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Cyclin D1 expression is jointly regulated by growth factors and cell adhesion to the extracellular
matrix in many cell types. Growth factors are thought to regulate cyclin D1 expression because
they stimulate sustained extracellular signal-regulated kinase (ERK) activity. However, we show
here that growth factors induce transient ERK activity when added to suspended fibroblasts and
sustained ERK activity only when added to adherent fibroblasts. Cell attachment to fibronectin or
anti-a5B1 integrin is sufficient to sustain the ERK signal and to induce cyclin D1 in growth
factor-treated cells. Moreover, when we force the sustained activation of ERK, by conditional
expression of a constitutively active MAP kinase/ERK kinase, we overcome the adhesion require-
ment for expression of cyclin D1. Thus, at least in part, fibroblasts are mitogen and anchorage
dependent, because integrin action allows for a sustained ERK signal and the expression of cyclin

D1 in growth factor-treated cells.

INTRODUCTION

As cells progress through G1 phase, they undergo a pro-
scribed series of molecular events involving cyclins, cyclin-
dependent kinases (cdks), and cdk inhibitors (Hunter and
Pines, 1994; Sherr, 1994; Sherr and Roberts, 1995). Two cy-
clin-cdk activities, cyclin D-cdk4/6 and cyclin E-cdk2, are
required for progression through G1 phase. Cyclin D1-
cdk4/6 controls cell cycle progression by phosphorylating
the retinoblastoma protein (pRb); this event allows for the
release of E2F and the induction of E2F-regulated genes such
as cyclin A (Weinberg, 1995). Cyclin D1-cdk4/6 complexes
also sequester cdk inhibitors in the cip /kip family (p27%iP! in
particular), and this effect contributes to the activation of
cyclin E-cdk2.

Induction of cyclin D1 is the rate-limiting step in forma-
tion of active cyclin D-cdk4/6 complexes for many cell
types. There is a close correlation between activation of the
extracellular signal-regulated kinase (ERK) subfamily of
MAP kinases and induction of the cyclin D1 promoter (Al-
banese et al., 1995, Lavoie et al. 1996). A sustained activation
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of ERKs is required for cell cycle progression through G1
phase (Meloche et al., 1992), consistent with a recent study
linking sustained ERK activity to the induction of cyclin D1
(Weber et al., 1997). These reports indicate that growth fac-
tors stimulate sustained ERK activity when added to quies-
cent adherent cells, and this is thought to account for their
ability to induce the expression of cyclin D1. However, we
and others have shown that growth factors do not induce
cyclin D1 if cells are stimulated in the absence of an extra-
cellular matrix (ECM) (Bohmer ef al., 1996; Zhu et al., 1996;
Day et al., 1997; Radeva et al., 1997; Resnitzky, 1997; Bruga-
rolas et al., 1998).

Cell adhesion to the ECM is largely mediated by the
integrin family of transmembrane receptors. Although
integrins do not possess intrinsic enzymatic activity, they
do associate with or activate a number of cytosolic ki-
nases, and it is thought that these kinases initiate many of
the downstream integrin signaling events. One integrin-
mediated signaling event that has attracted much atten-
tion recently is the activation of ERKs. The ERKs can be
activated independently by integrins and by growth fac-
tor receptor tyrosine kinases (RTKs). Several studies have
identified signal transduction pathways that mediate the
activation of ERKs by integrins; the present models place
different degrees of importance on focal adhesion kinase,
p130<as, she, ras, rho-family GTPases, and PKC, as well as
on the specific a subunit in the integrin heterodimer
(Schwartz et al., 1995; Giancotti, 1997; Howe ef al., 1998;
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Schlaepfer and Hunter, 1998). Other studies have reported
that integrin and RTK signals synergize to determine the
percent of ERK that is activated (Miyamoto et al., 1996; Lin
et al., 1997; Renshaw et al., 1997; Moro et al., 1998; Short et
al., 1998; Aplin and Juliano, 1999). Some of these studies
indicate that the synergism results from inte-
grin-dependent changes in phosphorylation of growth
factor RTKs (Miyamoto et al., 1996; Moro et al., 1998),
whereas others fail to detect this and map the effect within
the downstream signaling cascade (Lin ef al., 1997; Short et
al., 1998). Still others emphasize the importance of a par-
tial integrin-dependent organization of the cytoskeleton
(Aplin and Juliano, 1999). However, all of these studies,
including our own (Zhu and Assoian, 1995), have focused
on relatively short-term (5 min to 3 h) ERK activation. It
has recently become clear that short-term ERK effects are
not directly relevant to the expression of cyclin D1, be-
cause cyclin D1 induction requires that the ERK signal
persist for several hours (Weber et al., 1997).

We previously reported (Zhu and Assoian, 1995) that
integrin activation by cell adhesion to ECM results in a
persistent ERK activity (lasting 3 h), but we now find that
this effect is not sufficiently sustained to induce cyclin D1.
Similarly, we find that activation of RTKSs by growth factors
alone results in a transient ERK signal that is insufficient to
induce cyclin D1. However, we show here that simultaneous
activation of both RTKs and a5B1 results in strong ERK
activity for several hours and the induction of cyclin D1.
Thus, integrin activation allows for a sustained ERK signal
in growth factor-treated cells, and this effect can explain the
combined growth factor-anchorage requirement for the ex-
pression of cyclin DI.

MATERIALS AND METHODS

Transfectants

NIH-3T3 cells were cotransfected with pSV2neo and pECE (a hu-
man «5 integrin expression vector). G418-resistant colonies were
pooled, and stable transfectants expressing a5htmang]mouse chimeric
integrin (called ha5-3T3 cells) on the cell surface were isolated by
flow cytometry after incubation with the 581 monoclonal anti-
body, P1D6 (Life Technologies, Gaithersburg, MD). Surface radio-
iodination followed by immunoprecipitation of the cell lysates with
an a5 cytoplasmic domain antibody (recognizing both the murine
and human a5 subunits) showed that the transfected cells expressed
approximately fourfold more 581 than parental 3T3 cells (our
unpublished results). In serum-free medium, ha5-3T3 cells fail to
attach to dishes coated with BSA, and they neither spread nor form
stress fibers on dishes coated with poly-L-lysine (PLL; which pro-
motes a non-integrin-mediated adhesion). ha5-3T3 cells poorly at-
tach to dishes coated with the P1D6 (presumably because of the low
probability of maintaining an accessible and correctly configured
active site when the antibody is directly attached to plastic), but they
efficiently attach and spread on P1D6 when the antibody is added to
dishes precoated with secondary (anti-mouse immunoglobulin G
[IgG]) antibody. ha5-3T3 cells do not attach to dishes coated with
secondary antibody alone. Final conditions for use of P1D6 are
outlined below.

NIH-3T3 cells were also transfected with a constitutively active
MAP kinase/ERK kinase 1 (MEK-1; S218D/5222D) using the tetra-
cycline-repressible expression system. The transfected cells were
cultured in the presence of tetracycline (2 ug/ml, added daily), and
stable transfectants were isolated by selection in G418 (0.5 mg/ml;
Life Technologies) and hygromycin (0.4 mg/ml). Immunoblotting
identified several clones in which the expression of active MEK
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(MEK*) was strongly regulated by tetracycline. One of those clones
(tetMEK*-3T3, clone 7) is shown here, but the general results are
reproducible in different clones. tetMEK*-3T3 cells were maintained
at <50% confluence in DMEM and 10% calf serum with 2 ug/ml
tetracycline.

Cells and Methods of Culture

To stimulate entry into the cell cycle, confluent cultures were serum
starved for 1 d (NIH-3T3 cells and derivative transfectants), 2 d
(mouse embryo fibroblasts [MEFs]) or 5-7 d (human skin fibroblasts)
as described (Zhu et al., 1999). In some experiments, cells were
trypsinized and reseeded (2 X 10° cells per 100-mm dish) in mono-
layer (tissue culture dishes) or suspension (agarose-coated tissue
culture dishes) in DMEM with 5% FCS, 2 nM EGF (3T3 cells), or 10%
FCS (MEFs and human fibroblasts) as described by Bohmer et al.
(1996) and Zhu et al. (1996). For studies in defined medium, 35-mm
dishes were precoated (16 h at 4°C) with fibronectin, P1D6, or PLL.
Coating with fibronectin or PLL was performed as described (Zhu et
al., 1999) using 15 ug fibronectin and 50 ug PLL. For studies with
P1D6, 35-mm dishes were coated (16 h at 4°C) with 40 ug anti-
mouse IgG (Sigma, St. Louis, MO) in 1 ml PBS, followed by 120 ug
P1D6 in 1 ml PBS containing 2 mg/ml heat-inactivated, fatty acid-
free BSA. Quiescent cells (2 X 10° per 35-mm dish) were added in 2
ml defined medium (1:1 DMEM:Ham’s F-12, 15 mM HEPES, pH 7 4,
3 mM histidine, 4 mM glutamine, 8 mM sodium bicarbonate, 10 uM
ethanolamine, 10 pug/ml transferrin, 0.1 uM sodium selenite, 0.1 uM
MgCl,, 2 mg/ml BSA) with or without purified growth factors (10
ng/ml PDGF, 1 uM insulin, 2 nM EGF). In some experiments,
quiescent cells were preincubated with cycloheximide (10 wg/ml)
for 2 h and then trypsinized and reseeded in the continued presence
of cycloheximide.

Extractions and Blotting

Collected cells were lysed in TNE (50 mM Tris-HCI, pH 8.0, 250 mM
NaCl, 2 mM EDTA, 1% NP-40, 10 ug/ml leupeptin, 10 ug/ml
aprotinin, 1 mM PMSF, 50 mM sodium fluoride, 10 mM sodium
orthovanadate) and analyzed by immunoblotting using enhanced
chemiluminescence (Amersham, Arlington Heights, IL). Protein
concentrations were determined by Coomassie blue binding (Bio-
Rad, Hercules, CA, protein assay). Equal amounts of protein from
each cell lysate (20 ug for MEK*, ERK, and cdk4 or 100 ug for cyclin
D1 and cdk4) were analyzed by immunoblotting after electrophore-
sis on reducing SDS gels containing 7.5% acrylamide (Zhu et al.,
1999).

In Vitro ERK2 Kinase Assay

Cell lysates (50 ug) were incubated (2 h at 4°C with rocking) in 80
wl (total vol) TNE with 3 ug anti-ERK2 (SC-154; Santa Cruz
Biotechnology, Santa Cruz, CA). Immune complexes were col-
lected (1 h at 4°C with rocking) with protein A-agarose (50 ul).
Collected immunoprecipitates were washed twice with cold TNE
and then twice with cold kinase reaction buffer (50 mM Tris-HCI,
pH 8.0, 10 mM MgCl,, 10 ug/ml leupeptin, 10 png/ml aprotinin,
1 mM PMSEF, 50 mM sodium fluoride, 10 mM sodium orthovana-
date). The washed pellet was suspended in 50 ul kinase buffer
containing 5 ug myelin basic protein (Sigma), 20 uM ATP, and 10
wCi [86-32P]ATP (3000 Ci/mmol). The kinase reaction was incu-
bated at 30°C for 30 min with occasional mixing and stopped by
addition of 2X SDS sample buffer (50 ul). After centrifugation,
the supernatant was fractionated on a 12% polyacrylamide gel.
Phosphorylation of myelin basic protein was detected by auto-
radiography of stained gels.

Immunostaining

Cells were seeded in 35-mm dishes with coverslips that had been
coated with fibronectin, P1D6, or PLL (see above). Cells were
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washed with PBS, fixed with 3.7% formaldehyde, incubated with 50
mM ammonium chloride, and permeabilized with 0.2% Triton
X-100 as described (Zhu et al., 1999). After washing with PBS, the
coverslips were incubated sequentially with 100-ul droplets of rab-
bit anti-cyclin D1, biotin-labeled goat anti-rabbit IgG (300-fold dilu-
tion; PharMingen, San Diego, CA), and Texas Red-labeled strepta-
vidin (600-fold dilution; Life Technologies) in PBS and 2% BSA.
Actin was stained (30 min at room temperature) with 100-ul drop-
lets of fluorescein-phalloidin (1-1.5 U/ml PBS; Molecular Probes,
Eugene, OR), and cell nuclei were stained (10 min at 4°C in the dark)
with 100-ul droplets of DAPI (2 ug/ml PBS; Sigma). Stained cov-
erslips were rinsed in water and mounted with Slow-Fade in glyc-
erol-PBS (Molecular Probes). Inmunofluorescent images from 1-um
sections were obtained by confocal fluorescent microscopy at 40X
magnification.

RESULTS

Previous studies have indicated that the induction of cyclin
D1 results from the sustained activation of ERKs and that
sustained ERK activity is a consequence of mitogen action
(Meloche et al., 1992; Weber et al., 1997). We examined the
role of mitogens and cell anchorage on the kinetics of G1
phase ERK activation by gel shift, immunoblotting with
anti-phospho-ERK, and in vitro kinase assays. Each of these
analyses showed that mitogens induce a transient activation
of ERKs (lasting ~1-3 h) in suspended 3T3 cells but a
sustained activation (>50-75% activation up to 12 h) in
adherent 3T3 cells (Figure 1A). Similar results were obtained
with mouse embryo fibroblasts and early passage cultures of
normal human fibroblasts (Figure 1, B and C). Cyclin D1 was
detected in the adherent cells when ERK activity was main-
tained for several hours and not detected in suspended cells
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Figure1. Duration of the ERK signal is mediated by cell adhesion in
mitogen-treated cells and correlates with cyclin D1 expression. GO-
synchronzed NIH-3T3 fibroblasts (A), MEFs (B), and human fibro-
blasts (C) were seeded in monolayer and suspension for the indicated
times. Shown are results from immunoblot analyses using antibodies
specific for ERK (top panels), dually phosphorylated ERK (second
panels), cyclin D1, and cdk4 (loading control). In A, lysates were also
incubated with anti-ERK2, and the collected immunoprecipitate was
used to assess ERK kinase activity by phosphorylation of myelin
basic protein in vitro. Nonspecific kinase activity, determined using
an irrelevant antibody, was comparable with that of the GO cells, and
controls demonstrated that the kinase assay was linear with regard to
substrate concentration.

even when ERK activity was maintained for 3 h (e.g., Figure
1A).

To study the cooperative regulation of ERK activation by
growth factors and ECM, NIH-3T3 cells were stably trans-
fected with a human o5 integrin ¢cDNA (ha5-3T3 cells),
which allows for recognition of the a5humang]mouse chimera
by the a5B1 integrin monoclonal antibody P1D6. As ex-
pected, P1D6 (hereafter called anti-a581) detected the
abhumangimouse chimera in the transfectant but not the en-
dogenous murine a5B1 integrin in parental NIH-3T3 cells
(our unpublished results). ha5-3T3 and control 3T3 cells
proliferated (Figure 2A) and progressed through G1 phase
(assessed by expression of cyclin D1, phosphorylation of
PRb, and expression of cyclin A; Figure 2B) at similar rates.
The transfectants also showed a normal adhesion require-
ment for expression of cyclin D1 (Figure 2C).

Quiescent ha5-3T3 cells attached to fibronectin, anti-a531,
or PLL in serum-free medium were used to examine the
extent and duration of ERK activation. We found that ERK
activity was transient when cells were attached to fibronec-
tin or anti-a581 in the absence of growth factors (Figure 3).
Transient ERK activation was also observed when growth
factor-treated ha5-3T3 cells were plated on PLL (Figure 3) or
cultured in suspension on BSA-coated dishes (our unpub-
lished results). In contrast, ERK activation was sustained
when the cells were costimulated with growth factors and
fibronectin or anti-a581 (Figure 3). Immunostaining (Figure
4) showed that cyclin D1 expression was barely detected
when ha5-3T3 cells were plated on fibronectin or anti-a581
in the absence of growth factors or on PLL in the presence of
growth factors. In contrast, growth factor-treated ha5-3T3
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Figure 2. Characterization of NIH-3T3 cells transfected with a
human o5 integrin subunit. GO-synchronized ha5-3T3 and parental
NIH-3T3 cells were seeded in monolayer and suspension with 5%
FCS-DMEM for the times shown. In A, cell proliferation of adherent
cells was assessed by staining with 0.5% crystal violet. In B, lysates
from adherent cells in the first G1 phase were analyzed by immu-
noblotting with antibodies specific to cyclin D1, pRb (upper and
lower arrows show the hyper- and hypophosphorylated forms of
the protein, respectively) and cyclin A. In C, lysates from both
adherent and nonadherent cells in the first G1 phase were analyzed
by immunoblotting with antibodies specific to cyclin D and cdk4
(loading control).

cells plated on fibronectin or anti-a581 uniformly expressed
cyclin D1 in the nucleus. Thus, ERK activation by fibronectin
alone, anti-a5B1 alone, or growth factors alone is not func-
tionally significant for the induction of cyclin D1. Rather, the
sustained ERK activity that results from the synergistic in-
teraction of RTKs and integrins (e.g., a581) supports the
induction of cyclin D1.

To ensure that the ERK activation seen in response to
anti-a5B1 was a bona fide consequence of the antibody-in-
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Figure 3. Fibronectin and o581 integrin allow for sustained ERK
activity in growth factor-treated cells. GO-synchronized ha5-3T3
cells were suspended in defined medium with (+) or without (—)
purified growth factors (gf) and seeded in 35-mm dishes coated
with fibronectin (FN), anti-a5B1, or PLL. At the indicated times,
cells were collected, lyzed, and analyzed for ERK activation by gel
shift (top panels for each substratum) and direct analysis of dually
phosphorylated ERK (bottom panels for each substratum) using
anti-ERK and anti-phospho-ERK, respectively.

tegrin interaction, we treated ha5-3T3 cells with cyclohexi-
mide to block production and secretion of endogenous fi-
bronectin and other matrix proteins. We found that the rates
of attachment and spreading of cycloheximide-treated ha5-
3T3 cells were indistinguishable from those seen on fi-
bronectin (Figure 5A). Moreover, cycloheximide did not af-
fect sustained ERK activation when growth factor-treated
hab5-3T3 cells were attached to anti-a5B1-coated dishes (Fig-
ure 5B). These results strongly argue that attachment,
spreading, and sustained ERK activation on anti-a531 does
not reflect activation of other integrins by endogenous fi-
bronectin or other secreted matrix proteins.

NIH-3T3 cells expressing a constitutively active MEK un-
der control of a tetracycline-regulated promoter (tetMEK*-
3T3 cells) were then prepared and used to determine
whether a sustained ERK signal was sufficient to override
the adhesion requirement for expression of cyclin D1 (Figure
6). In the presence of tetracycline, the suspended cells
showed the expected transient activation of ERK (compare 1
and 9 h) and failed to induce cyclin D1 protein (Figure 6A).
The adherent cells showed the expected sustained ERK sig-
nal (compare 1 and 9 h), and cyclin D1 protein was induced.
Removal of tetracycline from suspended cells allowed for
the sustained activation of ERKs despite the absence of
substratum, and the degree of activation was similar to that
seen in the adherent cells. Cyclin D1 protein was induced in
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Figure 4. Fibronectin and o581 integrin allow for cyclin D1 expression in growth factor-treated cells. Cultures of ha5-3T3 cells prepared as
described in the legend to Figure 3 were seeded on coverslips coated with fibronectin, anti-a581, and PLL. Cells were fixed at 9 h and stained

for cyclin D1 and nuclei. Bar, 10 wm.

suspended tetMEK*-3T3 cells lacking tetracycline. Thus, if
ERK activation is forced to persist in the absence of substra-
tum, cyclin D1 is induced in the absence of substratum.
Forced expression of MEK* and sustained phosphorylation
of ERK (for 9 h) also stimulated cyclin D1 expression when
adherent cells were cultured in the absence of a mitogenic
stimulus (Figure 6B, Mn) and in the absence of both a
mitogenic stimulus and a substratum (Figure 6B, Sp).

DISCUSSION

Normal cells are both mitogen and anchorage dependent,
indicating that growth factors and the ECM have distinct
roles in controlling cell cycle progression. Nevertheless,
there seems to be extensive overlap in the signal transduc-
tion cascades that are stimulated by growth factors and the
ECM. Activation of the ERKs is a good example of this
paradox, because both RTKs and integrins can individually
activate the ERK pathway (Schwartz et al., 1995; Giancotti,
1997; Howe et al., 1998; Schlaepfer and Hunter, 1998). Our
present data show that neither of these effects results in the
sustained ERK signal required to induce cyclin D1. Rather,
we show that 1) a cooperative interaction between activated
RTKs and integrins results in a sustained ERK signal for
several hours in G1 phase; and 2) this effect can explain the
growth factor and ECM requirement for induction of cyclin
D1. Others have also documented cooperative effects be-
tween growth factor receptors and integrins (Miyamoto et
al., 1996; Lin et al., 1997; Renshaw et al., 1997; Moro et al.,
1998; Short et al., 1998; Aplin and Juliano, 1999), but those
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studies used short-term incubations (5 min to 3 h) and were
not directed toward the analysis of G1 phase cyclin-cdks. We
show here that much longer cooperative effects on ERK
activity are necessary to support the induction of cyclin D1.

We have previously reported that growth factor-depen-
dent activation of ERKs was rapid and transient, whereas it
was gradual and persistent in response to cell adhesion (Zhu
and Assoian, 1995). At that time, we speculated that the
rapid and sustained activation of ERK characteristic of cy-
cling adherent cells might reflect the sequential activation of
ERKs by growth factors and the ECM, respectively. How-
ever, this report shows that the sustained ERK signal neces-
sary for induction of cyclin D1 cannot be explained merely
by summing the individual effects of RTKs and a581 inte-
grin (refer to Figure 3).

Although fibronectin can bind to several integrins (e.g.,
a3pBl, a5B1, and avp3), the equivalent results we obtained
with the antibody-coated dishes indicate that 5831, the clas-
sical fibronectin receptor, is sufficient to sustain ERK activa-
tion in growth factor-treated cells. Because sustained ERK
activity in response to anti-a581 is maintained in cyclochex-
imide-treated cells, it seems highly unlikely that the effect
we observe results from surreptitious activation of other
integrins, e.g., by production and secretion of endogenous
collagen or vitronectin. Nevertheless, our results do not
imply that a5p81 is the only integrin capable of supporting
sustained ERK activity in growth factor-treated cells. In fact,
Eliceiri et al. (1998) have reported that avB3 integrin can
sustain ERK activity for 20 h in chick chorioallontoic mem-
branes treated with basic fibroblast growth factor. Those
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experiments, which focused on angiogenesis and cell migra-
tion, did not address the functional significance of this effect
for cell cycle progression. They also indicated that, in endo-
thelial cells, B1 integrins would not substitute for avf3.
Nevertheless, when viewed together, our results and those
of Eliceiri et al. (1998) indicate that multiple integrins can
sustain the ERK signal in growth factor-treated cells and that
different integrins may mediate this effect in different cell
es.

I()3e11 adhesion leads to both integrin clustering and ad-
hesion-dependent organization of the cytoskeleton. Sev-
eral laboratories have reported that cytochalasin D (which
prevents cytoskeletal organization) blocks integrin-
dependent ERK activation in fibroblasts (Schwartz et al.,
1995; Giancotti, 1997; Howe et al., 1998; Schlaepfer and
Hunter, 1998). In fact, we find that cytochalasin D will
block sustained ERK activation and cyclin D1 expression
in growth factor-treated 3T3 cells (our unpublished re-
sults). Cytochalasin D also blocks cyclin D1 expression in
human fibroblasts (Bohmer et al., 1996). Thus, cell spread-
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Figure 5. ha5-3T3 cells attach, spread, and develop stress fibers
when spread on either fibronectin or anti-a51. In A, GO-synchro-
nized ha5-3T3 cells treated with cycloheximide were suspended in
defined medium and seeded on coverslips coated with fibronectin
or anti-a5B31. At the indicated times, cells were fixed and stained
with fluorescein-phalloidin. Bar, 5 um. In B, ha5-3T3 cells and
cycloheximide (CHX)-treated ha5-3T3 cells were treated with
growth factors, added to dishes coated with anti-a581, and collected
at the indicated times. Cell lysates were fractionated on SDS gels and
immunoblotted to analyze the activation of ERK by gel shift (top
panel) and direct assessment of ERK phosphorylation status (bottom
panel) using anti-ERK and anti-phospho-ERK, respectively. Cdk4
was used as a loading control.

ing may be required for the cooperative effect of RTKs and
integrins on sustained ERK activation in fibroblasts. Al-
though adhesion is also important for ERK activation in
endothelial cells (Short ef al., 1998), cell spreading appears
to play no additional role (Huang et al., 1998). Thus, the
relative contributions of integrin-mediated adhesion and
cytoskeletal organization to sustained ERK activation may
be different in different cell types.

Several studies using activated raf (Kerkhoff and Rapp,
1997; Sewing et al., 1997; Woods et al., 1997) have indicated
that sustained ERK activation allows for the induction of
cyclin D1. In agreement with these results, we find that
sustained ERK activity (in response to expression of consti-
tutively active MEK) overrides both the mitogen and adhe-
sion requirements for expression of cyclin D1. In contrast, Le
Gall et al. (1998) have reported that expression of an acti-
vated raf resulted in sustained ERK activity without induc-
tion of cyclin D1 in suspended CCL39 fibroblasts. The basis
for this different result remains to be determined but may be
related to the different cells used. It should also be noted that
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Figure 6. Sustained ERK activity underlies anchorage-dependent
expression of cyclin D1. In A, tetMEK*-3T3 cells were serum starved
in the presence and absence of tetracycline, trypsinized, resus-
pended in 5% FCS-DMEM with or without tetracycline, and re-
seeded in monolayer (Mn) and suspension (Sp). Cells were col-
lected, lyzed, and analyzed by immunoblotting using antibodies
specific for MEK, ERK, cyclin D1, and cdk4 (loading control). ERK
activation was assessed by gel shift. In B, tetMEK*-3T3 cells were
plated in 0.5% FCS-DMEM for 9 h in monolayer and suspension
with and without tetracycline. Cells were collected, extracted, and
analyzed by immunoblotting using antibodies specific for MEK,
ERK (loading control), phospho-ERK, and cyclin D1.

the expression of cyclin D1 is not sufficient for cell cycle
progression through G1 phase and entry into S phase
(Ohtsubo et al., 1995).

In summary, we find that the sustained activation of ERK
and expression of cyclin D1 that has typically been attrib-
uted to growth factors actually reflects concerted signaling
by RTKs and integrins. This result can explain why cyclin D1
expression is jointly dependent on mitogens and cell anchor-
age and, at least in part, why nontransformed cells are
typically both mitogen- and anchorage-dependent for
growth.
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