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factor-mediated gene transcription and cell proliferation (4). bFGF
acts a mitogen by promoting progression from G1 to the S-phase of
the cell cycle. Mitogenic stimulation induces D-type cyclins as part
of a delayed early response (5). As cells enter G1 from quiescence,
D and E cyclins are expressed sequentially (6). bFGF induces an
immediate increase in cyclin Dl transcripts and protein levels in
fibroblasts (7) and T-47D breast cancer cells (8), and a later
increase in cyclins D3 (7, 8) and E (8, 9). Observed increases in
cyclin A levels are cell line-dependent (8, 9). Stimulation by bFGF
induces a rapidly migrating band of cdk2 in CLTTII astrocytoma
cells (9), corresponding to the activated, phosphorylated threonine
160 form (10). These changes are associated with rapid activation
of MAP kinase (9).

G1 cyclin complexes exist as quaternary structures of cyclins,
cdks, the universal cdk inhibitor p21wAFI/CIPI (I 1â€”15),and PCNA
(16). Progression from G1 to S-phase, past the restriction point R,
requires coordinated, independent activation of both cyclin D
complexes in early G1 and cyclin E complexes in later G1 (17â€”20),
whereas progression through the S-phase is dependent on an active
cyclin A complex (21, 22). Three cyclin D proteins, Dl, D2, and
D3, are expressed differentially in different tissues (5), with cyclin
Dl having an important role in mammary epithelial cells. Both
cdk2 and cdk4 associate with cyclin D complexes and cdk2 asso
ciates with cyclin E and A complexes, and once associated, they
are activated by cyclin-activating kinase (23â€”25). D-type cyclins
bind the retinoblastoma protein Rb through an NH2-terminal motif
(26, 27) and, complexed with cdk4 or cdk6, hyperphosphorylate
Rb, rendering it inactive as an inhibitor of the E2F family of
transcription factors required for the expression of S-phase genes

(28). Cyclin E-cdk2 complexes additionally phosphorylate Rb in
late G1 (29) but also require other physiological substrates for
S-phase entry (29, 30). @21wAFl/ClPIwhich binds both cdk2 and
cdk4 (I 1, 14, 31â€”33)and PCNA (34), is a constant part of cyclin
complexes but only acts as a cdk inhibitor when its stoichiometric
quantities increase from one to several/unit complex (14, 34).
PCNA, which activates DNA polymerase@ and is active in cxci
sion repair of G1-accumulated DNA damage, is directly inhibited

by @21WAFI/CIP1with regard to its DNA synthetic function (35, 36)
but not to its nucleotide-excision repair function (37, 38). bFGF
induces cyclin kinase inhibitor @21wAF1/C1P1in a p53-independent
manner in fibroblasts (39), but the association of the increase with
an inhibitory phenotype was not addressed in that study. Another
classical mitogen, epidermal growth factor, was also inhibitory in
the human epidermoid carcinoma cell line A43 1 while inducing
increases in p21WAFI/CIPI mRNA and protein levels (40).

Experiments presented here explore the relationship between the
effects of bFGF on proliferation and its effects on G1 cyclins, kinases,
Rb, PCNA, and @21WAF1/C1P1in MCF-7 cells. We demonstrate coor
dinated induction of mitogenic events that both favor S-phase entry
and require activation of MAP kinase and simultaneous induction of
cdk inhibitor p21WAFI/CIPI and events that result in the inhibition of
these cells.

ABSTRACT

Basic flbroblast growth factor (bFGF), a classical mitogen in fibroblasts
and endothelial cells, inhibits the proliferation ofMCF-7 and other human
breast cancer cell lines. To explain this paradoxic effect, we investigated
the effects of bFGF on cydins and protein members of cyclin complexes

that exert positive and negative control on the progression of cells through
the G1 phase of the cell cycle. bFGF induced an increase in cyclin Dl,
cyclin E, and cyclin-dependent kinase 4 (cdk4) protein levels in a bFGF
dose-dependent manner. However, bFGF also induced a heat-stable,
transferable cytoplasmic factor in MCF-7 cells that inhibited the histone
Hl kinase activity of reconstituted cyclin E-cdk2 and cydin A-cdk2 com
plexes from MvlLu mink lung epithelial cells. The appearance of this
inhibitor correlated with a bFGF dose- and time-dependent increase in the
levels of cdk inhibitor p21wAFIIcIPI mRNA and protein. The increase in
the level of p21WAFS/CIP1was associated with the disappearance of the
rapidly migrating, activated form of cdk2 from cell lysates, dephospho
rylation of the retinoblastoma protein (Rb), and a decrease in cyclin A
levels. These changes were represented in the cyclin Dl and E complexes
by an increased associationwith @21WAF1/CIP1,proliferating cell nuclear
antigen (PCNA), and the inactive form of cdk2, without an absolute
change in cellular PCNA levels and by a switch in the association of cyclin

Dl complexes with the hyperphosphorylated form to the dephosphoryl
ated form of Rb. These experiments demonstrate that stimulation of
MCF-7 cells with bFGF, although resulting in up-regulation of G, pro
teins responsible for mitogenic events, also induces a concomitant decrease
in cydlin A levels and an increase in p21WAF1/CIP1mRNA and protein and
results in inactivation ofcdk2, dephosphorylation of Rb, and a segregation

of PCNA to the G1 cyclin complexes. The dual, conflicting signaling by
bFGF results in a net inhibitory phenotype in these cells. These experi
ments suggest a plelotropic role for bFGF in breast cancer.

INTRODUCTION

bFGF3 is an important angiogenesis factor in breast cancer by
virtue of its mitogenic effects on vascular endothelial cells (1). Al
though its effects as a peptide growth factor and classical mitogen are
well understood, bFGF also has other functions in many cell types (2).
In direct contrast to its mitogenic effects in endothelial cells, we have
demonstrated that bFGF acts as a growth inhibitor in breast cancer
cells (3). In MCF-7 cells, one of the breast cancer cell lines inhibited
by bFGF, it binds to high-affinity tyrosine kinase receptors and
activates MAP kinase (3). The mechanism of growth inhibition,
however, was not defined.

Activation of the MAP kinase cascade is necessary for growth
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MATERIALS AND METHODS

Cell Culture. MCF-7cells were purchasedfrom the AmericanType Cul
ture Collection (Rockville, MD). Cells were cultured in standard media con
mining DMEM with phenol red (15 mg/liter), 2 mr@iglutamine, 10% heat
inactivated FCS, and penicillin (50 units/ml)/streptomycin (50 @g/ml).

Cell Cycle Analysis. The cell cycle distributionof semiconfluent cell
cultures was determined by flow cytometric analysis of the content of pro
pidium iodide-stained DNA, as described previously (3).

Western Blot Analysis and Immunoprecipitations. Rapidly proliferating
cells in standard media were scraped from plates in lysis buffer and analyzed

by Western immunoblot, as described (3). Rabbit polyclonal antibodies to
cyclins Dl, E, and A, cdk4 and cdk2, and mouse monoclonal antibody to Rb
were purchased from Upstate Biotechnology, Inc. (Lake Placid, NY); rabbit
polyclonal antibody to p15INK4Band mouse monoclonal antibody to PCNA
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and rabbit
polyclonal antibodies to p21WAFI/CIPI and p27Kh1@ were purchased from

PharMingen (San Diego, CA).
Coimmunoprecipitations were carried out as described (41). Briefly, cells

were scraped into 500 pAof HKM buffer [40 mM HEPES (pH 7.5; adjusted
with KOH), 10 mrsi KC1, 1 mM MgCl2, 1 mrsi phenylmethylsulfonyl fluoride,
1 @g/mlleupeptin (Sigma), and 0.01 unit/mI aprotinin (42)], incubated at
â€”80Â°Cfor 3 h, thawed on ice, and centrifuged for 10 mm at 4Â°C.The protein
concentration of the supernatant was determined using a Bio-Rad (Hercules,

CA) protein assay reagent. Protein (500 @g)was incubated with 1â€”5p@gof
antibody or buffer as control for I h at 4Â°Con a rocker. Protein G plus Protein
A-agarose (Oncogene Science, Uniondale, NY) was added for an additional
2 h, and the samples were centrifuged at 10,000 rpm for 1 mm. Precipitated
protein/agarose complexes were washed three times with ice-cold HKM buffer
without protease inhibitors, combined with an equal volume of 2 X sample
buffer, and heated to 100Â°Cfor 5 mm. Samples were electrophoresed in SDS
polyacrylamide gels and immunostained sequentially with primary antibodies,
as above.

Northern Blot Analysis. Total cellular RNA was prepared by the guani
dinium thiocyanate extraction procedure (43), electrophoresed in 1% agarose
gels, transferred to nylon filters by capillary transfer techniques (44), and
hybridized with 32P-labeledWAFJ cDNA (12). Specific sequences were iden
rifled by exposure to Eastman Kodak XAR-5 film at â€”80Â°C.

Histone Hl Kinase Assay. The presence of a transferable, heat-stable cdk
inhibitor was determined in a cyclin-cdk complex kinase assay, as described
(42). Briefly, cyclin E-cdk2 or cyclin A-cdk2 complexes were reconstituted in

mink lung epithelial cell MvlLu lysates. Reaction mixtures containing 75 @g
of MvlLu extract (a kind gift of A. Koff, Memorial Sloan-Kettering Cancer
Center), providing the cdk2 and cyclin-activating kinase necessary for the
reaction, were mixed with one predetermined physiological unit of recombi
nant cyclin E or cyclin A (a kind gift of A. Koff) on ice in kinase activation
buffer containing 30 mMHEPES adjusted to pH 7.4 with KOH, 30 m@iAlP,
40 mMphosphocreatine (pH 7.5), 40 @g/mlcreatine phosphokinase, and 2.5
mM Dli'. lo determine the induction of cdk inhibitory activity in MCF-7 cell

Fig. 1. Flow cytometric analysis of cellular DNA content
of MCF-7 cells treated with bFGF (I ng/ml) or media for
24 h. Subconfluent cultures of MCF-7 cells were incubated
with or without bFGF for 24 h, stalned with propidium
iodide, and analyzed for cell cycle distribution using a
FACS-Star Plus fluorescent cell sorter.

lysates, subconfluent MCF-7 cells cultured in DMEM and 10% FCS with or

without 10 ng/ml bFGF for 24 h were lysed in HKM buffer containing 40 mM

HEPES adjusted to pH 7.4 with KOH, 10 mM KCI, 1 mM MgC12,2 m@i
phenylmethylsulfonyl fluoride, 0.5 mM DTT, and 100 mIst NaCI. Seventy-five
l.Lg of protein were heat-inactivated at 100Â°C for 5 mm and incubated with the

reconstituted Mv!Lu cyclin complexes at 37Â°C for 30 mm. The reaction was

terminated by adding an equal volume of ice-cold NP4O RIPA buffer (45)
consisting of 50 mM Tris-HC1 (pH 7.4), 250 m@viNaC1, 0.5% NP4O, and 5 mM
EDTA (pH 8.0). The complexes were immunoprecipitated with rabbit antisera
to cyclin E or cyclin A (1:20) using protein A-Sepharose (Repligen, Cam
bridge, MA) preequilibrated in NP4O RIPA buffer, washed two times with
NP4O RIPA buffer and four times with HI kinase buffer consisting of 20 mM
lris-HC1 (pH 7.4), 7.5 mMMgCl2,and 1 mMDU, and used in a kinase assay
to phosphorylate 2 @gof histone H! (Boehringer Manheim, Indianapolis, IN)
in HI kinase buffer containing 0.03 nmi Li AlP (pH 7.0; Boehringer Man
heim) and 10 pCi of [â€˜y-32P]ATPat 37Â°Cfor 30 mm. The phosphorylated
histone H! was mixed with Laemmli sample buffer, heated at 100Â°Cfor 5 mm,
electrophoresed in a 12% polyacrylamide gel, and assayed by autoradiography.

RESULTS

We have previously demonstrated that bFGF induces cell cycle
arrest in MCF-7 cells in a dose- and time-dependent manner by
binding to high-affinity receptors while inducing the activation of

MAP kinase (3). Fig. 1 demonstrates that rapidly proliferating MCF-7
cells become restricted to the G1 phase of the cell cycle 24 h after
incubation with I ng/ml bFGF. Before bFGF incubation, 31.7% of
cells were in G1, and 49.9% were in S-phase, whereas after incuba
tion, 69.9% of the cells were in G1, and only 18.5% were in S-phase.
These data, demonstrating an inhibitory effect by a mitogen, prompted
the investigation of the effects of bFGF on cellular proteins that
govern the passage of cells from G, to the S-phase of the cell cycle in
MCF-7 cells.

Mitogenic Effects. bFGF increases the levels of both cyclins Dl
and E in cell lines in which it acts as a mitogen (7â€”9).We also found
that bFGF increases the levels of these two cyclins and the cyclin
D-associated kinase cdk4 in MCF-7 cells, a cell line inhibited by
bFGF. Protein levels of cyclin Dl (Fig. 2A) and cdk4 (Fig. 2B)
increased in a dose-dependent manner after a 24-h incubation with
bFGF, with an approximately 50% increase observed with I ng/ml
bFGF as determined by Western immunoblot. Cyclin E levels also
increased after a 24-h bFGF incubation, with additional, faster-mi
grating bands also appearing at 0.1 ng/ml bFGF (Fig. 2C). In control
experiments, cells arrested in G1 by 24-h incubations with aphidicolin
(5 p@g/ml)did not have elevated intracellular levels of cyclin Dl (Fig.
7.A),cdk4(Fig.2B),or cyclinE (Fig.20. Nochangeswerenotedin

+bFGF
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GROWTHINHIBITIONOF BREAST CANCERCELLS BY bFGF

C,,'. FGFAphId. bFGF incubation on the phosphorylation status of Rb. Fig. 4B dem

onstrates that Rb, present in its hyperphosphorylated slower-migrating
@â€” . . . .

!soform ln rap!dly proliferating MCF-7 cells, became dephosphoryl
ated after a 24-h incubation with bFGF in a dose-dependent manner,
with a half-maximal effect again observed at 1 ng/ml. Cycle arrest
with aphidicolin did not have an inhibitory effect. In addition to
becoming underphosphorylated, the concentration of Rb protein also
decreased at higher bFGF doses. These data suggest that bFGF in

@@ ducedaninhibitorcapableof inactivatingbothcyclinD-andcyclin
E-dependent kinases.

bFGF also caused a decrease in the cellular content of cyclin A. Fig.
4C demonstrates that cyclin A protein levels declined after a 24-h
incubation with bFGF, but not with aphidicolin. This decrease in

â€˜T'_@@ cyclinA contentwasdose-dependent,reachinga half-maximalde
dine at 0.3â€”1.0 ng/ml bFGF.

Induction of p21wAF1/CIPI. Because we had evidence that both
cyclin D- and cyclin E-associated kinases were inhibited by bFGF, we
assayed the cells for universal inhibitors. No differences were noted in
the cellular content of cyclin kinase inhibitor p27M1)I upon incubation
of cells with bFGF (data not shown). Fig. 5A demonstrates, however,
that@ protein levels increased in subconfluent tissue
culture plates in MCF-7 cells 24 h after incubation with bFGF in a
dose-dependent manner, with a half-maximal increase noted between
0.3 and 1.0 ng/ml bFGF. Maximal induction of@ protein
was achieved at 3.0 ng/ml and sustained at levels up to 100 ng/ml. The
increase in @21wAFI/cIPIprotein was time-dependent. p21wAFl/CIPI
levels began to rise 4 h after incubation of the cells with 1.0 ng/ml
bFGF, with maximal levels observed by 9 h (Fig. SB). Northern blot
analysis demonstrated that @21wAF1/CIPI @@@â€˜4Alevels also increased
in a time- and dose-dependent manner with addition of exogenous
bFGF to MCF-7 cells (Fig. SC). @21wAF1/CIP1n@D@sTAlevels were
elevated after 1 h of incubation with bFGF (0.1 ng/ml) and reached
maximal levels after 3 h. After 9 h of incubation, increased levels of
p2lW@l@tt'I mRNA were present in cells stimulated with 0.5 ng/ml

bFGF and reached a maximum at a concentration of 10 ng/ml bFGF.
Data shown were obtained in MCF-7 cells transduced with the retro
viral vector N2 expressing a neomycin-selectable marker (46).

To demonstrate that the increases in @21WAF1P1were induced by
bFGF and were not a secondary effect of G1 arrest, rapidly prolifer
ating MCF-7 cells were arrested in G1 by a 24-h incubation with
aphidicolin (5 @g/ml)or bFGF (10 ng/ml) or incubated with standard

A bFGFnglml00.10.31.03010100
CydlinDi

B bFGFnglmt00.1Oi1.03.010100
cdk4-

C bFGFngImI00.10.31.010100
Cyclin E :

Fig. 2. Western immunoblots of lysates from bFGF-treated or aphidicolin-treated
MCF-7 cells with antisera to cyclin Dl (A), cdk4 (B), and cydin E (C). Subconfluent
cultures of MCF-7 cells were incubated with variable concentrations of bFGF (leftpanels)
or 10 ng/ml bFGF or 5 @sg/mlaphidicolin (right panels) for 24 h, lysed, electrophoresed,
and analyzed in Western blots, as described in the text.

HistoneHI -

A bFGFnglml00.10.31.03.010100 Ctrl.FGFAphid.
cdk 2 :@@ =@

FGF@@ 0.3 1.0 10 100

B Rb â€¢Ã˜@@ @. ..@.

F' bFGF@@ 0.3 1.0 10.100.
â€˜I, nglml

Cyclin A -@@@@@ -@

Fig. 4. Western immunoblots of lysates from bFGF-treated or aphidicolin-treated
MCF-7 cells with antisera to cdk2 (A), monoclonal antibody to Rb (B), or antisera to
cycin A (C). Subconfluent cultures of MCF-7 cells were incubated with the variable
concentrations of bFGF (left panels) or 10 ng/ml bFGF or 5 @zg/mlaphidicolin (right
panels) for 24 h, lysed, electrophoresed, and analyzed in Western blots, as described in the
text.
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Fig. 3. Phosphorylation of histone HI by reconstituted cyclin A-cdk2 complexes.
Histone Hl was phosphorylated in an immune complex kinase assay, as described, by
mink lung epithelial cell MvlLu lysates before (Lane 1) and after (Lane 2) reconstitution
of cyclin A-cdk2 complexes. The kinase activity was assayed in the presence of lysates
obtained from MCF-7 cells treated with media (Lane 3) or bFGF (10 ng/ml; Lane 4) for
24 h to demonstrate the transfer of bFGF-induced heat-stable kinase-inhibitory activity.

the cellular content of PCNA by Western blot (data not shown). These
results showed that bFGF caused increases in proteins responsible for
positive cycle regulation in these cells, as expected from a mitogenic
growth factor and as described in other systems, but the kinetic
response did not correspond to these observations. These data sug
gested that an inhibitor of cyclin-cdk complexes was also being
induced.

Inhibitory Effects. The induction of inhibitory activity by bFGF
was determined using histone Hi kinase assays with reconstituted
cyclin-cdk complexes. The background kinase activity of unreconsti
tuted MvlLu lysates (Fig. 3, Lane 1) markedly increased upon recon
stitution of the cyclin-cdk complexes with exogenous cyclin A (Fig. 3,
Lane 2). Transfer of cellular lysates from MCF-7 cells had no effect
on the kinase activity of reconstituted complexes (Fig. 3, Lane 3), but
lysates from MCF-7 cells treated with bFGF (10 ng/ml) for 24 h
inhibited the kinase activity of cyclin A-cdk complexes (Fig. 3, Lane
4) or of cyclin E-cdk complexes (data not shown).

Having demonstrated that bFGF induced a cdk2/cyclin A or cdk2/
cyclin E inhibitor, we investigated the effect of bFGF on cdk2. Fig. 4A
demonstrates that absolute levels of cdk2 changed very little, but the
rapidly migrating active form of cdk2 (10) disappeared after incuba
tion with bFGF in a dose-dependent manner, with 0.3 ng/ml bFGF
having a half-maximal effect. Aphidicolin did not have an effect on
the cdk2 isoform ratio.

Cyclins D and E have separate and distinct roles in the G1-S-phase
transition (20), in which the role of cyclin D/cdk4 is the only one
clearly ascribed to phosphorylating Rb. We determined the effects of
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Fig. 5. Westernimmunoblotsof lysatesfrom bFGF-treatedor aphidicolin-treated
MCF-7 cells with antisera to p2l'@â€•@ (A, B, and D) and Northern blots of mRNA
from bFGF-treated MCF-7 cells using p21W@P1 eDNA as a probe (C). Subconfluent
cultures of MCF-7 cells were incubated with variable concentrations ofbFGF for 24 h (A),
for variable times with I ng/ml bFGF (B), or with 10 ng/ml bFGF or 5 @zg/mlaphidicolin
for 24 h (D), lysed, electrophoresed, and analyzed in Western blots, as described in the
text. Alternately, total mRNA was isolated from MCF-7 cells treated for variable times
with 0. 1ng/inl bFGF or for 9 h with variable doses of bFGF and assayed by Northern blot.
Equal loading was determined by absorbance and confirmed by ethidium bromide
staining.

media. Forty-seven percent of the cells incubated with media
alone were in G@,whereas 61 and 63% of the cells incubated with
bFGF or aphidicolin, respectively, were in the G1 phase. However,

@ protein levels were only elevated in cells incubated with
bFGF (Fig.SD).

To determine whether induction of p21WAFS/CIP1was a G, phase
specific effect or whether it could occur elsewhere in the cell cycle,

rapidly dividing cells were arrested at the G1-S-phase border with
aphidicolin, synchronized as completely as possible for adherent cells,
released, and stimulated with bFGF (Fig. 6A). Once again, the per
centage of cells in G@ increased from 46.5 to 65.1% with a 24-h

incubation with 5 @tg/miaphidicolin. Whereas the percentage of cells
in S-phase only decreased from 38.8 to 32.8% due to aphidicolin
incubation, the fraction of cells in G2+M decreased from 14.7 to
2.2%. Two h after aphidicolin removal and a PBS wash, bFGF (10
ng/ml) was added to half of the plates, whereas the remaining plates
were incubated with fresh media. Upon release from aphidicolin, both
control and bFGF-treated cells began to proceed through the S-phase.
Four h after release, the percentage of control cells in G1 dropped to

15%, the percentage of those in S-phase rose to 62%, and the per
centage of those in G2+M rose to 21.2%. Six h after release, the
relative distribution of cells remained similar to the 4-h values, but
progression through the S-phase was evident from the shift of the
DNA content peak closer to the 4 N G2+M value. By 8 h after release,
most of the cells left the S-phase and entered G2+M, with only 4.2%
remaining in S-phase and 59% remaining in G2+M. Similar cell
cycle distributions and rates of progression are shown for bFGF
treated cells as well. Western immunoblots were used to correlate
the p21WAFI/CIPI content of cells with the various experimental
conditions outlined (Fig. 6B). Once again, bFGF (10 ng/ml) but not
aphidicolin (5 @g/ml)induced a large increase in @21WAFI/ClPI
protein levels in a rapidly proliferating unencumbered cell popu
lation. In control cells incubated with fresh media 2 h after release,
p2lW1@1'1 protein levels were marginally detectable above the
background level 6 h later or 8 h after release from aphidicolin and
had increased to measurable levels 24 h after release. Control cells
that were not arrested with aphidicolin and not refed did not express
detectable levels of @21wAF1/CIP1protein at the 24-h time point.
However, cells incubated with bFGF 2 h after release expressed

measurable @21wAF1/cIP1 protein levels 4 h after bFGF treatment or

6 h after release. These levels increased further 2 h later and reached
maximal inducible levels 24 h after release. These experiments dem
onstrate that p21wAFl/cIP1 can be induced by bFGF in a population in
which 82% of cells are in either the S-phase or the G2 phase of the cell
cycle.

Effects of bFGF on Cyclin Complex Formation. Our data in
MCF-7 cells have demonstrated that bFGF increased the cellular
levels of cyclin Dl, cdk4, and cyclin E, proteins responsible for
promoting cell cycle progression in G@. However, we have also
demonstrated that bFGF increased the cellular content of the cdk
inhibitor @21WAF5/CIP1at the mRNA and protein level and resulted in

the inactivation of cdk2 and the dephosphorylation of Rb. bFGF also
caused a decrease in cyclin A levels. The sum total of these effects
resulted in accumulation of bFGF-treated MCF-7 cells in G1. To place
the effects of these changes in the context of the catalytic complexes
of G1 cyclins and their associated kinases ultimately responsible for
cell cycle progression, we carried out coimmunoprecipitation exper
iments and Western immunoblots of proteins in the complexes.

Experiments using the same antibody to carry out both immuno

precipitation and immunostaining confirmed the Western blot data
presented in Figs. 2, 4, and 5 that demonstrated increased intracellular
concentrations of cyclin Dl cyclin E, and cdk4, inactivation of cdk2,
dephosphorylation of Rb, and an increase in @21wAF1/CIP1in MCF-7
cells treated with bFGF (10 ng/ml) for 24 h (Fig. 7, underlined bands).
Immunoprecipitation and immunostaining with the same antibody

also confirmed a decrease in cyclin A with bFGF treatment (data not
shown). The data in Fig. 7 are presented as a matrix of band pairs in
the rows and columns to the right and below or to the left and above
the diagonal of underlined band pairs representing reciprocal experi
ments. Coimmunoprecipitation of two proteins with two correspond
ing antibodies, each precipitated in one cell of the matrix and immu
nostained in its symmetric counterpart, represents the presence of the
same two proteins associated with the complex.

Complexes immunoprecipitated with antibody to cyclin E from
bFGF-treated cells contained inactivated cdk2 and increased amounts
of p21WAFI/CIPI and PCNA as compared with complexes precipitated
from untreated cells. Reciprocal experiments in which complexes
were immunoprecipitated with cdk2 and @21wAF1/cIP1 confirmed

their increased association with cyclin E after bFGF treatment. The
association of Rb with cyclin E and the association of cyclin E with
Rb in the reciprocal experiment gave signals too low above the
background level to draw definitive conclusions about the association
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Fig. 6. Induction 0fp2lWAFI/CIPIin MCF-7 cells partially synchronized in the S-phase ofthe cell cycle. Cell cycle distributions are shown ofcells arrested in G1by a 24-h incubation
with aphidicolin (5 @.tg/ml),released by washing in fresh media, incubated in fresh media or with 10 ng/ml bFGF 2 h later, and assayed for DNA content using propidium iodide every
2 h (A) or for the induction of @21WAF)/CtPIby Western blot (B), as described in the text.

to @21WAF1/C1P1and PCNA also demonstrated that increased amounts

of p21wAF1/CIP1 and PCNA are present in complexes with dephos
phorylated Rb in bFGF-treated MCF-7 cells. Immunoprecipitation of
complexes with@ antibody confirmed this increased
association with dephosphorylated Rb and also showed the greater
association with PCNA. Of note is that p27'@â€•@did not associate with
any of the G1 cyclin complexes in either controls or MCF-7 cells
treated with bFGF, although ample cellular levels were detected on
Western blots of lysates, and their total overall content remained

unchanged after bFGF treatment (data not shown).

DISCUSSION

Data presented here demonstrate that receptor-mediated signal
transduction by bFGF in MCF-7 cells induces both mitogenic and
inhibitory molecular events, but the net effect is cell cycle accumu
lation in G@.The predominant effect is due to direct induction of the
cdk inhibitor p21wAFl/cIP1@

In these MCF-7 cells, bFGF stimulation causes an increase in the
cellular content of cyclin Dl, cyclin E, and cdk4. These data are in
agreement with previously published results demonstrating a tempo
rally progressive increase in cyclin Dl and cyclin E mRNA levels in

of these two proteins. Cyclin E did not coimmunoprecipitate with
cdk2 at baseline but associated with the inactive band of cdk2 after
bFGF treatment.

Complexes immunoprecipitated with antibody to cyclin Dl con
tamed increased amounts of cdk4, inactivated cdk2, dephosphorylated
Rb and @21wAF1/cIP1and decreased amounts of activated cdk2 and
hyperphosphorylated Rb. In addition, there was a greater association

of PCNA with the complex. Reciprocal experiments using antibodies
to cdk4, cdk2, Rb, and @21wAF1/cIP1 to coimmunoprecipitate the

complexes confirmed the increased association of cyclin Dl with
these proteins in bFGF-treated MCF-7 cells. Similarly, immunopre
cipitation of complexes with antibodies to cdk4 and cdk2 and immu
nostaining them with antibodies to Rb, @21wAF1/C1P1and PCNA
confirmed the increases in association of dephosphorylated Rb,

@ and PCNA and decreases in association of hyperphos
phorylated Rb with complexes of cdk4 and inactive cdk2 in bFGF
treated cells. In reciprocal experiments, immunoprecipitation with
antibodies to Rb and @21wAF1/CIP1and immunostaining with antibod
ies to cdk4 and cdk2 confirmed the increased association of cdk4
and inactive cdk2 in complexes with dephosphorylated Rb and
p2lWA@t@t@@t.

Immunoprecipitation with Rb and immunostaining with antibodies
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Fig. 7. Western blots of cyclin complexes im
munoprecipitated from lysates of MCF-7 cells in
cubated with 10 ng/ml bFGF for 24 h. Immunopre
cipitated complexes were electrophoresed in SDS
polyacrylamide gels, transferred to polyvinylidene
difluoride membranes, and immunostained with an
tibodies to the proteins shown to the left of each
blot. Underlined bands, proteins immunoprecipi
tated and immunostained with the same antibody.
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T-47D breast cancer cells (8) and an increase in cdk4 levels by growth
factors (47, 48). Cyclins Dl and E play distinct roles in progression
from G1 to S-phase (20). Whereas cyclin Dl-cdk4 complexes phos
phorylate Rb in early G1 (26, 27), the role of cyclin E/cdk2 in late G1,
although not clearly defined (29, 30), is necessary for the G1 to
S-phase transition (19). Hyperphosphorylation of Rb allows members
of the E2F family to induce transcription of genes required for
S-phase entry (28). In turn, E2F binds the cyclin E promoter, and
positive feedback regulates transcription of cycin E (49) until the
latter reaches critical levels for overcoming the restriction point.

The relative increases in the levels of cyclin Dl , cdk4, and cyclin
E induced by bFGF in these MCF-7 cells were insufficient, however,
to compensate for negative growth regulatory events primarily
modulated through the induction of the cyclin kinase inhibitor
p2l@@C@t@l. The increased amounts of @21wAF1/cIP1became asso
ciated with the complexes of cyclins Dl and E, leading to inhibitory
effects observed on both early and late G1 events and on S-phase

events. Increased levels of @21WAF1/CIP1caused a dephosphorylation
of Rb through the inactivation of the cyclin Dl-cdk4 complexes in
early G1, negating the downstream effects on E2F and cyclin E
described above. This was one likely reason why increases noted in

cyclin E were smaller than those induced by bFGF in other cell lines

in which its effects were mitogenic (9). It was noted that Rb was not

only dephosphorylated, but its levels decreased with increasing doses
of bFGF. Dephosphorylated Rb seems to be a substrate for interleukin

1 3 converting enzyme-like proteases induced when a cell undergoes
apoptosis and is cleaved into polypeptides of 48 and 68 kDa (50). We
found that bFGF indeed promotes apoptosis in these MCF-7 cells4 and
that the dose-related dephosphorylation of Rb and the simultaneous
decrease in its intensity are associated with increases in a number of
additional bands, two of which are of approximately 48 and 68 kDa,

respectively (data not shown). The inhibitory effects of p21 WAFI/CIPI
also prevailed in late G1. Cyclin E-associated cdk2 was inactivated,
precluding additional phosphorylation of Rb (29) or other essential
substrates critical for restriction point passage (30). Our data demon
strate that Rb is a part of the cyclin Dl complex in its hyperphospho
rylated form at baseline and in its deposphorylated form after bFGF
treatment. Although antibody to Rb coimmunoprecipitates complexes

4 Q. Wang, P. Maloof, H. Wang, E. Fenig, D. Stein, G. Nichols, T. N. Denny, J.

Yahalom, and R. Wieder. Basic fibroblast growth factor (bFGF) down-regulates Bcl-2 and
promotes apoptosis in MCF-7 human breast cancer cells, submitted for publication.
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of cyclin Dl and its associated proteins cdk4 or cdk2, p21, and PCNA,
the data do not offer evidence that Rb directly interacts with other
proteins in the complex in addition to cyclin Dl (26, 27).

bFGF also induced inhibitory events endemic to the S-phase.
@ inactivated cyclin A-cdk2 complexes. Cyclin A-cdk2

complexes stably bind E2F-l in S-phase and eliminate the DNA
binding function of E2F-l (51). E2F binds specific DNA sequences in
S-phase and acts as a checkpoint by limiting transcription and repli
cation. Temporal suppression of the DNA binding capacity of E2F-l
by cyclin A kinase is associated with an orderly progression through
S-phase (51). bFGF caused a decrease in cyclin A levels, further
contributing to this S-phase inhibitory effect. TGF-f3 was shown to

cause a decrease in cyclin A (47), and the transcription of TGF-(3
mRNA and secretion of protein are up-regulated by bFGF in these
cells,5 providing a plausible mechanism for the decreases in cyclin A
levels due to bFGF incubation. Cyclin A is distinctly necessary for
entering the S-phase. Cyclin A-cdk2 complexes are required for
ongoing DNA replication (52â€”55).

An additional S-phase mechanism responsible for the inhibitory
phenotype was the sequestration of PCNA to the cyclin complexes by
p2lW@@h/@@1upon bFGF stimulation, without any observed increases

in the absolute levels of PCNA. Although cyclin A-cdk2 and cyclin
E-cdk2 complexes rather than PCNA are the effective primary targets
of p2lWAF@It@t@induced DNA synthesis inhibition (56, 57), some of

the effects are also due to inhibition of DNA replication by binding of
PCNA by @21WAF1/C1P1(58).

We presented data that demonstrated that the induction of
@ by bFGF was a direct effect, was not restricted to G1,

and was not due to cell cycle arrest. Induction of @21wAF1/CIP1in the
S-phase did not affect progression through the S-phase or the rate of
entry into G2+M. The rate of induction in the synchronized popula

tion, in which 85% of the cells were either in S or G2+M at 4 h after
stimulation, was the same as that in the unsynchronized population,
giving support to the hypothesis that the p21WAFI/CIP induced by

bFGF could not have been all from the 15% of cells remaining in G1.
Although bFGF induces increases in p16INK4A and p15INK4B pro

tein levels, corresponding to an observed increase in the synthesis of
TGF-p! in MCF-7 cells treated with bFGF,5 there was no detectable
association of either p15 or p27 with G1 cyclin complexes in these
MCF-7 cells, either before or after treatment with bFGF on immuno
precipitated complexes analyzed by Western blot or by metabolic
labeling. This was probably due to the large stoichiometric ratio of
p2 1WAFI/CIPI to the cyclin complexes and to an increase in cdk4
levels, which can counteract the inhibitory effect of p15IN@@induced
by TGF-f3 (59). There were no proteins of the approximate sizes of 16,
18, or 19 kDa noted on metabolically labeled blots of immunopre
cipitated cyclin complexes from bFGF-treated cells.

These experiments suggest that growth factors transduce simultaneous
parallel signals that can result in molecular events with opposite pheno
typic effects in a cell. The ultimate response to a growth factor depends
as much on qualitative changes in proteins modulating proliferation as on
the quantity of the changes, affecting their ratios to one another. The
inhibition of breast cancer cell proliferation by the same growth factor
responsible for endotheial cell proliferation may have functional impli

cations in preventing tumor cells from overgrowing their vascular supply.
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