possibilities by compensating each defect of NL-14 and NL-44
through the technique of cell fusion.

Hybridomas obtained by the fusion of NL-14oua and NL-
44neo (C1444-1 to 8) were all larger in size than the parental
cells, containing approximately the doubled number of chro
mosomes (Table 1). Furthermore, Southern blot analysis indi
cated that all the hybridomas possessed DNA sequences from
the NL-44neo (Fig. 2). Moreover, hybridoma C1444-5, for
example, was resistant to both ouabain and G418. These results
indicate that the intended hybridomas were obtained after the
fusion of NL-14oua and NL-44neo. Six of eight hybridomas
formed a higher number of metastatic lung nodules than the
parental cell lines. All six hybridomas possessed high platelet-
aggregating activity. We also found that the hybridoma, C1444-
5, which lacked the ability to induce platelet aggregation, had
also a low metastatic potential. These results indicate that
tumor cell platelet-aggregating ability is one of the important
determinants for successful metastasis following i.v. inoculation
of colon 26 variants.

Another important determinant for the formation of lung
metastasis after i.v. injection seems to be the in vivo growth
potential of the tumor cells. The in vivo growth of tumor cells
in the lung cannot be observed practically. Therefore, the in
vivo growth of tumor cells in the flank after s.c. inoculation was
examined, which may mimic the growth of metastatic tumor
cells in the lung. NL-44 and NL-44neo grew very slowly in
vivo. We found that another low metastatic hybridoma, C1444-
6, demonstrating a marked ability to induce platelet aggregation
(Table 3; Fig. 3) with high arrest and retention in the lung
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(Table 6), also grew slowly in vivo. The reason for this slow
growth is not immediately clear but may represent a host
response to the tumor cells.

During the course of biochemical or biological modification
of tumor cells, their metastatic potential is often varied. For
instance, dimethyl sulfoxide (36), sodium butyrate (37), ethyl-
methanesulfonate (38), and 5-azacytidine (38) are known to
modify the metastatic ability of tumor cell lines. These reports
suggest that metastasis can be controlled partially by epigenetic
factors. Therefore control fusions between NL-14 and ouabain-
resistant, HAT-sensitive NL-14 were performed to rule out the
possibility of accidental acquisition of metastatic potential. The
hybridomas between two NL-14 lines conserved their low met
astatic ability, indicating that no artificial acquisition of meta
static ability occurred in the present experiments (Table 4).
This control fusion experiment has also ruled out other possi
bilities, such as increased size causing increased arrest and
increased metastasis. However, in a multifactorial process like
metastasis, the large differences in chromosome content (Table
1) could have important ramifications. Thus, although it is clear
that platelet aggregation and in vivo growth potential are im
portant metastatic determinants, other undetected mechanisms
may play important roles. In addition, we have also tried to
establish HAT-sensitive variants of NL-44neo with low meta
static potential to carry out other control fusions; however, all
HAT-sensitive variants of NL-44neo were found to be highly
metastatic (data not shown).

In summary, our results suggest that NL-14, NL-14oua, and
C1444-5 are low metastatic clones due to a defect of platelet-
aggregating activity. NL-44, NL-44neo, and C1444-6 are low
metastatic clones as a result of their slow growth potential in
vivo. Six hybridomas and NL-17, possessing both platelet-
aggregating activity and good in vivo growth potential, are
highly metastatic. According to the present results, it seems
that platelet-aggregating ability and in vivo growth potential of
tumor cells are the determinants for successful experimental
lung metastasis of colon 26 adenocarcinoma variants.
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