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ABSTRACT A constitutively active form of mitogen-
activated protein kinase kinase (MEK1) was synthesized
under control of a zinc-inducible promoter in NIH 3T3
fibroblasts. Zinc treatment of serum-starved cells activated
extracellular signal-regulated protein kinases (ERKs) and
induced expression of cyclin D1. Newly synthesized cyclin D1
assembled with cyclin-dependent kinase-4 (CDK4) to form
holoenzyme complexes that phosphorylated the retinoblas-
toma protein inefficiently. Activation of the MEK1yERK
pathway neither triggered degradation of the CDK inhibitor
kinase inhibitory protein-1 (p27Kip1) nor led to activation of
cyclin E- and A-dependent CDK2, and such cells did not enter
the DNA synthetic (S) phase of the cell division cycle. In
contrast, zinc induction of active MEK1 in cells also engi-
neered to ectopically overexpress cyclin D1 and CDK4 sub-
units generated levels of cyclin D-dependent retinoblastoma
protein kinase activity approximating those achieved in cells
stimulated by serum. In this setting, p27Kip1 was mobilized
into complexes containing cyclin D1; cyclin E- and A-depen-
dent CDK2 complexes were activated; and serum-starved cells
entered S phase. Thus, although the activity of p27Kip1 nor-
mally is canceled through a serum-dependent degradative
process, overexpressed cyclin D1-CDK complexes sequestered
p27Kip1 and reduced the effective inhibitory threshold through
a stoichiometric mechanism. A fraction of these cells com-
pleted S phase and divided, but they were unable to contin-
uously proliferate, indicating that other serum-responsive
factors ultimately became rate limiting for cell cycle progres-
sion. Therefore, the MEKyERK pathway not only acts tran-
scriptionally to induce the cyclin D1 gene but functions
posttranslationally to regulate cyclin D1 assembly with CDK4
and to thereby help cancel p27Kip1-mediated inhibition.

Regulation of mammalian cell proliferation by extracellular
signals occurs during the first gap (G1) phase of the cell
division cycle. During this interval, growth stimulatory and
growth inhibitory signals transduced from the extracellular
environment converge on the cell cycle control machinery, the
engine of which is driven by cyclins and cyclin-dependent
kinases (CDKs) and opposed by CDK inhibitors (1). Enzymes
that regulate G1 phase progression include CDK4 and CDK6,
which can be activated through their association with any one
of three D-type cyclins, and CDK2, which forms active ho-
loenzyme complexes with cyclins E and A (2, 3).

Mitogens stimulate synthesis of D-type cyclins and their
assembly with CDK4 or CDK6 (4–6). Cyclin D-CDK com-
plexes phosphorylate the retinoblastoma protein (RB) (4, 5,
7–9), helping to cancel its growth suppressive function by
eliminating its ability to function as a transcriptional corepres-
sor (10). In addition, they ‘‘titrate’’ CDK inhibitors, such as
kinase inhibitory protein-1 (p27Kip1), into ternary complexes,

thereby freeing cyclin E-CDK2 complexes from such con-
straint (1, 11–16). The cyclin E-CDK2 holoenzyme contributes
to RB phosphorylation (17–19), phosphorylates p27Kip1 to
trigger its ubiquitin-mediated degradation (20–22), and likely
modifies components of preinitiation complexes to trigger
DNA replication per se (23, 24). Gene products that coordinate
S phase entry include cyclin A, which is induced in late G1 and
is essential for DNA synthesis (25–27). The irreversible deci-
sion to enter S phase, which is made at the so-called restriction
point late in G1 (28), therefore is marked by several molecular
events, including (i) RB phosphorylation, (ii) p27Kip1 degra-
dation, (iii) initiation of cyclin A synthesis, and (iv) CDK2
activation (1, 10, 29).

Growth factor receptor tyrosine kinases activate a class of
intracellular serineythreonine protein kinases termed mito-
gen-activated protein kinases (MAPKs) or extracellular signal-
regulated kinases (ERKs) (30, 31). A pathway from receptor
kinases to ERKs sequentially involves the small GTP-binding
protein Ras and the Raf-1 protein kinase (32–36). Raf-1
phosphorylates MAPKyERK kinases (MEKs), which in turn
activate ERKs and facilitate their nuclear translocation (37).
Several observations implicate the RasyERK signaling path-
way in cyclin D1 regulation. Microinjection of activated, but
not wild-type, forms of Ras can initiate DNA synthesis in
quiescent fibroblasts (38), whereas neutralizing Ras antibodies
block DNA synthesis induced by mitogens (39–41). The
mitogen-dependent induction of the cyclin D1 gene depends
on Ras, Raf-1, and ERK activities, with their induced expres-
sion being necessary and sufficient for cyclin D1 transcription
(40, 42–46). Sustained activation of ERKs is required for
fibroblasts to pass the G1 restriction point (47), and in Ras- or
Raf-transformed fibroblasts, cyclin D1 levels are constitutively
elevated (48, 49). Specific inhibitors of cyclin D-dependent
kinases (INK4 proteins) block Ras-mediated cell proliferation
and transformation in an RB-dependent manner (40, 41, 50,
51), arguing that cyclin D-dependent kinases are key physio-
logic targets in this pathway. Here, we report posttranslational
effects of MEKyERK signaling on the assembly and activation
of cyclin D-dependent kinases.

MATERIALS AND METHODS

Special Reagents. Rabbit polyclonal antibodies against
ERK1 (K-23), ERK2 (C-14), cyclin E (M-20), cyclin A (C-19),
and p21Cip1 (C-19) were purchased from Santa Cruz Biotech-
nology. Hybridoma cells producing mAb 9E10 to a myc-
epitope (ATCC CRL-1729) were purchased from the Amer-
ican Type Culture Collection, and culture medium containing
antibody was produced as described (52). mAb against mouse
cyclin D1 (72–13G-11) (53), and rabbit antisera to CDK4 (RY
to full-length CDK4 and RZ to a CDK4 C-terminal peptide)
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(4), to full-length p27Kip1 (RLL) (14), and to a CDK2 C-
terminal peptide (TKPVPHLRL) (sera RCC and RDD) (54)
were produced in our laboratory. Myelin basic protein was
from Sigma, histone H1 from Boehringer Mannheim, and
G418 and puromycin from GIBCOyBRL.

Cells and Culture Conditions. NIH 3T3 cells were main-
tained in Dulbecco’s modified Eagle medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS), 2 mM glu-
tamine and 100 unitsyml each of penicillin and streptomycin.
To make them quiescent, cells were washed twice with PBS
and cultured for 24–48 hr in serum-depleted medium (DMEM
with 0.1% FBS, 0.4 mgyml BSA, glutamine, penicillin and
streptomycin). Quiescent cells were treated with 25 mM ZnSO4
in serum-depleted medium or with complete medium contain-
ing 10% FBS, and entry into S phase was monitored by
estimating their DNA content by fluorescence-activated flow
cytometry (55).

Expression Vectors. A constitutively active MEK1 mutant
(56) was provided by Natalie G. Ann (University of Colorado,
Boulder). MEK1 cDNA was amplified by using a PCR per-
formed with a 59 oligonucleotide (CGGGGTACCACTAGT-
ATGGAACAAAAGCTTATTTCTGAAGAAGACTTGC-
TGCCAAGAAGAAGCCG) encoding recognition sequences
for KpnI (underlined), a myc epitope tag, and the first 18 bases
of the MEK1 sense strand; and a 39 oligonucleotide (GCTC-
TAGATCAGATGCTGGCAGCGTGGGTTGGTGTGCT-
GGG) containing an XbaI site (underlined) and the last 20
bases (antisense strand) of MEK1 coding sequences. The PCR
product was subcloned into the KpnI and XbaI sites of the
expression vector pMTCB6, which contains a zinc-inducible
metallothionein promoter and a linked neomycin-resistance
gene (57). Coding regions of the pMTCB6-MEK1 plasmid
were validated by nucleotide sequencing analysis. MEK1*
denotes the constitutively active, myc-tagged mutant.

Selection of Stable Cell Lines. pMTCB6-MEK1* DNA (25
mg) was transfected into NIH 3T3 cells (58), selected for 3
weeks in 800 mgyml of G418, and maintained in medium
containing 400 mgyml of drug. pMTCB6-MEK1* (20 mg) was
cotransfected with pJ6V-puro (5 mg) encoding puromycin
resistance (59) into NIH 3T3 cells engineered as described (60)
to ectopically synthesize cyclin D1 and CDK4. Cells were
selected for 3 weeks in complete medium containing 7.5 mgyml
puromycin, and MEK1*-positive subclones were obtained by
limiting dilution of single cells in 96-well microtiter plates.

Immunoblotting. Cells were disrupted in lysis buffer con-
taining 50 mM Hepes (pH 7.4), 1% Nonidet P-40, 150 mM
NaCl, 1 mM phenylmethylsulfonyl f luoride, 1 mM DTT, 4
mgyml aprotinin, 4 mgyml pepstatin (both from Sigma), 0.5
mM sodium orthovanadate, 1 mM sodium fluoride, and 10
mM b-glycerophosphate. Proteins (100 mg) were electro-
phoretically resolved on polyacrylamide gels containing SDS
and transferred to nitrocellulose membranes (Millipore). Non-
specific binding sites were blocked by incubation for 1 hr at
room temperature with Tris-buffered saline (TBS) (25 mM
Tris, pH 8.0y150 mM NaCly2 mM KCl) containing 0.05%
Triton X-100 (TBS-T) and 3% nonfat dry milk. Filters were
exposed to antibodies in TBST-milk for 1 hr at room temper-
ature, and sites of binding were visualized by using horseradish
peroxidase-conjugated goat anti-rabbit or anti-mouse Ig G
(IgG) (Cappel) followed by enhanced chemiluminescent de-
tection (ECL kit; Amersham). For measuring assembly of
cyclin D1 with CDK4, anti-CDK4 (RZ plus RY) precipitates
electrophoretically resolved on denaturing polyacrylamide gels
were transferred to nitrocellulose and probed with mAb to
cyclin D1.

Protein Kinase Assays. Kinase assays using immune com-
plexes containing ERK1 or ERK2 were carried out as de-
scribed by using 400 mg of cell lysate protein per precipitation,
2 mg of antibody, and myelin basic protein as substrate (61). RB
immune complex kinase assays were performed after precip-

itation of 500 mg of lysate protein with anti-CDK4 (RZ) and
with 1 mg of fresh glutathione S-transferase-RB fusion protein
as substrate (4). CDK2 activity was assayed by using histone H1
as substrate (62) with 200 mg of protein per precipitation and
antisera to cyclin E (M-20) or CDK2 (RCC plus RDD). Reac-
tions were stopped with 1y3 volume 33 gel sample buffer and
heating at 85°C for 5 min. Labeled proteins were resolved on
denaturing polyacrylamide gels, which were dried and sub-
jected to autoradiography.

RESULTS AND DISCUSSION

Induced Expression of Constitutively Active MEK1 Stimu-
lates ERK1 and ERK2. We introduced an expression plasmid
encoding active myc-tagged MEK1 under the control of a
zinc-inducible metallothionein promoter into NIH 3T3 fibro-
blasts and derived subclones that conditionally expressed the
protein. Ectopically expressed, tagged MEK1 protein (desig-
nated MEK1*) was detected by immunoblotting with a mAb
(9E10) directed to the myc epitope. With continued passage,
uncloned transfected cells began to acquire transformed prop-
erties, losing contact inhibition and forming colonies in semi-
solid medium even when grown in the absence of heavy metals
(data not shown). We therefore selected subclones by limiting
dilution of single cells in microtiter dishes, obtaining several in
which basal MEK1* levels remained low but were induced
after zinc treatment.

In quiescent, serum-starved subclones, no basal expression
of MEK1* was detected, but cells transferred to medium
containing zinc expressed the protein, and ERK1 precipitated
from the same lysates became enzymatically active (Fig. 1A);
similar results were obtained with antibodies to ERK2 (data
not shown). MEK1* was detected and endogenous ERK1 was
activated between 3 and 6 hr after addition of zinc to the
culture medium (Fig. 1B). Cells stimulated with 10% serum did
not express exogenous MEK1*, but endogenous ERK activity
was induced within 3 hr and was sustained for at least 12 hr.
Zinc treatment of cells containing the inducible MEK1* gene
generated roughly physiologic levels of ERK activity, although
the kinetics of induction were slower than those observed with

FIG. 1. Inducible expression of MEK1* in NIH 3T3 fibroblasts
leads to activation of ERK1. (A) Five subclones expressing inducible
MEK1* were serum-starved and restimulated with ZnS04 for 12 hr.
MEK1* was detected by immunoblotting with antibody 9E10 to the
myc tag, and activation of ERK1 myelin basic protein kinase activity
was evaluated in immune complexes. (B) Starved cells from subclone
3 were restimulated with ZnSO4 or 10% FBS for the indicated times
and assayed for MEK1* expression and ERK1 kinase activity as in A.
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serum (Fig. 1B). Comparable data were obtained with each of
five subclones (data not shown).

MEK1* Induces Cyclin D1 Synthesis and CDK4 Assembly.
On expression of MEK1* and activation of ERK1, cyclin D1
synthesis was observed (Fig. 2A). Similar levels of cyclin D1
appeared after serum stimulation but with faster kinetics (Fig.
2A), again correlating with ERK activation (Fig. 1B). In both
cases, the onset of cyclin D1 synthesis lagged behind MEK1
induction and ERK1 activation by 60–90 min (data not shown).
Overall, the levels of cyclin D1 induced by zinc in five
individual subclones were 60–75% of those induced by serum.
CDK4 synthesis was constitutive (63), and once synthesized,
cyclin D1 coprecipitated with it, indicating that MEK1* could
induce cyclin D1-CDK4 assembly (Fig. 2B, Left). Amounts of
cyclin D1 bound to CDK4 after zinc treatment of the cells were
comparable to those obtained after serum stimulation (Fig.
2B, Right).

Assembly of cyclin D-CDK4 complexes facilitates their
nuclear transport and phosphorylation by the CDK-activating
kinase (CAK) (54, 64). The latter step stabilizes the enzyme in
an active conformation and is essential for its activity as a RB
kinase (3). Because CAK is active throughout the cell cycle (54,
65), assembled cyclin D-CDK4 complexes promptly undergo
CAK phosphorylation unless they are blocked by excess CDK
inhibitors, such as p27Kip1 (14, 62). Although cyclin D1-CDK4
complexes formed in response to serum stimulation exhibited
robust RB kinase activity, those formed after zinc induction
were much less active (Fig. 2C). The amounts of cyclin
D1-CDK4 complexes assembled after zinc or serum treatment
were roughly equivalent (Fig. 2B), so serum must induce a
MEK1*-independent function that is required for full activa-
tion of the assembled holoenzyme.

MEK1* Activity Is Insufficient for p27Kip1 Degradation and
S Phase Entry. Eighty-five to 90% of quiescent cells were in
S phase by 16 hr after serum treatment, but only a small
fraction (5–10%) entered S phase in response to zinc (Fig. 3A).
Serum-treated cells progressed into G2yM by 20 hr (Fig. 3B,
Upper), and by 24 hr, .90% passed through mitosis into the
next G1 interval (data not shown). Because expression of
MEK1* failed to induce NIH 3T3 cells to enter S phase, we
studied additional molecular correlates of late G1 phase pro-
gression to try to determine what additional events were serum
dependent. Specifically, we quantitated the relative amounts of
two CDK inhibitors, p21Cip1 and p27Kip1, studied cyclin A
induction, and assayed cyclin E-dependent and total CDK2
kinase activity. In serum-treated cells, the levels of p21Cip1

remained relatively constant throughout G1 phase, whereas
much of the p27Kip1 was degraded (Fig. 3B, Right). Levels of p27Kip1 were highest in quiescent cells but fell by late G1 phase

('8 hr after stimulation) and remained low thereafter (14, 66).
Throughout the remainder of the cycle and in continuously
proliferating cells, virtually all residual p27Kip1 remained in
cyclin D-CDK complexes, preventing it from interfering with
the activities of cyclin E- and A-dependent kinases (data not
shown). Cyclin A was induced as serum-stimulated cells en-
tered S phase, and CDK2 activity was detected just before the
G1yS transition (Fig. 3B, Right).

In contrast, no degradation of p27Kip1 was observed after
zinc treatment, cyclin A was not induced, and no cyclin E- or
A-dependent CDK2 activity was detected (Fig. 3B, Left). The
inability of cyclin D1-CDK4 complexes to undergo full acti-
vation in response to MEK1* induction (Fig. 2C) together with
the absence of CDK2 activity (Fig. 3B) suggest that sustained,
high levels of p27Kip1 prevent the full activation of both CDKs.
In turn, a failure to phosphorylate and cancel the transcrip-
tional corepressor activities of RB-family proteins may prevent
induction of cyclin A (67–70). Degradation of p27Kip1 must
require serum-induced signals in addition to, or apart from,
those mediated via the MEKyERK pathway (22, 40, 46, 71).

Overexpression of Cyclin D1 and CDK4 with MEK1* In-
duces S Phase Entry. When cyclin D1 and CDK4 both are

FIG. 2. MEK1* induces cyclin D1 synthesis and assembly with
CDK4. Serum-starved cells (subclone 3) harboring inducible MEK1*
were stimulated with ZnSO4 or FBS and assayed at the indicated times
thereafter (hr) for cyclin D1 and CDK4 expression (A), assembly (B),
and RB kinase activity (C).

FIG. 3. Molecular correlates of S phase entry. (A) Cells from five
individual subclones expressing inducible MEK1* were serum-starved
and restimulated with ZnSO4 or FBS for 16 hr, and the S phase fraction
was determined by using flow cytometry to estimate the DNA content
of propidium iodide-stained nuclei. (B) Serum-starved cells (subclone
3) stimulated with ZnSO4 or FBS were assayed at 4-hr intervals for
DNA content (Upper). Cyclin A, p21Cip1, and p27Kip1 levels were
determined by immunoblotting. Precipitates recovered with antibod-
ies to cyclin E and CDK2 were assayed for histone H1 kinase activity.
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ectopically expressed in fibroblasts, they do not form holoen-
zyme complexes unless cells are stimulated with serum (4).
However, MEK1* enabled newly induced cyclin D1 to assem-
ble with CDK4 to form a partially active RB kinase (Fig. 2).
Because the failure of the assembled holoenzyme to become
fully active appeared to be caused by sustained levels of p27Kip1

in zinc-induced cells (Fig. 3B), we reasoned that overexpres-
sion of cyclin D1 and CDK4 in cells engineered to synthesize
MEK1* might stoichiometrically titrate more p27Kip1 into
cyclin D1-CDK4 complexes, thereby lowering the effective
CDK inhibitory threshold. In principle, this overexpression
might facilitate the activation of CDK2 and so enable these
cells to enter S phase, even in the absence of serum.

The expression plasmid containing inducible MEK1* there-
fore was introduced into NIH 3T3 cells that were engineered
to ectopically express both cyclin D1 and CDK4. Low basal
levels of MEK1* detected in serum-starved cells were much
increased after zinc treatment (Fig. 4A). Although ectopically
expressed D1 and CDK4 subunits were detected in starved
cells (Fig. 4A), few complexes formed (Fig. 4B). Yet, their
assembly was augmented to a comparable extent after serum
or zinc treatment (Fig. 4B). After 12-hr stimulation, the cyclin
D1-CDK4 complexes induced by MEK1* were highly active
and yielded as much RB kinase activity as those induced by
serum (Fig. 4C). Therefore, under circumstances in which
cyclin D1 and CDK4 subunits were overexpressed, equivalent
amounts of active cyclin D-dependent kinases were formed in
response to serum or zinc induction.

In cells overexpressing cyclin D1 and CDK4, p27Kip1 levels
did not significantly decrease when serum-depleted cells were
stimulated to enter the cycle (Fig. 5). Indeed, most of the
p27Kip1 (.85% in several such experiments) coprecipitated
with overexpressed cyclin D1, regardless of whether the cells
were deprived of serum or restimulated with serum or zinc.
Under these conditions, restimulation with zinc alone led to
the induction of cyclin A and generated CDK2 activity as cells
neared the G1yS boundary (Fig. 5). A substantial fraction of
these cells were able to enter S phase (Fig. 6). Yet, zinc-
stimulated cells overexpressing MEK1*, cyclin D1, and CDK4
did not proliferate continuously in medium lacking serum,

undergoing only one population doubling on average (data not
shown). Therefore, although certain gene products required
for DNA synthesis initially may not have been rate limiting,
cells that completed one S phase required serum-induced
factors to remain in cycle.

Implications for Restriction Point Control. The MEK1*y
ERK signaling pathway not only acts to induce the cyclin D1
gene but also facilitates assembly of cyclin D1 into catalytically
active complexes with CDK4. This action might somehow be
mediated by phosphorylation of cyclin D1 or CDK4 on as-yet-
unmapped phosphoserine residues (14, 72). Alternatively,
ERKs might phosphorylate molecular chaperones such as
cdc37 (73) or ‘‘assembly factors’’ (4) such as p21Cip1 or other
molecules that have the potential to enter into higher-order
complexes with the cyclin-CDKs (6). Whatever the mecha-
nism(s), formation of cyclin D-dependent kinases depends on
growth factor signals that act at both transcriptional and
posttranslational levels.

Activation of the cyclin D1-CDK4 complex is opposed by
p27Kip1, which normally builds to high levels in the absence of
serum-dependent signals that otherwise lead to its destruction.
Cyclin D1-CDK complexes accumulating during the G0 to S
interval lower the effective p27Kip1 inhibitory threshold, facil-
itating the initial activation of cyclin E-dependent CDK2 as
cells approach the restriction point. In this regard, it may be
significant that cyclin D-dependent kinases are less susceptible
than cyclin E- or A-dependent kinases to inhibition by p27Kip1

(12, 13). Once activated, phosphorylation by cyclin E-CDK2
may help trigger p27Kip1 ubiquitination and degradation (20–
22), accounting in part for the irreversibility of the transition.
Cyclin D- and E-dependent kinases also collaborate to phos-
phorylate RB-family proteins, leading to the induction of E2F
responsive genes necessary for DNA synthesis. Hence, both
catalytic and stoichiometric activities of cyclin D-dependent
kinases contribute to restriction point control.

In quiescent cells induced by zinc to express MEK1* alone,
cyclin D1-CDK4 complexes were effectively assembled, but
p27Kip1 was not degraded and the activities of both CDK4 and
CDK2 remained low. In serum-stimulated cells expressing a
dominant-negative Ras mutant, p27Kip1 also continued to be

FIG. 4. Expression of MEK1* in cells overexpressing cyclin D1 and
CDK4. Serum-starved cells from three subclones coexpressing cyclin
D1, CDK4, and inducible MEK1* were stimulated with ZnSO4 or FBS
for 12 hr. Cell lysates were assayed for expression of MEK1*, cyclin D1,
and CDK4 by immunoblotting (A), cyclin D1-CDK4 complex forma-
tion by immunoprecipitation with CDK4 antibody followed by immu-
noblotting with cyclin D1 antibody (B), and CDK4-associated RB
kinase activity (C).

FIG. 5. Overexpression of cyclin D1, CDK4, and MEK1* induces
cyclin A synthesis and CDK2 activation, but not p27Kip1 degradation.
Cells (subclone 2) ectopically expressing cyclin D1, CDK4, and
inducible MEK1* were starved and restimulated with ZnSO4 or FBS.
Cells harvested at intervals thereafter (hr) were assayed for cyclin A
and p27Kip1 expression by immunoblotting (top two panels), for cyclin
D1-associated p27Kip1 by immunoprecipitation with cyclin D1 fol-
lowed by immunoblotting with anti-p27Kip1 (middle panel), and for
cyclin E- and CDK2-associated histone H1 kinase activity (bottom two
panels). More than 85% of p27Kip1 coprecipitated with cyclin D1.
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expressed at high levels (46). Together, these data argue that
degradation of p27Kip1 depends both on Ras-dependent and
Ras-independent signals. However, MEK1*-induced assembly
of ectopically overexpressed cyclin D1 and CDK4 subunits was
sufficient to neutralize p27Kip1 inhibitory activity, so that
CDK4 and CDK2 were activated in the absence of serum
stimulation. In this setting, p27Kip1 was not degraded, and the
sequestration of the CDK inhibitor by supra-physiologic levels
of cyclin D1-CDK4 complexes triggered entry of cells into S
phase. Cells that entered S phase in response to induced
MEK1*, D1, and CDK4 expression were unable to proliferate
continuously, underscoring the fact that additional proteins
synthesized in response to mitogens must contribute to the
G1yS transition in later cycles.
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