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The �2�1 integrin supports cell-cycle progression of
mammary epithelial cells adherent to type I collagen
matrices. Integrin collagen receptors containing the
�2 cytoplasmic domain stimulated expression of cy-
clin E and cyclin-dependent kinase (cdk)2, resulting
in cyclin E/cdk2 activation in the absence of growth
factors other than insulin. Integrin collagen receptors
in which the �2 cytoplasmic domain was replaced by
the �1 cytoplasmic domain or an �2 subunit cytoplas-
mic domain truncated after the GFFKR sequence
failed to stimulate cyclin E/cdk2 activation or entry
into S phase in the absence of growth factors. Al-
though overexpression of cyclins D or E or cdk2 in
cells expressing the integrin collagen receptor with
the �1-integrin cytoplasmic domain did not restore G1

progression when mammary epithelial cells adhered
to type I collagen, co-expression of cyclin E and cdk2
did rescue the ability of the transfectants to enter S
phase. Activation of cyclin E/cdk2 complex by mam-
mary epithelial cells required synergy between adhe-
sion mediated by an integrin collagen receptor contain-
ing the �2-integrin subunit cytoplasmic domain and the
insulin receptor. (Am J Pathol 2001, 159:983–992)

Integrins are heterodimeric cell-surface receptors for ex-
tracellular matrix molecules and they play a vital role in
regulating cell adhesion, spreading, migration, prolifera-
tion, survival, and differentiation.1 Signals from both inte-
grins and growth factor receptors act cooperatively to
control many functions including migration, proliferation,
and survival.2 Integrin-mediated control of cell prolifera-
tion has been shown to occur at different points through-
out the G1 phase of the cell cycle by regulating both
the expression of cyclin D1 and E and the activity of the
cyclin D/cyclin-dependent kinase (cdk)4/6 and cyclin
E/cdk2 kinase complexes.3– 6 Therefore, integrins play
a vital role in controlling proliferation by relaying sig-

nals regarding the composition of the extracellular ma-
trix from the cell surface to the nucleus where the
signals influence the cell-cycle machinery and control
G1 progression.

Work from our laboratory has focused primarily on the
�2�1 integrin, one of four integrins including �1�1, �2�1,
�10�1, and �11�1 that have been shown to act as recep-
tors for native collagens.7–14 Studies by several groups
including our own have shown that although the �1�1 and
�2�1 integrins have similarities in ligand binding they
mediate different functions and are not simply redundant
adhesive receptors.15–19 Re-expression of the �2�1 inte-
grin in a tumorigenic cell line restored the ability of the
cells to form glandular structures and diminished their
malignant potential despite the fact that the cells ex-
pressed high levels of endogenous �1�1 integrin.16 In
primary endothelial cells plated on laminin matrices, the
�1�1 integrin signals through Shc in a caveolin-depen-
dent manner that requires the transmembrane domain of
the �1-integrin subunit to regulate cell-cycle progression
and survival, whereas ligand binding to the �2�1 integrin
was associated with cell-cycle arrest and apoptosis.20 In
contrast, we have shown that the �2�1 integrin supports
proliferation of mammary epithelial cells when plated on
monolayer type I collagen or embedded in three-dimen-
sional collagen gels.17

To examine the different roles that the �1�1 and �2�1

integrins play in regulating cell phenotype, we evaluated
primary mammary epithelial cells and an immortalized,
but nontransformed, mammary epithelial cell model lack-
ing endogenous �1�1 or �2�1 collagen receptors but
expressing either the full-length human �2-integrin sub-
unit cDNA (X2C2), a chimeric cDNA consisting of the �2

extracellular and transmembrane domains fused to the
�1 cytoplasmic domain (X2C1), or a cDNA encoding
the �2 subunit with a cytoplasmic domain truncation after
the conserved GFFKR motif (X2C0).17 Primary mammary
epithelial cells, as well as the X2C2 and X2C1 transfec-
tants effectively adhered, spread, formed focal adhesion
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complexes, and proliferated on type I collagen matrices.
We now report that although both the X2C2- and the
X2C1-expressing cells enter S phase in growth factor-
enriched media, the cytoplasmic domain of the �2-inte-
grin subunit uniquely supports S-phase entry in the pres-
ence of insulin alone. The �2, but not the �1, cytoplasmic
domain mediates activation of the cyclin E/cdk2 complex
and entry into S phase in the absence of growth factors
other than insulin. These results indicate that the �2-
integrin cytoplasmic domain and the insulin receptor syn-
ergize to regulate cell-cycle progression.

Materials and Methods

Antibodies and Reagents

Anti-�2-integrin subunit antibody (P1E6) was purchased
from Life Technologies (Gaithersburg, MD). Monoclonal
anti-cyclin D1 (R-124) and D3 (D-7), as well as polyclonal
anti-cyclin D2 (M-20), E (M-20), cdk2 (M2), cdk4 (C-22),
cdk6 (C-21), and actin (C-11)antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
bromodeoxyuridine (BrdU) antibody fluorescein isothio-
cyanate (B44) was purchased from Becton-Dickinson
(Mountain View, CA). Monoclonal anti-�5- (5H10–27) and
anti-�6- (G0H3) integrin subunit antibodies were pur-
chased from Pharmingen (La Jolla, CA). Monoclonal anti-
human cyclin E antibody (HE-12), hygromycin B, and
geneticin were from Calbiochem (La Jolla, CA). Fibronec-
tin, BrdU, and propidium iodide were from Sigma Chem-
ical Co. (St. Louis, MO). Polyclonal anti-phospho-Akt and
anti-Akt antibodies were obtained from New England Bio-
labs Inc (Beverly, MA). Type I collagen was from Collabo-
rative Biomedical Products. Anti-�1-subunit antibody (FB12)
was purchased from Chemicon International, Inc. (Te-
mecula, CA).

Cell Culture and Transfection

Normal human mammary epithelial cells were obtained
from Clonetics (San Diego, CA) and maintained in mam-
mary epithelial basal medium (MEBM) according to the
supplier’s instructions. The subclones of the murine
NMuMG cell line were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Life Technologies) supple-
mented with 10% fetal bovine serum and insulin (5 �g/ml;
Eli Lilly and Co., Indianapolis, IN). The transfected cell
lines (X2C2, X2C1, X2C0, and control) were developed
as previously described and maintained in DMEM with
geneticin (850 �g/ml).17 X2C1-expressing cells were co-
transfected with human cyclin D1, D3, or E cDNA sub-
cloned into pRC/CMV vector (Invitrogen, Carlsbad, CA)
or murine cyclin D2 cDNA subcloned into pcDNA3.1
vector (Invitrogen, Carlsbad, CA) (gifts from Dr. D. Dean,
Washington University, St. Louis, MO) or human cdk2
cDNA subcloned into pcDNA3.1 vector (a gift from Dr. J.
Baldassare, St. Louis University, St. Louis, MO) along
with the Selecta Vecta-Hyg cDNA construct (Novagen,
Inc., Madison, WI) using Lipofectin (Life Technologies)
per the manufacturer’s instructions. Nonclonal cell lines

were selected in DMEM containing hygromycin (448 �g/
ml) and geneticin (850 �g/ml). The expression levels of
cyclin D1, D2, D3, E, or cdk2 were evaluated by immu-
noblot analysis.

Flow Cytometric Analysis

Flow cytometric analysis was performed on adherent
cells harvested with 2 mmol/L ethylenediaminetetraacetic
acid (EDTA) in phosphate-buffered saline (PBS), pH 7.5.
Single cells (1 � 106) in PBS containing 1.5% horse
serum were incubated with the appropriate monoclonal
antibodies at either 5 �g/ml or at the saturating con-
centration recommended by the manufacturer for 45
minutes at 4°C. Cells were washed three times and
incubated with 2 �g/ml of a secondary goat anti-mouse
antibody coupled to fluorescein (Tago Inc., Camarillo,
CA) for 45 minutes at 4°C, washed twice, and resus-
pended in PBS. Fluorescein-labeled cells were ana-
lyzed using a Coulter XL flow cytometer (Coulter Elec-
tronics, Hialeah, FL).

Adhesion Assay

Adhesion assays were performed as described previ-
ously.21 Briefly, 2 � 104 cells were allowed to adhere to
type I collagen (25 �g/ml) in the absence or presence
of the indicated antibody at a concentration demon-
strated by the manufacturer to block adhesion for 1 hour
at 37°C. Nonadherent cells were removed by washing
three times.

DNA Synthesis Assay

Transfected NMuMG cells were serum-starved in media
containing 0.4% serum and insulin (5 �g/ml) for 48 hours
and in DMEM without insulin or serum for 24 hours, re-
moved from the flask with trypsin/EDTA, washed twice,
and replated onto type I collagen (25 �g/ml)- or fibronec-
tin (25 �g/ml)-coated dishes in media consisting of either
MEBM containing bovine pituitary extract (13 mg/ml),
hydrocortisone (0.5 �g/ml), recombinant human epider-
mal growth factor (10 ng/ml), and insulin (5 �g/ml) (se-
rum-free growth factor-enriched media) or DMEM with or
without insulin (5 �g/ml). After 22 hours of incubation
BrdU (10 �mol/L final concentration) was added for the
final 2 hours and the percentage of cells incorporating
BrdU was determined, as described by Tlsty and col-
leagues.22 Experiments revealed that the highest per-
centage of cells entered S phase between 22 and 24
hours after adhesion. No significant difference was seen
by incubating the cells in BrdU for the entire 24 hours or
for up to 30 hours. Normal human mammary epithelial
cells were serum-starved for 72 hours in DMEM without
insulin and treated as described above. After 36 hours in
MEBM containing bovine pituitary extract (13 mg/ml),
hydrocortisone (0.5 �g/ml), recombinant human epider-
mal growth factor (10 ng/ml), and insulin (5 �g/ml), BrdU
was added for 12 hours and the percentage of cells
incorporating BrdU was determined, as described by
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Tlsty and colleagues.22 Experiments revealed that the
highest percentage of cells entered S phase between 36
and 48 hours after adhesion.

Immunoblot Analysis

Cells were serum-starved as described above, plated onto
type I collagen (25 �g/ml)- or fibronectin (25 �g/ml)-coated
dishes and lysed after defined lengths of time in lysis buffer
(50 mmol/L HEPES, pH 7.2, 250 mmol/L NaCl, 2 mmol/L
EDTA, 0.1% Nonidet P-40, 10 �g/ml aprotinin, 5 �g/ml
leupeptin, 40 mmol/L NaF, 0.5 mmol/L phenylmethyl sulfo-
nyl fluoride, 0.5 mmol/L o-vanadate, and 1 mmol/L dithio-
threitol). Total protein concentration was determined by the
Pierce protein assay (Fisher Scientific, Pittsburgh, PA).
Equivalent amounts of protein lysate were subjected to so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
and electroblotted onto Immobilon-P transfer membrane
(Fisher Scientific). Immunoblots were incubated overnight
with the appropriate dilution of primary antibody at 4°C
followed by secondary horseradish peroxidase-conjugated
sheep anti-mouse or anti-rabbit antibody (Amersham Phar-
macia Biotech, Piscataway, NJ) for 1 hour at room temper-
ature. Enhanced chemiluminescence system (Amersham
Pharmacia Biotech) was used for visualization.

Kinase Assays

Cells were prepared as described above for the immu-
noblot analyses. One mg of cell lysate was precleared
with rabbit anti-mouse IgG (Jackson Immunoresearch
Laboratories, Inc., West Grove, PA) and immunoprecipi-
tated with a polyclonal anti-cyclin E antibody and pro-
tein-A Sepharose beads such that equal amounts of cy-
clin E are immunoprecipitated (Sigma Chemical Co.).
After washing, half of the beads were subjected to cyclin
E/cdk2 kinase assays in kinase buffer (50 mmol/L Hepes,
pH 7.5, 10 mmol/L MgCl2) with 2 �g histone H1 (Life
Technologies, Inc.), 2 �mol/L ATP, 3 �Ci �-32P-ATP (ICN
Biomedicals, Costa Mesa, CA). The samples were sub-
jected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis autoradiography and quantified by Phos-
phorImage analysis using ImageQuant (Molecular Dy-
namics, Sunnyvale, CA). Cyclin D/cdk4/6 kinase assays
were performed by immunoprecipitating with polyclonal
anti-cdk4 or cdk6 antibodies and protein-A Sepharose,
as described above. The kinase reaction contained ki-
nase buffer with 3 �g of Rb-GST fusion protein (Santa
Cruz Biotechnology), 2 �mol/L ATP, 3 �Ci �-32P-ATP. The
samples were analyzed and quantified as described
above. The remaining 50% of the beads from the immu-
noprecipitation were subjected to immunoblot analysis
for either cyclin E or cdk6.

Cdk2-TAT Transduction

Human cdk2 cDNA was subcloned into a TAT-HA ex-
pression vector to create a TAT-HA-cdk2 fusion protein.
Overnight cultures were lysed by sonication in 20 mmol/L
of Hepes, pH 7.2, 100 mmol/L NaCl, 1 �g/ml aprotinin, 1

�g/ml leupeptin, 50 �g/ml phenylmethyl sulfonyl fluoride
and purified on a Ni-NTA column (Qiagen, Inc., Valencia,
CA). The eluted protein was desalted on a PD-10 column
(Amersham Pharmacia Biotech) and the purity and con-
centration was evaluated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis followed by Coomas-
sie blue staining. The cells were serum-starved as
described above and removed from the flask with 0.05%
EDTA, washed once in DMEM, incubated with 100 nmol/L
TAT-cdk2 fusion protein for 5 minutes, and plated on type
I collagen-coated dishes in DMEM plus insulin. The trans-
duced cells were then analyzed for the incorporation of
BrdU or for kinase activity, as described above.

Data Analysis

All results shown are from at least three independent
experiments and data are presented as the mean � SEM.
Multiple clones of each clonal cell line were used in
independent experiments. Statistical analysis and graph-
ing was performed using GraphPad Prism V2.01 (San
Diego, CA).

Results

Primary Mammary Epithelial Cells Enter S Phase
on Type I Collagen

Normal human primary mammary epithelial cells express
the �2 but low or undetectable levels of the �1-integrin
subunit as shown in Figure 1A. These observations are
consistent with previous studies from our laboratories.23,24

To verify that normal human primary mammary epithelial
cells adhere to type I collagen in an �2�1 integrin-depen-
dent manner, adhesion assays were performed. The data in
Figure 1B demonstrate that mammary epithelial cells ad-
here to type I collagen in a Mg2�-dependent manner. The
cells failed to adhere to type I collagen in the presence of
EDTA and failed to adhere to bovine serum albumin. Adhe-
sion to type I collagen was abrogated by a function-block-
ing antibody against the �2-integrin subunit, but not by
antibodies with specificities for the �5- or the �6-integrin
subunits demonstrating that mammary epithelial cell adhe-
sion to type I collagen is �2�1 integrin-dependent.

To determine whether �2�1 integrin-mediated adhe-
sion to type I collagen by normal human primary mam-
mary epithelial cells would support cell-cycle progres-
sion, the ability of human primary mammary epithelial
cells to enter S phase when adherent to type I collagen
was determined by bromodeoxyuridine (BrdU) incorpo-
ration. The cells were serum-starved for 72 hours and
plated onto dishes coated with type I collagen (25 �g/ml),
fibronectin (25 �g/ml), or bovine serum albumin in serum-
free, growth factor-enriched media. After a 36-hour incu-
bation, BrdU was added to the culture media and the
incorporation of BrdU into the cellular DNA was analyzed.
As shown in Figure 1C, human primary mammary epithe-
lial cells entered S phase to similar extents when adher-
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ent to either type I collagen or fibronectin. In contrast, few
primary mammary epithelial cells entered S phase when
plated on bovine serum albumin-coated dishes. There-
fore, the �2�1 integrin can provide the necessary sig-

nals to support cell-cycle progression of normal human
primary mammary epithelial cells adherent to type I
collagen. These results obtained with primary mam-
mary epithelial cells are consistent with our previous
studies of murine mammary epithelial cell lines in
which the �2�1 integrin supported cellular prolifera-
tion.17

�2 Subunit Cytoplasmic Domain Requirement
for Cell-Cycle Progression

To identify the functional and structural elements required
for �2�1-mediated cell-cycle progression, we performed
a series of experiments using stably transfected cell lines
expressing the full-length human �2-integrin subunit
cDNA (X2C2), a chimeric cDNA consisting of the �2

extracellular and transmembrane domains fused to the
�1 cytoplasmic domain (X2C1) or the cDNA including the
�2 subunit with a cytoplasmic domain truncated after
the conserved GFFKR motif (X2C0). Murine mammary
epithelial cells stably expressing the X2C2 or X2C1 inte-
grin �-subunit cDNA constructs with an intact �1 or �2

cytoplasmic domain, but not transfectants expressing
either the X2C0 or control cDNA constructs, proliferated
on type I collagen matrices in the presence of growth
factors.17 To determine the importance of the �-integrin
cytoplasmic domain in cell-cycle progression, the ability
of the X2C2, X2C1, X2C0, and control transfectants, as
well as transfectants expressing the full-length �1-integrin
subunit (X1C1), to enter S phase was measured by BrdU
incorporation. Synchronized cells were plated on dishes
coated with either type I collagen or fibronectin (at 25
�g/ml) in serum-free growth factor-enriched media. After
a 22-hour incubation, BrdU was added to the culture
media and the incorporation of BrdU into the cellular DNA
was analyzed 2 hours later. These assay conditions were
used because preliminary experiments determined that
the maximum number of cells entered S phase during this
time frame. As shown in Figure 2A, the X2C2, X2C1, and
X1C1 transfectants entered S phase as determined by
BrdU incorporation when plated on type I collagen in
growth factor-enriched media, as expected. Also as ex-
pected from our earlier studies, the X2C0 and control
transfectants failed to enter S phase, even in the pres-
ence of growth factors. Proliferation on fibronectin was
also assayed as a control. All of the transfectants ex-
pressed high and comparable levels of endogenous
�5�1 integrin and entered S phase to a similar extent
when plated on fibronectin substrates in serum-free,

Figure 1. Primary mammary epithelial cell entry into S phase supported by
adhesion to type I collagen. A: Expression of the �1 and �2 integrin subunits
on the surface of primary mammary epithelial cells was evaluated by flow
cytometric analysis (blue � anti-�1 antibody; red � anti-�2 antibody;
green � isotype control antibody). B: Adhesion of primary mammary epi-
thelial cells to type I collagen was Mg��-dependent and blocked by anti-
�2-integrin subunit antibodies but not anti-�5 or -�6 integrin subunit anti-
bodies. C: Entry into S phase by primary mammary epithelial cells was
determined by BrdU incorporation 48 hours after plating on dishes coated
with type I collagen (25 �g/ml), fibronectin (25 �g/ml), or bovine serum
albumin (0.5%). The percentage of cells that incorporated BrdU during the
final 12 hours of incubation was determined. Results shown represent the
mean � SEM for at least three separate experiments.
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growth factor-enriched media (data not shown). These
results indicate that the presence of either the �1 or �2

cytoplasmic domain is sufficient to support G1 progres-
sion in mammary epithelial cells when adherent to type I
collagen in a media rich in growth factors.

Signals from growth factor receptors and integrins act
synergistically to promote progression through G1 and into
the S phase of the cell cycle.2,25,26 We were interested in
examining the role of the � integrin cytoplasmic domain in
regulating G1 progression. Therefore, we removed the
growth factors, with the exception of insulin, from the media
and evaluated the ability of the transfectants to enter S
phase. In contrast to the results obtained in the presence of
growth factors shown above, only cells expressing the full-
length �2-integrin subunit entered S phase in the absence
of growth factors other than insulin (Figure 2B). Cells ex-
pressing the full-length �1-integrin subunit (X1C1) or the
chimeric integrin � chain (X2C1) were no longer capable of
entering S phase. In the absence of insulin only 4.2 � 1.4%
and 0.7 � 0.2% of the X2C2 and X2C1 transfectants, re-
spectively, entered S phase. On fibronectin in the presence
of insulin, none of the transfectants entered S phase to an
appreciable extent (data not shown). These results demon-
strated that the �2, but not the �1, integrin cytoplasmic
domain could supply the necessary signals, in conjunction
with those from the insulin receptor, to support G1 progres-
sion in mammary epithelial cells adherent to type I collagen
in the presence of insulin.

Activation of the cyclin D/cdk4/6 and cyclin E/cdk2 ki-
nase complexes is the crucial step in controlling progres-
sion through the G1 phase of the cell cycle.27 As shown in
Figure 3A, the activity of the cdk6/cyclin D kinase complex
was similar among all of the transfected cell lines. However,
the kinase activity of the cyclin E/cdk2 complex was more
than threefold greater in cells expressing the X2C2 con-
struct than in cells expressing either the X2C1 or X2C0
constructs (Figure 3B). Thus, our data suggest that binding
of the full-length �2�1 integrin to type I collagen regulates
cell-cycle progression in mammary epithelial cells by con-
trolling the activity of the cyclin E/cdk2 complex.

One possible mechanism to explain the increase in
cyclin E/cdk2 activity is an increase in the level of cyclin
E and/or cdk2. To investigate this possibility the levels of
cyclin E and cdk2 in the X2C0, X2C1, and X2C2 trans-
fectants after adhesion to type I collagen were assessed
by immunoblot analysis. The X2C0 and X2C1 transfec-
tants transiently increased cyclin E expression 3 to 6
hours after adhesion to type I collagen in the presence of
insulin (Figure 3C). However, cyclin E protein levels in-
creased 3 to 6 hours after adhesion to type I collagen and
remained elevated between 12 and 24 hours only in the
X2C2-expressing cells that had been plated on type I
collagen. The increase in cyclin E by the X2C2 transfec-
tants correlated with the ability of the cells to enter S
phase. As shown in Figure 3D, cdk2 protein levels in-
creased in a time-dependent manner and peaked 24
hours after plating the X2C2-transfected cells on type I
collagen. The time course of cdk2 induction was similar
to that of cyclin E. Cdk2 levels did not increase in the
X2C1- or X2C0-transfected cells plated on type I colla-
gen. Thus, these results suggest that the �2, but not the

Figure 2. Entry into S phase supported by adhesion to type I collagen. A:
Entry into S phase by clones of the X2C2, X2C1, X2C0, X1C1, and control
transfectants was measured by BrdU incorporation 24 hours after plating the
cells on type I collagen in serum-free MEBM containing recombinant human
epidermal growth factor (10 ng/ml), bovine pituitary extract (13 mg/ml),
insulin (5 �g/ml), and hydrocortisone (0.5 �g/ml). The percentage of cells
that incorporated BrdU during the final 2 hours of incubation was deter-
mined. Results shown represent the mean � SEM for at least three separate
experiments. B: Entry into S phase by clones of the X2C0, X2C2, X2C1, and
X1C1 transfectants was determined 24 hours after the serum-starved cells
were plated on type I collagen in DMEM plus insulin (5 �g/ml). The
percentage of cells that incorporated BrdU during the final 2 hours of
incubation was determined. Results shown represent the mean � SEM from
at least three separate experiments.
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�1, integrin cytoplasmic domain provides the signals
necessary to both increase the cyclin E and cdk2 protein
levels and activate the cyclin E/cdk2 complex in mam-
mary epithelial cells adherent to type I collagen in the
presence of insulin.

Primary Mammary Epithelial Cell Expression of
Cyclin E and Cdk2 during Cell-Cycle
Progression

To validate the results obtained with the transfected cell
lines, we assessed the levels of cell-cycle regulatory
proteins expressed by the primary human mammary ep-
ithelial cells when entering the cell cycle. Primary mam-
mary epithelial cells were serum-starved for 72 hours in
DMEM and then plated onto dishes coated with type I
collagen in growth factor-enriched media and lysed at
various times after plating. As shown in Figure 4A, the
expression of cyclin E increased within 6 hours after
adhesion to type I collagen and exposure of the primary
mammary epithelial cells to growth factors. Robust ex-
pression of cyclin E was observed for 48 hours (Figure
4A). Expression of cdk2 increased gradually after adhe-
sion to type I collagen and peaked at 48 hours (Figure
4B). These findings are consistent with the results of
studies performed with the X2C2-transfected cell line.
Primary mammary epithelial cells up-regulated the ex-
pression of cyclin E and cdk2 during progression through
G1 when adherent to type I collagen.

Figure 3. Regulation of cyclin E/cdk2 activity and cyclin E and cdk2 expres-
sion is dependent on the �2 cytoplasmic domain. A: Kinase assays were
conducted on cyclin D/cdk4/6 complexes from the X2C2, X2C1, and X2C0
transfectants after serum starvation and adhesion to type I collagen for 20
hours. The cyclin D/cdk6 kinase activity of the X2C2 and X2C1 transfectants
was normalized to the kinase activity of the X2C0 transfectants. The data
represent the mean � SEM of three separate experiments (top). A represen-
tative autoradiograph of the phosphorylated GST-Rb fusion protein, the
substrate in the kinase reaction, is shown along with immunoblot showing
levels of cdk6 immunoprecipitated for the kinase reaction (bottom). B:
Kinase assays were performed on cyclin E/cdk2 kinase complexes from the
X2C2, X2C1, and X2C0 transfectants after serum starvation and adhesion to
type I collagen for 20 hours, as described above. The cyclin E/cdk2 kinase
activity of the X2C2 and X2C1 transfectants was normalized to the kinase
activity of the X2C0 transfectants. The data represent the mean � SEM of
three separate experiments (top). A representative autoradiograph of the
phosphorylated histone-H1 protein, the substrate in the kinase reaction, is
shown along with an immunoblot showing the levels of cyclin E immuno-
precipitated for the kinase reaction (bottom). C: The levels of cyclin E and
actin expressed by the X2C2, X2C1, and X2C0 transfectants after adhesion to
type I collagen for 0, 3, 6, 12, and 24 hours in DMEM plus insulin were
determined by immunoblot analysis. The results shown are representative of
at least three separate experiments. D: The levels of cdk2 and actin expressed
by the X2C2, X2C1, and X2C0 transfectants after adhesion to type I collagen
for 0, 3, 6, 12, and 24 hours in DMEM plus insulin were determined by
immunoblot analysis. The results shown are representative of at least three
separate experiments.

Figure 4. Cyclin E and cdk2 levels in primary mammary epithelial cells
adherent to type I collagen. Primary mammary epithelial cells were serum-
starved for 72 hours, plated on type I collagen (25 �g/ml) in serum-free,
growth factor-enriched media and lysed at the indicated time points. The
levels of cyclin E, cdk2, and actin expression were evaluated by immunoblot
analysis. The results shown are representative of at least three separate
experiments.
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Requirement for Co-Expression of Cyclin E and
Cdk2 for X2C1 Cell-Cycle Progression

If increased expression of cyclin E and cdk2 by the X2C2-
transfected cells is important for G1 progression, we rea-
soned that overexpression of cyclin E or cdk2, but not
cyclins D1, D2, or D3 would be sufficient to overcome the
cell-cycle block in the X2C1-expressing cells. However, the
results shown in Figure 5 demonstrated that constitutive
overexpression in stable cell lines of either cyclin D1, D2,
D3, or E or cdk2 alone was unable to stimulate robust G1

progression in the X2C1-transfected cells. Overexpression
of cyclin D1 in the X2C1 transfectants had a modest effect
on the ability of the cells to enter S phase.

To co-express both cyclin E and cdk2 in the X2C1 trans-
fectants we transduced cdk2 into the X2C1-cyclin E co-
transfectants using a TAT-cdk2 fusion protein. The TAT-
fusion protein technology is a rapid means to efficiently
introduce a protein into the majority of targeted cells.28

Using a fusion protein consisting of a portion of the HIV-TAT
protein spliced to the amino terminus of the human cdk2
protein we were able to transduce the human cdk2 protein
into the transfectants and to reconstitute an active kinase
complex. Figure 6A demonstrates that an active cyclin
E/cdk2 kinase complex was immunoprecipitated from cells
overexpressing cyclin E transduced with the TAT-cdk2 fu-
sion protein. Formation of an active kinase complex re-
quired the presence of both cyclin E and the TAT-cdk2
fusion protein because the X2C1-cyclin E-expressing cells
exhibited low levels of cyclin E-associated kinase activity in

the absence of the TAT-cdk2 fusion protein and the TAT-
cdk2 fusion protein exhibited substantially less kinase ac-
tivity in the absence of cyclin E (Figure 6A, and data not
shown). In addition, formation of the active kinase complex
was sufficient to support G1 progression in the X2C1-cyclin
E-expressing cells, as shown in Figure 6B. The TAT-cdk2
fusion protein had no effect on the ability of the X2C1
transfectants lacking cyclin E to enter S phase (X2C1 plus
cdk2) (Figure 6B). Expression of both proteins in these cells
did not result in integrin-independent kinase activation or G1

progression because similar experiments on polylysine-
coated dishes did not result in formation of an active kinase
complex or entry into S phase (data not shown). These data
demonstrate that the �2 cytoplasmic domain controls entry
into S phase by regulating the activity of the cyclin E/cdk2
kinase complex by inducing the expression of both pro-

Figure 6. Simultaneous expression of cyclin E and cdk2 by the X2C1 trans-
fectants rescued entry into S phase. A: Cyclin E/cdk2 kinase activity of the
X2C2 and cyclin E and X2C1 and cyclin E transfectants, in the presence and
absence of the TAT-cdk2 fusion protein was determined after adhesion to
type I collagen. Cyclin E/cdk2 kinase assays were performed on cyclin E
immunoprecipitates from serum-starved cells after adhesion to type I colla-
gen for 20 hours. The X2C2 and cyclin E transfectants with (�) or without
(�) the TAT-cdk2 fusion protein and the X2C1 and cyclin E transfectants
transduced with the TAT-cdk2 fusion protein formed active kinase com-
plexes. B: The TAT-cdk2 fusion protein stimulated entry into S phase when
expressed in X2C1 and cyclin E co-transfectants (X2C1 and E and cdk2) but
not in the X2C1 transfectants (X2C1 and cdk2) adherent to type I collagen.
The percentage of cells incorporating BrdU was measured during the final 2
hours of a 24-hour incubation. Neither cyclin E overexpression alone nor the
TAT-cdk2 fusion protein alone was sufficient to promote entry into S phase
in the X2C1-expressing cells (*, P � 0.05). However, expression of both
cyclin E and TAT-cdk2 in the X2C1 transfectants was sufficient to mediate
progression through G1 when the cells were adherent to type I collagen
(��, P � 0.0001).

Figure 5. Overexpression of G1 cyclins or cdk2 failed to rescue S-phase entry
by the X2C1 transfectants. a: The ability of cyclin D1, D2, D3, E, or cdk2
overexpression to stimulate entry into S phase was evaluated by determining
the percentage of X2C2 and X2C1 transfectants and the percentage of X2C1-
cyclin D1, X2C1-cyclin D2, X2C1-cyclin D3, X2C1-cyclin E, and X2C1-cdk2
co-transfectants that incorporated BrdU during the final 2 hours of a 24-hour
incubation on type I collagen in DMEM plus insulin. b: The level of cyclin D1,
D2, D3, E, or cdk2 protein expressed by the X2C1-cyclin D1, D2, D3, E, or
cdk2 co-transfectants was compared to the level of endogenous protein
expressed by the X2C2 transfectants plated on type I collagen for 24 hours.
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teins. The G1 regulatory point can be overcome in the X2C1
transfectants by expressing both cyclin E and cdk2.

Integrity of Insulin Receptor Signaling in X2C1
Transfectants

One possible confounding explanation for the inability of the
X2C1 transfectants to progress through G1 in media con-
taining insulin, but not other growth factors, is that signaling
through the insulin receptor is reduced in the X2C1 trans-
fectants relative to the X2C2 transfectants. Previous studies
have shown that EGF-mediated activation of the MAPK-ERK
pathway is defective in the absence of adhesion.29 There-
fore, we considered the possibility that insulin receptor sig-
naling was impaired in the X2C1 transfectants. The ability of
the X2C2 and X2C1 transfectants to phosphorylate Akt/PKB
in the presence and absence of insulin was determined. As
shown in Figure 7, adhesion to type I collagen by both the
X2C1 and X2C2 transfectants resulted in low levels of Akt/
PKB phosphorylation in the absence of insulin. Insulin mark-
edly and rapidly stimulated phosphorylation of Akt/PKB in
both the X2C1 and X2C2 transfectants, demonstrating that
this signaling pathway downstream of the insulin receptor
was intact in both cell lines.30 Therefore, it seems that a
combination of signals from both the �2 cytoplasmic do-
main and the insulin receptor are responsible for inducing
the expression of both cyclin E and cdk2 and regulating
progression through G1 in the X2C2 transfectants.

Discussion

The findings reported herein establish novel and critical
roles for integrin collagen receptor �-chain cytoplasmic
domains in supporting mammary epithelial cell prolifera-
tion. These studies support a role for the �2�1 integrin in
mediating cell-cycle progression by mammary epithelial
cells adherent to type I collagen. When mammary epithe-
lial cells are adherent to collagen via either the �1�1 or
�2�1 integrin in mitogen-enriched media the presence of
an � cytoplasmic domain is sufficient to support entry into
S phase. Adhesion to type I collagen via an integrin
lacking an � subunit cytoplasmic domain is insufficient to
support entry into S phase even in the presence of growth
factors. Furthermore, the full-length �2-integrin collagen
receptor subunit with the �2 cytoplasmic domain, but
neither the chimeric �2-integrin containing the �1 cyto-
plasmic domain nor the full-length �1-integrin subunit can
support G1 progression in media limited in growth fac-
tors, ie, in the presence of insulin. Thus, our results also

demonstrate for the first time that the �2 cytoplasmic
domain plays a unique and critical role in supporting G1

progression in mammary epithelial cells in the absence of
growth factors other than insulin.

Previous studies have demonstrated that signals from the
�1�1 integrin regulate cell proliferation in a caveolin-depen-
dent manner by signaling through Fyn and Shc whereas the
�2�1 integrin is incapable of activating Shc.20,31 In unpub-
lished studies, we have confirmed the results of Wary and
colleagues.20 Transfectants expressing the �1�1 integrin
(X1C1) activated Shc whereas those expressing the X2C2,
X2C1, or X2C0 constructs were unable to do so. These
findings are consistent with the ability of the �1 subunit to
interact through its transmembrane, but not cytoplasmic,
domain with the caveolin/Shc signaling complex.20,31 In
contrast, the results reported here show that regulation of
G1 progression by the �2�1 integrin in mammary epithelial
cells required the cytoplasmic domain of the �2 subunit.
Additionally, studies in myoblasts have determined that the
�5 cytoplasmic domain was permissive for proliferation
whereas the �6A cytoplasmic domain inhibited prolifera-
tion.32,33 Those findings in combination with our results
provide strong evidence that certain integrin � subunit cy-
toplasmic domains can exert a positive influence on cellular
proliferation whereas others cannot. In addition, our findings
support the observation that the �1-integrin subunit requires
the transmembrane domain for effector functions whereas
the �2-integrin subunit requires the cytoplasmic domain.
The results of cell proliferation using mammary epithelial
cells adherent to type I collagen differ significantly from
those of fibroblasts. �1 null fibroblasts, when adherent to
type I collagen via the �2�1 integrin, fail to proliferate even in
2% serum.34 The difference may be because of differences
in regulation of the cell-cycle machinery in distinct cell
types, as discussed below, or to differing levels of integrin
expression. The mammary epithelial cells used in this study
express high levels of the �2�1 integrin. In contrast, mouse
embryo fibroblasts express only low levels of the �2�1 inte-
grin (data not shown).

Signals from both the extracellular matrix and growth
factors are required for cells to progress through the G1

phase of the cell cycle. The pathways leading from inte-
grins and growth factor receptors converge at several
points to stimulate progression through G1.26,35,36 For
example, growth factors and adhesion have been shown
to act cooperatively to stimulate the expression of cyclin
D1 in fibroblasts.3,4,37 However, this is not the case for
primary mammary epithelial cells or mammary epithelial
cell lines. Primary mammary epithelial cells and the trans-
fected mammary epithelial cells used in our study con-
stitutively express cyclin D1 in the presence or absence
of growth factors and/or integrin-dependent adhesion
(data not shown). Others have reported that forced ex-
pression of cyclin D1 is sufficient to induce anchorage-
independent entry into S phase in 3T3 cells.4,38 However,
we find that in NMuMG cells exogenous overexpression of
cyclin D1 (or the other D-type cyclins) is not sufficient to
induce anchorage-independent progression through G1.
This point is illustrated by the inability of the X2C1 transfec-
tants overexpressing cyclin D1, D2, or D3 to enter S phase
when plated on type I collagen (Figure 5). Because cyclin

Figure 7. Intact insulin receptor signaling. X2C2 and X2C1 transfectants were
serum-starved and plated on collagen type I-coated dishes in DMEM with or
without insulin. The cells were lysed at the indicated time points and the
level of Akt/PKB phosphorylation and expression was determined by immu-
noblot analysis with antibodies against phosphorylated and total Akt/PKB.

990 Klekotka et al
AJP September 2001, Vol. 159, No. 3



D/cdk4/6 complex activity was not increased in an � cyto-
plasmic domain-dependent manner, it is possible that cy-
clin D/cdk4/6 activity could be dependent on signals from
the �-integrin cytoplasmic domain, and therefore activated
in all of the transfectants, whereas signals from the � cyto-
plasmic domain may regulate cyclin E and cdk2 expression
in mammary epithelial cells.

Adhesion to type I collagen by the X2C2 transfectants
led to increased expression of cyclin E and cdk2 in
addition to activation of the cyclin E/cdk2 complex. The
ability of the �2-integrin cytoplasmic domain to mediate
increased expression of both cyclin E and cdk2 seems to
be the mechanism whereby the �2 cytoplasmic domain
controls G1 progression in these cells. We also found that
the levels of cyclin E and cdk2 increased in a time-
dependent manner when normal human mammary epi-
thelial cells progressed through G1 and into the S phase
of the cell cycle. Generally, as cells progress through the
cell cycle the levels of the cdks remain constant and only
the levels of the cyclins fluctuate. However, Gong and
colleagues39 also found that the levels of cyclin E and
cdk2 increased as colonic epithelial cells progressed
through the cell cycle. Increased cdk2 levels have also
been observed in ovarian and epidermal cells,40,41 sug-
gesting that the up-regulation of cdk2 maybe an under-
appreciated method of regulating G1 progression in ep-
ithelial cells. Romanou and colleagues42 recently
reported that normal mammary epithelial changes do not
undergo the same process of senescence as primary
human fibroblasts suggesting that the cell-cycle regula-
tory mechanisms are not equivalent in epithelial cells and
fibroblasts. This may also contribute to the differences
observed between our studies of mammary epithelial
cells and to those of �1 null fibroblasts.

Regulation of the cyclin E/cdk2 complex is depen-
dent not only on the expression levels of its constitu-
ents, but also on expression of members of the p21
family of cdk inhibitors whose expression is regulated
by adhesion to the extracellular matrix.4 – 6 Koyama and
colleagues found that arterial smooth muscle cells pro-
liferate on monomeric type I collagen while they growth
arrest on polymerized type I collagen due, in part, to
increased levels of p21 and p27. Similarly, we found
that mammary epithelial cells proliferated on mono-
meric type I collagen in an �2 cytoplasmic domain-
dependent manner. However, in preliminary studies we
found that p27 levels are decreased after adhesion to
type I collagen irrespective of which � subunit cyto-
plasmic domain is present and that p21 levels re-
mained low in all three transfectants (data not shown).
Thus, a decrease in p27 or p21 levels cannot explain
the ability of the X2C2, but not the X2C1, transfectants
to enter S phase on type I collagen in the presence of
insulin. Rather, progression through G1 may require the
combination of a decrease in p27 levels and an in-
crease in cyclin E and cdk2 levels in mammary epithe-
lial cells adherent to type I collagen, as evidenced by
the ability of both the X2C2 transfectants and the
X2C1-cyclin E co-transfectants transduced with cdk2
to enter S phase (Figure 6).

Overexpression of each of the G1 phase cyclins or
cdk2 alone was insufficient to overcome the G1 block
exhibited by the X2C1 transfectants after adhesion to
type I collagen. However, co-expression of cyclin E
and a TAT-cdk2 fusion protein was able to form an
active cyclin E/cdk2 complex and to promote G1 pro-
gression in the X2C1 transfectants adherent to type I
collagen (Figure 6). The ability of cyclin E and the
TAT-cdk2 fusion protein to form an active kinase com-
plex in both the X2C2 and X2C1 transfectants suggests
that the activity of the cyclin-activating kinase that
activates the complex is either constitutively active,
activated by adhesion, activated by insulin, or acti-
vated by some other mechanism during G1. Our results
strongly suggest that the �2 cytoplasmic domain reg-
ulates G1 progression by increasing the levels of both
cyclin E and cdk2 that partner to form an active kinase
complex and initiate entry into S phase in mammary
epithelial cells adherent to type I collagen.

In summary, we have shown that the presence of an �

integrin cytoplasmic tail is necessary to support entry into
S phase in mammary epithelial cells adherent to type I
collagen via the �2�1 integrin in mitogen-enriched media.
In contrast, the �2, but not the �1, integrin cytoplasmic
domain can support entry into S phase after adhesion to
type I collagen in a mitogen-poor medium containing only
insulin. Our results illustrate that as the mammary epithe-
lial cells progress through G1 phase and into S phase
signals from the �2-integrin cytoplasmic domain are re-
quired to induce sustained expression of cyclin E as well
as increased expression of cdk2. Increased expression
of cyclin E and cdk2 is sufficient to support entry into S
phase in murine mammary epithelial cells adherent to
type I collagen in the presence of insulin.

It is likely that the findings of this study account for the
association of high-level expression of the �2�1 integrin with
the orderly, regulated proliferation of epithelial cells ob-
served in our early studies.43 As the �2�1 integrin recog-
nizes similar, if not identified determinants, on multiple col-
lagen types our findings should also be applicable to �2�1

integrin-mediated adhesive interactions with other collag-
ens. In this regard, it is noteworthy that the regulatory mech-
anism we describe does not require the formation of colla-
gen fibrils. Poorly differentiated adenocarcinomas of the
breast that are typically characterized by very low or absent
�2�1 integrin expression44 have escaped and circum-
vented the �2�1 integrin-dependent regulation of cell-cycle
progression. Future studies will evaluate the signaling path-
way downstream of the �2-integrin cytoplasmic domain that
is activated after adhesion to collagens that is necessary to
up-regulate cyclin E and cdk2 levels.
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