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To define the unique contributions of the a subunit
cytoplasmic tails of the a1b1 and a2b1 integrin to
epithelial differentiation and branching morphogen-
esis, a variant NMuMG cell line lacking a1b1 and a2b1

integrin expression was stably transfected with the
full-length a2 integrin subunit cDNA (X2C2), chimeric
cDNA consisting of the extracellular and transmem-
brane domains of the a2 subunit and the cytoplasmic
domain of the a1 subunit (X2C1), or a2 cDNA trun-
cated after the GFFKR sequence (X2C0). The X2C2 and
X2C1 transfectants effectively adhered, spread, and
formed focal adhesion complexes on type I collagen
matrices. The X2C0 transfectants were less adherent
to low concentrations of type I collagen, spread less
well , and formed poorly defined focal adhesion com-
plexes in comparison to the X2C2 and X2C1 transfec-
tants. The X2C2 and X2C1 transfectants but not the
X2C0 transfectants proliferated on collagen sub-
strates. Only the X2C2 transfectants developed elon-
gate branches and tubules in three-dimensional col-
lagen gels and migrated on type I collagen. These
findings suggest a unique role for the a2 integrin
cytoplasmic domain in postligand binding events and
cooperative interactions with growth factors that me-
diate epithelial differentiation and branching mor-
phogenesis. Either intact a1 or a2 integrin subunit
cytoplasmic domain can promote cell cycle progres-
sion. (Am J Pathol 1999, 155:927–940)

The a2b1 integrin, a collagen/laminin receptor, is ex-
pressed at high levels by most normal epithelial cells,
and its expression is required for normal epithelial orga-
nization, including the formation of branching glands and
ducts of the breast.1–10 In many epithelial malignancies,
a2b1 integrin expression is diminished or lost in a manner
that correlates with the loss of epithelial differentiation
and tumor progression.2,3,11–14 The important role that
the a2b1 integrin plays in normal epithelial differentiation
has been substantiated by a number of in vitro “gain-of-
function” and “loss-of-function” models.4,5,15,16

For example, when a full-length a2 integrin cDNA was
introduced into a poorly differentiated, tumorigenic mu-

rine breast cancer cell line that expressed no detectable
a2 integrin subunit but high levels of the a1 integrin sub-
unit, reexpression of the a2b1 integrin resulted in dra-
matic phenotypic alteration from a fibroblastoid, spindle-
shaped, non-contact-inhibited cell to an epithelioid,
polygonal-shaped, and contact-inhibited cell in culture.15

Although the adhesion to collagen (mediated by the a1b1

integrin) of the parental and control cells was comparable
to the adhesion of the a2 transfectants, only the a2 trans-
fectants formed organized structures, including alveolar-
like and elongated multilayered duct-like structures in
three-dimensional floating collagen gels. These findings
suggested that expression of the a2b1 integrin, but not
the a1b1 integrin, supported epithelial differentiation and
glandular morphogenesis in vitro.

The a1b1 and a2b1 integrins also appear to play dis-
tinct roles in other cell types. When cultured in three-
dimensional collagen gels, primary fibroblasts that ex-
press both the a1b1 and a2b1 integrins down-regulate
collagen biosynthesis and up-regulate metalloproteinase
expression.17–19 Ligation of the a1b1 integrin results in
down-regulation of collagen gene expression, whereas
ligation of the a2b1 integrin up-regulates matrix metallo-
proteinase-I gene expression.17 In several cell types the
a1b1 integrin has been shown to promote cell cycle pro-
gression and prevent apoptosis, and the a2b1 integrin
fails to promote cell survival or cell cycle progression.20

To begin to explore the mechanisms underlying these
dramatic differences in postligand binding events medi-
ated by the two collagen/laminin receptors, we have fo-
cused on the cytoplasmic tails of the a2 and a1 integrin
subunits. We have reexpressed either the full-length a2

integrin subunit (X2C2), a chimeric integrin a chain com-
posed of the extracellular and transmembrane domains
of the a2 subunit fused to the cytoplasmic domain of a1

subunit (X2C1), or a truncated a2 subunit in which the
cytoplasmic domain terminates following the conserved
GFFKR motif (X2C0). Our findings reveal similarities in the
ability of the a1 and a2 integrin cytoplasmic domains to
mediate cell adhesion, spreading, focal adhesion com-
plex formation, and proliferation. In addition, our findings
demonstrate that an intact a subunit cytoplasmic domain
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is required for cell cycle progression. They furthermore
reveal a unique role for the a2 integrin cytoplasmic do-
main in mediating branching morphogenesis by epithelial
cells in three-dimensional collagen gels.

Materials and Methods

Cell Culture and Transfection

The murine NMuMG cell line and subclones were main-
tained in Dulbecco’s minimum essential medium (DMEM)
supplemented with 10% fetal bovine serum and insulin (5
mg/ml). NMuMG subclones were derived by limiting dilu-
tion techniques. The full-length human a2 integrin (X2C2)
cDNA, the a2 cDNA lacking the cytoplasmic tail of the a2

integrin beyond the GFFKR sequence (X2C0), and the
chimeric a2 cDNA containing the extracellular domain of
a2 and the cytoplasmic tail of a4 (X2C4) in the expression
vector pFneo were generous gifts from Dr. Martin Hemler
(Harvard Medical School, Boston, MA).21,22 The chimeric
integrin cDNA containing the extracellular domain of a2

and the cytoplasmic tail of a1 was constructed by replac-
ing the a4 cytoplasmic tail of the X2C4 construct with the
a1 cytoplasmic tail. The a1 cytoplasmic tail was gener-
ated by annealing two complementary oligonucleotides
representing base pairs 3916 to 3961 of the a1 integrin
sequence.23 The full-length, chimeric, and deletion mu-
tant cDNA constructs of the a2 subunit were subcloned
into the expression vector pSRa (a gift from Dr. Andre
Shaw, Washington University School of Medicine, St.
Louis, MO), which contains a cytomegalovirus promoter.
All constructs were transfected into the NMuMG-3 clonal
cell line by calcium phosphate transfection methodology.
Clonal cell lines were selected and maintained in gene-
ticin (850 mg/ml) and evaluated by Southern blot analysis
for integration site determination to ensure that distinct
clones were evaluated.

Immunoblot and Flow Cytometric Analysis

Immunoblot analysis was carried out by lysing confluent
cell cultures in sodium dodecyl sulfate (SDS) sample
buffer (0.1% SDS, 150 mmol/L NaCl, 5 mmol/L EDTA, 10
mmol/L Tris-HCl (pH 7.4), 1% Triton X-100, 0.5% deoxy-
cholic acid, 100 mg/ml aprotinin, 50 mg/ml leupeptin, and
5 mmol/L phenylmethylsulfonyl fluoride). Total protein
concentration was determined by the Pierce protein as-
say (Pierce, Rockford, IL). Equivalent amounts of protein
lysate were subjected to sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis and electroblotted onto Im-
mobilon-P transfer membrane (Millipore, Bedford, MA).
Immunoblots were blocked in 5% dried milk in Tris-buff-
ered saline (TBS) containing 0.5% Tween 20 and incu-
bated overnight with an appropriate dilution of primary
antibody at 4°C. Secondary antibody incubation was per-
formed with horseradish peroxidase-conjugated goat an-
ti-mouse IgG (Amersham Life Science, Arlington Heights,
IL) for 2 hours at room temperature. The ECL Chemilumi-
nescence System (Amersham Life Science, Arlington
Heights, IL) was used for visualization.

Flow cytometric analysis was performed on adherent
cells harvested with 2 mmol/L EDTA in phosphate-buff-
ered saline (PBS) (pH 7.45). Single cells (1 3 106) in PBS
containing 1.5% horse serum were incubated with the
appropriate monoclonal or polyclonal antibodies at either
5 mg/ml or at the saturating concentration recommended
by the manufacturer for 45 minutes at 4°C. Cells were
washed three times and incubated with 2 mg/ml of a
secondary goat anti-mouse or donkey anti-rat antibody
coupled to fluorescein (Tago, Birmingham, CA) for 45
minutes at 4°C, washed twice, and resuspended in PBS.
Fluorescein-labeled cells were analyzed using a FACS-
can instrument (Becton Dickinson, Mountain View, CA).

Monoclonal antibodies (mAbs) against the extracellu-
lar domain of the murine a1 integrin (Pharmingen, San
Diego, CA); the murine a6 integrin subunit, GoH3, (Im-
munotech, Westbrook, ME); the murine b1 integrin sub-
unit, 9EG7 (Sigma Immunochemical, St. Louis, MO); and
the murine a5 integrin subunit, 5H10–27 (Pharmingen,
San Diego, CA); were used for flow cytometric analysis.
Polyclonal antisera directed against a portion of the car-
boxyl terminus of the murine b4 integrin subunits or
against a portion of the murine c-Met receptor were ob-
tained from Chemicon (Temecula, CA) or Santa Cruz
Biotech (Santa Cruz, CA), respectively. The polyclonal
antiserum against the cytoplasmic domain of the murine
a2 integrin has been described previously.24 A polyclonal
antiserum against the extracellular domain of the murine
a2 integrin was prepared using standard procedures24

by immunization of rabbits with recombinant murine a2

integrin I-GST fusion protein that was expressed, purified,
and characterized as recently described for the analo-
gous human protein.25

Adhesion and Spreading Assays

Adhesion and spreading assays were carried out as
described in detail.26 In adhesion assays, cells (2 3 104

cells/ml) were allowed to adhere to either type I collagen
or fibronectin (Sigma Chemical, St. Louis, MO) at the
designated concentration for 1 hour at 37°C. Nonadher-
ent cells were removed by washing three times. Cell
spreading was quantitated by counting the number of
spread versus nonspread cells after 1 hour of adhesion to
collagen type I (20 mg/ml).

Morphogenesis in Gels of Type I Collagen

Glandular morphogenesis in floating gels of type I colla-
gen was carried out as described in detail.26 The mor-
phology was photographed at 3200 magnification.

Measurement of Contractile Forces in
Collagen Gels

Formation of collagen gels was carried out by resuspend-
ing cells (1 3 106 cells/ml) in DMEM with monomeric
collagen (1 mg/ml) solubilized in 0.02 mol/L acetic acid at
4°C (Upstate Biotechnology, Lake Placid, MA). Polymer-

928 Zutter et al
AJP September 1999, Vol. 155, No. 3



ization of the collagen gels was carried out by neutraliza-
ing the pH with 0.1 NaOH before the mixture of cells and
collagen was cast in Teflon wells and the gels were
incubated in a 37°C humidified incubator with 5% C02.
Collagen polymerization was complete after 15–30 min-
utes. The cylindrical walls surrounded by a central man-
drel containing polymerized collagen gel and cells
formed a cell populated matrix (cpm) ring. After 1 hour of
incubation, the mandrel was removed from the cpm ring.
The cpm ring was then looped over horizontal bars of a
triangular hook connected to an isometric force trans-
ducer (model 52-9545; Harvard Apparatus, South Natick,
MA) by a gold chain. The opposite end of the ring was
also looped over another horizontal bar. An analog-to-
digital signal converter (CIO-DAS 1602/16; Computer
Boards, Mansfield, MA) attached to a personal computer
translated the voltage signal from the isometric force to a
digital signal for recording. The sample was submerged
into 50 ml HEPES-buffered DMEM supplemented with
10% calf serum in a thermoregulated organ bath (Har-
vard Apparatus) at physiological temperature (37°) and
pH (7.4). The baseline force development by the collagen
matrix contraction was monitored for 20–30 hours. After
baseline force development, the force generated in re-
sponse to calf serum (20%) stimulation was measured
over the subsequent 50–100 minutes. After force levels
stabilized, the model tissues were exposed to cytocha-
lasin D (2 mm).

Growth on Type I Collagen and Fibronectin

Before growth analysis, cells were serum-starved in
DMEM containing 0.4% serum and insulin (5 mg/ml) for
48 hours, followed by DMEM-containing insulin (5 mg/ml)
only for 18 hours, before being plated on type I collagen
(25 mg/ml) or fibronectin (25 mg/ml). Cells (4 3 104/well)
were plated on 30-mm plates in MEBM containing bovine
pituitary extract (13 mg/ml), hydrocortisone (0.5 mg/ml),
human epidermal growth factor (EGF) (10 mg/ml), and
insulin (5 mg/ml) (Clonetics, San Diego, CA). The medium
was changed every 3 days after the initial plating. On
days 3, 6, 9, 12, and 15, the cells from triplicate wells
were detached with 0.025% trypsin and counted in a
hemacytometer.

Cell Migration on Type I Collagen

Cell migration assays were performed using a modifica-
tion of the protocol previously described.26 Cells were
serum-starved as described for the proliferation assays.
Briefly, 12-mm transwell chambers (Costar, Cambridge,
MA) containing polycarbonate membrane with 12-mm
pores were coated overnight at 4°C with collagen type I
at 25 mg/ml (Sigma Chemical). The filters were washed
with PBS and air-dried. The bottom chamber was filled
with RPMI 1640 medium with 1% bovine serum albumin
and Mg21 (2 mM). Cells were placed in the top chamber
at 1.5 3 105 cells/ml in PBS with Mg21 (2 mM) and
allowed to migrate for 4 hours at 37°C in a humidified
incubator. In experiments in which EGF was included,

EGF (10 ng/ml) was placed in either the lower chamber
only or both the upper and lower chambers as a control
for chemotaxis. Cells remaining on the upper surface of
the transwell filter were removed by mechanical scrap-
ing. Cells migrating to the lower filter surface were fixed
and stained with Gill’s hematoxylin and eosin solution
(Sigma Diagnostics, St. Louis, MO). The number of cells
migrating to the lower surface was determined by count-
ing the number of cells in 10 random fields (3400, high-
power field). All experiments were repeated a minimum of
three times. Migration was determined by averaging the
cell count from at least three separate experiments.

Results

NMuMG, an immortalized but nonmalignant mammary
epithelial cell line, undergoes striking glandular morpho-
genesis that recapitulates normal mammary differentia-
tion with the development of branching ducts and glands
when cultured in three-dimensional collagen gels.27 Pre-
vious work from our laboratory as well as a number of
other laboratories demonstrated high a2b1 integrin ex-
pression by epithelial cells of the normal mammary gland
and suggested an important role for the a2b1 integrin in
normal branching morphogenesis of mammary epithelial
cells, as well as other cell types.4–6,15 It thus seemed
likely that the NMuMG cells also expressed high levels of
the a2b1 integrin. Preliminary analysis demonstrated that
the NMuMG cell line expressed high levels of the a2b1

integrin protein (data not shown).
Further evaluation of the NMuMG cells in culture re-

vealed variability in cellular morphology. Many NMuMG
cells were round or polygonal with epithelioid features;
rare cells were spindle-shaped with fibroblastoid fea-
tures. Before further analysis, clonal sublines of NMuMG
reflecting these different phenotypes were derived by
limiting dilution subcloning techniques. Three clonal cell
lines, designated NMuMG-1, NMuMG-2, and NMuMG-3,
were selected for further analysis. As shown in Figure
1,A, D, and E, the NMuMG-1 subclone exhibited an ep-
ithelioid morphology and expressed high levels of the
a2b1 integrin. In contrast, the NMuMG-3 subclone exhib-
ited fibroblastoid features and had undetectable levels of
the a2b1 integrin (Figure 1, C, D, and E). The NMuMG-2
subclone showed features intermediate between those of
NMuMG-1 and NMuMG-3 and expressed intermediate
levels of the a2b1 integrin (Figure 1, B, D, and E).

We compared the ability of the NMuMG subclones to
develop elongate branches and glands in three-dimen-
sional collagen gels. As shown in Figure 2, cells derived
from the NMuMG-1 and NMuMG-2 subclones formed
complex branches and glandular structures when grown
for 3 days in three-dimensional collagen gels. In contrast,
NMuMG-3 cells failed to develop branches or extensions
but remained as single isolated cells or small clusters of
cells.

Our previous work suggested that the interplay of mul-
tiple cell adhesion receptors may contribute to complex
morphological mammary cell differentiation.28,29 We
therefore evaluated the expression of other integrins by
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the three NMuMG subclones. We compared the expres-
sion levels of the a1, a5, a6, and b1 integrin subunits by
NMuMG-1, NMuMG-2, and NMuMG-3 cells by flow cyto-
metric analysis (Figure 3A). All three subclones ex-
pressed intermediate to high levels of the a5, a6, and b1

integrin subunits. None of the subclones expressed de-
tectable levels of the a1 integrin subunit. The b4 integrin
subunit was expressed by all three NMuMG subclones,
as demonstrated by Western blot analysis. NMuMG-1
expressed the highest levels of the b4 subunit; NMuMG-3
expressed the lowest level of b4 subunit; NMuMG-2 ex-
pressed intermediate levels of the b4 subunit (Figure 3B).
A correlation between expression of the a2b1 and a6b4

integrins has previously been recognized.28,29 Because

an earlier investigation established the important role of
the hepatocyte growth factor (HGF)/cMet receptor inter-
action in branching morphogenesis of the NMuMG cell
line,27 we assessed cMet expression by the NMuMG
subclones (Figure 3B). There was high and equivalent
levels of cMet expression by the NMuMG-1 and
NMuMG-2 subclones. NMuMG-3 cells expressed slightly
lower levels of the cMet receptor, as determined by West-
ern blot analysis. All three cell lines expressed compara-
ble levels of cytokeratin and E-cadherin (data not shown).

To confirm the role of the a2b1 integrin in branching
morphogenesis by NMuMG cells, we reexpressed the
full-length human a2 integrin subunit in the NMuMG-3 cell
line and evaluated the morphological response. After

Figure 1. A: Clonal cell lines of the NMuMG cells were derived by limiting dilution subcloning techniques. The growth characteristics in routine culture of the three
subclones designated NMuMG-1 (A), NMuMG-2 (B), and NMuMG-3 (C) are demonstrated (3200). The NMuMG-1 subclone exhibited epithelioid morphology (A);
the NMuMG-3 subclone exhibited fibroblastoid features (C); the NMuMG-2 subclone had intermediate features between NMuMG-1 and NMuMG-3 (B). D:
Immunoblot analysis of cell lysates of NMuMG-1, NMuMG-2, and NMuMG-3 subclones, using a polyclonal antipeptide antibody specific for a portion of the
carboxyl terminus of the mouse a2 integrin subunit demonstrated different levels of a2 integrin subunit expression. E: Cell surface expression of the murine a2

integrin subunit by the NMuMG-1, NMuMG-2, NMuMG-3 subclones was assessed by flow cytometric analysis. The control represents NMuMG-1 stained with
secondary antibody only.
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transfection and selection in geneticin, multiple clonal
cell lines were isolated and evaluated for expression of
the human a2 integrin subunit by flow cytometric analysis.
Clonal cell lines (X2C2#1 and X2C2#4) expressing the
full-length human a2 integrin subunit (X2C2) at levels
comparable to that of the high-level expression of the
murine a2 subunit by the NMuMG-1 subclone were se-
lected for study (Figure 4, A and B). Vector-only trans-

fected control cells, like parental NMuMG-3 cells, did not
express detectable levels of the a2b1 integrin (Figure 4, A
and B).

The ability of the NMuMG-3 cell line reexpressing the
full-length a2b1 integrin to branch and form elongated
structures in three-dimensional collagen gels was com-
pared to the ability of the parental cells and control trans-
fectants to branch (Figure 5). Reexpression of the a2b1

integrin restored the ability of the NMuMG-3 subclone to
form branches in three-dimensional collagen gels. We
have now demonstrated in several different model sys-
tems, using both benign and malignant breast epithe-
lium, the important role of a2b1 in epithelial cell branching
morphogenesis.

To begin to understand the mechanism by which the
a2 integrin subunit mediates branching morphogenesis
in three-dimensional collagen gels, we focused on the
role of cytoplasmic domains of the two collagen/laminin
receptors, the a1b1 and a2b1 integrins.8,30–33 We assem-
bled a panel of NMuMG-3 clones expressing cDNA con-
structs encoding the full-length human a2 integrin sub-
unit, X2C2 (as described above), a chimeric integrin
subunit consisting of the extracellular and transmem-
brane domains of the a2 integrin fused to the cytoplasmic
domain of the a1 integrin (X2C1), or an a2 integrin subunit
truncated immediately distal to the highly conserved
GFFKR sequence within the cytoplasmic domain of the
integrin. At least six clonal cell lines were established
from the transfection of each of the cDNA constructs.

The clonal cell lines were analyzed for cell surface
expression of the X2C1 or X2C0 integrin subunits by flow
cytometric analysis (Figure 4, A and B). Two representa-
tive clonal cell lines expressing the chimeric X2C1 inte-
grin subunit (X2C1#2 and X2C1#7) and two clonal lines
expressing the truncated X2C0 integrin subunit
(X2C0#44 and X2C0#52) at levels comparable to the
expression of full-length X2C2 by the X2C2#1 and
X2C2#4 clones were selected for further analysis. Be-
cause the levels of other integrin subunits varied slightly
between the NMuMG-1 and NMuMG-3 subclones, we
confirmed that the expression levels of the a1, a5, a6, b1,
and b4 integrin subunits were similar among the evalu-
ated clones (data not shown).

Adhesion to collagen type I and fibronectin substrates
by clones expressing the X2C2, X2C1, X2C0 constructs
as well as by the vector-only controls was analyzed. As
shown in Figure 6A, cell lines expressing the X2C2,
X2C1, or X2C0 subunit adhered to type I collagen in a
Mg21- and concentration-dependent manner. The X2C2-
expressing clones X2C2#1 and X2C2#4, the X2C1-ex-
pressing clones X2C1#2 and X2C1#7, and the X2C0-
expressing clone X2C0#52 all effectively and
comparably adhered to type I collagen. The X2C0#44
clone adhered slightly less well to low concentrations of
type I collagen, although the level of surface a2b1 integrin
expression was similar. The vector-only control cells
failed to adhere to type I collagen, consistent with the
absence of both the a1b1 and a2b1 integrin collagen
receptors. The X2C2, X2C1, and X2C0 transfectants, as
well as the control cells, adhered to fibronectin substrates
in a similar manner (Figure 6B).

Figure 2. Branching morphogenesis of the NMuMG subclones in three-
dimensional collagen gels. The ability of the NMuMG subclones NMuMG-1,
NMuMG-2, and NMuMG-3 to develop elongate branches in three-dimen-
sional collagen gels was evaluated. Magnification 3200.
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To further evaluate the role of the cytoplasmic tails of
the a1 and a2 integrin subunits in cell-matrix interactions,
the ability of the cells to spread after adhesion to type I
collagen was analyzed. The X2C2-expressing clones,
X2C2#1 and X2C2#4, adhered, spread, and adopted a
polygonal morphology after 1 hour of adhesion to type I
collagen (Figure 7A). The cells expressing full-length a2

integrin subunit exhibited well-defined membrane exten-
sions and lamellipodia (Figure 7B). Although the extent of
adhesion of the X2C1- and X2C0-expressing clones was
similar to that of the X2C2 transfectants, a lower percent-
age of X2C1-expressing NMuMG cells spread when at-
tached to type I collagen substrates for the same time
period (Figure 7A). The X2C1-expressing cells formed
short, rudimentary extensions and filopodia and devel-
oped a few well-defined lamellipodia after 1 hour of ad-
herence (Figure 7B). The X2C0 transfectants spread
poorly. These findings suggest that the cytoplasmic tails
of the a1 and a2 integrins serve different roles after ad-
hesion to type I collagen and that the a cytoplasmic
domain is required for rapid spreading.

Both the a1b1 and a2b1 integrins have been shown to
play an important role in collagen gel contraction.18,19,22

We have evaluated the ability of the X2C2-, X2C1-, and
X2C0-expressing clones to stiffen a collagen matrix and
develop basal force within collagen gels. Reconstituted
tissue rings were formed with the X2C2#1, X2C1#2, and
X2C0#52 transfectants or control cells as described in
Materials and Methods. Within an hour after collagen
gelation, before gel compression or remodeling, the re-
constituted tissue rings were mounted on isometric force
transducers. Force development from the collagen gels
containing either the X2C2, X2C1, X2C0 transfectants or
control cells was monitored continuously for 24 hours

Figure 3. Expression of other integrin subunits and the c-Met receptor by the
NMuMG subclones. A: Cell surface expression of the murine a1, a5, a6, and
b1 integrin subunits by NMuMG-1 (——), NMuMG-2 (zzzzz), and NMuMG-3 (–
– –) cells was determined by flow cytometric analysis. B: Immunoblot
analysis of cell lysates of NMuMG-1, NMuMG-2, NMuMG-3 subclones using
a polyclonal antiserum against a portion of the carboxyl terminus of the
murine b4 integrin subunit or against the murine c-Met receptor compared
the levels of the b4 integrin subunit and the c-Met receptor.
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(Figure 8A). Collagen gels containing X2C2 and X2C1
transfectants developed the highest contractile force.
Collagen gels containing the X2C0 transfectants also
developed contractile force, albeit significantly less than
that produced by the X2C2 and X2C1 transfectants. In
contrast, the rings containing control cells produced no
detectable force. Hence, the presence of the extracellu-
lar and transmembrane domains of the a2 subunit, cou-
pled to an intact b1 subunit, is sufficient for low basal
force development in the absence of a corresponding a
cytoplasmic domain. Integrin subunits containing the ex-

tracellular and transmembrane domains of the a2 subunit
and either the a2 or the a1 cytoplasmic domain can
generate comparable force that is substantially greater
than the force generated in the absence of a cytoplasmic
tail. Control cells fail to develop detectable force.

Model tissues respond to mitogenic agonists such as
calf serum or thrombin by activating myosin light chain
kinase and developing readily measured contractile
force.34 After a 24-hour period of force development (Fig-
ure 8A), the collagen tissues were exposed to 20% calf
serum (Figure 8B). Tissues containing the X2C2#1 and
X2C1#2 transfectants generated comparable force in re-
sponse to calf serum. In contrast, collagen gels contain-
ing either the X2C0#52 transfectants or control transfec-
tants generated only minimal additional force in response
to calf serum. After the model tissues had reached max-
imum force levels in response to calf serum, disruption of
the actin cytoskeleton with 2 mmol/L cytochalasin D abol-
ished the increase in force, which occurred both during
tissue compression (Figure 8A) and in response to calf
serum (Figure 8B). Force generation diminished to the
zero force level. The failure of cytochalasin D to reverse
the small force increase elicited by the addition of calf
serum to gels containing control cells suggests that the
small force was unlikely to have resulted from myosin-
dependent contraction. Indeed, 2 mmol/L CD not only
should abolish actin-myosin interactions, but should also
interfere with integrin-dependent interaction of cells with
the matrix, which also involves actin filaments. It is un-
likely that the small cytochalasin D-resistant force in-
crease shown by the control cells resulted from any type
of cellular response. On the contrary, it is more likely to
have been caused by some technical artifact in this mea-
surement. The presence of this potential artifact compli-
cates the interpretation of the similar small force increase
shown by the X2C0 transfectants in response to calf
serum (CS). It is possible that this acute response to CS
is smaller than what appears in Figure 8B, and may even be
zero. The affect of cytochalasin D on this tissue confirms
that the substantial basal force developed during the period
of tissue compression is actin-dependent, as expected.

To determine whether the cytoplasmic tail of the a2

subunit confers specific signals that lead to a2b1 integrin-
mediated branching morphogenesis, the ability of clonal
NMuMG-3 cell lines expressing either the X2C1 subunit
or the X2C0 subunit to develop elongated branches and
tubules in three-dimensional collagen gels was com-
pared to the ability of the X2C2-expressing clones. X2C2-
transfected cell lines formed an extensive network of
well-defined branches and tubules in three-dimensional
collagen gels at 72 hours, as shown above (Figure 5). In
contrast, X2C1- and X2C0-transfected cell lines exhibited
poorly organized rudimentary extensions or formed small
grape-like clusters (Figure 5). The latter phenotype was
characteristic of cells expressing the X2C0 subunit. Vec-
tor-only control cells remained as individual cells or
rounded cell aggregates. Proliferation by the vector-only
control cells and to a lesser extent by the X2C0-express-
ing clones in three-dimensional collagen matrices ap-
peared to be reduced in comparison to that of cells
expressing either the X2C2 or the X2C1 subunit (Figure

Figure 4. Cell surface expression of the extracellular domain of the human a2

integrin subunit by the X2C2, X2C1, X2C0, and vector-only transfectants. A:
Cell surface expression of the a2 subunit extracellular domain by the X2C2-
transfected clone NMuMG-3-X2C2#1, the X2C1-transfected clone NMuMG-3-
X2C1#2, and the X2C0-transfected clone NMuMG-3-X2C0#44 was compared
with that of the vector-only control cells (Control 7) by flow cytometric
analysis. B: Cell surface expression of the X2C2 subunit by the X2C2-
transfected clone NMuMG-3-X2C2#4, of the X2C1 subunit by the X2C1-
transfected clone NMuMG-X2C1#7, and of the X2C0 subunit by the X2C0-
transfected clone NMuMG-X2C0#52 was compared to the vector-only control
cells (Control 8) by flow cytometric analysis.
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5). These findings establish an independent role for the
cytoplasmic domain of the a2 integrin subunit in mediating
downstream signals distinct from those mediated by the
cytoplasmic domain of the a1 subunits in determining the
three-dimensional organization of glandular structures.

Because of the apparent differences in proliferation in
collagen gels noted above, we quantitatively evaluated
the proliferation of the transfectants on collagen and fi-
bronectin substrates. The X2C2 and X2C1 transfectants
proliferated at comparable rates, as shown in Figure 9A.
In contrast, the X2C0 transfectants and the vector-only
transfected control cells failed to grow on type I collagen
substrates. All transfectants and the vector-only control
cells grew at similar rates on fibronectin (Figure 9B).
These results suggest that the cytoplasmic tail of the
integrin a subunit is required for signals that mediate cell
cycle progression.

To begin to address the differences in the ability of the
cytoplasmic domains of the a1 and a2 integrin subunits to
signal branching morphogenesis, we focused on the abil-
ity of the X2C2 and X2C1 transfectants to respond to
growth factors. In experiments carried out in serum-free
media, branching morphogenesis of the X2C2 transfec-
tants was dependent on growth factors including EGF
and bovine pituitary extract (data not shown). We there-

fore evaluated the ability of the X2C2, X2C1, X2C0, and
control transfectants to migrate in chemotaxis assays in
response to EGF (10 mg/ml). As shown in Figure 10, the
X2C2 transfectants migrated in response to EGF on type
I collagen. In contrast, the X2C1, X2C0, and control trans-
fectants failed to migrate in response to EGF on type I
collagen. The transfectants failed to migrate when iden-
tical concentrations of EGF were placed in both the upper
and lower chambers, documenting the chemotactic na-
ture of migration. The transfectants all expressed com-
parable levels of the EGF receptor (data not shown). We
proposed that one potential mechanism for specificity
mediated by the a1b1 and a2b1 integrins is the ability of
the cytoplasmic tail of the a2 versus the a1 integrin subunit
to respond to distinct signaling pathways that activate
complex cellular processes such as migration and
branching morphogenesis.

Discussion

Evidence from a number of laboratories suggests that
different integrins may mediate distinct “postreceptor li-
gand occupancy” events that determine cellular differen-
tiation, alteration in gene expression, and the regulation
of tumor progression.35–39 The signaling pathways acti-
vated by integrin receptor occupancy and clustering
have been extensively studied in the last few years. Mul-
tiple pathways, including the ras/raf/erk, the rho/rac/
cdc42, the Gi-linked pathways, and the PI3 kinase path-
way, mediate “inside-out” and “outside-in” signaling.40–46

Although a great deal has been learned about overall sig-
naling pathways mediated by the b1 integrin family, the
mechanisms by which specific a and b heterodimers alter
cellular differentiation and gene expression in contrast to
distinct effects of other integrins have not been resolved.

Our previous studies using complementary “gain of
function” and “loss of function” models indicated that the
a2b1 integrin is required for epithelial differentiation and
morphogenesis of breast glands and tubules in vitro and
that the diminished a2b1 integrin expression contributes
to motility and the invasive behavior of tumor cells in
vitro.4,5,15,47 We have also shown that reexpression of the
a2b1 integrin in a poorly differentiated, invasive breast
carcinoma cell line greatly diminishes, but does not com-
pletely abrogate, the malignant potential in vivo.15 This
critical observation that a2b1 integrin expression is re-
quired for maintenance of the differentiated epithelial
phenotype and glandular differentiation in vitro has been
confirmed by others. The a2b1 integrin appears to play a
similar role in the morphological differentiation of colonic
epithelial cells and renal tubular epithelial cells.5,48

The present study describes a model system, an im-
mortalized but nonmalignant epithelial cell line that fails to
express either the a1b1 or a2b1 integrin, to evaluate the
role of collagen receptors in epithelial differentiation. The
results reveal that both the a1 and a2 integrin cytoplasmic

Figure 5. Expression of the X2C2, X2C1, and X2C0 integrin subunits modulates the ability of the NMuMG cells to undergo branching morphogenesis in
three-dimensional collagen gels. Branching of X2C2 transfectants X2C2#1 and X2C2#4, X2C1 transfectants X2C1#2 and X2C1#7, X2C0 transfectants X2C0#44 and
X2C0#52, and vector-only control cells (Controls 7 and 8) were analyzed in three-dimensional gels of type I collagen.

Figure 6. Adhesion to collagen type I and fibronectin substrates. The X2C2
transfectants X2C2#1 and X2C2#4, the X2C1 transfectants X2C1#2 and
X2C1#7, the X2C0 transfectants X2C0#44 and X2C0#52, and vector-only
control cells were assayed for adhesion to substrates composed of the
indicated concentrations of type I collagen (A) or fibronectin (B) in the
presence of 2 mmol/L Mg21. Results are presented as mean 6 SD.
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domains can effectively support adhesion, spreading,
collagen gel contraction, and growth. In the presence of
a truncated a subunit lacking a cytoplasmic tail, cells
effectively adhere and attempt to spread but fail to pro-
liferate when attached to type I collagen. Cells express-
ing either the X2C2 or the X2C1 integrin subunits develop
contractile force in collagen matrices both during an
initial period of slow matrix compression and subse-
quently in an acute response to the addition of calf se-
rum. In contrast, model tissues of collagen-containing
control cells, lacking either the a1 or a2 integrin subunits,
exert no detectable force on the collagen matrix in either
compression or acute response phase. Collagen gels
containing the X2C0 transfectants, which express the a2

extracellular and transmembrane domains but lack the
cytoplasmic domain of either the a1 or a2 integrin, also
produce a significant level of basal force during tissue
compression, although the force generated by the X2C0
cells is substantially less than that seen with the X2C2
and X2C1 transfectants. Unlike the X2C2 or the X2C1
cells, the X2C0 cells exert little or no additional force in
response to calf serum. Collagen gels containing the
control cells generate no detectable force on the colla-
gen matrix in either the compression or the acute re-
sponse to serum phase. These findings suggest that the
slow development of force during tissue compression
does not require the a integrin cytoplasmic domain, but
that the cytoplasmic domain is required for the acute
response to serum.

The clones expressing the X2C0 integrin subunit and
vector-only control cells appeared to have a defect in
cellular proliferation on collagen relative to cells express-
ing either the X2C2 or X2C1 subunits. No growth defect
was apparent under standard culture conditions. The
vector-only control cells exhibited the most severe prolif-
erative defect. The inability of the control cells to grow on
collagen is not surprising, because the cells do not ad-
here to the substrate. However, an alternative explanation
is required for the diminished growth of cells expressing
the X2C0 construct, because they effectively adhere
to the collagenous substrates. The differences in cell
proliferation between the X2C0-, the X2C2-, and the
X2C1-expressing cells suggest that an intact a subunit
cytoplasmic domain is required to fully support the inte-
grin-mediated signals leading to the cell cycle progres-
sion of NMuMG cells.

These findings are surprising in light of the results of
Wary et al.20 In their study, ligation of the a1b1 integrin,
which was associated with shc in caveoli, led to activation
of the ras/MAP kinase cascade, to cell cycle progression,
and to prevention of apoptosis. In contrast, they ob-
served no association of the a2b1 integrin with shc. In
addition, the a2b1 integrin failed to activate the ras/MAP
kinase cascade, to promote cell cycle progression, or to
prevent apoptosis. However, we have observed that in
some cell types, notably mammary epithelium, the a2b1

integrin can support cell proliferation. Perhaps the a2

integrin subunit can associate with shc in some cell types
and thereby activate the ras/MAP kinase cascade. A
more likely explanation, however, is that the a2b1 integrin
mediates signals that promote cell cycle progression via

alternative pathways. These findings do suggest that
other signaling molecules may stimulate growth and cell
cycle progression mediated via the a2b1 integrin.

The cytoplasmic tail of the a2 integrin subunit uniquely
confers the ability to branch in three-dimensional colla-
gen gels. The cytoplasmic tail of the a1 integrin subunit
could not support the formation of extensive elongated
branches. In recent studies, transfectants expressing the
full-length human a1 integrin subunit (X1C1) also failed to
form elongate branches in three-dimensional collagen
gels (data not shown). Thus more complex downstream
events, beyond adhesion to collagen and the formation of
focal adhesion complexes, are responsible for the mor-
phogenetic activity. In other systems using recombinant
basement membrane instead of collagen, the a6b4 inte-
grin can mediate branching morphogenesis.49 Earlier
work by our laboratory demonstrated cross-talk between
the a2b1 and a6b4 integrins. In a malignant mammary
epithelial cell line, reexpression of the a2b1 integrin re-
sulted in the up-regulation of expression of both the a6

and b4 integrin subunits.28 In recent work by O’Connor et
al, reexpression of the b4 integrin subunit by a highly
malignant breast epithelial cell resulted in increased che-
motactic migration on collagen that was inhibited by an
anti-b1 integrin subunit monoclonal antibody but not by
an anti-a6 integrin subunit monoclonal antibody.50 The
importance of the b1 integrin family of cell adhesion re-
ceptors for mammary epithelial organization is also sup-
ported by the works of Weaver and colleagues.51 The

Figure 7. Spreading on type I collagen substrates. A: Spreading on type I
collagen substrates. The ability of the X2C2, X2C1 transfectants and the X2C0
transfectants to spread after 1 hour on type I collagen substrates in the
presence of 2 mmol/L Mg21 was analyzed quantitatively. The number of
adherent and spread versus adherent and nonspread cells was quantitated at
3200, using an inverted phase-contrast microscope. The percentage
(mean 6 SD) of spread cells from at least three separate experiments is
shown. B: Morphology of spread cells on type I collagen matrices. The X2C2,
X2C1, and X2C0 transfectants were allowed to adhere and spread for 1 hour
on type I collagen matrices in 2 mmol/L Mg21. Adherent cells were evaluated
microscopically (3200). X2C2 transfectants demonstrated a flattened, polyg-
onal morphology. The X2C1 transfectants formed microspikes and filopodia.
The X2C0 transfectants spread poorly.
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migration assays suggest that one mechanism for spec-
ificity mediated by the a1 and a2 subunit cytoplasmic
domains is the ability of the a2, but not the a1 integrin
subunit to respond to distinct signaling pathways, such
as those initiated by EGF. Alternatively, the cytoplasmic
domain of the a2 integrin subunit may participate in trans-
dominant stimulation or inhibition of other integrin sub-
units in a manner similar to that recently described for the
a3 integrin subunit by Hodivila-Dilke et al.52

Our findings extend earlier observations regarding the
function of the a2 cytoplasmic tail. Chan et al22 demon-
strated that the cytoplasmic tails of the a4 or a5 integrin
subunits could substitute for the a2 integrin subunit tail in
promoting adhesion to type I collagen when chimeric
integrin subunits were expressed in either K562 cells (a
hematopoietic progenitor cell line) or RD cells (a rhabdo-
myosarcoma cell line). In contrast, RD cells expressing
either the full-length a2 integrin subunit, X2C2, or a chi-

Figure 7 Continued
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meric integrin subunit consisting of the extracellular and
transmembrane domains of the a2 subunit and the cyto-
plasmic domain of a5 subunit contracted collagen gels,
whereas RD cells expressing the chimeric subunit con-
sisting of the extracellular and transmembrane domains
of the a2 subunit and the cytoplasmic domain of the a4

subunit failed to contract collagen gels. Although these
important findings first suggested distinct roles for the
cytoplasmic tails of integrin subunits in mediating integrin
function, the a2 integrin subunit is not expressed by
normal skeletal muscle cells in vivo, and the a4 and a5

integrin subunits mediate adhesion to fibronectin and
V-CAM. Thus the studies do not address the apparent
redundancy of the two collagen/laminin receptors a1b1

and a2b1 and do propose a model of specificity for the
distinct cytoplasmic domains.

In summary, our work provides compelling new data
on the ability of the a1b1 and the a2b1 integrins to support
epithelial differentiation and complex processes such as
morphogenesis and cell migration. Integrin subunits con-
taining either the a1 or a2 cytoplasmic domain, but not

tailless a subunits, can mediate the formation of well-
defined focal adhesion complexes, generation of optimal
contractile force in three-dimensional collagen gels, and
progression through the cell cycle. These roles of the a

Figure 8. Force development in three-dimensional collagen gels. A: Force
development during matrix compression. Model tissue rings formed of col-
lagen gels containing the X2C2#1, X2C1#2, and X2C0#52 transfectants or
vector-only control cells were mounted on a force transducer system within
1 hour after collagen gelation. At this time the cells adhere to the collagen but
have not yet begun to exert significant contractile force. The model tissues
were maintained at 37°C in the presence of 10% fetal calf serum, and the
force exerted by the model tissues was recorded continuously for 24 hours.
B: Acute force response to calf serum. After the period of tissue “develop-
ment” and force generation shown above, cells were exposed to 20% calf
serum (large arrows), and the force was monitored. After force levels had
stabilized to the maximum levels (approximately 2.5 hours), the model
tissues were exposed to 2 mmol/L cytochalasin D (small arrows), which
caused a rapid drop in force.

Figure 9. Adhesion-dependent growth of a2 transfectants on type I collagen
(A) and fibronectin (B). The rate of cell proliferation was determined by
plating serum-starved cells at low density on either collagen type I (25
mg/ml) or fibronectin (25 mg/ml) in MEBM media containing bovine pituitary
extract, hydrocortisone, human epithelial growth factor, and insulin, in trip-
licate. Cell numbers were determined every 3 days for 15 days. Data are
presented as mean 6 SD.

Figure 10. Chemotaxis of the a2 transfectants on type I collagen in response
to epidermal growth factor. X2C2, X2C1, X2C0, and control transfectants
were plated on the upper surface of the transwell filter coated with type I
collagen (25 mg/ml). Migration through the pores of the transwell filter was
stimulated with either no additional growth factors or epidermal growth
factor (10 ng/ml). Cell migration was allowed to proceed for 4 hours in a 5%
C02 humidified chamber at 37°. The number of cells attached to the lower
surface of the transwell filter was quantitated microscopically. Results are
presented as the mean 6 SD of at least three separate experiments.
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subunit cytoplasmic tails were not heretofore appreci-
ated. Despite these shared functions, some notable dif-
ferences were also apparent. For example, the a2 cyto-
plasmic domain but not the a1 cytoplasmic domain
effectively supported branching morphogenesis of mam-
mary epithelial cells and migration on type I collagen in
response to EGF. These findings indicate that the a1 and
a2 integrin cytoplasmic domains, in response to, and in
concert with, distinct growth signals, exert profoundly
different influences on cell phenotype.
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