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Integrin-mediated cell adhesion to the extracellular matrix is required for normal cell growth.
Cyclin D1 is a key regulator of G1-to-S phase progression of the cell cycle. Our previous studies
have demonstrated that integrin signaling through focal adhesion kinase (FAK) plays a role in the
regulation of cell cycle progression, which correlates with changes in the expression of cyclin D1
and the cdk inhibitor, p21, induced by FAK. In this report, we first investigated the roles of both
cyclin D1 and p21 in the regulation of cell cycle progression by FAK. We found that overexpres-
sion of a dominant-negative FAK mutant AC14 suppressed cell cycle progression in p21~/~ cells
as effectively as in the control p21*/* cells. Furthermore, we found that overexpression of ectopic
cyclin D1 could rescue cell cycle inhibition by AC14. These results suggested that cyclin D1, but
not p21, was the primary functional target of FAK signaling pathways in cell cycle regulation. We
then investigated the mechanisms underlying the regulation of cyclin D1 expression by FAK
signaling. Using Northern blotting and cyclin D1 promoter/luciferase assays, we showed that
FAK signaling regulated cyclin D1 expression at the transcriptional level. Using a series of cyclin
D1 promoter mutants in luciferase assays as well as electrophoretic mobility shift assays (EMSA),
we showed that the EtsB binding site mediated cyclin D1 promoter regulation by FAK. Finally, we
showed that FAK regulation of cyclin D1 depends on integrin-mediated cell adhesion and is likely
through its activation of the Erk signaling pathway. Together, these studies demonstrate that
transcriptional regulation of cyclin D1 by FAK signaling pathways contributes to the regulation of

cell cycle progression in cell adhesion.

INTRODUCTION

Cell cycle transition from G1 to S phase is regulated by
distinct cyclin-dependent kinases (cdks) that are regulated
by various cyclins, cdk inhibitors, and phosphorylations. In
mammalian cells, key cyclins involved in G1 to S transition
include cyclin D, E, and A. Cyclin D assembles with cdk4/6
in early G1, cyclin E combines with cdk2 later in G1, and
cyclin A associates with cdk2 at the beginning of S phase
(Draetta, 1994; Sherr, 1995). The expression level of cyclin D1
has been shown to be rate-limiting in cellular proliferation
induced by a variety of stimuli (Ohtsubo and Roberts, 1993;
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bronectin; PLL, poly-L-lysine; BrdU, 5-bromodeoxyuridine; Ets,
Epstein-Barr virus transforming substrate; AP-1, activator pro-
tein 1, CREB, cAMP-responsive element binding protein; LEF-1,
lymphoid enhancer factor; EMSA, electrophoretic mobility shift
assay; cdk, cyclin-dependent kinase; ILK, integrin linked kinase.
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Quelle ef al., 1993; Resnitzky et al., 1994; Albanese et al., 1995;
Watanabe et al., 1996, Westwick et al., 1997, 1998; Joyce et al.,
1999). Accumulation of the cyclin D1/cdk4/6 complex in
early to mid-G1 phase leads to activation of the kinases that
phosphorylate and inactivate the tumor suppressor Rb,
which is necessary for cell cycle progression through the G1
to S phases. Consistent with its critical role in cell cycle
progression, increased expression of cyclin D1 has been
observed in several tumors (Wang et al., 1994b; Arber et al.,
1996; Zhang et al., 1997; Lee et al., 1999). Likewise, ectopic
overexpression of cyclin D1 in transgenic mice induced for-
mation of tumors (Wang et al., 1994a; Nakagawa ef al., 1997).
The cyclin D1 null mice have shown remarkably decreased
development of tumors (Robles et al., 1998). The cyclin D1
protein levels are largely controlled at the transcriptional
level and by ubiquitin-mediated degradation (Diehl et al.,
1997; Pestell et al., 1999). The Ras/Erk signaling cascade (Raf,
MEK, and Erk) has been implicated to play an important
role in the transcriptional activation of cyclin D1 gene in
response to a variety of mitogenic stimuli. Recent studies
have also identified that the B-catenin/LEF-1 signaling path-
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way can activate the cyclin D1 promoter directly through an
LEF-1 responsive element (Shtutman et al., 1999; Tetsu and
McCormick, 1999).

Recent studies have indicated that integrin-mediated cell
adhesion controls cell cycle progression by regulating the
expression and activities of cyclins, cdks, and cdk inhibitors
(Assoian, 1997; Assoian and Schwartz, 2001). Cyclin D1 ex-
pression has been shown to be decreased upon cell detach-
ment in several different cell types (Zhu et al., 1996; Day et
al., 1997; Wu and Schonthal, 1997; Huang et al., 1998). Con-
versely, forced overexpression of cyclin D1 (Schulze et al.,
1996; Zhu et al., 1996; Resnitzky, 1997) but not cyclin E
(Resnitzky, 1997), induced anchorage-independent cell cycle
progression of NIH3T3 and Ratl cells. Although integrins
are known to trigger a variety of intracellular signaling
pathways during cell adhesion, relatively little is known at
present about possible involvement of these signaling path-
ways in the regulation of cyclin D1 and cell cycle progres-
sion by integrins. However, recent studies by a number of
laboratories have started to identify potential signaling path-
ways downstream of integrins that might be involved in this
process. Roovers et al. (1999) have shown that integrin-
mediated cell adhesion is required for sustained Erk activa-
tion and induction of cyclin D1 expression by growth fac-
tors. The integrin linked kinase (ILK) has also been shown to
activate cyclin D1 gene transcription through the CreB bind-
ing site on the promoter, although it is not known whether
this pathway is involved in the regulation of cyclin D1 by
integrins (D"Amico et al., 2000).

Previous studies from our laboratory suggested that focal
adhesion kinase (FAK) may play a role in the regulation of
cell cycle progression by integrins (Zhao et al., 1998b). These
studies indicated that FAK could regulate cell cycle progres-
sion by increasing cyclin D1 expression and/or decreasing
the expression of the cdk inhibitor p21. In this report, we
present data suggesting that cyclin D1, but not p21, was the
primary functional target of FAK signaling pathways in cell
cycle regulation. We also show that FAK signaling pathways
regulated cyclin D1 gene transcription through the EtsB
binding site in the cyclin D1 promoter. Taken together, these
results imply that FAK may serve as another mediator of
cyclin D1 regulation by integrins, which could contribute to
cell cycle control in cell adhesion.

MATERIALS AND METHODS

Antibodies and Reagents

The mouse mAb 12CA5 (a-HA) has been described previously
(Chen and Guan, 1994; Chen ef al., 1995). The rabbit polyclonal
a-HA antibodies were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). The rabbit a-p21 and a-cyclin D1 were generous
gifts from Dr. Y. Xiong (University of North Carolina, Chapel Hill,
NC). The mouse mAb a-BrdU was purchased from Sigma (St. Louis,
MO). Rabbit polyclonal anti-B-Gal was from 5 prime — 3 prime
(Boulder, CO). Chemical inhibitors curcumin and PD98059, and the
control SB202474 were from Calbiochem (San Diego, CA).

Cell Culture

Mouse p21*/* and p21~/~ fibroblasts were kind gifts from Dr. C.
Deng (NIDDK, NIH) and were maintained in DMEM with 15% fetal
bovine serum (FBS). HEK293T cells were maintained in DMEM
with 10% FBS. NIH3T3 cells were grown in DMEM with 10% calf
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serum (CS). NIH3T?3 cell clones with inducible expression of FAK or
AC14 mutant were described previously (Zhao et al., 1998b).

5-Bromodeoxyuridine (BrdU) Incorporation Assay

The expression vector encoding FAK mutant AC14 (pKH3-AC14)
was described previously (Zhao et al., 1998b). The p21*/* and
p21~/~ fibroblasts were transiently transfected with pKH3-AC14 or
the empty vector pKH3. Twenty-four hours after transfection, the
cells were subjected to BrdU incorporation assays essentially as
described previously (Zhao et al., 1998b), except that 0.5% FBS
(instead of 0.5% CS) was used for serum starvation and that rabbit
polyclonal a-HA antibodies (1:200) were used to identify positively
transfected cells.

The expression vector encoding human cyclin D1 (pRK5-D1) was
a generous gift from Dr. T. Hunter (Salk Institute, San Diego, CA).
NIH3T3 cell clones with inducible expression of AC14 lines were
transiently transfected with pRK5-D1 or the control vector pRK5
along with a plasmid encoding B-gal. Twenty-four hours after trans-
fection, the cells were subjected to BrdU incorporation assays under
induced or uninduced conditions, as described previously (Zhao et
al., 1998b), with the modification that the rabbit polyclonal a-B-gal
antibodies (1:200) were used to identify positively transfected cells.

Western Blotting

Cells were washed twice with ice-cold PBS and then lysed with
modified radioimmunoprecipitation assay (RIPA) buffer (50 mM
HEPES, pH 7.4, 150 mM NaCl, 10% glycerol, 1.5 mM MgCl,, 1 mM
EGTA, 1 mM sodium vanadate, 10 mM sodium pyrophosphate, 10
mM NaF, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium
dodecylsulfate, 10 mg/ml leupeptin, 10 mg/ml aprotinin, and 1
mM PMSEF). Lysates were cleared by centrifugation and total protein
concentrations were determined using Bio-Rad Protein Assay (Her-
cules, CA). Aliquots (20 ug) of lysate proteins were mixed in SDS-
PAGE sample buffer, boiled for 5 min, and resolved by SDS-PAGE.
The blots were performed with «a-p21 (1:1000), «-HA (1:1000), or
a-cyclin D1 (1:5000), using the enhanced chemiluminescence (ECL)
system (Amersham Life Science, Arlington Heights, IL), as de-
scribed previously (Xing ef al., 1994).

Northern Blotting

NIH3T3 cell clones with inducible expression of FAK, AC14 or the
mock cells (Zhao et al., 1998b) were serum starved for 48 h in DMEM
with 0.5% CS, 0.5 mg/ml G418, and 0.4 pug/ml tetracycline. They
were then switched into DMEM plus 10% CS, 0.5 mg/ml G418 with
or without 0.4 pg/ml tetracycline and incubated for 12 h. Total
cellular RNAs were extracted using TRIzol Reagent (Life Technol-
ogies, Grand Island, NY) based on the manufacturer’s instructions.
Ten micrograms total RNAs were resolved on 1.2% formaldehyde/
agarose gels, and then transferred onto nylon membrane (0.2-um
Maximum Strength Nytran; Schleicher & Schuell, Keene, NH). The
membranes were probed with a-*?P-labeled cyclin D1 or EFla
cDNA fragments. The membranes were subjected to autoradiogra-
phy, and intensity of the hybridized bands was analyzed with
ImageQuant IQMac v1.2 on a Storm 840 scanner (Molecular Dy-
namics, Sunnyvale, CA).

Luciferase Reporter Assays

The cyclin D1 promoter-luciferase reporter constructs —1745CD1
(=1745CD1LUC; D’Amico et al., 2000) and —962CD1 (Tetsu and
McCormick, 1999) have been described previously. The mutant
reporters with deletion of each putative transcription factor binding
site were generous gifts of Drs. O. Tetsu and F. McCormick (UCSF,
San Francisco, CA) and have been described previously (Tetsu and
McCormick, 1999). The reporter constructs were cotransfected into
NIH3T3 cells with expression vectors encoding FAK, its mutants
AC14 and F397, FRNK, or the control pKH3 vector alone. Twenty-
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four hours after transfection, cells lysates were prepared and lucif-
erase activity was determined using Luciferase Assay System with
Reporter Lysis Buffer (Promega, Madison, WI) and liquid scintilla-
tion counter (Beckman Instruments, Fullerton, CA) according to the
manufacturer’s instructions. The plasmid pSV-LacZ was also in-
cluded in the cotransfections and B-galactosidase assays were per-
formed for lysates from each transfection to normalize transfection
efficiencies. In some experiments, various concentrations of the
chemical inhibitors Curcumin, PD98059, or the control SB202474
(Calbiochem) were added to the cells at 24 h after transfection. After
additional incubation for 24 h, cell lysates were prepared and sub-
jected to luciferase assay as described above.

Electrophoresis Mobility Shift Assay (EMSA)

The oligodeoxyribonucleotides used for EMSA are as follows: EtsB
(Ets binding consensus site B), 5'-GACAAGATGAAGGAAATGCT-
GGCCA-3’; mEtsB (EtsB site with the consensus mutated as under-
lined), 5'-GACAAGATGAAAAGAATGCTGGCCA-3'; CRE (cAMP
response element consensus site), 5'-TTAACAACAGTAACGTCA-
CACGGACTA-3’; mCRE (CRE site with the consensus mutated as
underlined), 5'-TTAACAACAGTATGGTCA CACGGACTA-3',
among others. NIH3T3 cell clones with inducible expression of FAK
or AC14 were serum starved for 48 h in DMEM with 0.5% CS, 0.5
mg/ml G418, and 0.4 ug/ml tetracycline. They were then stimu-
lated with DMEM plus 10% CS, 0.5 mg/ml G418 with (uninduced)
or without (induced) 0.4 pg/ml tetracycline. At various times after
stimulation, nuclear extracts were made as described previously
(Zhao et al., 1998a) with slight modifications. Briefly, cells were
washed with ice-cold PBS and TBS (Tris-buffered saline), incubated
on ice in buffer A (10 mM HEPES, pH 7.9; 10 mM KCl; 0.1 mM
EDTA; 0.1 mM EGTA; 1 mM dithiothreitol; 0.5 mM PMSF and 0.2
mM sodium orthovanadate) for 15 min, scraped, and transferred
into Eppendorf tubes that contained 10% NP-40. After being vigor-
ously vortexed, the lysates were centrifuged and the pellets were
suspended in buffer B (20 mM HEPES, pH 7.9; 400 mM NaCl; 1 mM
EDTA; 1 mM EGTA; 1 mM dithiothreitol; 1 mM PMSF and 0.2 mM
sodium orthovanadate) and vigorously vortexed for 15 min at 4°C.
After centrifugation, the supernatants were collected, quantified,
aliquoted and kept at —80°C for future use in EMSA.

Two to 10 pg nuclear extracts were incubated with y-*?P-labeled
oligonucleotides for 20 min at room temperature and chilled on ice
for 10 min. The DNA-protein complexes were resolved on 4% PAGE
in 1X TAE running buffer. The specificity of DNA-protein complex
formation was verified by using the specific mutant oligonucleo-
tides as well as the competition assays with unlabeled oligonucle-
otides. Dried gels were exposed to x-ray films for autoradiography
and to phosphoimaging films for quantitative analysis using Image-
Quant IQMac v1.2 and a Storm 840 scanner (Molecular Dynamics).

For some experiments, the serum-starved cells were replated on
fibronectin (FN) or poly-L-lysine (PLL)-coated dishes and incu-
bated for 4 h under induced or uninduced conditions before prep-
aration of nuclear extracts. In the experiments using the chemical
inhibitors, the serum-starved cells were grown in medium with
various amounts of the inhibitors for 4 h before preparation of the
nuclear extracts.

RESULTS

Cyclin D1 But Not p21 Mediates FAK Regulation of
Cell Cycle Progression

Our previous studies have suggested that FAK regulated
cell cycle progression by modulating the expression of the
cdk inhibitor p21 and/or cyclin D1 (Zhao et al., 1998b).
Overexpression of FAK decreased p21 expression and in-
creased cyclin D1 levels, concomitant with its stimulation of
cell cycle progression. Conversely, overexpression of a FAK
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Figure 1. Inhibition of cell cycle progression by AC14 in p21~/~
cells. P21~/~ or control p21*/* fibroblasts were transiently trans-
fected with expression vectors encoding AC14 or the vector alone
(control), as indicated. They were then analyzed for BrdU incorpo-
ration as described in MATERIALS AND METHODS. The percent-
age of BrdU (+)/positively transfected cells was determined by
analyzing 40-50 positively transfected cells for each transfection in
multiple fields. The results show mean + SE for at least three
independent experiments. Expression of p21 in p21~/~ and control
p217/+ fibroblasts was analyzed by Western blotting with anti-p21
(inset).

dominant-negative mutant, AC14, caused increased p21 lev-
els and decreased cyclin D1 expression as well as inhibition
of cell cycle progression. To further investigate the role of
p21 in FAK-mediated cell cycle progression, we examined
the effects of AC14 on cell cycle progression in p21~/~
fibroblasts by transient transfections followed by BrdU in-
corporation assays, as described previously (Zhao et al.,
1998b). Consistent with our previous results (Zhao et al.,
1998b), Figure 1 shows that expression of AC14 in the control
p21*+/~ fibroblasts significantly inhibited cell cycle progres-
sion as measured by BrdU incorporation. Interestingly,
transfection of AC14 into the p21~/~ fibroblasts inhibited
BrdU incorporation to a similar extent as the p21*/* fibro-
blasts. The absence of p21 in the p21~/~ fibroblasts was
confirmed by Western blotting with anti-p21 antibodies
(Figure 1, inset). Thus, upregulation of p21 was not required
for cell cycle inhibition by AC14, suggesting that p21 was not
playing a major role in mediating cell cycle regulation by
FAK.

To study the role of cyclin D1, we then examined whether
ectopic expression of cyclin D1 could rescue cell cycle inhi-
bition by AC14. Expression vector encoding human cyclin
D1 was transiently transfected into the NIH3T3 cell clone
with inducible expression of AC14 (AC14 cells; Zhao et al.,
1998b) along with a marker plasmid encoding B-Gal. The
cells were then analyzed for BrdU incorporation under in-
duced or uninduced conditions, as described previously
(Zhao et al., 1998b), except that the positively transfected
cells were identified by immunostaining with anti-g-Gal.
Figure 2A shows that induction of AC14 expression inhib-
ited BrdU incorporation, as expected. Expression of ectopic
cyclin D1 (as marked by B-Gal + fraction of cells) rescued
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Figure 2. Ectopic expression of cyclin D1 rescues cell cycle inhibi-
tion by AC14. (A) AC14 cells were cotransfected with a plasmid
encoding B-Gal and expression vector encoding cyclin D1 (+ cyclin
D1) or vector alone control (— cyclin D1), as indicated. They were
then analyzed for cell cycle progression under induced (I) or unin-
duced (U) conditions as described previously (Zhao et al., 1998b),
except that the positively transfected cells were identified by immu-
nostaining with anti-B-Gal. The percentage of BrdU (+)/B-Gal (+)
cells was determined by analyzing 40-50 B-Gal (+) cells for each
transfection in multiple fields. The results show mean + SE for three
independent experiments. (B and C) Aliquots of cell lysates were
analyzed by Western blotting with a-HA (B) or a-cyclin D1 (C) The
positions of the AC14 and cyclin D1 are marked on the right.

the inhibition of cell cycle progression by AC14. The induction
of AC14 expression in these cells was verified by Western
blotting with anti-HA (recognizing the HA epitope tag fused to
the N-terminus of AC14; Figure 2B). Consistent with previous
results (Zhao et al., 1998b), Figure 2C shows that induction of
AC14 expression resulted in a significant decrease of endoge-
nous cyclin D1 expression (cf. lanes 1 and 2). Interestingly, the
expression level of the exogenous cyclin D1 was not affected by
AC14 (cf. lanes 3 and 4). Taken together, these results suggests
that cyclin D1, but not p21, is the primary functional target of
FAK signaling pathways in cell cycle regulation.

Transcriptional Regulation of Cyclin D1 by FAK

To determine the mechanisms of cyclin D1 regulation by
FAK, we first examined the endogenous cyclin D1 mRNA
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Figure 3. Regulation of Cyclin D1 mRNA level by FAK. Quiescent
Mock, FAK or AC14 cells were stimulated with 10% CS under
uninduced (U) or induced (I) conditions. Twelve hours thereafter,
total RNAs were prepared using TRIzol Reagent as described in
MATERIALS AND METHODS. Ten micrograms total RNAs were
separated by 1.2% agarose/formaldehyde gel, transferred to nylon
membrane, and blotted with 32P-labeled cyclin D1 cDNA probe (A)
or EFla cDNA probe (B). Ethidium bromide staining of the RNAs in
the gel was conducted to show equal loading of samples (C). The
mean + SE of relative cyclin D1 mRNA (normalized to uninduced
Mock cells) from three independent experiments were obtained
using Phospholmage Analyzer (D).

levels in NIH3T3 cells with inducible expression of FAK or
the dominant-negative mutant AC14. Total RNA was iso-
lated from these cells under induced and uninduced condi-
tions and subjected to Northern blotting analysis. As shown
in Figure 3A, induction of wild-type FAK expression re-
sulted in significant increase in cyclin D1 mRNA level,
whereas induction of AC14 expression reduced it. Equal
loading of all the lanes was verified by reprobing the mem-
branes with EF-1a cDNA (Figure 3B) or staining of the gels
for the 285 and 18S rRNA (Figure 3C). Quantitative analysis
of three independent experiments showed that overexpres-
sion of FAK increased cyclin D1 mRNA levels by approxi-
mately twofold compared with uninduced cells or the mock
cells under induced or uninduced conditions (Figure 3D).
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Figure 4. Regulation of cyclin D1 promoter by FAK. NIH3T3 cells
were cotransfected with expression vectors encoding FAK, AC14,
FAKF397, FRNK or vector control alone (pKH3) and cyclin D1
promoter reporters —1745CD1, —962CD1, or the basic luciferase
control vector (pGL3b), as indicated. A plasmid encoding B-gal was
also included to normalize transfection efficiency. The ratio of re-
porter luciferase activity to B-gal activity is shown. The assay was
performed 24 h after transfection. The results show mean + SE of at
least three independent experiments.

Expression of AC14 decreased the level of cyclin DI mRNA
by ~40-50%.

To examine whether FAK signaling increased cyclin D1
mRNA accumulation by stimulation of transcription, we
studied the effects of FAK on the cyclin D1 promoter in
NIH3T3 cells. Two different cyclin D1 promoter—luciferase
reporter plasmids (—1745CD1 and 962CD1) were tested. The
—1745CD1 reporter corresponded to the original fragment
of cyclin D1 5" sequence that was cloned from the PRAD1
breakpoint (Motokura and Arnold, 1993) and the —962CD1
reporter was used in the recent identification of the B-cate-
nin/LEF1 binding site (Tetsu and McCormick, 1999). The
luciferase reporter plasmids were cotransfected into NIH3T3
cells along with expression vectors encoding FAK, AC14,
FAKF397, FRNK, or the empty vector. Two days after trans-
fection, luciferase activities were determined as described
previously (Shtutman et al., 1999). Figure 4 shows that ex-
pression of FAK increased the activity of both the reporter
plasmids by approximately twofold. Conversely, expression
of several versions of dominant-negative FAK (AC14, F397,
or FRNK) inhibited the reporters” activities by ~40%. Virtu-
ally no luciferase activity was detected when the pGL3b
vector alone (lacking the cyclin D1 promoter sequence) was
transfected into NIH3T3 cells with or without FAK con-
structs. These results are consistent with the Northern blot-
ting data (Figure 3) and suggest that transcriptional activa-
tion of the cyclin D1 gene by FAK is at least partially
responsible for the upregulation of cyclin D1 mRNA and
proteins by FAK signaling pathways.

EtsB Site Mediates Cyclin D1 Activation by FAK
Signaling

The cyclin D1 promoter contains multiple transcription fac-
tor binding sites including AP1, EtsA, EtsB, EtsC, TCF, and
CRE sites (Figure 5A). Previous studies have suggested that
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Figure 5. EtsB site is required for FAK activation of the cyclin D1
promoter. (A) Schematic representation of the —962 cyclin D1 pro-
moter in a luciferase reporter and deletion mutants. (B) NIH3T3
cells were cotransfected with expression vectors encoding FAK or
pKHS3 vector control and cyclin D1 promoter reporter —962CD1, or
various mutants, as indicated. Luciferase assays were performed as
described in Figure 4. The average and SD of relative luciferase
activities were obtained from three independent experiments. The
relative activities were normalized to pKH3 control vector trans-
fected cells.

several intracellular signaling pathways regulate cyclin D1
transcription through these sites. To determine whether
these elements are required for FAK responsiveness of the
cyclin D1 promoter, we examined the effect of FAK on a
series of mutant cyclin D1 promoter constructs with each of
these elements deleted (Figure 5A). Figure 5B shows that
deletion of the AP1, EtsA, EtsC, TCF1, or CRE site did not
affect regulation of the cyclin D1 promoter by FAK. In con-
trast, deletion of the EtsB element significantly diminished
FAK responsiveness of the cyclin D1 promoter. We obtained
similar results using HEK293T cells. These results suggest
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Figure 6. Activation of EtsB binding by FAK. Quiescent FAK (A and B) or AC14 cells (C and D) were stimulated with 10% CS under
uninduced (U) or induced (I) conditions for various times, as indicated. Nuclear extracts were then prepared as described in MATERIALS
AND METHODS. They were used for EMSA with the radiolabeled oligonucleotide corresponding to the cyclin D1 EtsB site. Panels A and
C show representative results from FAK (A) and AC14 cells (C). The arrow indicates the cyclin D1 EtsB binding complex. (B and D) The
average and SD of relative EtsB binding activities from three independent experiments of FAK (B) and AC14 cells (D). The relative EtsB
binding activities were normalized to nuclear extracts from uninduced cells at 2 h after stimulation.

that FAK signaling pathways might stimulate cyclin D1
transcription through the EtsB site.

EMSA were then performed to further determine poten-
tial regulation of binding to the EtsB site by FAK signaling
pathways. Nuclear extracts were prepared from NIH3T3
cells with inducible expression of FAK or AC14, at various
times after serum stimulation under induced or uninduced
conditions. They were then probed for binding activities
with radiolabeled oligonucleotides corresponding to various
transcription factor binding sites in the cyclin D1 promoter.
Under uninduced conditions, the EtsB binding activity

Vol. 12, December 2001

showed an approximately threefold increase in response to
serum stimulation (Figure 6). A slight increase was detected
from 4 h after stimulation, reaching the peak response at 6 h,
and then showing a gradual decrease at 8 h after stimula-
tion. Induction of FAK expression significantly enhanced the
EtsB binding activity, which reached the peak of approxi-
mately sixfold increase at 4 h after serum stimulation (Fig-
ures 6, A and B). In contrast, expression of the dominant-
negative mutant AC14 almost completely abolished the
increase in EtsB binding activity after serum stimulation
(Figures 6, C and D). Similar studies showed that induced
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Figure 7. Effects of FAK on the Cre binding activity. Quiescent FAK (A and B) or AC14 cells (C and D) were stimulated with 10% CS under
uninduced (U) or induced (I) conditions for various times, as indicated. Nuclear extracts were then prepared as described in the MATERIALS
AND METHODS. They were used for EMSA with the radiolabeled oligonucleotide corresponding to the cyclin D1 Cre site. (A and C)
Representative results from FAK (A) and AC14 cells (C). The arrow indicates the cyclin D1 Cre binding complex. (B and D) The average and
SD of relative Cre binding activities from three independent experiments of FAK (B) and AC14 cells (D). The relative Cre binding activities
were normalized to nuclear extracts from uninduced cells at 2 h after stimulation.

expression of neither FAK nor AC14 affected the CRE
binding activity (Figure 7) or the AP1 binding activity
under the same experimental conditions. Together with
data from the luciferase assays (Figure 5), these results
suggest that FAK signaling pathways regulate cyclin D1
transcription primarily through their effects on the EtsB
binding site.

Cell Adhesion Regulates EtsB Activation

It is well documented that FAK tyrosine phosphorylation
and kinase activity are regulated by integrin-mediated cell
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adhesion to ECM proteins such as FN (Guan and Shalloway,
1992). We therefore tested whether cell adhesion could reg-
ulate the EtsB binding activity. NIH3T3 cells with inducible
expression of FAK or AC14 under either uninduced or in-
duced conditions were removed from the plates and re-
plated on either poly-L-lysine (lanes PLL) or FN (lanes FN).
Nuclear extracts were then prepared and tested for FN
adhesion-induced EtsB binding activity, as shown in Figure
8. Little EtsB binding activity was detected in cells plated on
PLL under either induced or uninduced conditions. Cell
adhesion to FN resulted in an approximatley twofold in-
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Figure 8. Regulation of EtsB binding activity by cell adhesion to
FN. Quiescent FAK or AC14 cells were suspended and replated on
FN or PLL under uninduced (U) or induced (I) conditions, as
indicated. After a 4-h incubation, nuclear extracts were prepared as
described in MATERIALS AND METHODS. They were used for
EMSA with the radiolabeled oligonucleotide corresponding to the
cyclin D1 EtsB site (A). The arrow indicates the cyclin D1 EtsB
binding complex. (B) The average and SD of relative EtsB binding
activities from three independent experiments. The relative EtsB
binding activities were normalized to nuclear extracts from FAK
cells replated on PLL under uninduced condition. Cell lysates from
duplicate plates under the same conditions were prepared 12 h after
replating. They were then analyzed by Western blotting with a-HA
(C) or a-cyclin D1 (D). The positions of the FAK or AC14 and cyclin
D1 are marked on the right.

crease in the EstB binding activity, presumably due to acti-
vation of the endogenous FAK. Induction of the wild-type
FAK overexpression further enhanced the EtsB binding ac-
tivity, whereas expression of the dominant-negative AC14
inhibited FN-induced EtsB binding activity. Consistent with
the effects on EtsB binding activity, induction of FAK over-
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expression further increased FN-induced endogenous cyclin
D1 expression, whereas AC14 inhibited it (Figure 8, C and
D). Together, these results suggested that integrin-mediated
cell adhesion could activate cyclin D1 promoter through
activation of EtsB binding via the FAK signaling pathways.

Role of Erk Pathway in Cyclin D1 Activation by
FAK

The Ets family transcription factors are specific downstream
substrates of Erks (Wasylyk et al., 1998) and FAK has been
suggested to activate Erks through a number of downstream
pathways (Schlaepfer et al., 1999; Barberis et al., 2000; Zhao et
al., 2000). Therefore, we examined the possibility that Erk
signaling pathway mediates activation of EtsB binding ac-
tivity by FAK by using specific chemical inhibitors for Erk
and the related JNK signaling pathways. Figure 9 shows
that, as observed previously, induction of FAK expression
enhanced EtsB binding activity (cf. lanes 1 and 2). The spe-
cific MEK inhibitor, PD98059, reduced EtsB activation by
FAK in a dose dependent manner (lanes 3-5). In contrast, the
JNK inhibitor curcumin (Chen and Tan, 1998; Chen et al.,
1999) or the control SB202474 had little effect, even at doses
as high as 10 times the ICs, (lanes 6-11). We also tested the
effects of these inhibitors on the activation of the whole
cyclin D1 promoter by FAK using luciferase assays. Consis-
tent with the EMSA results, PD98059 inhibited the FAK-
activated as well as basal luciferase activities (Figure 10).
Again, curcumin or SB202474 did not affect FAK induced
activation of cyclin D1 promoter. Together, these data sug-
gested that regulation of cyclin D1 transcription by FAK was
primarily through the activation of Erk pathway by FAK.

DISCUSSION

Integrin-mediated cell adhesion plays important roles in the
regulation of cell cycle progression by affecting expression
and activities of various cyclins, cdks, and cdk inhibitors
(Assoian, 1997; Assoian and Schwartz, 2001). Recent studies
have revealed that integrin binding to ligands lead to acti-
vation of several intracellular signaling pathways (Giancotti
and Ruoslahti, 1999). However, relatively little is known
about the molecular mechanisms that connect the cytoplas-
mic signaling pathways to cell cycle regulation by integrins.
Previous studies from our laboratory and others suggest
that activation of FAK and its downstream signaling path-
ways by integrins play an important role in mediating cell
cycle regulation by integrins (Zhao et al., 1998b, 2000; Oktay
et al., 1999; Reiske et al., 2000; Wang et al., 2000). In this
article, we showed that FAK regulated cell cycle progression
primarily through its regulation of cyclin D1 expression at
the transcriptional level. We also identified the EtsB site as
the regulatory component in the cyclin D1 promoter and
that the MAP kinase, Erk, plays a significant role in medi-
ating cyclin D1 expression by FAK. These results connect
integrin signaling through FAK to cell cycle regulation via
Erk and activation of the EtsB site on the cyclin D1 promoter.

Consistent with their ability to activate multiple signaling
pathways, integrins have been shown to regulate cell cycle
progression by affecting the expression and/or activities of
different cell cycle regulators in various cells (Assoian and
Schwartz, 2001). Our previous studies using a tet-inducible
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Figure 9. Effects of inhibitors for MEK or JNK on EtsB activation by FAK. Quiescent FAK cells were incubated for 4 h with 10% CS in the
absence (lanes 1 and 2) or presence (lanes 3-11) of the indicated inhibitors under induced condition (lanes 2-11) or uninduced (lane 1)
conditions, as indicated. Nuclear extracts were then prepared as described in MATERIALS AND METHODS. They were used for EMSA with
the radiolabeled oligonucleotide corresponding to the cyclin D1 EtsB site (A). The arrow indicates the cyclin D1 EtsB binding complex. Panel
B shows the average and SD of relative EtsB binding activities from three independent experiments. The relative EtsB binding activities were

normalized to nuclear extracts from uninduced cells.

expression system in fibroblasts showed that integrin signal-
ing through FAK affected expression levels of cyclin D1 and
p21, although it did not affect expression of a number of
other cell cycle regulators, suggesting that these two are
potential mediators (Zhao ef al., 1998b). Data presented here
excluded a role for p21 because disruption of FAK signaling
resulted in cell cycle inhibition in p21~/~ fibroblasts (Figure
1). In contrast, overexpression of cyclin D1 rescued the cell
cycle inhibition by a dominant-negative FAK mutant (Figure
2). These results demonstrate that cyclin D1 is the major
mediator for FAK regulation of cell cycle progression, which
is consistent with several previous reports suggesting a crit-
ical role of cyclin D1 in mediating cell cycle regulation by
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integrins (Resnitzky, 1997; Schulze et al., 1996, Zhu et al.,
1996; Assoian and Schwartz, 2001).

Expression of cyclin D1 is controlled at both transcrip-
tional and posttranscriptional levels by multiple intracellu-
lar signaling pathways (Pestell et al., 1999). We show here
that integrin signaling through FAK could regulate tran-
scription of cyclin D1. Transfection of wild-type FAK in-
creased transcriptional activity of cyclin D1 promoter,
whereas expression of several versions of dominant-nega-
tive FAK mutants decreased it (Figure 4). Consistent with
these results, induction of FAK expression increased mRNA
level of endogenous cyclin D1, whereas expression of the
dominant-negative FAK mutant AC14 decreased it (Figure
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Figure 10. Effects of inhibitors for MEK or JNK on activation of
cyclin D1 promoter by FAK. NIH3T3 cells were cotransfected with
expression vectors encoding FAK or pKH3 vector control and cyclin
D1 promoter reporter —962CD1, as indicated. Twenty-four hours
after transfection, various amounts of the indicated inhibitors were
applied to the cells. After 24 h, luciferase assays were performed as
described in Figure 4. The average and SD of luciferase activities
were obtained from three independent experiments.

3). Sequential activation of the Ras/Erk signaling cascade
(Raf, MEK, and Erk) and the sustained activation of Erk have
been shown to be required for the increased cyclin D1 ex-
pression (Lavoie et al., 1996, Aktas et al., 1997; Kerkhoff and
Rapp, 1997; Weber et al., 1997; Cheng et al., 1998). Interest-
ingly, integrin-mediated cell adhesion is known to cooperate
with growth factor signaling for sustained Erk activation
(Roovers et al., 1999), and FAK has been implicated in such
a role by a recent study (Barberis et al., 2000). Indeed, our
previous studies suggested a role for Erk in the regulation of
cell cycle progression by integrin signaling through FAK
(Zhao et al., 1998b, 2000). Inhibition of the Erk, but not JNK,
pathway suppressed cyclin D1 promoter activation by FAK
(Figures 9 and 10). Together, these results suggest that inte-
grin signaling through FAK regulates cyclin D1 expression
and cell cycle progression by affecting the transcription of
cyclin D1 via sustained activation of the Erk pathway. These
studies, however, do not exclude the possibility that inte-
grin-mediated cell adhesion could also regulate cyclin D1
expression at the posttranscriptional levels.

Consistent with its critical role in cell cycle regulation, the
cyclin D1 gene has multiple regulatory elements in the pro-
moter that are targeted by various signal transduction path-
ways. Our analyses using a luciferase assay with promoter
deletion mutants as well as EMSA showed the EtsB site as
the primary mediator of cyclin D1 regulation by FAK. This
site is required for the activation of the promoter by FAK
(Figure 5). The EtsB binding activity is also regulated by
FAK in a cell adhesion dependent manner (Figures 6 and 8).
The Ets proteins are a family of transcription factors that are
substrates and targets of Erk signaling pathways (Wasylyk
et al., 1998). This is consistent with our observation that FAK

Vol. 12, December 2001

Regulation of Cyclin D1 by FAK

regulates cyclin D1 transcription involved the Erk signaling
pathway. Although there are three putative Ets binding
sites, our results suggested that the EtsB site is a functional
site that mediates cyclin D1 regulation by FAK. Although
the JNK signaling pathway has also been suggested to me-
diate FAK regulation of cell cycle progression, we did not
find a role for the AP-1 or Cre sites, which are both targets
of JNK. Interestingly, a recent study by D’ Amico et al. (2000)
identified the Cre site of the cyclin D1 promoter as a medi-
ator of cyclin D1 regulation by ILK in a PI 3-kinase depen-
dent manner. Because both FAK and ILK are major media-
tors of integrin signaling, these results suggested the
interesting possibility of combinatory regulation of cyclin
D1 promoter by two distinct cytoplasmic to nuclear signal-
ing pathways (ILK-PI3K-Cre and FAK-Erk-EtsB) emanating
from the integrins. It is possible that one of these two path-
ways may play a more dominant role in different cell types
(e.g., fibroblasts vs. epithelial cells). It will be interesting to
examine the relative roles of these pathways in cells where
both pathways are active.
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