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ABSTRACT

lA.VIla mammary carcinoma cells form liver mÃ©tastases upon in-

traportal injection. We have studied the interaction between these cells
and hepatocytes that is likely to be important for liver metastasis forma
tion. We show that the integrin Â«,,/i4.which is highly expressed on TA3
cells, is involved in this interaction. Fab fragments, generated from a
polyclonal serum against TA3 cells, inhibited TA3-hepatocyte adhesion. By
affinity purification on purified â€¢¿�Â»,,)>.,.we isolated a6fJ4-specific Fab frag
ments from this anti-TA3 serum. These antibodies were highly spÃ©cifiefor

c*604, as demonstrated by Western blot analysis and immunoprecipitation,
and inhibited TA3-hepatocyte adhesion. This shows that a6ÃŸ4,which thus
far has only been implicated in cell-matrix adhesion, can also mediate

interactions with cell surfaces. Our results suggest that the high levels of
<*6ÃŸ4often expressed by metastatic carcinoma cells contribute to liver
metastasis formation.

INTRODUCTION

Carcinomas, i.e., tumors originating from epithelial cells, constitute
90% of human malignancies, and metastasis formation by these tu
mors is the major cause of therapeutic failure ( 1). For many carcino
mas the liver is a major site of metastasis (2). A key step in the
metastatic process is the adhesion of circulating tumor cells to cells
and extracellular matrix components in the target organ. Therefore it
is likely that cellular adhesion molecules, which mediate such inter
actions, are major determinants of metastasis (3), and recently direct
evidence has been provided for this notion. Chan et al. (4) showed that
nonmetastatic rhabdomyosarcoma cells transfected with the copy
DNA encoding the integrin VLA-23 (a2ÃŸi),exhibited increased ad

hesion to collagen and laminin, and produced lung mÃ©tastasesupon
i.v. injection, whereas untransfected cells and control transfectants did
not. Furthermore, we have shown that mutants of a T-cell hybridoma
deficient in expression of the integrin LFA-1 (aLÃŸ2)exhibited greatly

reduced metastatic potential (5). For carcinomas, however, there is
thus far no direct evidence for involvement of particular cell adhesion
molecules in colonization of metastasis target tissues. The liver is
exceptional in that it contains no basement membrane around the
sinusoids where we have observed invasion of tumor cells to occur
(6). Therefore, the only relevant interactions are those with sinusoidal
endothelial cells and hepatocytes. These interactions can be studied in
vitro using cultures of isolated liver cells (7, 8).

For the present study, we used TA3/Ha murine mammary carci
noma cells, which readily form liver mÃ©tastasesupon intraportal in
jection (6). These cells grow in suspension and do not attach to
extracellular matrix components like fibronectin, vitronectin, col
lagen, or laminin and do not interact with freshly isolated hepatic

Received 12/14/92; accepted 5/26/93.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

1Supported by Grant NKI 88-18 from the Dutch Cancer Society.
2 To whom requests for reprints should be addressed.
3 The abbreviations used are: VLA, very late activation antigen; LFA-1, lymphocyte

function activated antigen 1; mAb. monoclonal antibody; SDS, sodium dodecyl sulfate;
PAGE, polyacrylamide gel electrophoresis; PBS, phosphate-buffered saline; DMEM. Dul-
becco's modified Eagle's medium; BSA, bovine serum albumin: Hepes, 4-(2-hydroxy-

ethyl)-1 -piperazineethanesulfonic acid.

sinusoidal endothelial cells,4 but they do adhere to hepatocytes. This

indicates that adhesion to hepatocytes is particularly important for the
formation of liver mÃ©tastasesby these carcinoma cells.

To identify the adhesion molecules involved in TA3-hepatocyte

adhesion we have attempted to generate rat and hamster monoclonal
antibodies against TA3 cells that inhibit TA3-hepatocyte adhesion,

thus far without success. However, Fab fragments made from a poly
clonal rabbit serum against the TA3 cells did inhibit this adhesion.
Presently, we show that one of the relevant antigens is the integrin
a6ÃŸ4.This result indicates that c*6ÃŸ4,which thus far has only been
implicated in cell-matrix adhesion, can also mediate interactions with

cell surfaces. Furthermore, it suggests that the high levels of a6ÃŸ4
often expressed by metastatic carcinoma cells (9-12) contribute to

liver metastasis formation.

MATERIALS AND METHODS

Tumor Cells

Mouse TA3/Ha mammary carcinoma cells were maintained in ascites in
syngeneic A mice. Metastasis formation in vivo and adhesion to hepatocyte
cultures in vitro by these cells have been described (6).

Antibodies

Rabbit antiserum 81435 directed against TA3 cells was obtained by immu
nizing rabbits with 3 mg of TA3 plasma membrane protein in Freund's com
plete adjuvant, followed by monthly booster injections in Freund's incomplete

adjuvant. Rabbit antiserum 7880 directed against ÃŸ4was obtained by immu
nizing rabbits with purified denatured ÃŸ4(see "Purification of the M, 195,000
Protein"). Rat mAb GoH3 directed against mouse a6 was a generous gift from

Dr. Sonnenberg (15), and rat mAb 346-11A specific for the ÃŸ4subunit of the

mouse a6ÃŸ4integrin was a generous gift from Dr. Kennel (16). The hamster
mAb C28 that binds the a6 subunit of the mouse a6ÃŸ4integrin is produced by
a hybridoma generated by fusion of mouse Sp2/0 cells with spleen cells of
Armenian hamsters immunized with TA3 plasma membranes, using standard
procedures (17). The immunization schedule was as follows. Hamsters were
given s.c. injections of 400 fig TA3 plasma membrane protein in Freund's
complete adjuvant, followed by two booster injections in Freund's incomplete

adjuvant after 2 and 4 weeks. A final booster injection was given i.v. without
adjuvant after 8 weeks. Four days later the fusion was performed.

Electrophoresis and Immunoblotting

Proteins were solubilized in Laemmli sample buffer, separated by reduced
SDS-PAGE according to the method of Laemmli, and subsequently electro-
phoretically transferred to nitrocellulose using the Tris-glycine buffer system.

To visualize protein transfer, blots were reversibly stained with 0.4% Ponceau
S in 3% trichloroacetic acid. All subsequent incubations were done on a rotary
platform at 20Â°C.Blots were treated for l h in block buffer (1% low fat milk

powder, 0.1% Triton X-100 in PBS) and then incubated with first antibodies in

block buffer for 1 h. Polyclonal sera were used at a dilution of 1:1000, and
affinity-purified antibodies were used at a concentration of 1 fig/ml. Next,
biotin-conjugated second antibodies were applied, followed by streptavidin-

alkaline phosphatase at a dilution of 1:1000 in block buffer. After each incu
bation blots were washed three times with block buffer and also once with PBS
before the color reaction. The alkaline phosphatase was detected by incubating
the blot in substrate buffer (100 HIMTris, pH 9.5; 100 mm NaCl; and 5 mm

4 E. Roos et ai. unpublished observations.
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MgCI2) containing nilrohlue tetra/olium and 5-bromo-4-chloro-3-indolylphos-

phate (both from Pierce Chemical Co., Rockford. IL).

Generation of Fab Fragments

Immobilized papain (Pierce Chemical Co.) was used to prepare Fab frag

ments. Undigested IgG and Fc fragments were separated from Fab with protein
A-Sepharose. and the purity was checked by SDS-PAGE. Fab fragments were

dialyzed against PBS before they were tested in an adhesion assay.

Hepatocyte Isolation and Culture

Rat hepatocytes were isolated as described previously (18). Cells were
seeded in 96-well microtiter plates (Primaria; Falcon Labware. Oxnard. CA) at
4 X IO4 cells/well or in 24-well plates (Primaria) at 2.5 X 10s cells/well in

DMEM (Flow Laboratories. Irvine, Ayrshire, Scotland) supplemented with 5
/xg/ml bovine insulin (Sigma Chemical Co.. St. Louis, MO). 2 ITIMglutamine
(Sigma). 20 mm Hepes. and 20 fig/liter dexamethasone. Before seeding, wells
had been coated with 10 tig/ml bovine fibronectin (Gibco BRL. Grand Island.
NY). Two h after seeding, the hepatocytes were washed twice and cultured
overnight in the same medium.

In Vitro Adhesion Assay

After overnight culture, the hepatocytes were washed twice with DMEM
containing 20 HIMHepes. Adhesion of tumor cells to hepatocytes was quanti-
tated using TA3 cells labeled with 5lCr (Amersham International. Amersham.
United Kingdom) as described (19). Briefly, 5 x IO4 5lCr-labeled TA3 cells

were preincubated in 15 fil PBS with or without Fab fragments for 30 min at
37Â°C.Subsequently, this 15-(xl sample was added to a microtiter well contain
ing hepatocytes in 50 jul DMEM-Hepes and incubated for l h at 37Â°C.The

nonadherent cells were washed away, cultures were lysed in 100 jxl l s NaOH,
and radioactivity was counted and used as a measure for the adhesion. All
measurements were performed in triplicate with at least two controls per plate.

In addition, adhesion was quantitated by light microscopy as described
previously (20). Briefly. 3 x IO5TA3 cells were incubated in 100 /j.1PBS with
or without Fab fragments for 30 min at 37Â°C.Subsequently this 100-/Â¿Isample

was added to a hepatocyte culture in a 16-mm well containing 300 /xl DMEM-
Hepes. The cultures were incubated at 37Â°Cfor l h and nonadherent cells were

washed away with PBS. Cultures were fixed with 2.5% glutaraldehyde, dehy
drated, and scraped from the dish. The culture fragments were pelleted and
embedded in Epon. 1-fxm sections were stained with \Vi toluidine in 1% borax

and viewed with a light microscope. The ratio of TA3 cells to hepatocyte nuclei
was determined and used as a measure for adhesion. At least 150 hepatocyte
nuclei were counted in 4 different sections per sample.

Affinity Purification of Anti-TA3 Antibodies on Octylglucoside-

solubilized TA3 Plasma Membrane Proteins

Plasma membranes from TA3 cells were isolated as described (21). Plasma
membranes (900 /xg protein) were lysed in 1.5 ml lysis buffer containing 30
mM octylglucoside, 5 rriMMgCI2 and 40 mvi Tris supplemented with a protease
inhibitor mixture (2 mm phenylmethylsulfonyl fluoride, 1 fig/ml soybean
trypsin inhibitor, and 2 /Ltg/mlaprotinin) for l h at 4Â°C.The lysate was cleared

by spinning at 14.000 X g for 10 min. The proteins in the lysate were allowed
to bind to nitrocellulose (6.25 cm2) for l h at 4Â°Con a rotary platform. Empty

sites were blocked with block buffer. The blots were incubated with 900 fig
IgG from the anti-TA3 serum (81435) in block buffer for l h at 4Â°C,followed

by 3 washes in PBS. Bound antibodies were eluted with 0.1 Mglycine (pH 2.5)
and immediately neutrali/ed with I MTris (pH 8) and dialyzed against PBS.

Affinity Purification of Anti-TA3 Antibodies on the Western-blotted M,

195,000 Protein

TA3 plasma membranes (3 mg protein) were lysed in octylglucoside lysis
buffer containing the protease inhibitor mixture for l h at 4Â°Cand centrifuged

at 2700 x g for 10 min. The proteins in the pellet, containing the M, 195.000
protein, were solubilized in Laemmli sample buffer, separated by preparative
SDS-PAGE, and blotted to nitrocellulose. Proteins were visualized by staining

with Ponceau S, and the M, 195.000 protein band was excised and cut into
small pieces. These nitrocellulose pieces were treated with block buffer for I

h at 4Â°C.then incubated with 900 /xg IgG from the anti-TA3 serum (81435) in

block buffer, and washed three times for 15 min with PBS. Bound antibodies
were eluted with 0.1 Mglycine (pH 2.5), immediately neutralized with 1 MTris,

and dialyzed against PBS.

Purification of the Mr 195,000 Protein

TA3 plasma membranes (3 mg of protein) were lysed in octylglucoside lysis
buffer containing the protease inhibitor mixture for l h at 4Â°Cand centrifuged

at 2700 X Â£for 10 min. The proteins in the pellet, containing the M, 195,000

protein, were solubilized in Laemmli sample buffer and separated on a pre
parative SDS-PAGE column, containing an 1-cm 39r stacking gel and a 2.5-cm

5% running gel. The collected fractions were analyzed by SDS-PAGE, and
those containing only the M, 195,000 protein were pooled and freeze-dried.
Purity was again checked by SDS-PAGE and the protein concentration was

estimated based on Coomassie Brilliant Blue staining. Rabbits were immu
nized with approximately 50 fig of denatured M, 195,000 protein in Freund's
complete adjuvant, followed by monthly booster injections in Freund's incom

plete adjuvant. After each boost, the sera were tested by Western blot analysis

and immunoprecipitation. The serum from rabbit 7880 was used for further
study.

Affinity Purification of ahÃŸ4-.specificAntibodies from the Anti-TA3

Serum

On Â«â€žÃŸjPurified with the Anti Mr 195,000 Serum (7880). IgG (35 mg)
from the anti-A/r 195,000 serum (7880) was coupled to 5 ml CNBr-Sepharose
4B (Pharmacia) and packed into a column. TA3 cells (10s1) were lysed in 1%

Triton X-100, 0.5% deoxycholate, 0.1% SDS. 150 mm NaCl, 25 HIMTris, 5 min

MgCl2. and 1% BSA supplemented with the protease inhibitor mixture. The
lysate was cleared by spinning at 2700 x g for 10 min and applied to the

column. The ahÃŸ4complex bound so strongly to the column that it was not
eluted by 0.1 Mglycine (pH 2.5), 0.1 Mtriethanolamine (pH 11.5). 3 M MgCI2,
or 20% ethylene glycol. This enabled us to use the column directly to affinity
purify ov,ÃŸ4-specificantibodies from the anti-TA3 serum (81435). Fab frag

ments (60 mg). prepared from this serum, were applied to the column and
bound Fab fragments were eluted with glycine (pH 2.5), neutralized with 1 M
Tris (pH 8), and dialyzed against PBS. The purity of the eluted Fab was
analyzed by SDS-PAGE and specificity for a6ÃŸ4was confirmed by immuno-

blotting and immunoprecipitation. The same Fab fragments were analyzed for

binding to intact TA3 cells by FACScan analysis and tested in an adhesion
assay.

On a,,ÃŸ.4Purified with the avspecific mAb GoH3. Eleven mg of the
a()-specific mAb GoH3 were coupled to 2.5 ml of CNBr-Sepharose 4B (Phar
macia) and packed into a column. TA3 cells (4 X 10") were lysed in 1% Triton

X-100, 0.5% deoxycholate, 0.1% SDS, 150 min NaCl, 25 imi Tris, 5 IHM

MgCli, and 1% BSA supplemented with the protease inhibitor mixture. The
lysate was cleared by spinning at 2700 X # for 10 min and applied to the
column. The ott,ÃŸjwas not eluted by 0.1 Mglycine (pH 2.5). 0.1 Mtriethanol
amine (pH 11.5). 3 M MgCl2. or 20% ethylene glycol. Therefore, the column
was used directly to affinity purify a6ÃŸ4specific antibodies from the anti-TA3

serum (81435). similar to the method described above.

Immunoprecipitation

TA3 cells (2 x 10'Yprecipitation) were surface labeled with '-*! (Amersham
International) using the lactoperoxidase method or metabolically with [<5S]-

methionine (Amersham International). Cells were lysed in lysis buffer (1%
Triton X-100, 0.5% deoxycholate, 0.1% SDS, 150mM NaCl, 25 ITIMTris, 5 mm

MgCl2, and 1% BSA) supplemented with the protease inhibitor mixture for 1
h at 4Â°C.Lysates were cleared by spinning at 14,000 X g for 10 min. Rabbit

antibodies were precipitated with Staphylttcoccus aureus. Rat and hamster
monoclonal antibodies were first bound to rabbit anti-rat IgG antibodies and
anti-hamster IgG antibodies, respectively (both from Nordic, Tilburg, the Neth

erlands). Two fji\ from polyclonal sera, 0.5 tig from affinity purified antibodies,
and 100 til supernatant or 2 /j.1 ascites in the case of mAb were used per
precipitation. The immunoprecipitates were boiled in Laemmli sample buffer
and analyzed by SDS-PAGE.
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FACScan Analysis

FACScan analysis was performed as described (22). For analysis of intra-

cellular antigens, cells were permeabilized by incubating the cells in 90%
methanol for 15 min at 4Â°C.Polyclonal sera were used at a dilution of 1:50, and

affinity purified antibodies were used at a concentration of 20 fig/ml. All
measurements were performed using a FACScan (Becton-Dickinson, Sunny

vale, CA).

RESULTS

Adhesion of TA3 Cells to Hepatocytes Is Inhibited by Polyclonal
Anti-TA3 Antibodies. TA3 mammary carcinoma cells adhere to cul

tures of hepatocytes, the levels varying between 10 and 30% of added
TA3 cells in individual experiments. This level of adhesion may seem
low, but it should be noted that hepatocyte cultures are far from
confluent, so that many of the added cells sediment onto the areas
between the hepatocyte islands. Fab fragments prepared from a poly-

clonal serum against TA3 cells (81435) inhibited this adhesion, the
extent of maximal inhibition varying from 40 to 70% between exper
iments. The results from one of three experiments are shown in Fig.
\A (81435). Similar inhibition was seen when TA3 cells were prein-

cubated with Fab fragments and washed before adding the TA3 cells
to the hepatocyte cultures (results not shown). Thus, the anti-TA3 Fab

affected the TA3 cells and not the hepatocytes. We never saw any
effect of normal rabbit Fab fragments.

Identification of a Mr 195,000 Protein on TA3 Cells Potentially
Involved in TA3-Hepatocyte Adhesion. Our strategy to identify the
relevant TA3 antigen was to affinity purify Fab fragments on sepa
rated and blotted membrane proteins and test eluted Fab for inhibition
of adhesion. As a first step, we used total membrane protein. TA3
plasma membranes were lysed with octylglucoside, and the solubi-
lized proteins were immobilized on nitrocellulose. Anti-TA3 Fab frag

ments were affinity purified on these blots and tested in an adhesion

assay but unexpectedly did not inhibit TA3-hepatocyte adhesion

(Fig. \A, 81435,sup). Western blot analysis showed that the eluted
Fab fragments reacted with the same TA3 plasma membrane proteins
as the original anti-TA3 serum with the exception of a A/r 195,000

protein that was not solubilized by octylglucoside (Fig. IÃŸ).This
suggested that the Mr 195,000 protein was the relevant antigen.

To demonstrate this, we purified Fab fragments specific for this
Mr 195,000 protein. Hereto, TA3 plasma membrane proteins that
were not solubilized by octylglucoside, were separated by SDS-

PAGE and blotted to nitrocellulose. The band containing the Mr
195,000 protein was excised and Fab fragments were affinity puri
fied on this protein. These Fab fragments were highly specific for
the Mr 195,000 protein as shown by Western blot analysis (Fig. IÃŸ,
81435,195 kD) and inhibited TA3-hepatocyte adhesion. Maximal in

hibition varied between 30 and 60%. The results from a representa
tive experiment, of three, are shown in Fig. \A (81435,195 kD). As a
control, the same procedure was applied to a major A/r 57,000 TA3
plasma membrane protein, but the resulting Fab fragments, although
highly specific, did not inhibit TA3-hepatocyte adhesion (Fig. \A).

This strongly suggested that the Mr 195,000 protein was the relevant
antigen.

Purification of the Mr 195,000 Protein and Production of a
Specific Antiserum. To obtain additional evidence for the involve
ment of the Mr 195,000 protein in TA3-hepatocyte adhesion, we
purified the Mr 195,000 protein on a preparative SDS-PAGE column.
Purity was checked by SDS-PAGE, and rabbits were immunized with

the purified denatured protein. The obtained polyclonal rabbit serum
(7880) specifically stained the Mr 195,000 protein on a Western blot
of TA3 plasma membrane proteins (Fig. 2A). However, antibodies
isolated from this serum did not inhibit TA3-hepatocyte adhesion.

FACScan analysis showed that the antibodies did not react with intact
cells (Fig. 3A), indicating that the serum was directed against intra-

% inhibition of adhesion
B 81435 81435,sup 81435,195 kD

-210 kD

81435.
57 kD
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- 45
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2

Fig. I. A, effect of antibodies on the adhesion of TA3 cells to hepatocyte cultures. *' Cr-labeled TA3 cells were preincubated for 30 min with Fab fragments prepared from the anti-TA3
serum (8ÃŒ435:300 /Â¿g/ml).Fab that had been affinity-purified on octylglucoside-solubilized TA3 plasma membrane proteins (81435,sup; 300 /ig/ml). Fab affinity purified on
Western-blotted M, 195.000 protein (81435.195 kD; 10 /ig/ml), and Fab affinity purified on Western-blotted M, 57,000 protein (81435,57 kD; 10 ng/ml). Cells were then allowed to

adhere to hepatocyte cultures for 1 h, in the presence of the Fab fragments, and the nonadherent cells were washed away. Cultures were lysed and counted in a gamma counter. Each
column is the average of three separate wells. Shown is the percentage of inhibition compared to control values {cells incubated with PBS only) of one experiment of three with similar
results. Bars. SD. ÃŸ.Western blot of TA3 plasma membrane proteins probed with the same antibodies as in A. Plasma membranes were lysed in octylglucoside buffer and centrifuged
at 2700 X g for 10 min. Proteins in the pellet (p) and in the supernatant (s) were separated by reduced 10% SDS-PAGE, electrophoretically transferred to nitrocellulose and probed
with anti-TA3 antibodies (81435). antibodies affinity purified on octylglucoside-solubilized TA3 plasma membrane proteins (81435,sup), and antibodies affinity purified on Western

blotted M, 195.000 protein (81435,195 kD).
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A 7880 B

Fig. 2. Characterization of the anti-A/r 195,000
serum (7880). A, Western blot of TA3 plasma mem
brane proteins separated by reduced 7% SDS-PAGE,
electrophoretically transferred to nitrocellulose, and
probed with the anti-Air 195,000 serum (7880). B,
antigens precipitated from lysates of I25l-surface-
labeled TA3 cells by anti-TA3 serum (81435), ami-

Ai, 195,000 serum (7880). a mAb specific for ÃŸ4
(346-11 A), or mAb specific for a6 (GoH3 and C28),

and normal rabbit serum (NRS). Precipitates were
analyzed by reduced 7.5% SDS-PAGE. C, immuno-

precipitation using the same cells and antibodies as
in B but after preclearance with the (Â»â€ž-specificmAb
GoH3.

-aos

-116

- 80

- 49

:
-205 kD

-116

- 80

- 49

preclear GoH3

cellular epitopes. This was in fact the case since the antibodies did
react with permeabilized TA3 cells as shown by FACScan analysis
(Fig. 3B).

Identification of the V/, 195,000 Protein as the Integrin ÃŸ4
Subunit. Immunoprecipitation with the anti-A/r 195,000 serum
(7880), using I25l-surface-labeled TA3 cells, yielded a pattern of

bands that was similar to that observed with antibodies against the a6
or ÃŸ4subunit of the a6ÃŸ4integrin (Fig. IB): on reduced SDS-PAGE,

a major band with a molecular weight of 200,000 which is the mature
ÃŸ4subunit, two minor bands at Mr 180,000 and 150,000 which are
proteolytic products of ÃŸ4,and a faint band with a molecular weight
of 115,000 which is the a6 subunit (23). The band containing a6 is
only visible after longer exposure of the film due to the poor iodina-
tion of a6 (23). On nonreduced SDS-PAGE the largest band ran at

almost the same position (results not shown), as has been described by
others for ÃŸ4(23). After preclearing of a TA3 cell lysate with the
a6-specific mAb (GoH3), the anti-Mr 195,000 serum (7880) no longer

precipitated any protein (Fig. 2C), showing that the M, 195,000 pro
tein is in fact the ÃŸ4subunit of the c*6ÃŸ4integrin. Even after very long
exposure, no precipitated proteins were seen, showing that ÃŸ4is the
only iodinatable cell surface protein reacting with the anti-Mr 195,000

serum. Since the serum reacts only with intracellular epitopes (Fig. 3),
it is apparently directed against the very long cytoplasmic domain of
ÃŸ4(24).

Affinity Purification of <*6ÃŸ4-specificAntibodies from the Anti-
TA3 Serum. To obtain inhibitory a6ÃŸ4-specificantibodies, we de
cided to purify a6ÃŸ4-specific antibodies from the anti-TA3 serum

(81435) on the a6ÃŸ4complex. Hereto, we attempted to affinity purify
the native a6ÃŸ4integrin on a Sepharose-coupled anti-Mr 195,000 IgG

(7880) column. However, a6ÃŸ4bound so strongly to the column that
it could not be eluted by low or high pH, high salt, or ethylene glycol.
This enabled us to purify a6ÃŸ4-specificFab fragments prepared from
the anti-TA3 serum directly on the a6ÃŸ4bound to the column. Anti-

TA3 Fab fragments (60 mg) were loaded on the column and 40 Â¿xg
a6ÃŸ4-specificFab fragments were eluted. The eluted Fab fragments

immunoprecipitated the a6ÃŸ4integrin (Fig. 4A ) and were highly spe
cific for ÃŸ4as demonstrated by Western blot analysis (Fig. 4ÃŸ).The
additional faint band with a molecular weight of approximately
150,000 is most likely a proteolytic product of ÃŸ4,since the intensity

of this band is enhanced after incubation of the lysate at 37Â°Cas

described by Hemler et al. (23). The Fab fragments also react with
intact cells as shown by FACScan analysis (Fig. 5, 81435,a6ÃŸ4).

The same a6ÃŸ4-specificantibodies were tested in an adhesion as
say. Adhesion, as quantitated with 51Cr-labeled TA3 cells, was inhib

ited maximally to an extent varying between 30 and 50%. The results
from one of three experiments are shown in Fig. 6 (black bars). This
was confirmed by direct counting of adherent TA3 cells in sections of
embedded hepatocyte cultures. Again, maximal inhibition was ap
proximately 40% (Fig. 6, stippled bars).

To exclude the possibility that the anti-Mr 195,000 serum also reacts

with another noniodinatable cell surface protein of exactly the same
size, we repeated the procedure using the a6-specific mAb GoH3.
a6ÃŸ4could also not be eluted from the GoH3 column, so that Â«6ÃŸ4-
specific Fab fragments from the anti-TA3 serum again could be pu
rified directly on the column. Anti-TA3 Fab fragments (55 mg) were
loaded on the column and 200 Â¿tga6ÃŸ4-specificFab fragments were

eluted. The eluted Fab fragments precipitated not only the a6ÃŸ4inte
grin but in addition also two proteins with molecular weight of ap
proximately 85,000 from both surface and metabolically labeled TA3
cell lysates (Fig. 7A). Also others described that the a6-specific mAb

GoH3 sometimes precipitates proteins with molecular weights of ap
proximately 85,000 (23, 25). These proteins were quite likely retained
on the GoH3 column, so that anti-Mr 85,000 antibodies were also
enriched from the anti-TA3 serum. The antibodies obtained were

therefore less specific, but the Mr 195,000 band recognized is un
doubtedly ÃŸ4.

The eluted Fab fragments again inhibited TA3-hepatocyte adhesion

to a similar extent, approximately 50%. The results of one of two
experiments is shown in Fig. IB. Taken together, the results with both
antibody preparations provide strong evidence for the involvement of
O6ÃŸ4in the adhesion of TA3 carcinoma cells to hepatocytes.

TA3-hepatocyte adhesion is not inhibited by the a6-specific mAb
GoH3 and C28. Also mAb 346-11A directed against murine ÃŸ4did not

inhibit this interaction, indicating that their epitopes are not located in
the vicinity of the binding site for the hepatocyte ligand.5

5 H. Kemperman et al., unpublished observations.
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Fig. 3. FACScan analysis of the anti-Mr 195.ÃœOO

serum (7880) on TA3 cells. Intact TA3 cells (A) or
methanol-permeabilized cells (ÃŸ)were incubated
with normal rabbit serum (A'/f.S")or the anti-A/r

195.000 serum (7880). followed by an incubation
with fluorescein Â¡sothiocyanate-conjugated goat
anti-rabbit IgG antibodies. Abscissa, fluorescence;
ordinate, cell number.

tÃ©Â»

NRS

7880

B

Intact cells

ir*

NRS 7880

permeabilized cells

leÂ«

f
* / f /

81435,

-205kD

-116

- 80

-205 kD

-116

- 80

- 49

Fig. 4. Characterization of antibodies affinity purified on a,,ÃŸ4(8/4J5,a6ÃŸ4) purified
with the anti-Mr 195,000 serum. A, antigens precipitated from I25l-surface-labeled TA3
cells by anti-TA3 serum (81435). anti-Mr 195,000 serum (7880). or anti-TA3 antibodies

affinity purified on a,,ÃŸ4(81435.afiÃŸ4). Normal rabbit serum (NRS) was used as a
negative control. Precipitates were analyzed by reduced 7% SDS-PAGE. B, Western blot
of TA3 plasma membrane proteins separated by reduced 7% SDS-PAGE, electrophoret-
ically transferred to nitrocellulose, and probed with anti-TA3 antibodies affinity purified
on a^ÃŸa(81435,a,,ÃŸ4). kD, molecular weight in thousands.

DISCUSSION

During invasion of liver tissue by blood-borne TA3 mammary
carcinoma cells, the cells adhere to the sinusoidal surface of hepato-

cytes (6), an interaction that is likely to be essential for liver metastasis
formation. In the present study we have found that the integrin a6ÃŸ4
is involved in this interaction. To show this, we used a polyclonal
antiserum, because attempts to generate inhibitory rat and hamster
monoclonal antibodies were thus far unsuccessful. A relevant antigen
of this antiserum was identified as a M, 195,000 protein, based on
inhibition by antibodies that had been affinity purified on this protein.
Immunoprecipitation with a serum against the purified Mr 195,000
protein yielded a pattern of bands similar to that obtained with mon
oclonal antibodies against the a6ÃŸ4integrin. Preclearance with a mAb
to a6 removed all proteins reacting with the antiserum. This estab
lished that the MT 195,000 protein is in fact the ÃŸ4subunit of the a6ÃŸ4

integrin and showed that all ÃŸ4is expressed in association with a6.
Finally, to prove the involvement of a6ÃŸ4in TA3-hepatocyte adhe
sion, we affinity purified antibodies from the inhibitory anti-TA3

serum (81435) and these highly specific antibodies inhibited the ad
hesion of TA3 cells to hepatocytes.

To exclude the possibility that the anti-Mr 195,000 serum (7880)

recognized, besides ÃŸ4,another surface protein of the same size that
is not labeled upon iodination, we repeated the purification procedure
using the a6-specific mAb GoH3 instead of the anti-Mr 195,000 serum

(7880). The obtained antibodies inhibited the adhesion of TA3 cells to
hepatocytes to a similar extent. Unfortunately, these antibodies re
acted, next to the a6ÃŸ4integrin, also with two proteins with molecular
weights of approximately 85,000. A protein of this size has previously
been described to be precipitated occasionally by GoH3 (23, 25), and
was apparently also retained on the column. Although the obtained
antibodies were therefore less specific, the Mr 195,000 protein recog
nized was undoubtedly ÃŸ4.The fact that both antibody preparations
inhibited adhesion maximally to the same extent indicates that the

I

NRS 81435

7880 81435. a,l04

Fig. 5. FACScan analysis of antibodies affinity-purified on aftÃŸ4(81435,a^ÃŸj). TA3
cells were incubated with normal rabbit serum (NRS). anti-TA3 serum (81435), anti-A/r
195,000 serum (7880), or anti-TA3 antibodies affinity purified on aâ€žÃŸ4(81435,a,,ÃŸ4),
followed by an incubation with fluorescein isothiocyanate-conjugated goat anti-rabbit IgG
antibodies. Abscissas, fluorescence; ordinales, cell number.
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Fig. 6. Effect of anti-TA3 antibodies affinity-purified on aftÃŸ4(8l435,af,ÃŸ4) on the
adhesion of TA3 cells to hepatocyte cultures. The a6ÃŸ4complex was purified with the
anti-M, 195,000 serum. â€¢¿�''Cr-labeled TA3 cells preincubated for 30 min with anti-TA3
Fab (81435; 300 ng/ml). anti-Mr 195,000 Fab (7880; 300 ng/ml), or anti-TA3 Fab affinity
purified on aftÃŸ4(81435,anÃŸ4;30 ng/ml). Cells were then allowed to adhere to hepatocyte
cultures for 1 h, in the presence of the Fab fragments, and non-adherent cells were washed
away. Cultures were lysed and counted in a gamma counter. Each column is the average
of three separate wells. Shown is the percentage of inhibition compared to control values
(cells incubated with PBS only), in one of three experiments with similar results. Bars,
SD. D, TA3 cells preincubated with the same antibodies as above and allowed to adhere
to hepatocyte cultures. The cultures were incubated at 37Â°Cfor l h and nonadherent cells

were washed away with PBS. Cultures were fixed with 2.5% glutaraldehyde, dehydrated,
and scraped from the dish. The culture fragments were pelleted and embedded in Epon.
Sections (1 (Â¿m)were stained with 1% toluidine in 1% borax and viewed with a light
microscope. The ratio of TA3 cells to hepatocyte nuclei was determined and used as a
measure for adhesion.

inhibition by the antibodies bound to the GoH3 complex was due to
those directed against ÃŸ4and makes it very unlikely that inhibition by
the highly specific anti-A/r 195,000 antibodies is due to reaction with

a putative second antigen of the same size. Thus, our results provide
strong evidence for an involvement of afiÃŸ4in the adhesion of carci
noma cells to hepatocytes.

On platelets and other cell types, a6 is expressed in association with
the ÃŸ,subunit (26). However, on epithelial cells and certain carcinoma
cells, a6 is mainly associated with the ÃŸ4subunit (15, 16, 23, 25, 27).
Upon immunoprecipitation, this cv6ÃŸ4complex appears to contain at
least four proteins ranging in size from 116,000 to 214,000 Da. How
ever, by V8 peptide mapping, NH2-terminal amino acid sequencing,

and common epitope mapping it was shown that the three largest
polypeptides are different forms of ÃŸ4that are probably generated by
partial proteolysis. The Mr 116,000 polypeptide is the a6 subunit (23).

The a6ÃŸ4integrin was first described as the tumor-associated com
plex 180 (TSP-180) on carcinoma cells (9). TSP-180 proteins were

found to be expressed on the cell surface of several murine and human
carcinomas (10). In other studies, a correlation was found between the
expression of TSP-180 proteins and metastatic potential of some

murine tumors. Kimmel and Carey (11) showed that a6ÃŸ4is expressed
at low levels on nonmetastatic basal cell epithelioma cells while a6ÃŸ4
is highly expressed on metastatic squamous carcinomas, particularly
at the growing edge of the tumors. Van Waes et al. (13) described a
correlation between a6ÃŸ4expression and the aggressiveness of human
squamous carcinomas, and Cimino et al. (14) found that a6ÃŸ4is
expressed only by highly metastatic variants of murine Lewis lung

carcinomas. Our present results suggest that these high levels of <*6ÃŸ4
may in fact play a role in metastasis formation, at least in the liver.

In normal tissues, a6ÃŸ4is expressed on a variety of epithelial cell
types but most strongly at the basal region of stratified squamous
epithelium, where it is located in hemidesmosomes (28-31). This

localization suggested that a6ÃŸ4binds to a basement membrane com
ponent. De Luca et al. (32) postulated that a6ÃŸ4binds to laminin,
based on the ability of polyclonal antibodies that were affinity purified

1211 "S-methionine

j- 205 -__-B4

B

100

80

60-

40-

20

% inhibition of adhesion

81435 7880 81435,06(34
antibody

Fig. 7. Characterization of antibodies affinity purified on a<,ÃŸ4(81435,a6ÃŸ4) purified
with the a6-specific mAb GoH3. A, antigens precipitated from surface (I25I) or metabol-
ically ([15S]methionine) labeled TA3 cells with anti-TA3 antibodies affinity purified on
<Â«(,/'i(81435,Of6ÃŸ4),that was purified with the a6-specific mAb GoH3. Precipitates were
analyzed by reduced SDS-PAGE (5-15%). B, effect of a6ÃŸ4-specific antibodies on ad
hesion of TA3 cells to hepatocytes. 5lCr-labeled TA3 cells were preincubated for 30 min
with anti-TA3 Fab (81435; 300 fig/ml), anti-A/r 195,000 Fab (7880; 300 M-gAiil), or
anti-TA3 Fab affinity purified on a6ÃŸ4(81435.a6ÃŸ4; 30 fig/ml). Cells were then allowed
to adhere to hepatocyte cultures for l h in the presence of the Fab fragments, and
nonadherent cells were washed away. Cultures were lysed and counted in a gamma
counter. Each column is the average of three separate wells. Bars, SD. Shown Â¡sthe
percentage of inhibition compared to control values (cells incubated with PBS only), as
measured in one of two experiments with similar results.
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on a6ÃŸ4,to detach keratinocytes from Matrigel or purified laminin.
Also Lotz et al. (33) suggested this, on the basis of the inhibition of
carcinoma cell adhesion to laminin by an anti-a6 mAb. However, this

laminin receptor function for a6ÃŸ4is not widely accepted, because
other groups were unable to inhibit adhesion to laminin of cells
expressing a6ÃŸ4but not a6ÃŸi,with monoclonal antibodies to a6 or ÃŸ4.
Furthermore, attempts to purify a6ÃŸ4on a laminin column were
unsuccessful (31, 33-36). Recently, however, Lee et al. (37) showed

that cells expressing a6 only in association with ÃŸ4bind to the laminin
E8 fragment and that this binding can be blocked by both a mAb to ÃŸ4
(30%) and a mAb to a6 (60%). Moreover, these authors did succeed
in purification of a6ÃŸ4on a laminin column, strongly suggesting that
laminin is in fact a ligand of a6ÃŸ4.

It is unlikely, however, that a6ÃŸ4on TA3 cells binds to hepatocytes
via laminin, because TA3 cells do not adhere to purified laminin
coated on plastic or glass and because we found that cultured hepa
tocytes produced little, if any, laminin.6 Moreover, the a6-specific

mAb GoH3, which completely blocks a6ÃŸ,binding to laminin (38)
and partly the binding of a6ÃŸ4to laminin (37), did not inhibit TA3-

hepatocyte adhesion. This suggests that Â«6ÃŸ4binds to a different
ligand on the hepatocyte surface via a distinct binding domain that is
not affected by GoH3. This notion is not without precedent, because
the binding of the integrin VLA-4 (a4ÃŸ,)to its matrix ligand fibronec-
tin and its cellular ligand VCAM-1 occurs via binding domains that

are blocked by distinct antibodies (39). A candidate ligand on hepa
tocytes is an antigen recognized by the OPAR mAb, directed against
rat hepatocytes, that inhibits adhesion of TA3 cells (19). Preliminary
results indicate that this antigen is secreted by hepatocytes and is
therefore a cell surface-associated rather than a transmembrane

protein.
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