
MOLECULAR AND CELLULAR BIOLOGY,
0270-7306/99/$04.0010

Feb. 1999, p. 1346–1358 Vol. 19, No. 2

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Cyclin D1 Expression Mediated by Phosphatidylinositol 3-Kinase
through mTOR-p70S6K-Independent Signaling in Growth

Factor-Stimulated NIH 3T3 Fibroblasts
NORIKO TAKUWA,1* YASUHISA FUKUI,2 AND YOH TAKUWA1,3

Department of Molecular and Cellular Physiology, Graduate School of Medicine, The University of Tokyo, Bunkyo-ku,
Tokyo 113-0033,1 Laboratory of Biological Chemistry, Division of Applied Biological Chemistry, Graduate

School of Agriculture and Life Science, The University of Tokyo, Bunkyo-ku, Tokyo 113-8657,2 and
The Foundation for Advancement of International Science, Ibaraki 305-0005,3 Japan

Received 15 June 1998/Returned for modification 16 July 1998/Accepted 9 November 1998

Phosphatidylinositol (PI) 3-kinase is required for G1 to S phase cell cycle progression stimulated by a variety
of growth factors and is implicated in the activation of several downstream effectors, including p70S6K. How-
ever, the molecular mechanisms by which PI 3-kinase is engaged in activation of the cell cycle machinery are
not well understood. Here we report that the expression of a dominant negative (DN) form of either the p110a
catalytic or the p85 regulatory subunit of heterodimeric PI 3-kinase strongly inhibited epidermal growth factor
(EGF)-induced upregulation of cyclin D1 protein in NIH 3T3(M17) fibroblasts. The PI 3-kinase inhibitors
LY294002 and wortmannin completely abrogated increases in both mRNA and protein levels of cyclin D1 and
phosphorylation of pRb, inducing G1 arrest in EGF-stimulated cells. By contrast, rapamycin, which potently
suppressed p70S6K activity throughout the G1 phase, had little inhibitory effect, if any, on either of these events.
PI 3-kinase, but not rapamycin-sensitive pathways, was also indispensable for upregulation of cyclin D1 mRNA
and protein by other mitogens in NIH 3T3 (M17) cells and in wild-type NIH 3T3 cells as well. We also found
that an enforced expression of wild-type p110 was sufficient to induce cyclin D1 protein expression in growth
factor-deprived NIH 3T3(M17) cells. The p110 induction of cyclin D1 in quiescent cells was strongly inhibited
by coexpression of either of the PI 3-kinase DN forms, and by LY294002, but was independent of the Ras-MEK-
ERK pathway. Unlike mitogen stimulation, the p110 induction of cyclin D1 was sensitive to rapamycin. These
results indicate that the catalytic activity of PI 3-kinase is necessary, and could also be sufficient, for upreg-
ulation of cyclin D1, with mTOR signaling being differentially required depending upon cellular conditions.

Phosphatidylinositol (PI) 3-kinase is implicated in the recep-
tor-mediated regulation of diverse mammalian cell functions,
including insulin-stimulated glucose uptake and glycogen syn-
thesis, exocytosis, neurite outgrowth, prevention of apoptosis,
and mitogenesis (for reviews, see references 21, 25, 70, 74).
Growth factor stimulation of receptor-protein tyrosine kinases
rapidly activates heterodimeric isoforms of PI 3-kinase, which
consist of p110 catalytic and p85 regulatory subunits (74). p85
possesses adaptor modules in its structure, among which are
two SH2 regions that mediate binding to specific phosphoty-
rosine residues presented on either cytoplasmic region of the
activated growth factor receptors or their associated substrate
proteins such as insulin receptor substrate 1 (IRS-1), thereby
recruiting p110 to the plasma membrane where the lipid sub-
strates are localized. Binding of p110 via its N-terminal region
to p85 in the inter-SH2 region is indispensable for its enzy-
matic activity (references 30, 31, and 39 and references there-
in), which generates the lipid second messengers 3-polyphos-
phoinositides (29, 70, 74, 82). In addition, p110 could directly
interact with the GTP-bound active form of Ras protein (62),
which interaction further contributes to membrane targeting
and activation of p110.

Requirement of PI 3-kinase for mammalian cell cycle pro-

gression was first recognized by studies adopting platelet-de-
rived growth factor (PDGF) receptor mutants that lack phos-
phoacceptor sites required for binding of PI 3-kinase p85 (16,
20), as well as “add back” mutants with selective restoration of
these sites (73). Subsequent investigations with more specific
tools confirmed these earlier observations and provided com-
pelling evidence that PI 3-kinase is indispensable for G1 to S
phase progression in response to a variety of growth factors.
They include microinjection studies using inhibitory antibodies
raised against p110 (60) and p85 (34) and a p85 SH2 domain
peptide that also prevents the activation of p110 (34). The
microinjection of these molecules inhibited DNA synthesis in
mouse and rat fibroblasts stimulated by either PDGF, epi-
dermal growth factor (EGF), basic fibroblast growth factor
(bFGF), insulin-like growth factor I, and serum. Inhibitors
for PI 3-kinase, LY294002 and wortmannin, have also been
shown to inhibit S phase entry in a variety of cell types (14,
32, 75, 76).

The activation of PI 3-kinase is also sufficient for G1-S pro-
gression in growth factor-deprived cells, at least under certain
experimental conditions. It was demonstrated for 3T3-L1 cells
(24) that constitutive activation of PI 3-kinase by coexpression
of the inter-SH2 region of p85 and wild-type p110 resulted in
DNA synthesis to an extent that exceeded the effect of insulin,
without the activation of extracellular signal-regulated protein
kinase (ERK). It was also shown for CHO cells (45) that
selective activation of PI 3-kinase to physiologically relevant
levels was sufficient to stimulate DNA synthesis. In addition, it
was reported recently that the expression of an EGF receptor
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mutant that caused constitutive activation of PI 3-kinase, but
not GTP loading into Ras or persistent ERK activation, re-
sulted in a reduced growth factor requirement and even an-
chorage-independent cell proliferation in NIH 3T3 fibroblasts
(51). Indeed, recent studies provide evidence for the involve-
ment of PI 3-kinase in the process of transformation, in addi-
tion to G1 to S progression (12, 35, 61).

PI 3-kinase activates a number of direct and indirect down-
stream effectors, including Akt1/protein kinase B (5, 10, 22, 23,
40, 44, 65), p70S6K (13, 14, 15, 49, 58, 80), Ca21-independent
and atypical isoforms of protein kinase C (PKC) such as PKCε
and PKCz (1, 50, 55, 71), a small GTPase Rac (28, 62, 72), and
c-Jun N-terminal kinase (JNK) (42, 43, 54). Among others,
p70S6K has been implicated as a prominent mediator of mito-
genic action of PI 3-kinase (14, 19, 42, 49, 58, 69, 74). In
support of this notion, it has been reported that (i) an add back
mutant of PDGF receptor that restored the capacity to activate
PI 3-kinase was capable of mediating activation of p70S6K (13)
and DNA synthesis (73), (ii) the expression of constitutively
active forms of PI 3-kinase induces the activation of p70S6K

(38, 80) as well as DNA synthesis (24) in serum-deprived cells,
and (iii) the inhibitors for PI 3-kinase potently suppress growth
factor-stimulated activation of p70S6K and DNA synthesis (13,
14, 49). p70S6K becomes activated within minutes of growth
factor stimulation through phosphorylation at multiple sites by
several upstream p70S6K kinases, which include those located
downstream of PI 3-kinase (57, 59, 80). In addition to the PI
3-kinase signaling pathway, the activity of the serine-threonine
protein kinase mTOR (also called FRAP or RAFT), which is
the mammalian target of rapamycin, is absolutely required for
the activation of p70S6K (6). Thus, rapamycin blocks p70S6K

activation in response to diverse mitogenic stimuli (13, 56,
58, 69). Recent investigations, including studies on truncated
forms of p70S6K, provide evidence that mTOR is located in
parallel to, rather than being linear downstream of, the mito-
gen-activated, PI 3-kinase-dependent signaling pathway (18,
19, 58, 59, 79). Very recently, it has been demonstrated that
p70S6K activity is required for growth factor-responsive trans-
lational upregulation of a subset of mRNAs, termed 59TOP
mRNAs, which have a tract of oligopyrimidine at their tran-
scriptional start site (33). In addition to p70S6K, there exists at
least one more signaling molecule that is also regulated by both
PI 3-kinase and mTOR: the protein synthesis initiation factor
4E (eIF4E) (4, 8, 26, 46, 77). Thus, in quiescent states eIF4E
is bound to and sequestered by an eIF4E repressor, 4E-BP1
(also called PHAS-I). Growth factor stimulation induces rapid
phosphorylation and inactivation of 4E-BP1, resulting in lib-
eration of eIF4E and its subsequent incorporation into a fully
functional multiprotein complex, which is required for efficient
translational initiation of another subset of mRNAs that have
highly structured 59 untranslated regions (7). These findings
raise the possibility that the PI 3-kinase signaling pathway
and the mTOR pathway contribute to G1 phase progression
through translational upregulation of crucial components of
the cell cycle machinery. With regard to this point, it is inter-
esting that, as noted previously (63), an NIH 3T3 cell line
stably overexpressing eIF4E shows an elevated level of cyclin
D1, which is a key player in the G1 phase progression. How-
ever, at present, it is not yet known whether mTOR or PI
3-kinase is actually involved in the induction of cyclin D1 by
growth factors or other mitogens.

In the present study, we tested the possibility that the PI
3-kinase signaling pathway is linked to the cell cycle machinery
through regulation of cyclin D1 expression by examining the
effects of the expression of dominant negative (DN) forms of
p110 and p85 as well as those of wild-type (WT) p110 and a

constitutively active form of p110. We used NIH 3T3(M17)
fibroblasts, in which cyclin D1 has been shown to be the only
D-type cyclin upregulated by growth factors or serum and to
be responsible for the phosphorylation of pRb and passage
through the late G1 restriction (R) point (2, 67). We also
examined the involvement of mTOR in growth factor-induced
cyclin D1 expression. We demonstrate here that PI 3-kinase is
absolutely necessary for mitogen induction of cyclin D1 mRNA
and protein and is also sufficient, when overexpressed, for the
induction of cyclin D1 protein in quiescent cells. We found that
this action of PI 3-kinase is not always mediated through
mTOR-dependent signaling pathways.

MATERIALS AND METHODS

Cell culture and [3H]thymidine incorporation. NIH 3T3(M17) cells (11), a
generous gift from G. M. Cooper (Harvard Medical School), were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing 5% iron-enriched calf
serum (Intergen) and 200 mg of geneticin (Sigma)/ml at subconfluent states.
Before each experiment confluent cultures were serum deprived for 24 h in
DMEM containing 0.1% bovine serum albumin (fraction V; Sigma A-8022). For
induction of Ras(N17), dexamethasone (DEX) (5 3 1027 M; Sigma) was in-
cluded in the medium at this step, as previously described (11). NIH 3T3 cells
were obtained from two sources, the Japanese Cancer Research Resources Bank
(Tokyo, Japan) and the Riken Cell Bank (Tsukuba, Ibaraki, Japan), and were
cultured in the absence of geneticin. [3H]thymidine incorporation into DNA
was measured 18 h after the addition of mitogens as described previously
(67), with [3H]thymidine (2 mCi/ml; DuPont-New England Nuclear) being
pulse labeled during the last 1 h. Data shown are representative of at least
three experiments performed in triplicate and are expressed as means 6 stan-
dard errors (SE). EGF and bFGF were purchased from R&D Systems, and
phorbol-12,13-dibutyrate (PDBu) was from Sigma. They were used at maxi-
mally mitogenic concentrations (30 ng/ml, 10 ng/ml, and 1027 M, respective-
ly). LY294002, rapamycin, and PD98059 were obtained from Carbiochem, and
wortmannin was purchased from Wako Chemicals (Osaka, Japan). Unless
otherwise mentioned, LY294002 (25 mM), wortmannin (300 nM), and rapa-
mycin (30 nM) were introduced to the cells 15 min before stimulation with
mitogens. In addition, wortmannin, which is labile in living cells (36), was
supplemented every 3 h. As previously reported for parental NIH 3T3 cells
(84), LY294002 and wortmannin at these concentrations did not cause apo-
ptosis in mitogen-stimulated NIH 3T3(M17) cells.

Plasmids and transient transfection. Constructions of pMIKNeop110 and
pMIKNeop110EcoS, which are the expression plasmids for wild type and a DN
form of the bovine PI 3-kinase p110a subunit (WTp110 and DNp110), respec-
tively, were described elsewhere (66). pMIKNeop85DRV-Pvu, an expression
plasmid for a DN form of the human PI 3-kinase p85 subunit (DNp85), was
created by deletion of the sequence between the EcoRV and PvuII sites within
the coding sequence amino acids 338 to 572, which resulted in removal of the
N-terminal SH2 domain and the binding site for p110. pMIKNeoBD110 and
pMIKNeoBDKD are the expression plasmids for a Myc epitope-tagged consti-
tutively active form of p110 (BD110) which has a sequence corresponding to the
p110-binding domain (BD) of p85 connected through a glycine bridge to the N
terminus of full-length p110a and the kinase dead (KD) mutant form of BD110
(BDKD), respectively (31, 41). pactEF-DN-MAPK, the expression vector for a
DN form of Xenopus mitogen-activated protein kinase (MAPK), was kindly
donated by K. Okazaki (Kurume University Institute of Life Science, Kurume,
Japan). pSV-bgal, an expression plasmid for b-galactosidase, was purchased
from Promega. pCAGGS-bgal, another expression plasmid for b-galactosidase,
was kindly donated by I. Saitoh (Institute of Medical Sciences, University of
Tokyo, Tokyo, Japan). The plasmids were purified by two cycles of CsCl
density gradient centrifugation. Cotransfections were performed in 35 mm-
diameter dishes by the calcium phosphate precipitation procedure as de-
scribed before (48, 67). After recovery from the transfection procedure by
incubating the cells in growth medium overnight, the cells were serum de-
prived in the presence or absence of DEX or inhibitors as described in the
legends to figures.

Immunofluorescence. Cells were washed and fixed with 3.7% formalin in
Ca21- and Mg21-free Dulbecco’s phosphate-buffered saline (PBS) at room tem-
perature for 10 min. After two rinses with PBS, formalin was quenched with 50
mM glycine in PBS, followed by treatment with 0.25% Triton X-100–1% fetal
calf serum in PBS for 1 h at room temperature to permeabilize membranes and
to reduce nonspecific binding of antibodies. The cells were then treated with a
mixture of a mouse monoclonal anti-cyclin D1 antibody (Santa Cruz) and a
rabbit polyclonal anti-b-galactosidase antibody (Cappel) in PBS containing
0.25% Triton X-100–1% fetal calf serum for 1 h at room temperature, followed
by detection with a mixture of fluorescein isothiocyanate-conjugated goat anti-
mouse immunoglobulin G (IgG) (Zymed) and rhodamine-conjugated goat anti-
rabbit IgG antibodies (Cappel) in PBS. This protocol gave the same results as
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sequential immunodetection of cyclin D1 and b-galactosidase. For detection of
Myc epitope, a rabbit polyclonal antibody raised against Myc epitope (EQKLI
SEEDL) (Molecular and Biological Laboratory, Nagoya, Japan) was employed.
For an unknown reason(s), the anti-b-galactosidase antibody which we adopted
was cross-reactive for nuclear components, allowing us to identify nuclei without
staining for DNA. By taking advantage of this fact, the anti-b-galactosidase
antibody was routinely incorporated into immunofluorescence protocols. More
than 200 cells positive for either b-galactosidase or Myc epitope were inspected
per transfection, and the percentage of cyclin D1-positive cells in the transfected
population was determined by using a fluorescence microscope (Olympus IX-70
inverted system microscope).

Immunoblot analysis. Immunoblot analysis was performed as described pre-
viously, after separation of equal amounts of cellular protein by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, based upon protein contents deter-
mined in parallel cultures (67, 68). A rabbit polyclonal antibody for cyclin A and
a mouse monoclonal anti-cyclin D1 antibody were purchased from UBI and
Santa Cruz, respectively. A rabbit polyclonal antibody for cyclin D1 (Medical and
Biological Laboratories) was also employed and the same results were obtained.
The state of pRb phosphorylation was evaluated by electrophoretic mobility shift
assay (85) after immunoblotting by using a mouse monoclonal anti-pRb antibody
(PharMingen 14001A antibody). The activation state of p70S6K was determined
by electrophoretic mobility shift assay after immunoblotting (13, 47, 49) by using
a rabbit polyclonal antibody (Santa Cruz). The activation states of p44ERK1 and
p42ERK2 were evaluated by electrophoretic mobility shift assay on immunoblots
as described previously (48, 67).

Northern blot analysis. The mRNA level of cyclin D1 was analyzed as de-
scribed previously (67, 86). After stripping the membranes of radioactive probes,
they were rehybridized with a 32P-labeled glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) cDNA probe, and the results were used as an internal control.

FIG. 1. Expression of DNp110 or DNp85 nearly completely abrogates EGF-
stimulated induction of cyclin D1 protein expression, whereas expression of
WTp110 potentiates it. Cells were transiently cotransfected with 1.5 mg each of
pSV-bgal and an expression plasmid of a DN form of p110 (DNp110) or p85
(DNp85), wild-type p110 (WTp110), or an empty vector and made quiescent.
Two days after transfection, the cells were stimulated with EGF (30 ng/ml) for
9 h, which corresponds to the late G1 R point. The expression of b-galactosidase
(left) and cyclin D1 (right) was detected by double immunofluorescence as
described in Materials and Methods. Identical fields in pairs are shown from a
representative experiment. Arrowheads indicate positions of nuclei in transfect-
ed cells.

FIG. 2. (A and B) The PI 3-kinase inhibitors wortmannin (WM, 300 nM) and
LY294002 (LY, 25 mM) but not rapamycin (Rap, 30 nM) nearly totally abolish
EGF-stimulated upregulation of cyclin D1 mRNA and protein levels and the
phosphorylation of pRb. Western (A) and Northern (B) blot analyses were
performed 9 h after the addition of EGF with equal amounts of total cellular
protein and RNA, respectively. (C) The PI 3-kinase inhibitors are without effect
on ERK activities, whereas the MEK inhibitor PD98059 (PD, 30 mM) abolishes
the sustained phase of the EGF-stimulated ERK activation. The concentrations
of LY and WM are the same as for panels A and B.
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RESULTS

EGF-stimulated induction of cyclin D1 is dependent upon
PI 3-kinase in NIH 3T3(M17) cells. We first examined whether
PI 3-kinase is required for EGF-induced expression of cyclin

D1 protein. NIH 3T3(M17) cells were transfected with the
expression plasmid of either DNp110, DNp85, or WTp110
together with that of b-galactosidase, which was employed as a
transfection marker, and then made quiescent. After stimu-
lation with EGF for 9 h, cyclin D1 and b-galactosidase were
detected by double immunofluorescence. The expression of
DNp110 and DNp85 each potently suppressed the induction of
cyclin D1 protein in response to EGF (Fig. 1): the percentages
of cyclin D1-positive cells in the transfected population were
0.9% 6 0.5% and 1.2% 6 0.6%, respectively, compared to
41.1% 6 1.4% in the vector control (means 6 SE of three
experiments). We also found that the expression of DN-MAPK
(ERK) similarly inhibited cyclin D1 protein expression in
EGF-stimulated NIH 3T3(M17) cells. The results indicate
that PI 3-kinase and ERK are both required for upregula-
tion of cyclin D1 protein in response to EGF. In sharp
contrast, the expression of WTp110 increased the percent-
age of cyclin D1-positive cells (66.7% 6 2.2%) and markedly
augmented the intensity of cyclin D1 staining in individual
cells (Fig. 1).

Shown in Fig. 2A are the effects of the PI 3-kinase inhibitors
on the level of cyclin D1 and the extent of the phosphorylation
of pRb. Both wortmannin (300 nM) and LY294002 (25 mM)
nearly completely abrogated EGF-induced cyclin D1 upregu-
lation and pRb phosphorylation. The PI 3-kinase inhibitors
also abolished the EGF-stimulated increase in the cyclin D1
mRNA level (Fig. 2B). These findings agree with the results
obtained with the DN forms of PI 3-kinase (Fig. 1) and indi-
cate that PI 3-kinase is critically required for upregulation of
cyclin D1 mRNA and protein in response to EGF. As reported
for other cell types (14, 27, 46), the PI 3-kinase inhibitors were

FIG. 3. (A) Rapamycin inhibits p70S6K but not the upregulation of cyclin D1
protein in EGF-stimulated cells. The cells were incubated for 9 h in the presence
or absence of EGF and rapamycin at the concentrations (nanomolar) indicated
in parentheses. Where indicated, DEX was introduced to cells 24 h before the
addition of EGF to induce a DN Ras, Ras(N17). p70S6K and cyclin D1 were
detected by Western blot analysis of identical samples. (B) Rapamycin, and the
PI 3-kinase inhibitors to a lesser extent, tonically suppresses p70S6K in cells stim-
ulated by other mitogens. The cells were growth stimulated or left unstimulated
for 9 h in the presence or absence of rapamycin (30 nM), LY294002 (25 mM), or
wortmannin (300 nM). Abbreviations are as defined in the legend to Fig. 2.

FIG. 4. The PI 3-kinase inhibitors and the DEX induction of Ras(N17) but
not rapamycin abolish DNA synthesis (lower) and the induction of cyclin A
protein (upper) in response to EGF. The inhibitors and DEX were introduced to
the cells as described in the legend to Fig. 3, and the cells were incubated with
EGF for 18 h. Abbreviations are as defined in the legend to Fig. 2.

FIG. 5. (A) LY294002 (LY, 25 mM) and wortmannin (WM, 300 nM), but not
rapamycin (Rap, 30 nM) abrogate the effects of bFGF (10 ng/ml), PDBu (1027

M) or serum (5% [vol/vol]) on upregulation of cyclin D1 protein. (B) bFGF- or
PDBu-induced expression of p21Waf1/Cip1 is resistant to LY294002. (C) Up-
regulation of the cyclin D1 mRNA by bFGF, PDBu, or serum is abolished by
LY294002 but not rapamycin. The cells were stimulated by either of the growth
stimuli for 9 h.
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essentially ineffective in inhibiting EGF-stimulated activation
of ERK1 and ERK2 in NIH 3T3(M17) cells (Fig. 2C), indi-
cating that PI 3-kinase is linked to the expression of cyclin D1
through a pathway that is distinct from the ERK signaling
cascade.

mTOR-p70S6K pathway is dispensable for EGF-induced up-
regulation of cyclin D1 or entry into S phase. We also studied
whether p70S6K is involved in EGF-stimulated, PI 3-kinase-
mediated upregulation of cyclin D1, since p70S6K is widely
recognized as an effector of mitogenic action of PI 3-kinase.
We found that rapamycin, which is known to suppress p70S6K

activity through inhibition of mTOR, slightly inhibited the
EGF-stimulated increase in either cyclin D1 mRNA or protein
and only marginally inhibited pRb phosphorylation (Fig. 2A
and B). As shown in Fig. 3A, quiescent NIH 3T3(M17) cells
showed a certain level of basal p70S6K activation as evidenced
by a multiple ladder pattern on Western blots. Stimulation with
EGF induced an additional, transient activation of p70S6K at
10 min (data not shown), which then returned to the basal level
by 1 h and remained at this state for up to 9 h of observations.
Rapamycin induced a rapid and sustained inhibition of p70S6K

in EGF-stimulated cells to a level that was even much lower
than the basal unstimulated level (Fig. 3A). Rapamycin at 3
nM was sufficient to cause the maximal inhibition of p70S6K,
which persisted for 9 h after the addition of EGF, whereas it
failed to inhibit EGF-stimulated upregulation of cyclin D1
protein even at 100 nM (Fig. 3A). As reported previously (9,
13, 14, 49), LY294002 (25 mM) was also capable of suppressing
p70S6K in EGF-stimulated cells. However, the above results
indicate that the inhibition of the mTOR-p70S6K pathway is
not the principal mechanism for the suppression of cyclin D1
induction by the PI 3-kinase inhibitors.

We also observed that the DEX induction of a DN Ras,
Ras(N17), did not detectably inhibit p70S6K in EGF-stimulated
cells (Fig. 3A), which is consistent with a previous report (47),
yet it potently suppressed the EGF-induced increase in the
level of cyclin D1 protein (Fig. 3A) (2). These results provide
additional evidence that p70S6K activity and cyclin D1 upregu-
lation could be dissociated.

As shown in Fig. 4, either LY294002 or wortmannin, as well

FIG. 6. LY294002 (LY, 25 mM) but not rapamycin (Rap, 30 nM) induces
complete G1 arrest in cells stimulated by bFGF, PDBu, or serum.

FIG. 7. (A) Effects of the expression of DNp110, DNp85, or WTp110 on the
induction of cyclin D1 protein by bFGF, PDBu, or serum. The experiments were
performed as described in the legend to Fig. 1 except that the serum-deprived,
transfected cells were stimulated with bFGF, PDBu, or serum for 9 h. Percent-
ages of cyclin D1-positive cells in the transfected population were determined
under a fluorescence microscope as described in Materials and Methods. (B)
Coexpression of WTp110 relieves the inhibitory effect of DNp110, DNp85, or
BDKD on bFGF-induction of cyclin D1. The cells were cotransfected with 1.0 mg
of the expression plasmid for either of the DN forms or 1.7 mg of either pMIK-
Neop110 or an empty vector, together with 0.3 mg of pCAGGS-bgal, made
quiescent, and then stimulated with bFGF for 9 h.
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as the expression of Ras(N17), totally abolished the effect of
EGF on DNA synthesis. By contrast, rapamycin was only mar-
ginally inhibitory. Consistent with these results, the PI 3-kinase
inhibitors and the induced expression of Ras(N17), but not
rapamycin, prevented the EGF induction of cyclin A, which is
a hallmark of S phase entry (Fig. 4). These observations indi-
cate that the activation of p70S6K is not critically required for
either cyclin D1 expression or S phase entry in EGF-stimulated
cells.

PI 3-kinase, but not the mTOR-p70S6K pathway, is required
for upregulation of cyclin D1 by a variety of mitogens in NIH
3T3 cells. Mitogens other than EGF, including bFGF, PDBu
and serum, also induced increases in the mRNA and protein
levels of cyclin D1 in NIH 3T3(M17) cells (Fig. 5A and C).
LY294002 and wortmannin again completely abolished the
effects of these mitogens on cyclin D1 upregulation (Fig. 5A
and C). By contrast, rapamycin was slightly inhibitory, if at all,
despite potent and persistent inhibition of p70S6K (Fig. 3B).
These mitogens, particularly bFGF and PDBu, also induced
increases in the level of p21Waf1/Cip1. However, different from
cyclin D1, the upregulation of p21Waf1/Cip1 was resistant to
inhibition by LY294002 (Fig. 5B), demonstrating selectivity of
the action of the inhibitor. As expected, LY294002, which
completely prevented cyclin D1 upregulation (Fig. 5A and C),
induced G1 arrest in cells stimulated by either of these mito-
gens (Fig. 6). In addition, rapamycin was capable of inhibiting
DNA synthesis in response to bFGF and PDBu by approxi-
mately 50 and 80%, respectively (Fig. 6), implying that rapa-
mycin has a site of action other than that for the inhibition of
the cyclin D1 induction.

Shown in Fig. 7A are the effects of the expression of either
DNp110, DNp85, or WTp110 on cyclin D1 protein induction in
response to bFGF, PDBu, or serum. The expression of either
of the DN forms strongly inhibited mitogen-induced expres-
sion of cyclin D1 protein. In addition, the expression of BDKD,
which is a full-length, KD mutant of p110a, was also capable of
inhibiting growth factor induction of cyclin D1 (Fig. 7B and 9).
Conversely, the expression of WTp110 potentiated cyclin D1
upregulation by either of the mitogenic stimuli, in terms of
both the percentage of cyclin D1-positive cells (Fig. 7A) and

the intensity of cyclin D1 expression in individual cells (data
not shown), just like the case with EGF (Fig. 1). We also found
that the inhibition of cyclin D1 upregulation by the expression
of either of the DN forms was counteracted by coexpression of
WTp110 (Fig. 7B) or a constitutively active form of p110,
BD110 (data not shown). Thus, it is concluded that PI 3-kinase
participates in cyclin D1 induction by multiple growth stim-
uli, for the most part through a rapamycin-insensitive mech-
anism.

NIH 3T3(M17) cells could have a certain level of constitu-
tive Ras(N17) expression in the absence of DEX induction,
which might have altered mitogenic signalings compared to
those of wild-type cells and thus have resulted in an exagger-

FIG. 8. The PI 3-kinase inhibitors but not rapamycin nearly completely in-
hibit growth factor-stimulated upregulation of cyclin D1 mRNA (A) and protein
(B) in wild-type NIH 3T3 fibroblasts.

FIG. 9. Expression of either of the DN forms of PI 3-kinase potently sup-
presses bFGF induction of cyclin D1 protein in wild-type NIH 3T3 cells. Cells
were cotransfected with 1.5 mg each of pSV-bgal and either an empty vector or
an expression plasmid for DNp110, BDKD, or DNp85, made quiescent, and then
stimulated with bFGF for 9 h. The percentages of cyclin D1-positive cells in
transfected population were 69.8 6 5.1, 32.7 6 1.4, 25.7 6 2.2 and 20.3 6 3.8
for vector control, DNp110, BDKD and DNp85-expressing cells, respectively
(means 6 SE of three determinations).
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ated dependency of cyclin D1 upregulation upon PI 3-kinase.
We therefore examined whether PI 3-kinase was also required
for growth factor induction of cyclin D1 in wild-type NIH 3T3
fibroblasts. As shown in Fig. 8, the PI 3-kinase inhibitors, but
not rapamycin, nearly completely prevented increases in the
levels of cyclin D1 mRNA and protein in EGF- or bFGF-
stimulated cells. In addition, expression of any of the DN forms
of PI 3-kinase, including DNp110, DNp85, and BDKD, po-
tently inhibited growth factor induction of cyclin D1 protein in

wild-type NIH 3T3 cells (Fig. 9). These results indicate that PI
3-kinase is required for growth factor-stimulated cyclin D1
upregulation in wild-type NIH 3T3 fibroblasts as well.

Expression of the WTp110 catalytic subunit of PI 3-kinase
induces cyclin D1 protein in quiescent NIH 3T3(M17) fi-
broblasts. We next examined the effect of overexpression of
WTp110 on cyclin D1 protein induction. After transfection
with the expression plasmids for WTp110 and b-galactosidase,
the cells were serum deprived for 2 days. As shown in Fig. 10A

FIG. 10. (A) Enforced expression of WTp110 but not DNp110 or an empty vector leads to the induction of cyclin D1 protein expression in serum-deprived NIH
3T3(M17) fibroblasts. Transfections were performed as described in the legend to Fig. 1, and the cells were serum deprived for 2 days. Arrowheads indicate the positions
of nuclei in transfected cells. (B) The WTp110-dependent expression of cyclin D1 protein is sensitive to LY294002 (25 mM) and rapamycin (30 nM) but not
DEX-induced expression of Ras(N17). (C) Percentages of cyclin D1-positive cells in the transfected population. The concentration of PD98059 was 30 mM. (D)
Coexpression of either DNp110 or DNp85 but not DN-MAPK(ERK) suppresses WTp110 induction of cyclin D1 protein in quiescent cells. The cells were cotransfected
with the indicated amounts (in micrograms) of expression plasmids together with 0.3 mg of pCAGGS-bgal and appropriate amounts of an empty vector so that the total
amount of DNA per transfection was adjusted to 3.0 mg. The reduction in the amount of the expression plasmid for WTp110 from 1.3 to 0.7 mg by itself did not affect
the percentage of cyclin D1-positive cells.
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FIG. 10—Continued.
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and C, an enforced expression of WTp110 strongly induced
nuclear cyclin D1 protein expression in more than 50% of the
transfected cells, in the absence of growth factor stimulation.
The expression of BD110 also caused cyclin D1 protein expres-
sion in quiescent cells (Fig. 11A). By contrast, the expression of
either DNp110 or BDKD was totally ineffective in cyclin D1
induction, as was the vector control (Fig. 10A and 11A). The
expression of b-galactosidase protein was not detectably af-
fected by coexpression of either WTp110, BD110, or DN forms
of p110 (Fig. 10A and 11A), indicating that they did not affect
the general capacity of the cells to synthesize proteins.

When the cells were treated with the PI 3-kinase inhibitor
LY294002 (25 mM) after the transfection with WTp110, the
induction of cyclin D1 protein was strongly suppressed to less
than one-fifth of nontreated cells (Fig. 10B and C). We also
found that, different from mitogen-stimulated cells, WTp110
induction of cyclin D1 protein in serum-deprived cells was
strongly inhibited by the addition of rapamycin after transfec-
tion (Fig. 10B and C). Neither of the inhibitors reduced the

FIG. 11. (A) Expression of BD110, a constitutively active form of PI 3-kinase
p110, but not its KD mutant, BDKD, induces cyclin D1 protein expression in
quiescent NIH 3T3(M17) cells. Cells were cotransfected with either of the
expression plasmids (1.5 mg) and pSV-bgal (1.5 mg) and made quiescent. (B)
Coexpression of BDKD dose-dependently inhibits BD110 induction of cyclin D1
protein. Cells were transfected with the indicated amounts (in micrograms) of
the expression plasmids together with an appropriate amount of an empty vector
so that the total amount of DNA per transfection was adjusted to 3.0 mg. The
cells were made quiescent and probed for cyclin D1 and Myc epitope by double
immunofluorescence.

1354 TAKUWA ET AL. MOL. CELL. BIOL.



expression of b-galactosidase (Fig. 10B), indicating that their
effects were selective for cyclin D1 expression.

We also tested whether coexpression of a DN form of PI
3-kinase could inhibit the ability of WTp110 to induce cyclin
D1 protein in quiescent cells. As shown in Fig. 10D, the ex-
pression of either DNp85 or DNp110 potently suppressed
WTp110 induction of cyclin D1 protein. Similarly, coexpres-
sion of BDKD dose-dependently inhibited BD110 induction of
cyclin D1 (Fig. 11B).

We studied whether the Ras-MEK-ERK pathway was in-
volved in the induction of cyclin D1 protein by the overexpres-
sion of WTp110. The DEX-induced expression of Ras(N17),
which completely abolished the effects of EGF on both cyclin
D1 upregulation and DNA synthesis (Fig. 3A and 4), failed to
prevent WTp110 induction of cyclin D1 (Fig. 10B and C).
Addition of the MEK inhibitor PD98059 (30 mM) was also
ineffective in preventing WTp110 induction of cyclin D1 pro-
tein (Fig. 10C). This dose of PD98059 completely suppressed
the sustained phase of EGF-stimulated ERK activation (Fig.
2C) and also abrogated the effect of EGF on DNA synthesis
(data not shown). We also examined the effect of the expres-
sion of DN-MAPK(ERK) on WTp110 induction of cyclin D1.
As shown in Fig. 10D, coexpression of DN-MAPK failed to
inhibit WTp110 induction of cyclin D1, which sharply contrasts
to its potent inhibitory effects observed with mitogen-stimu-
lated cells on both the induction of cyclin D1 protein (see
above) and the activation of cyclin D1 promoter-luciferase
reporter activity (data not shown). These results indicate that
an enforced expression of WTp110 induces cyclin D1 protein
in quiescent NIH 3T3(M17) cells in a manner that is depen-
dent upon PI 3-kinase activity and sensitive to rapamycin but
independent of the Ras-MEK-ERK pathway.

DISCUSSION

During the past several years PI 3-kinase has been increas-
ingly recognized as one of the important signaling molecules
required for G1-S cell cycle progression. However, the precise
molecular mechanism of PI 3-kinase-mediated mitogenic sig-
naling has remained elusive thus far. The present study was
aimed at exploring the role of PI 3-kinase in cyclin D1 induc-
tion, a critical step required for the activation of G1 cyclin-
dependent kinases, which drive G1 phase progression.

The results of the present study demonstrate that the induc-
tion of cyclin D1 protein by growth factors and other mitogens
is potently inhibited by the expression of DN forms of het-
erodimeric PI 3-kinase in NIH 3T3(M17) fibroblasts (Fig. 1
and 7). WTp110, by contrast, potentiated the mitogen induc-
tion of cyclin D1 (Fig. 1 and 7A) and counteracted the inhibi-
tion by DNp110, BDKD, or DNp85 (Fig. 7B). The inhibitors
for PI 3-kinase, LY294002 and wortmannin, completely abol-
ish mitogen-induced increases in the levels of both cyclin D1
protein and mRNA (Fig. 2A and B and 5). Similarly, the PI
3-kinase inhibitors and expression of the DN forms inhibited
mitogen induction of cyclin D1 in wild-type NIH 3T3 fibro-
blasts as well (Fig. 8 and 9). We also demonstrate that an
enforced expression of the WTp110 catalytic subunit of PI
3-kinase causes the induction of cyclin D1 protein in serum-
deprived NIH 3T3(M17) fibroblasts (Fig. 10A and C). This
effect of p110 is prevented by LY294002 (Figs. 10B and C) and
by coexpression of either DNp110 or DNp85 (Fig. 10D). Sim-
ilarly, BD110 induction of cyclin D1 protein was counteracted
by coexpression of BDKD (Fig. 11B). These composite results
provide evidence that the catalytic activity of PI 3-kinase is
required for the induction of cyclin D1 by mitogens and is also

sufficient, at least under certain conditions, for the expression
of cyclin D1 protein in growth factor-deprived mammalian
cells. As reported previously (2, 67), cyclin D1 is the only D-
type cyclin that is upregulated by mitogens in NIH 3T3(M17)
cells. Hence, PI 3-kinase is essential for the activation of D-
type cyclin-dependent kinases and consequent phosphoryla-
tion of the substrate pRb, which is an absolute requirement for
pRb-positive cells to pass through the late G1 R point and
enter the S phase (78).

It is widely recognized that p70S6K is located downstream of
PI 3-kinase and mTOR, mediating a major part of the mito-
genic action of PI 3-kinase, which includes growth factor-in-
duced translational upregulation of a subset of mRNAs. In
addition, accumulating evidence in recent years indicates that
mitogen-induced phosphorylation and inactivation of 4E-BP1
and resultant activation of eIF4E-dependent translation is also
mediated by both PI 3-kinase and mTOR. However, the
present results demonstrating that the inhibitors for PI 3-ki-
nase, but not rapamycin, completely abrogate DNA synthesis
stimulated by growth factors or serum (Fig. 4 and 6) strongly
suggest that PI 3-kinase-dependent signaling other than, or in
addition to, the activation of p70S6K or eIF4E plays an essen-
tial role in mediating the mitogenic effect of these growth
stimuli. Our findings that rapamycin has only a limited effect, if
any, on mitogen-induced cyclin D1 upregulation (Fig. 2A and
B, 3A, 5A and C, and 8) despite potent suppression on both
p70S6K (Fig. 3) and the phosphorylation of 4E-BP1 (data not
shown) argue that neither p70S6K nor eIF4E serves as the
principal mediator of the PI 3-kinase signaling that leads to
cyclin D1 protein expression. In agreement with our observa-
tions, it has been reported that the overexpression of a mutant
eIF4E, which was previously shown to act in a DN manner to
inhibit proliferation of NIH 3T3 cells (53), does not inhibit
serum-stimulated increases in the level of cyclin D1 mRNA or
protein (64). The fact that the PI 3-kinase inhibitors abolish
mitogen induction of cyclin D1 at the level of mRNA (Fig. 2B,
5C, and 8A) implies that the role for PI 3-kinase in the induced
upregulation of cyclin D1 is not confined to translational ini-
tiation of the cyclin D1 transcript, provided that it is involved
at all. In contrast to mitogen induction of cyclin D1, however,
the induction of cyclin D1 protein by overexpression of
WTp110 in quiescent cells is inhibited by rapamycin (Fig. 10B
and C). Although the molecular basis for the discrepancy be-
tween the rapamycin sensitivities of mitogen-stimulated cells
and p110-overexpressing quiescent cells is not known at pres-
ent, it might be that the activation of multiple signaling path-
ways by mitogens would spare the requirement for the mTOR-
dependent mechanisms, including p70S6K and eIF4E. In support
of this notion would be an analogous observation (83) that
rapamycin blocks the mitogenic effect of bombesin but not
that of a combination of bombesin and insulin in Swiss 3T3
cells.

It has been demonstrated that the Ras-MEK-ERK pathway
plays a pivotal role in cyclin D1 gene expression (3, 52). In-
deed, we observed in the present study that the DEX induction
of Ras(N17) prior to the addition of EGF prevents upregula-
tion of cyclin D1 protein (Fig. 3A) and that the expression of
a DN form of MAPK(ERK) inhibits mitogen induction of
cyclin D1 protein as effectively as DNp110 and DNp85. In
addition, we observed that the expression of a constitutively
active form of MEK1 induced cyclin D1 protein expression in
quiescent NIH 3T3(M17) cells as detected by immunofluores-
cence. On the other hand, we demonstrate in the present study
that the induction of cyclin D1 protein by overexpression of
wild-type p110 is resistant to the induced expression of
Ras(N17), coexpression of DN-MAPK, or the addition of the
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MEK inhibitor PD98059 (Fig. 10B, C, and D). We also ob-
served that the PI 3-kinase inhibitors abrogate mitogen-in-
duced upregulation of cyclin D1 (Fig. 2A and B) without in-
hibiting ERK activation (Fig. 2C). In addition, it was reported
previously that the expression in mammalian cell systems of
constitutively active forms of PI 3-kinase p110 do not cause the
activation of ERKs (24, 38, 41, 54). These observations indi-
cate that the PI 3-kinase-dependent signaling leading to the
induction of cyclin D1 does not involve the Ras-MEK-ERK
signaling cascade. Thus, the PI 3-kinase pathway and the
MEK-ERK pathway represent two independent signalings,
both of which are required for cyclin D1 protein induction by
such mitogens as employed in the present study, although
either one of them, when overexpressed, is sufficient by itself.
As previously reported for other cell types (3, 52, 81), we found
that transfection of the expression plasmid of a constitutively
active form of either MEK1 or Rac markedly stimulates cyclin
D1 promoter-reporter activity in serum-deprived NIH 3T3
(M17) cells. By contrast, the expression of WTp110 fails to do
so under the same experimental condition (66a). These results
suggest that the mechanism for PI 3-kinase-mediated cyclin D1
mRNA upregulation is distinct from that mediated by either
the MEK-ERK pathway or Rac.

Recent reports unveil the existence of an ever-growing num-
ber of PI 3-kinase effector molecules (37). Further studies are
required to identify the PI 3-kinase effector that is responsible
for cyclin D1 upregulation and the exact mechanism by which
this effector pathway upregulates cyclin D1 mRNA and pro-
tein.
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