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ABSTRACT

An acid/ethanol extract of normal rat liver, both in vitro and in vivo,
inhibited the invasion by a highly invasive subpopulation of rat ascites
hepatoma cells, AH 130 (LC-AH cells). The addition of 10-80 fig/ml
extract inhibited the formation of penetrated colonies of LC-AH cells
underneath the cultured mesothelial cell (M-cell) monolayer. The tumor
cells pretreated with the extract showed the diminished colony formation.
Preincubation of the extract with plasma membranes prepared from LC-
AH cells abolished the effect of the extract, suggesting a binding of the
inhibitory entity [tentatively termed as ''invasion-inhibiting factor" (IIP)]
to the tumor cell surface. The extract did not inhibit the growth of LC-
AH cells, but suppressed their directed migration underneath the M-cell
monolayer. A concomitant i.p. injection of the extract with LC-AH cells
into rats prevented the invasion by tumor cells of the peritoneum and
formation of tumor nodules in the peritoneum and mediastinum, indicating
that III inhibited the tumor cell invasion and metastasis in vivo, as well.

Upon ultrafiltration and gel fractionation, about 60% of IIF activity
was recovered in the fraction corresponding to the molecular weight in
the range of M, 3000-4000. This activity was heat-stable at 100Â°Cat

neutral pH but labile at acidic pH and was inactivated by the treatment
with pronase. The rest of the activity of IIF was found in the fraction of
more than M, 25,000.

INTRODUCTION

The ability of tumor cells to invade into surrounding normal
tissues and spread to form secondary lesions at distant host
sites is the most devastating aspect of cancer. One of the urgent
problems in the control of cancer is the prevention of metasta
sis. Although a number of approaches to therapeutic interven
tion in cancer metastasis including immunologie-ai strategy have

been reported (1), little is known about endogenous substances
capable of inhibiting tumor cell invasion and metastasis.

We previously established a culture system for studying tu
mor cell invasion (2). In this system, rat ascites hepatoma (AH
130) cells were seeded on the primary cultured monolayers of
mesothelial cells (M-cells) isolated from rat mesentery. The
individual tumor cells penetrated beneath the M-cell layer, grew
and formed tumor cell colonies underneath the monolayer
(penetrated colonies). This system afforded us to isolate various
subpopulations of the tumor cells differing in the in vitro
invasive capacity. The in vitro invasive capacity of these sub-
populations corresponded to their in vivo invasive ability (3, 4).
Using this assay system, we recently found in the rat liver a
substance with antiinvasive potential on a highly invasive sub-
population of AH 130 cells (LC-AH) both in vitro and in vivo.

MATERIALS AND METHODS

Tumor Cells. AH 130 cells obtained from their transplants in the i.p.
cavities of male rats (Donryu strain) were cultured for 3 years in EM3
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supplemented with 10% calf serum. The cultured cells were termed to
be LC-AH cells. When LC-AH cells were implanted into the rat
peritoneal cavity, the tumor cells invaded extensively into and formed
many tumor nodules in the peritoneum, and lymph nodes in the
mediastinum and the retroperitoneal space near the renal pelvis. In
contrast, the parent AH 130 cells that had been maintained by serial
i.p. transplantation did not develop any macroscopic-ally detectable
tumor nodules. LC-AH cells were used throughout the experiments.

Extraction of Invasion-Inhibiting Activity from Rat Liver. The livers
were removed from the male adult rats. Before the removal, intrahepatic
blood was withdrawn by the injection of PBS into the portal vein after
the inferior vena cava was cut by scissors at its supraphrenic portion.
The livers (100 g) were homogenized in a solution consisting of 375 ml
of 95% v/v ethanol, 7.5 ml of 10.6 N HC1, 33 mg of phenylmethylsul-
fonyl fluoride and 58.6 units of aprotinin. The homogenate was centri-
fuged at 2 x IO4 x g for 30 min to obtain the supernatant. The pH of

the supernatant was adjusted at 5.2 by adding NH3 solution. Then, 4.8
ml of 2 M ammonium acetate buffer (pH 5.2) was added to 410 ml of
the pH-adjusted supernatant. The resultant precipitates were removed
by centrifugation at 2 x IO4 x g for 60 min. To the supernatant 1660

ml of ethylether and 830 ml of ethanol were added and the mixture
was stored at -20Â°C for 30 h. The resultant precipitate obtained by
centrifugation at 2 x IO4x g at -20Â°Cfor 30 min was dissolved in 300

ml of 1 M acetic acid and dialyzed extensively in Spectrapor 3 dialysis
tubing (molecular weight cutoff, approximately 3500; Spectrum Medi
cal Ind. Inc., Los Angeles, Ã‡A,No. 132720) against 0.17 M acetic acid.
The dialysate was centrifuged at 2 x IO4 x g for l h and the clear

supernatant was lyophilized. The lyophilized material was dissolved in
66 ml PBS and dialyzed overnight in Spectrapor 3 dialysis tubing
against PBS and designated as acid/ethanol extract.

Assays. In vitro invasive capacity of tumor cells was assayed by
counting penetrated tumor cell colonies formed 24 h after the tumor
cell seeding on M-cell monolayer as previously reported (2). Briefly,
LC-AH cells (2.4 x 10s/dish) were seeded on the cultured monolayer
of M-cells isolated from rat mesentery and cultured in 2 ml of EM
supplemented with 10% calf serum in an atmosphere of 95% air and
5% CO2 at 37Â°C.The number of penetrated tumor cell colonies (two

or more cells = one colony) formed underneath M-cell monolayer was
counted under a phase contrast microscope and expressed as colonies/
cm2. LC-AH cells showed an almost 10 times increase in in vitro

invasive capacity over AH 130 cells that had not been cultured in vitro.
In some experiments, the number of single tumor cells penetrated
underneath M-cell monolayer was counted 6 h after the tumor cell
seeding. Adhesion of tumor cells on the M-cell monolayer was assayed
by counting the adherent cells under a phase contrast microscope after
the removal of nonadherent cells by gentle pipetting 3 h after the tumor
cell seeding on the M-cell layer. Adhesion of tumor cells on the M-cell
layer was completed in 3 h. Adhesion of LC-AH cells to fibronectin
and laminili was tested by seeding the tumor cells on the nucleopore
membranes (13 mm diameter; Neuro Probe, Inc., Pleasanton, CA)
coated by 3 mg fibronectin (Biomedicai Technologies Inc., Stoughton,
MA) or laminin (Collaborative Research Inc., Bedford, MA) in Boyden
chambers. After 24 h incubation, the number of cells adhered on the
membranes was counted. The in vitro growth rate of LC-AH cells was
determined by counting the cells with a Coulter counter. Protein was
assayed by the method of Lowry et al. (5).

Ultrafiltration. Acid/ethanol extract was nitrated through Centriflo
membrane cones, CF25 (molecular weight cutoff 25,000; Amicon Corp.
Danvers, MA) and ultrafiltration membranes, PM10 (molecular weight
cutoff 10,000; Amicon Corp, Danvers, MA). The concentrates were
diluted with PBS and refiltrated. Concentration-dilution cycle was
repeated and the final concentrates were adjusted to their original
volumes by adding PBS. Both the concentrates and filtrates were tested
for their in vitro invasion-inhibiting activity.
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Bio-gel Chrotnatography. Acid/ethanol extract was filtrated through
an ultrafiltration membrane PM10. The filtrate was applied to a 1.7 x
25 cm column of Bio-gel PIO (Bio-Rad Lab., Richmond CA) equili
brated with H:O and 1 ml fractions were collected. Each fraction was
lyophilized, redissolved in 0.2 ml PBS.

Pronase Treatment. PM 10 filtrate of acid/ethanol extract was treated
with pronase E (l Mg/ml, Kaken Kagaku Co., Tokyo) overnight at 37Â°C.
The reaction was stopped by heating at 80Â°C,30 min. A preliminary

experiment showed that pronase E was inactivated completely by this
thermal treatment, whereas, the inhibitory activity remained intact.

Isolation of Plasma Membrane Sheets. Plasma membrane sheets of
the tumor cells were isolated by the procedure developed by Warren et
al. (6) with a modification we have previously reported (7). Briefly, the
tumor cells were incubated at room temperature for 5 min in five
volumes of 1 m\i /nCl;. then homogenized in a stainless steel Dounce
homogenizer under monitoring by a phase contrast microscope. Most
of the cells ruptured after about 5 to 10 strokes. An equal volume of
5% polyethylene glycol (average molecular weight, 7,500) was added to
the homogenate and the mixture was centrifuged at 2,000 x g for 20
min at 4Â°C.After the supernatant was carefully removed by suction,

the plasma membrane fraction on a nucleus pellet was transferred into
10 volumes of 2.5% polyethylene glycol and the membrane suspension
was recentrifuged at 2,000 x g for 20 min at 4Â°Cto separate plasma

membranes from the residual nucleus pellet. The purified plasma mem
brane fraction was then washed three times with 11:() by centrifugation
at 600 x g for 5 min.

RESULTS

Effect of Acid/Ethanol Extract on in Vitro Invasion by LC-
AH Cells. The addition of the acid/ethanol extract showed
dose-dependent inhibition of the formation of penetrated colo
nies of the tumor cells (Table 1). A half maximal inhibition was
attained by about 20 Mgprotein/ml of acid/ethanol extract and
almost complete inhibition by 80 Â¿ig/mlof extract. The addition
of the extract did not result in any detectable morphological
damage of M-cell monolayer.

Pretreatment of LC-AH Cells with Acid/Ethanol Extract. To
see whether the extract acts on tumor cells or on M-cell mono-

layer, the tumor cells were pretreated with the acid/ethanol
extract (50 /Â¿g/ml),washed and tested for in vitro invasion. The
penetrated colony formation of the treated LC-AH cells was
greatly diminished (Table 2). At most, 4 h preincubation of the
tumor cells with the extract showed the maximal inhibition of
invasion.

Adsorption of the Inhibitory Entity by LC-AH Cell Plasma
Membranes. To ascertain whether or not the inhibitory entity
in the extract (IIP) binds to the tumor cell surface, plasma
membranes were isolated from LC-AH cells and the binding of
IIP to the membranes was examined. Acid/ethanol extract (80
Mg/ml) was preincubated with the plasma membranes (0.49 mg
protein/ml) for l h and the mixture was filtered through a
millipore membrane (pore size, 0.45 firn). The filtrate was tested
for its inhibitory activity. As shown in Table 3, no inhibitory
activity was detected in the filtrate, suggesting the binding of

Table 1 Dose-dependent inhibition of in vitro invasion by acid/ethanol extract
LC-AH cells (2.4 x lO'/dish) were seeded on a M-cell monolayer with given

amounts of the acid/ethanol extract and cultured for 24 h. The number of resulting
penetrated colonies were counted.

Table 2 In vitro invasion by LC-AH cells pretreated with acid/ethanol extract
LC-AH cells (1.2 x 1()Vml) were preincubated in the culture medium contain

ing SOMg/ml acid/ethanol extract for the time indicated, washed with the culturemedium, and 2.4 x 10' cells/dish were seeded on M-cell monolayers and cultured

for 24 h.

Acid/ethanol
extract
(iig/ml)None

20
40
80Number

of
penetrated

colonies/cm1923

Â±32Â°

494 Â±52
366 Â±37

79 Â±21%

inhibition
(mean)0

46.5
60.3
91.4

Pretreatment time
(min)010

60240

24 (h)Â»Number

of
penetrated

colonies/cm2851

Â±53Â°

183 Â±32
196 Â±38
66 Â±9
63 Â±4%

inhibition
(mean)078.5

77.0
92.2
92.6

" Mean Â±SD of at least three determinations.
b Acid/ethanol extract was added at the time of seeding of unpretreated tumor

cells. The extract was present in the culture medium throughout the invasion
assay.

Table 3 Binding of Â¡IFto LC-AH plasma membranes

Acid/ethanol extract (80 /ig protein) was preincubated with and without the
plasma membrane fractions (0.49 mg protein) from LC-AH cells (membr-1) and
from the poorly invasive parent AH 130 cells (membr-2) in 1 ml culture medium
for 1 h. The mixture was tillered through a millipore membrane. The filtrate (0.5
ml) and 2.4 x 10s LC-AH cells in 1.5 ml culture medium were added on M-cell

monolayer and cultured for 24 h.

InhibitorNone

membr-1 adsorbed extract
membr-2 adsorbed extract
Nonadsorbed extract*Number

of
penetrated

colonies/cm21264

Â±65Â°

1237 Â±68
887 Â±18
624 Â±5%

inhibition
(mean)0

2.129.9

50.6

Â°Mean Â±SD of at least three determinations.

" Mean Â±SD of at least three determinations.
* Parallel run of the preincubation of the acid/ethanol extract (80 UKprotein/

ml) without the plasma membranes. 0.5 ml nitrate was added to the coculture
(the final concentration of the inhibitor: 20 fig/ml).

IIP to plasma membranes of the tumor cells. The poorly inva
sive parent AH 130 cells also adsorbed IIP, though less effec
tively. A filtrate of the plasma membranes preincubated without
acid/ethanol extract had no effect on the formation of pene
trated colonies.

No Inhibitory Effect of Acid/Ethanol Extract on the Growth
of LC-AH Cells. To see whether the inhibition of the formation
of penetrated colonies is due to a cytotoxic action of the extract
or not, the effect of the extract on the growth of LC-AH cells
in suspension culture was examined. Acid/ethanol extract (80
Mg/ml), which inhibited the penetrated colony formation almost
completely, did not suppress the growth of the tumor cells (Fig.
1).

Inhibitory Effect of Acid/Ethanol Extract on Penetration by
LC-AH Cells. The formation of penetrated tumor cell colonies
is the result of the adhesion of tumor cells on the M-cell
monolayer, the directed migration (penetration) of the tumor
cells and the subsequent tumor cell growth underneath M-cell
monolayer. Therefore, the inhibition by the extract of the
formation of penetrated colonies could be the consequence of
suppression of either one of these steps. Because the extract did
not inhibit adhesion of the tumor cells on M-cell monolayer,
fibronectin and laminin substrates (data not shown), nor inhib
ited the tumor cell growth (Fig. 1), the effect of the extract on
the penetration step of the in vitro tumor cell invasion was
examined. As previously reported (1), serial observations of the
in vitro invasion by the tumor cells indicated that the individual
LC-AH cells started to penetrate the M-cell monolayer approx
imately 3.5 h after the tumor cell seeding and the penetration
was completed at about 7 h. During the period no appreciable
division of the penetrating cells was observed (Fig. 2). There
fore, the effect of the extract on the penetration of LC-AH cells
was quantified by counting the number of penetrated single
cells 6 h after the seeding. Acid/ethanol extract (70
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Fig. 1. Effect of acid/ethanol extract on in vitro growth of LC-AH cells. LC-
AH cells were cultured in the presence and absence of acid/ethanol extract (80
ng/ml). Points, mean of triplicate experiments; bars, SE. O O, in the presence
of the extract; A A, in the absence of the extract.

Partial Characterization of IIP. Upon ultrafiltration through
Centriflo membrane cones (CF25) and PM10 membranes,
about 60% of the inhibitory activity in the extract was recovered
in the fraction corresponding to the molecular weight in the
range of Mr 3500-10,000 (PM10 filtrate). The rest of the
activity was found in the fraction of more than MT25,000. The
specific activity of PM10 filtrate increased almost 80-fold. The
activity was stable to heating at K10Â°C for 20 min at neutral
pH, but was completely lost when treated in 0.2 N HC1 at 100Â°C

for 20 min. Fig. 3 shows a gel filtration pattern of PM10 filtrate
upon Bio-Gel P-10 column diro mat ography. The inhibitory
activity was eluted in the fractions corresponding to the molec
ular weight in the range of M, 3000-4000. The pooled fraction
(fractions 15-21) was then tested for susceptibility of the inhib
itory activity to proteinase-treatment. The inhibitory activity
was inactivated by the treatment with pronase.

Effects of IIF on in Vivo Invasion and Metastasis. LC-AH
cells (1 x IO7) were mixed with 2 mg acid/ethanol extract or

with 20 /ig PM 10 filtrate of the extract and were i.p. inoculated
in rats. As a control. LC-AH cells without the acid/ethanol
extract were inoculated (Table 5). In 21 out of 24 control rats,
extensive infiltration of the tumor cells in the peritoneum, many
large tumor nodules in the omcntum and mesentery and en
larged metastatic lymph nodes in the mediastinum in addition

17 4.6 1.6 0.;r i \
Kd

Fig. 2. Formation of a penetrated tumor cell colony. Phase-contrast micro
graphs were taken at 3.5 h (A), l h (B), 22 h (C), and 48 h (D) after seeding the
tumor cells on M-cell monolayer. x 300. Note that the penetration of the M-cell
monolayer by a single tumor cell was completed in 7 h.

Table 4 Inhibition of penetration by LC-AH cells by acid/ethanol extract
LC-AH cells (2.4 x lO'/dish) were seeded on M-cell monolayer. Acid/ethanol

extract (70 jig/ml) was added at the time of and 6 h after the tumor cell seeding.
Numbers of penetrated single cells and of penetrated colonies were counted 6 h
and 24 h after the tumor cell seeding, respectively.

0.3

0.2

0.1

Acid/ethanol
extractNone

Added at tumor cell seeding
Added at 6 h after tumor

cell seedingNumber

of
penetrated

singlecells/cm2501

Â±19
0

540 Â±60Number

of
penetrated

colonies/cm2825

Â±16Â°

27 Â±20
599 Â±61

" Mean Â±SD of at least three determinations.

added in the assay medium inhibited the penetration completely
(Table 4).

When the extract was added after the penetration of the
tumor cells had almost been completed (6 h after the tumor cell
seeding), the formation of colonies from already penetrated
single cells was not inhibited, indicating ineffectiveness of the
extract on the tumor cell growth underneath M-cell monolayer
as well as its growth in suspension (Table 4).

0 10 20 30

Fraction volune ( ml )

Fig. 3. Fractionation of PM10 fÃltrateof acid/ethanol extract. 1 ml of PM10
filtrate (20 fig protein/ml) was chromatographed on a 1.7 x 25 cm column of
Bio-Gel P-10. I -nil fractions were collected and an 80-^1 aliquot from every other
fraction was assayed for in vitro invasion-inhibiting activity. The column was
calibrated by using marker substances, myoglobin (M, 17,000), cytochrome C (M,
12,000), adrenocorticotropic hormone fragment 1-39 (M, 4600), ceruletide dieth-
ylamine (M, 1600), and L-tyrosine (M, 200). â€¢ â€¢,in vitro invasion-inhibiting
activity; x x, absorbante of fractions at 280 nm.

Table 5 Effect of IIF on in vivo invasion by LC-AH cells
LC-AH cells (IO7cells) were mixed with 2 mg acid/ethanol extract (eight rats)

or with 20 MgPM10 fÃltrateof the extract (three rats) and inoculated in the rat
peritoneal cavity. As a control, LC-AH cells were inoculated without the inhibitor.
Rats were sacrificed 10 days later.

Formation of tumornodulesi.p.

injection
of the

inhibitorNone

Acid/ethanol extract
PM 10 filtrateIncidence'21/24

3/8
0/3Median

weight
(range)

ofnodules5.4
(0-7.0)

0(0-1.0)*r/

" Number of rats bearing tumor nodules/total number of rats inoculated.
bp < 0.001, (Wilcoxon rank sum test) compared to control.
cp < 0.05, (Wilcoxon rank sum test) compared to control.
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to ascites fluid retention were found. When the acid/ethanol
extract was coinjected with LC-AH cells, no tumor nodule in
the peritoneum or metastatic lymph node was detected in five
out of eight rats. Although the remaining three extract-given
rats had small tumor nodules, the weight of nodules per rat was
greatly decreased. No invasive or metastatic nodule was found
in three rats that had been treated with the PM-10 filtrate. The
eight rats receiving the inhibitor that did not form any detect
able tumor nodule, had no retention of ascites fluid.

DISCUSSION

The present results indicate that the acid/ethanol extract of
normal rat liver inhibited the formation of penetrated colonies
of a highly invasive subpopulation of rat ascites hepatoma cells.
The extract was effective on less invasive subpopulations, as
well (data not shown). The major activity of the factor (IIP) in
the extract responsible for the inhibition was relatively heat-
stable, and appeared to have a molecular weight in the range of
M, 3000-4000 and to be of a protein nature. A part of the
activity was recovered from the fraction with the molecular
weight of more than M, 25,000. Obviously, these analyses are
at present still limited by the lack of purified preparation of IIP
and its purification is now under way.

Metastasis is likely to proceed by a series of complex steps
including penetration of normal tissues by the tumor cells, their
circulation, implantation, and growth in distant host sites.
Because IIP suppresses neither adhesion nor the growth of LC-
AH cells but inhibits the penetration of M-cell layer by the
tumor cells, the inhibition by IIP of the tumor cell invasion
seems to be mediated by its selective action on the tumor cell
penetration.

The mechanism by which IIP inhibits penetration by the
tumor cells of M-cell monolayer is not clear at present. Nicolson
et al. (8) suggested that fibronectin seems to play a critical role
in the metastasis through the mechanism by which this protein
can help mediate the attachment of tumor cells to the suben-
dothelial matrix. A synthetic pentapeptide which contains the
cell-binding domain of fibronectin was found to have an anti-
metastatic effect in an animal model (9). Laminin has been
shown to promote the attachment and migration of certain cells
(10-12), and more recently the peptide sequence of the laminin
molecule that is responsible for demonstrating its biological
action was identified (13). Sulphated polysaccharide anticoag
ulants have been shown to have antimetastatic activity (14-18),
although it is unlikely that anticoagulation is the total expla
nation of their antimetastatic effect (19). In our experiments
IIP did not alter the adhesion of the tumor cells on the M-cell
monolayer, fibronectin, and laminin substrates. Hydrolytic en
zymes may play a role in facilitating tumor cell invasion of the
extracellular matrix (20), and natural protease inhibitors have
been shown to block tumor cell invasion (21, 22). However, the
penetration by LC-AH cells was not inhibited by a variety of
proteinase inhibitors including trypsin inhibitor, phenylmethyl-
sulphonyl fluoride, phosphoramidon, and 64-C; proteolytic ac
tivity seems not to have a major role in the invasion by LC-AH
cells (23). It is less likely that IIP acts as a proteinase inhibitor.
Instead, we assume that cytoskeletal organization of the tumor
cells may be involved in their invasion. Cytochalacin B and
colchicine strongly suppressed the directed migration of the
tumor cells beneath the M-cell layer (23). Microtubule inhibi
tors have been shown to exert antimetastatic activity (24). The
interaction of cytoskeletal elements to the plasma membrane
of AH 130 cells was suggested previously (7).

Tumor cell surface is known to be crucial in the metastatic
process (25). Poste and Nicolson (26) reported that the poorly
metastatic B16 subline acquired a high metastatic capacity when
fused with plasma membrane vesicles obtained from a highly
metastatic subline. Recently, Liotta et al. (27) isolated an au
tocrine factor which enhanced tumor cell motility through the
methylation of cell membrane phospholipids. The inhibition by
IIP appears to be mediated by its binding to the tumor cell
membranes. Whether or not IIP is involved in such membrane
modification would be the subject of further study.

We have shown in the present experiment that coinjection of
IIP with LC-AH cells into the rat peritoneal cavity prevented
the development of invasive and metastatic tumor nodules.
Evidently, IIP inhibited in vivo tumor cell invasion and subse
quent metastasis to lymph nodes. It is interesting to note that
ascites fluid did not accumulate in rats which were rescued from
the extensive invasion of the tumor cells by the injection of IIP.
Because the inhibitor did not suppress in vitro growth of the
tumor cells both in suspension and under the M-cell monolayer,
it seems unlikely that the found regression of inoculated tumor
cells is the result of growth inhibition mediated directly by the
coinjected IIP. Instead, it is reasonable to assume that the
tumor growth in the peritoneal cavity is maintained on the
supply of ascites fluid. Although the mechanism by which
ascites fluid accumulates is not known, the leakage of body
fluid into the peritoneal cavity might be enhanced by the infil
tration of tumor cells into the peritoneum; thereby the tumor
cell growth in the peritoneal cavity may have been suppressed
as the result of the inhibition of the tumor cell invasion by IIP.

Normal rat liver seems not to be a sole source of obtaining
the invasion-inhibiting activity. Our preliminary results indi
cated that a similar activity could be extracted from rat lung
and thymus. Although it is quite obvious that more research is
needed to elucidate the chemical properties and physiological
significance of the inhibitory entity and the mechanisms by
which it functions, an endogeneous inhibitor like that we re
ported here may provide new rationales for the therapy of
cancer progression, invasion, and metastasis.
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