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of the Â«2/31Integrin: The Role of the Â«6and /34 Integrin Subunits1
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ABSTRACT

Our previous studies demonstrated that reexpression of the osÃŸ, inte-

grin by a poorly differentiated hreast carcinoma cell line, Mm5MT,
resulted in dramatic reversion of a malignant phenotype to a differenti
ated epithelial phenotype. We hypothesized that reexpression of the osÃŸ,
intimi-ili may regulate expression of other genes, the expression of which

contributed to the dramatic phenotypic change. We now show that reex-
pression of the ri,/!, integrin results in up-regulation of both the <Â»,,and / !_,

integrin subunits but no change in the or,, Â«,.as, or I!, integrin subunits
or E-cadhcrin. To further investigate the role of the ak and ÃŸ4integrin

subunits in mediating the phenotypic changes elicited by reexpression of
the Â»./!, integrin, the <iâ€žor ÃŸ4integrin subunit was expressed in our
MmSMT model. Expression of either subunit increased adhesion to lami
nili-1. Although adhesion to collagen was unaltered, contraction of three-

dimensional collagen gels was reduced. Expression of either the <i,. or /!,
integrin subunit also restored some aspects of a less malignant phenotype,
including the acquisition of contact inhibition and diminution of anchor
age-dependent and anchorage-independent growth rates. The a6 and ÃŸ4
transfectants formed three-dimensional organized structures when grown

in gels of reconstituted basement membrane but did not form the highly
branched, duct-like structures formed by the <>,transfectants. In contrast
to the reduced invasivcness of the as transfectants, the n,, and /!, trans
fectants retained an invasive phenotype. These results suggest that expres
sion of the o,,/!, integrin contributes to some but not all of the phenotypic
changes elicited by reexpression of the as integrin subunit and modulates
the function of other integrins on these cells. Using our \lm5MT model,
we are defining the cascade of integrin expression required for mainte
nance of the differentiated mammary epithelial cell phenotype.

INTRODUCTION

The os/31 integrin is expressed at high levels by normal epithelial
cells in vivo (1). Furthermore, expression of the a2 integrin subunit is
progressively diminished or lost in a manner that correlates with loss
of the differentiated epithelial phenotype in breast cancer (2-6). The

contribution of altered osÃŸ, integrin expression to breast cancer
progression has been assessed using a gain of function model in which
the a-,ÃŸ,integrin was reexpressed in the poorly differentiated mam

mary carcinoma cell. MmSMT. that expressed no detectable a, inte
grin subunit (7). Reexpression of the asÃŸ, integrin resulted in a
dramatic reversion from a malignant phenotype to a differentiated
epithelial phenotype. We hypothesized that reexpression of the asÃŸ,
integrin signals expression of a cascade of genes, the expression of
which results in a more differentiated epithelial phenotype.

We now show that expression of the osÃŸ, integrin by MmSMT
cells results in increased expression of both the a6 and ÃŸ4integrin
subunits. These findings suggest that expression of the a,,ÃŸ4integrin
may be a consequence of osÃŸ, integrin expression and may be
important in mediating many of the morphological and growth
changes observed following reexpression of the as integrin. To assess
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the contributions of the Â«6and ÃŸ4integrin subunit to the differentiated
epithelial phenotype, we have now expressed the full-length a,, or ÃŸ4

integrin subunit de novo in our MmSMT model. Reexpression of
either the ah or ÃŸ4integrin subunit restored to the poorly differenti
ated MmSMT cell line some but not all of the morphological changes
elicited by expression of the a, integrin subunit. These findings
suggest that a subset of the phenotypic changes observed upon reex
pression of the osÃŸ,integrin may result from increased expression of
the a,j34 integrin. We cannot, however, rule out the possibility that
osÃŸ,and aj34 mediate common signals required for epithelial orga
nization.

MATERIALS AND METHODS

Cell Culture and Transfection. The murine MmSMT and human HaCAT
cell lines were maintained in DMEM supplemented with l()r/r fetal bovine

serum. The murine NMuMG and human T47-D cell lines were maintained in

DMEM supplemented with 10% fetal bovine serum and insulin (5 fig/ml) or

RPM1 1640 supplemented with 10% fetal bovine serum and insulin (10
/^g/ml), respectively. The full-length human or,, integrin cDNA in the expres

sion vector pBJIO or the human ÃŸ4integrin cDNA in the expression vector
pRc-CMV were gifts from Dr. Vito Quaranta and Dr. Filippo Giancotti.

respectively (8. 9). The ah cDNA was subcloned into the expression vector
pcDNA3. which contains a cytomegalovirus promoter (Invitrogen. San Diego.
CA). Both constructs were transtected inlo MmSMT cells using calcium
phosphate trunsfcction methodology. Clonal cell lines were selected and main
tained in geneticin (850 ^g/ml).

Immunoblot and Immunoprecipitation Analyses. Immunoblot analysis
was carried out by lysing confluent cell cultures in SDS-sample buffer [10%
glycerol. 62.5 mM Tris (pH 6.8). 2% SDS. and 2% /3-mercaptoethanol]. Total

protein concentration was determined by the Pierce protein assay technique
(Pierce, Rocktbrd. IL). Equivalent amounts of protein lysate were subjected to
SDS-PAGE and electroblotted onto Immobilon-P transfer membrane (Milli-
pore. Bedford, MA). Immunoblots were blocked in 5% dried milk in Tris-

buffered saline containing 0.5% Tween 20 and incubated overnight with an
appropriate dilution of primary antibody at 4Â°C.Secondary antibody incuba

tion was performed with horseradish peroxidase conjugated goat anti-mouse
IgG. anti-rabbit IgG. or anti-rat IgG (Amersham Life Science. Arlington

Heights, IL) for 2 h at room temperature. The ECL Chcmoluminescence
System (Amersham Life Science. Arlington Heights. ID was used for visual
ization.

Monoclonal antibodies against the extracellular domain of either the murine
Â«,,integrin. GoH3, which cross-reacts with human a,, integrin subunit (CD49;

Immunotech Westbrook. ME), the murine ÃŸ,integrin subunit. 9EG7. the
murine a, integrin subunit. 5H10-27 (PharMingen. San Diego, CA), the

human ÃŸ4integrin subunit. 3EI (Chemicon. Temecula, CA). and the human
E-cadherin molecule. DECMA-I (Sigma Immunochemical. St. Louis. MO),

were used. Polyclonal antisera against portions of the COOH terminus of the
murine or, or ÃŸ4integrin subunits were obtained from Chemicon (Temecula.
CA). The polyclonal antiserum against a portion of the COOH terminus of the
chicken a, integrin was provided by David Boettinger (10). The polyclonal
antibody against the extracellular domain of the murine os integrin was
prepared recently in our laboratory.

Immunoprecipitation analysis was carried out by lysing confluent cells in
buffer containing 1% NP40. 50 mM Tris (pH 8). 1 mM MgCl2. 150 mM NaCl.
2 mM PMSF, 10 /j.g/ml leupeptin. and 10 /Â¿g/mlaprotinin at 4Â°C.The a,,

complexes were immunoprecipitated with the goat anti-rat Â«,,monoclonal
antibody GoH3 attached to protein-G beads. Eluted samples were dissolved in
SDS sample buffer and subjected to SDS-PAGE and immunoblotted with
either the anti-murine ÃŸ_,or anti-murine ÃŸ,antibody.
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transferred to a preformed collagen gel and placed at 37Â°Cin an CO, incubator.

Cell morphology and gel diameter were monitored.
Assays for Anchorage-independent and Anchorage-dependent (Growth.

To determine the colony-forming efficiency of the transfectunts and controls,
cells ( I X IO4) were suspended in 1 ml of 0.3% select agar (Life Technologies.

Inc.. Gaithershurg. MD) in DMEM with lO'/r fetal bovine serum and placed on

top of a I.O-ml gel composed of 0.8% agar DMEM in 35-mm dishes (Costar,

Cambridge, MA). The medium was changed twice weekly. After 18 days,
growth was evaluated using a Nikon inverted phase-contrast microscope, and

the number of individual colonies >0.()5 mm in diameter was determined
microscopically at X120.

Anchorage-dependent growth was determined under standard conditions by
plating cells (3.0 X IO4 cells/well) in 12-well plates. On days 1. 3. 5, 7. 9, and

11, the cells from duplicate wells were detached with 0.025% trypsin and counted.
Morphogenesis in Gels of Reconstituted Basement Membrane Matrix.

Glandular morphogenesis in reconstituted basement membrane (Malrigel) was
observed in assays similar to that described for the invasion assays, except for
the absence of 3T3 conditioned media in the lower chamber. Morphology was
photographed at X120.
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Fig. 1. Expression of other integrili suhunits and adhesion reeeptors hy a2-transfected
MmSMT clones. Immunoblot analysis of cell lysates of Mm5MT cells. a:-transfected
Mm5MT clones B I. B2. and C3, and vector-only control cells using a polyclonal

antipeptide antibody specific for a portion of the COOH terminus of the chicken al
integrin suhunit (A>. the murine or, integrin subunit (B>. and E-cadherin (Â£).Cell surface
expression of the murine Â«sintegrin suhunit (O. murine ÃŸ,integrin suhunit (D), and
murine a,, Â¡ntcgrinsuhunit (F) by the a, transfected clones Bl. B2. and B3 is compared
with Mm.SMT parental and control cells hy flow cytometric analysis. Sluuled iircav, the
secondary antihody alone: negative control demonstrates background levels of fluores
cence.

Flow Cytometric and Immunofluoresccnce Analysis. Flow cytometric
analysis was performed on adherent cells harvested using 2 m.\t EDTA in PBS.
pH 7.45. Single cells ( 1 x 10") in PBS with 1.5% horse serum were incubated

with the appropriate monoclonal or polyclonal antibody at a concentration of
either 5 |U,g/ml or at saturating concentrations, as recommended by the man
ufacturer, for 45 min at 4Â°C.Cells were washed three times and incubated with

5 /ig/ml of a secondary goat anti-mouse or anti-rat antibody coupled to
fluorescein (Tago. Inc.. Burlingainc. CA) for 45 min at 4Â°C.washed twice, and

resuspended in PBS. Fluorescein-labcled cells were analyzed using a FACScan

instrument (Becton Dickinson. Mountain View, CA).
Adhesion and Invasion Assays. Adhesion and invasion assays were car

ried out as described in detail (ID. Cells (2 X IO4 cells/ml) were allowed to

adhere to either type I collagen at 30 /Â¿g/ml(Sigma Chemical. St. Louis, MO)
or 7.5 /Ltg/ml laminiti-1 (Collaborative Biomedicai Products. Bedford. MA) for
30 min at 37Â°C.Nonadhcrent cells were removed by washing four times. Cell

adhesion was quantitated by measuring hexosaminidase activity of the adher
ent cells using /Â»-nitrophenyl-A'-acetyl-ÃŸ-n-glucosaminide as a substrate.

Invasion assays were a modification of the procedure of Albini et al. (12).
Cells were stimulated with 3T3 conditioned medium to invade a gel of
reconstituted basement membrane components (Matrigel: Collaborative Re
search) in DMEM. Invasion proceeded for 24 h at 37Â°Cin a humidified

incubator. QuantitÃ¤ten of all cells reaching the lower filter was determined
microscopically at X200.

Collagen Gel Contraction. Cells were harvested in 2 mM EDTA in PBS
and washed two times in DMEM plus 10% FCS. Cells (3.0 x IO4) were

resuspended in I ml of gel-mix containing type I collagen (1.4 mg/ml). HEPES

(0.37 ml of 2X). and DMEM (0.35 ml). The gel mixture was immediately

In earlier studies, we identified a poorly differentiated, mouse
mammary tumor virus-induced tumorigenic breast cancer cell line

(MmSMT) that expressed no detectable os integrin suhunit protein or
mRNA. Reexpression of the as integrin subunit resulted in dramatic
phenotypic changes. We have now evaluated changes in other recep
tors that may be a consequence of reexpression of the os/3, integrin.
We initially assessed the expression of other integrin subunits and
adhesion receptors by the as transfectants and the parental and control
cells. The as-expressing MmSMT clones. Bl. B2. and C3. expressed

the a,, as, and ÃŸ,integrin subunits at high and equivalent levels when
compared with the parental or control cells by Western blot and flow
cytometric analyses (Figs. 1/4. C. and D). The as transfectants ex
pressed slightly increased levels of the a, integrin when compared
with the parental and control MmSMT cells (Fig. IÃŸ).The level of
expression of E-cadherin. a cell-cell adhesion receptor, was not sig
nificantly altered by rcexpression of the a-, integrin in a cell that failed

to express endogenous as integrin (Fig. IE). In contrast to the lack of
significant alteration in expression of the above adhesion receptors,
the os-transfected clones exhibited increased levels of the a,, integrin

subunit in comparison with the low or undetectable level of a6
integrin subunit on the parental and control cells (Fig. IF).
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Fig. 2. Expression of the a,,04 and Ã¼thÃŸ,Â¡nlcgrinshy Â«, integrin translectants. A,
immunoblot analysis of cell lysates of the a :-transfected clones Bl. B2, and C3 and
Mm5MT parental and control cells using the ant i-murine ÃŸ,antihody. fi, immunopre-
cipitation of Â«,,integrin complexes from the a-, transÃectants. Equivalent amounts of cell
lysales of a 2-Iransfee ted clones Bl, B2. and O. vector-only control cells, and HaCAT
cells were subjected to immunoprecipilalion with the anti-af, integrin antihody. SDS-
PAGE separation, and immunnhlot analysis with either the anti-murinc ÃŸ,or ÃŸ,antihod).
The HaCAT cell line, a well-differentiated squamous epithelial cell line that expresses
high levels of the a(l/34 integrin. was used as a positive control for immunoprecipilation
and immunohlot analysis.
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Fig. 3. Expression of a,, and ÃŸ4integrin subunits by the a,, or ÃŸ4integrÃntransfectants.
A. flow cytomelric analysis of cell surface expression of the a6 integrin subunit by the
aft-transfected clones urftl, cr63, and a65 is compared with that of parental Mm5MT and
vector-only control cells pcDNAl and pcDNA4. B. cell surface expression of the ÃŸ4
subunit by the ÃŸ4-transfectedclones ÃŸ43.ÃŸ45.and ÃŸ48is compared with Mm5MT. C, cell
surface expression of the or,, integrin subunit by the ÃŸ4-transfectedclones /343. ÃŸ45,and
ÃŸ48is compared with that of Mm5MT.

In contrast to the Â«2integrin subunit that associates with only the ÃŸ,
subunit, the o-6subunit can pair with either the ÃŸ,or the ÃŸ4integrin

subunits, depending on cell type and stage of differentiation (13-17).

To determine whether the phenotypic changes described were asso

ciated with increased a6ÃŸ,or aftÃŸ4,we evaluated changes in expres
sion of both the ÃŸ,and ÃŸ4subunits. As shown above, expression of
the ÃŸ,integrin subunit was unaltered. In contrast to the low or
undetectable level of the ÃŸ4integrin subunit observed on the parental
and control MmSMT cell lines, ÃŸ4subunit expression was signifi
cantly increased in the a2-transfected clones Bl, B2, and C3, as
determined by Western blot analysis (Fig. 2A). To confirm that the
increased expression of the aft integrin subunit was due to increased
expression of the aftÃŸ4integrin complex, the ah integrin complexes
were immunoprecipitated using the anti-a,, antibody GoH3 and sub
jected to SDS-PAGE, followed by immunoblotting with either the
anti-murine ÃŸ,or ÃŸ4antibodies (Fig. 2B). The vector-only control

cells expressed low levels of both the a6ÃŸ4and a6ÃŸ,integrin com
plexes. In contrast, the a-, transfectants expressed increased levels of
the a6ÃŸ4integrin. No change in the expression of the a6ÃŸ,integrin
was seen. The HaCAT cell line that expressed high levels of the a6ÃŸ4
integrin was used as control for the ÃŸ4integrin expression. These
findings demonstrate that increased expression of the a6 integrin
subunit by the a2-transfected cells was due to increased expression of

the a6ÃŸ4complex, not the a6ÃŸ,heterodimer.
To determine the contribution of the a6 and ÃŸ4integrin subunits

to the dramatic phenotypic alteration following osÃŸ, integrin ex
pression, we expressed the human ah or ÃŸ4integrin subunit sepa
rately in the MmSMT cell line. The parental MmSMT cell line
failed to express the as integrin subunit, as shown previously, and
expressed only low levels of a6 and ÃŸ4integrin subunits, as judged
by flow cytometric and immunoblot analysis, as shown above.
Three clonal cell lines expressing the a6 integrin subunit as a
consequence of a6 transfection and three clonal cell lines express
ing increased levels of both the ÃŸ4and Â«6subunit as a consequence
of ÃŸ4integrin subunit transfection were isolated and analyzed in
detail. The three a6 transfected cell lines, a6l, a63, and a65,
expressed intermediate to high levels of the a6 integrin (Fig. 3/4).
The level of cell surface expression of the a6 integrin subunit by
the aft transfectants was comparable with the level of expression of
ah by the a2-transfected clones Bl, B2, and C3 (compare Figs. 1
and 3/4). The parental MmSMT cells and the vector-only control

cell lines showed only low to undetectable levels of the a6 integrin
subunit. Flow cytometric analysis of the three ÃŸ4-transfected

clones showed low but increased levels of expression of the human
ÃŸ4integrin subunit, accompanied by increased expression of en
dogenous a6 integrin subunit (Fig. 3, B and C).

Changes in the expression of a6ÃŸ4and aftÃŸ,integrin complexes by
the transfectants were also assessed by immunoprecipitation and
immunoblot analysis. Expression of ÃŸ4integrin by the three a6-

transfected clones was significantly increased relative to the expres
sion of ÃŸ,integrin subunit when compared with the control transfec
tants (Fig. 4A). The three ÃŸ4transfectants expressed increased levels
of endogenous a6 integrin subunit (Fig. 4A). These analyses also
revealed that the a,, subunit was predominantly associated with the ÃŸ4
rather than the ÃŸ,subunit in both the a6 and ÃŸ4transfectants. Ex
pression of the a-, integrin subunit was unaltered upon transfection of

cither the a6 or ÃŸ4subunit (Fig. 4, B and O-
The phenotypic changes resulting from expression of the a,, and ÃŸ4

integrin subunits in a cell that failed to express the a2 integrin subunit
were compared with the dramatic phenotypic alterations arising from
expression of the as integrin subunit. The MmSMT and vector-only
control cells grew as fibroblastoid. spindle-shaped cells (Fig. 5, A and

B). Both the a6 and ÃŸ4transfectants grew as flattened, epithelioid,
polygonal-shaped cells that formed a cobblestone network. Slight

clonal variation in cell morphology was observed as shown in Fig. 5,
C-F. Growth of the afi- and ÃŸ4-transfected clones arrested when

confluency was reached in contrast to the parental and control cells
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Fig. 4. A. immunoprecipilation of a,, integrili
complexes from the a,, and ÃŸj transfectanls.
Equivalent amounts of cell lysates from the or(,and
ÃŸi transfectants were imnuinoprecipitatcd using
the anti-aâ€žantibody GoH3 and subjected to SDS-

PAGE. followed by immunoblot analysis using
anli-murine ÃŸjor ÃŸ,antibodies. H and C flow

cytometric analysis of cell surface expression of
the a, integrin subunit by the a,,-transfected
clones a,,!. ah3, and a(,5 (ÃŸ)and the ÃŸ4-trans-
fected clones ÃŸ43.ÃŸ45.ÃŸjK.Mm5MT. and the
as-expressing positive control NMMG (C).
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that were not contact inhibited. The ah and ÃŸ4transfectants. thus,
mimicked many of the phenotypic changes resulting from reexpres-

sion of the a2 integrin.
The osÃŸ,integrin serves as both a collagen and laminin receptor on

most epithelial cells; both aj3, and ah/34 serve as laminin receptors
(13, 16-20). We evaluated the ability of the ah and ÃŸ4transfectants,

parental, and control cells to adhere to laminin and collagen. The a,,
and ÃŸ4transfectants adhered significantly better to laminin 1 than did
the parental Mm5MT or control cells (Fig. 6A). Adhesion of the ah
and ÃŸ4transfectants to type I collagen was comparable with the
parental MmSMT and control cells (Fig. 6ÃŸ).

Although adhesion to collagen was unaltered by expression of the
a6 or ÃŸ4integrin subunits, the behavior of the a6 and ÃŸ4transfectants
in three-dimensional collagen matrices was altered. The MmSMT and

control cells contracted hydrated lattices of type I collagen in a rapid,
time-dependent manner (Fig. 7). After 48 h, the parental MmSMT and

control cells contracted collagen gels to 75% of original diameter.
After 8 days, the MmSMT and control cells reduced the collagen gels
to â€”¿�30%of the original diameter. In contrast, both the ah and /34

transfectants contracted collagen gels at a reduced rate, a rate delayed
by one or two days relative to the control cells. For example, after

48-h gels containing the a6 and ÃŸ4transfectants were at 95% of the

initial diameter. Even by day 8, the collagen matrices were only
reduced to 40-50% of their original diameter. Although expression of

either the Â«6or /34 integrins had no effect on adhesion to collagen, the
ability of MmSMT cells to contract three-dimensional collagen lat

tices was diminished by expression of the a6 or ÃŸ4integrin subunits.
The ability of the a6 and ÃŸ4integrins to alter collagen gel contrac

tion suggested that expression of a,, and ÃŸ4subunits may alter other
aspects of the ability of the cells to interact with the extracellular
microenvironment. The MmSMT and control cell lines rapidly in
vaded gels of reconstituted basement membrane components (Matri-

gel) in the presence of 3T3 conditioned media. The a6l and aft3
clones that express intermediate levels of the a6 integrin subunit
invaded at a rate comparable with the controls or parental cells (Fig.
8). Clone a65, which expressed the highest levels of a6 integrin, also
remained invasive, but invaded at a slightly slower rate. In contrast, all
three ÃŸ4transfectants invaded more rapidly than the Â«6transfectants,
the MmSMT parental or control cells. The invasive phenotype of the
a6 and ÃŸ4transfectants stands in marked contrast to the diminished
invasiveness of the a-, transfectants (7).

Although the rate of anchorage-dependent growth was unaltered
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Fig. 5. Growth characteristics in culture. The
Mm5MT (/t) and vector-only control cells (ÃŸ)grew as
fibroblastoid. spindle-shaped cells. The a<,-trans-
fected clones ahl (C) and aft5 (OÃand ÃŸ.,transfectants (3j5 (Â£')and ÃŸ48(F) grew as flattened, epithe-

lioid, polygonal-shaped cells. X600.
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until saturation density was approached by expression of the as
integrin subunit in our earlier studies (7), alteration of the level of
other integrins has been shown to influence growth rate. For example,
increased expression of the as/3, integrin significantly decreased the
growth rate of Chinese hamster ovary cells (21). Therefore, the effects
of o6 or ÃŸ4integrin expression on growth rate were evaluated. The
growth rates of the a6 and ÃŸ4transfectants were substantially reduced
when compared with Mm5MT cells or vector-only control cells when

growth was examined on tissue culture plastic (Fig. 9) or on laminin
substrates (data not shown).

Anchorage-independent growth is considered a hallmark of the

transformed, malignant cell. As shown previously, reexpression of
the a2 integrin subunit by MmSMT cells abrogated the ability of
the cells to form colonies in soft agar. We compared the ability of
the a6- and ÃŸ4-transfected clones and the parental and vector-only

control cells to grow in soft agar (Fig. 10A). The MmSMT and
control cells formed 25-35 large colonies (>0.05 mm) after 18

days in culture. Both the a6 and ÃŸ4transfectants still formed
colonies that were markedly diminished in size, considerably
smaller than the 0.05 mm criteria for colony formation. The
dramatic difference in colony size between the a6 or ÃŸ4transfec
tants and the control is shown in Fig. 10, B and C. For comparison,
the os-transfected clone C3 was reanalyzed in parallel (Fig. 10D).

The a, transfectant, C3, either entirely failed to form colonies or
formed only one or two tiny colonies, as reported previously (7).
The tiny colonies formed by as transfectants were smaller than
those described for either the a6 or ÃŸ4transfectants at 18 days. The
effects on growth, both anchorage-independent and anchorage-

dependent, resulting from reexpression of either the a6 or ÃŸ_,
subunits differ from the effects of as integrin subunit reexpression.

The organization of an epithelial gland, such as the mammary
gland, requires cell-matrix interactions, cell-cell interactions, and

growth factor signaling. Recent data from a number of laboratories
suggest that mammary gland morphogenesis is influenced by the
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Fig. 6. Adhesion to laminin-l and type I colla

gen. The Â«6and ÃŸ4transfectants. Mm5MT cells, and
vector-only control transfeclants were assayed for
adhesion to laminin-l (7.5 Â¿ig/ml;A) and type 1
collagen (30 /ng/ml: fl). Bars. SD.
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complex interplay of adhesion systems (22-26). We provided data

earlier that the osÃŸ,integrin played an important role in branching
and the formation of gland-like structures (7, 27, 28). The Mm5MT

and control cells formed large balls without organization when grown
in gels of reconstituted basement membrane matrix (Matrigel; Fig.
11). Expression of the a6 or ÃŸ4integrin subunits restored the ability
of the cells to form highly branched structures. However, the complex
aveolae and duct-like structures were not observed. Once again, the
phenotype of the a-, transfectants was only partially reconstituted by

expression of either the a6 or ÃŸ4integrin. These findings suggest that
each integrin subunit may affect growth, morphogenesis, invasion,
and the malignant phenotype in different ways.

DISCUSSION

Recent evidence from a number of laboratories suggests that each
integrin receptor complex may mediate distinct "post/receptor occu

pancy" events to signal critical pathways of cellular differentiation

(29, 30), gene expression (31, 32), and regulation of tumor progres
sion, invasion, and metastasis. Each cell type, whether mesenchymal
or epithelial, uses not a single receptor but a number of different
integrin receptors to interact with the appropriate extracellular envi
ronment. Based on studies carried out in our laboratory, as well as in
laboratories of our colleagues, the a2/3,, a,ÃŸ,, and ah/34 integrins are
required for normal epithelial differentiation (7, 26-28, 33, 34). Based

on the studies reported here, we suggest that a complex of integrin
receptors is required for the differentiated epithelial phenotype. It is
clear that expression of one integrin complex can alter the role or
function of another integrin complex in a process such as reorgani
zation of three-dimensional collagen gels or branching morphogene

sis.
Our laboratory' has focused on the role of the a2ÃŸ,integrin. the

collagen and/or laminin receptor. A recurrent finding in our earliest

2229

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/10/2224/2466422/cr0580102224.pdf by guest on 19 M

ay 2023



a,ÃŸ, AND Â«,,04IN BREAST CANCER

â€”¿� 2

M',r,Ml

pcDNAIM

pcDNA*4

alpha6Â«1

alpha6Â»5

alpha6Â«3

beta4Â«3

beta4t8

beta4Â«5

0 2 4 6 8 10

days

Fig. 7. Contraction of three-dimensional collagen matrices hy parental MmiMT.
vector-only controls (pcDNA #l. and pcDNA#3), <Â«,,transfectanls (aj. a63, and or,,5).
and fi., transfectanls (u43, ÃŸ.,5.and ÃŸj8).The diameters of collagen I gels containing the
various cells were measured daily for 9 days.
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less invasive cell (7). Reexpression of the a2ÃŸ,integrin restored the
ability to differentiate into gland-like structures in three-dimensional
matrices and markedly reduced anchorage-independent growth.

The dramatic phcnotypic changes resulting from reexpression of
the a->ÃŸiintegrin resulted in increased expression of the ahÃŸ4integrin
complex. The increased expression of the aftÃŸ4integrin complex was
specific, because there was minimal or no change in expression of
many other integrin receptor subunits, including the a,, a3, a5, and ÃŸ,
subunits or the cell-cell adhesion receptor E-cadherin. Immunopre-

cipitation assays indicated that the increased expression of the a,, and
ÃŸ4integrin subunits resulted in paired surface expression of the a,,/34
complex but not in increased expression of the otftÃŸlcomplex. Thus,
the coordinate regulation of the a,,ÃŸ4complex in the os-transfected

clones indicated that the Â«,,ÃŸ4integrin may play some role in the
phenotypic changes following reexpression of the a2 integrin subunit
in the MmSMT cell line.

The a6ÃŸ4integrin is normally expressed at high level at the base
ment membrane of most normal epithelial cells, including the strati
fied squamous epithelium of the skin, esophagus, and cervix, simple
epithelium of the small and large gastrointestinal tract and breast, but
not in other epithelial cell sites such as pancreas, kidney, ovary, and
lung (47-52). Changes in ahÃŸ4expression appear more variable than
the consistent diminution or loss of cf-,ÃŸ,expression by most carci
nomas (4-6, 35, 40, 45, 46). In contrast to the a2 subunit that

associates with only the ÃŸ,subunit, the a(, subunit can pair with either
ÃŸ,or ÃŸ4subunits. introducing an additional level of complexity

Cell type

Fig. X. Invasion of a,,- and ÃŸ4-transfectedcells, parental Mm.SMT cells, and vector-
only transfectants through Matrigel. The ability of Mm5MT. vector-only controls cells,
and the Â«,,-and ÃŸ4-cxprcssingclones to invade through a gel formed of reconstituted
basement membrane matrix (Matrigel) in a 12-mm transwell chamber with l2-(iin pore
si/.e was measured in three separateexperiments. Bars, SD.

immunohistochemical studies was the association of high level ex
pression of the osÃŸ,integrin with orderly regulated proliferation of
epithelial cells, including the ducts and ductules of normal breast (1,
2). Expression of the osÃŸ,integrin at both the protein and mRNA
levels decreased in adenocarcinoma of the breast in a manner that
correlated with the loss of tumor cell differentiation (2. 3). Studies by
other investigators confirmed the key observation that osÃŸ,expres
sion is decreased in adenocarcinoma of the breast, as well as other
epithelial malignancies, in a manner that correlates with the degree of
tumor cell differentiation (4-6, 35, 36). Alterations in expression or

cellular localization of other integrins have been described in carci
noma of the breast and other epithelial malignancies (35-46).

We initially addressed the role of a-, integrin expression in the

maintenance of the differentiated epithelial phenotype and the contri
bution of altered a-, integrin expression to the malignant behavior of

breast cancer cells. Reexpression of the a2ÃŸ,integrin by the MmSMT
cell line resulted in a dramatic phenotypic alteration from a fibroblas-
toid, spindle-shaped, noncontact-inhibited, motile and invasive cell to
an epithelioid, polygonal-shaped, contact-inhibited, less motile and
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Fig. 10. Anchorage-independent growth of'u6- and /34- trans-

fected clones (A). The ability of aft- and /34-transfected clones,

as well as parental and control transfectants to form colonies in
soft agar after 18 days in culture, was determined. Bars. SD.
The vector-only control transfectants formed many large colo
nies (>0.05 mm) after 18 days in culture (B). In contrast, the ah
and ÃŸ4transfectants still formed colonies that were markedly
diminished in size (<0.05 mm), as demonstrated by clone aâ€ž3
(C). The Â«2transfectant, C3. formed only one or two tiny
colonies (D). XI20.

B

Cell type

(13-17). Reduced expression of the a6 and ÃŸ4integrin subunits was
demonstrated by a number investigators in primary breast carcinoma
(4, 53-55). However, Friedrichs et al. (56) demonstrated a clinical
correlation between maintenance of high level a6 integrin expression
and reduced patient survival. In a different study although the ÃŸ4
integrin was reduced in primary breast carcinomas, the ohÃŸ4het-
erodimer was expressed at high level in metastatic lymph node le
sions. Expression of the ÃŸ4integrin subunit was decreased in many
examples of breast, prostate, and basal cell carcinoma, but expression
was increased in other subtypes of carcinoma, including squamous
cell carcinoma (57-62).

Expression of the a6 or ÃŸ4integrin subunits in the absence of the a-,
integrin subunit resulted in profound changes in cell phenotype. Some
of the changes were similar to those observed upon reexpression of
the a-, integrin subunit, whereas others were markedly different (Table
1). The fibroblastoid, spindle-shaped, noncontact-inhibited MmSMT
cell line upon transfection of either the a6 or ÃŸ4integrin subunit
assumed an epithelioid. polygonal-shaped, and contact-inhibited mor
phology similar to that observed upon transfection of the a2 subunit.
In contrast, expression of the a6 and ÃŸ4integrin subunits significantly
reduced anchorage-dependent growth on tissue culture plastic or on a
laminin I substrate, whereas reexpression of the a2 integrin had no
effect on anchorage-dependent growth until confluency was ap
proached. Anchorage-independent growth in soft agar was markedly
diminished but not eliminated by expression of the a6 or ÃŸ4integrin
subunits, whereas anchorage-independent growth in soft agar was
almost entirely eliminated by reexpression of the as integrin subunit.
The colonies formed by the a,, or ÃŸ4transfectants were reduced in size
and cell number in comparison with the parental or vector-only
control cells, although to a lesser extent than observed with the as
transfectants. Recent work by Clark et al. (63) suggests that expres
sion of the a6ÃŸ4integrin can induce growth arrest by activation of p21

(WAF-1:CIP-1), an inhibitor of cyclin dependent kinase. Our results
support a role for the aftÃŸ4integrin in diminishing cell proliferation.
Although the ah and ÃŸ4transfectants expressed different levels of
surface ahÃŸ4integrin. the growth rates of both were diminished. This
suggests that growth arrest may be dependent on a threshold level of
the Â«6ÃŸ4integrin. The regulation of growth rate by the a6 or ÃŸ4
integrin subunits is similar to the suppression of growth by the a5ÃŸ,
integrin in Chinese hamster ovary cells (21).

Although anchorage-dependent and anchorage-independent growth
rates were diminished by transfection of the a6 or ÃŸ4integrin subunits,
features of a less malignant phenotype, invasiveness by the a6 and ÃŸ4
transfectants was comparable with or greater than the control and
parental MmSMT cells. These studies agree with recent mounting
evidence to suggest that aj34 and a6ÃŸ,expression correlate with
invasive and metastatic potential (57, 58, 64-66). For example, aft
integrin subunit expression has been shown to be a poor prognostic-

indicator (i.e.. decreased patient survival) in human breast carcinoma
(56). Recent immunohistochemical studies have Â«Â¡localizedlaminin 1
and a6ÃŸ4integrin at the invasive front of gastric carcinoma in vivo
(67). Recent experimental studies are consistent with our finding that
expression of either the a6ÃŸ,or afiÃŸ4integrins support a more
invasive tumor cell phenotype (64, 68).

In addition to the ability of the a6ÃŸ4-transfectedclones to invade
reconstituted basement membrane, the a6 and ÃŸ4transfectants remod
eled three-dimensional collagen gels in a manner different from the
parental MmSMT and control cells. Expression of the a6 or ÃŸ4
integrins slowed collagen gel contraction by 1 or 2 days. The alter
ations in collagen gel contraction are not due to changes in adhesion
perse. The Â«6and ÃŸ4transfectants effectively adhered to collagen, as
do the control and parental cells. Our previous studies indicate that
MmSMT cells, which lack the a, integrin subunit, adhere to collagen
via the Â«iÃŸ,integrin. The findings of the present study suggest that
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a,/3, AND a,,/ÃŒ4IN BREAST CANCER

Fig. 11. Branching morphogenesis of vector-only, con-
trol-lranst'ected MmSMT cells (A) and the a6 or ÃŸ4trans-
I'cctanls orâ€žl(fl), a,,5 (C). or ÃŸ48(Dl in gels of reconstituted

hasemenl membrane matrix (Matrigel) for 13 days. X300.

expression of the ahÃŸior a,,ÃŸ4integrin alters the consequences of
ligation of other intcgrin receptors (i.e., c*iÃŸ|).

In summary, reexpression of the as integrin subunit by a poorly
differentiated mammary epithelial cell resulted in dramatic pheno-
typic changes associated with up-regulation and expression of the

a6ÃŸ4integrin. However, expression of either the a6 or ÃŸ4integrin
subunits can mimic some but not all of the phenotypic changes
resulting from reexpression of the osÃŸ, integrin. Using this single
model, we are beginning to dissect the role of distinct integrin sub-

units in growth regulation and epithelial morphogenesis. As proposed
in our earlier publication, these findings support the hypothesis that
the well-described changes in expression of adhesion molecules in

cancer, including the osÃŸ,and ahÃŸ4integrins. each contribute to the
altered adhesive and invasive behavior of breast cancer and other
epithelial malignancies.

Table 1 Effects of integriti reexpresston

MmSMT or,- ah- ÃŸ4-
vector-only" transfected" transfected" transfecled"

control" MmSMT MmSMT MmSMT

HpithelioidmorphologyContact
inhibitionAdhesion-collagenAdhesion-lamininReorganisation

of collagengelsAnchorage-dependent
growthAnchorage-independent
growthInvasionBranching

morphogenesisNC*NCNCNCNCNCNCNCNCÃ®

ÃŽÃ®
Ã®NC<p11NCi

i1Ã®

Ã®Ã®

Ã®Ã®
Ã®NCÃ®1iJÃ®Ã®Ã®

Ã®Ã®
Ã®NCÃ®

Ã®i11Ã®Ã®

" The effects of integrin reexpression were derived from studies of at least three stably

iransfectcd clonal cell lines from MmSMT cells Iransfected independently with the
vector-only, the human a2 integrin cDNA. the human Â«,,integrin cDNA. or the human ÃŸ4

integrin cDNA.
' NC. no change.
' ?, not analy/cd
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