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Prostaglandin F,, (PGF,,), a mitogen for Swiss 3T3
cells, triggers cyclin D1 mRNA/protein expression
prior to cellular entry into the S phase, but fails to
raise cdk4 or cyclin D3 levels, while 1-oleoyl-2-
diacylglycerol (OAG), a protein kinase C (PKC) and
tyrosine kinase (TK) activator, induces only cyclin D1
expression with no mitogenic response. In contrast, in
PKC-depleted or -inhibited cells, PGF,,, but not OAG,
increases cyclin D1 expression with no mitogenic re-
sponse. Finally, OAG, in the presence of orthovana-
date (Na;VO,) or TGFg, induces DNA synthesis. Thus,
it appears that PGF,, triggers cyclin D1 expression via
two independent signaling events that complement
with TGFg-triggered events to induce DNA synthesis.
© 2000 Academic Press
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Mammalian cell multiplication is a highly coordi-
nated phenomenon (1-3). Most mitogens are known to
act by eliciting a set of specific signals, which, in turn,
concertedly modulate the initiation of DNA replication
and cell division (4). Much evidence has revealed that
different mitogen-induced signals control the levels of
cyclins, key molecules that regulate crucial cell cycle
transitions (5, 6). Consequently, the identification of
these signals is important for understanding the reg-
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ulatory events controlling the normal cell cycle com-
mitment (6). Cyclins are a conserved family of proteins
that play a pivotal role in cyclin-dependent kinase
(CDK) activation, which in turn, are required to com-
plete cell cycle transitions (6, 7). Cyclin Ds are the first
cyclins to be induced when mammalian cells leave the
G, resting state and progress into the G;-phase (7).
Cyclin D1 is known to play a regulatory role in cellular
commitment to initiate DNA replication (7-9), by in-
teracting with its partner protein kinases cdk4 and
cdk6 (7, 10). Its expression is controlled by various
mitogen- and non-mitogen-dependent signaling pro-
cesses (9, 11-13). Thus, mitogen deprivation of normal
cells in early G;-phase causes a rapid decline in cyclin
D1 mRNA and protein levels, rendering such cells un-
able to enter the S-phase (8, 14). In addition, microin-
jection of antibodies against cyclin D1 during the early,
but not the late, G,-phase, impairs initiation of DNA
replication (14).

In Swiss mouse 3T3 cells, prostaglandin F,, mito-
genic action involves signaling events, including in-
creases in diacylglycerol (DAG), inositol 1,4,5-tris-
phosphate (IP3), intracellular Ca®* ion mobilization,
and protein kinase C (PKC) activation (15, 16). These
events are known to be required to induce cellular
entry into the S phase. In contrast, when these, or
NIH-3T3 cells, are treated with 13-tetradecanoyl-12-
phorbolacetate (TPA) to cause PKC down modulation,
PGF,, can still stimulate intracellular Ca*" mobiliza-
tion as well as tyrosine phosphorylation of proteins
such as the focal adhesion protein p125™, but without
eliciting mitogenic response (17, 18). Both PKC-
dependent and independent PGF,,-triggered events
appear to be concertedly required for cells to initiate
DNA synthesis. Nevertheless, transforming growth
factor Bl (TGF,,), which has no mitogenic action on
these cells, potentiates the PGF,, proliferative re-
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sponse via signals that neither involves PKC activation
nor intracellular Ca*" ion mobilization (19, 20). How-
ever, TGFg-triggered events can complement with
those processes involving PKC activity, and hence con-
fer Swiss 3T3 cells with the ability to initiate DNA
replication (20)

A basic question regarding PGF,, signaling mecha-
nisms is whether, and how, each personalized PGF,,
signal regulates cyclin D1 expression, and how such
events can ultimately control cellular commitment to
enter the S-phase. The present study shows that in
Swiss 3T3 cells, PGF,,-triggered events involved in
cyclin D1 expression include either TK and/or PKC
activation. However, PGF,, appears to induce DNA
synthesis via the combined actions of the induction of
cyclin D1 gene expression and other PKC-, TK-, or
TGF-triggered events. These results should help to
clarify the mechanism(s) by which mitogenic signals
separately control both cyclin D1 expression and nor-
mal cell multiplication.

MATERIALS AND METHODS

Cell culture and DNA synthesis assay. The maintenance of cul-
tured Swiss mouse 3T3 cells (21) and the DNA synthesis assay have
been previously described (1). In experiments involving different
times of PGF,, exposure, culture medium was removed by aspira-
tion, after which cultures were washed twice with serum-free me-
dium and the cells exposed to conditioned medium obtained from
parallel cultures. Then, were radioactively labeled for 28 h by con-
tinuous exposure to 3 uCi/ml, 1 uM [methyl-*H] thymidine (1).

Northern blotting analysis for cyclins D1, D2, D3, and cdk4. Cells
(3 X 10°) were plated in 100 mm dishes, similar as for DNA synthesis
assay (15-19). Under such conditions, cultures became confluent and
quiescent at 3 X 10° cells/plate. Total RNA was prepared using the
TRIzol reagent, and samples (15 wng) were subjected to 1% Mops/
formaldehyde agarose gel electrophoresis, and blotted onto nylon
membranes (22). cDNA probes were *P-labeled using a Promega kit,
and used to hybridize to the membranes, following which the mem-
branes were washed and exposed to X-ray film (22). For cyclins D1,
D2, and D3, the 1.3-kbp EcoRI fragment of pcBZ04.1, the 1.2-kbp
EcoRI fragment of pcN9, and the 1.7-kbp EcoRI fragment of pcn2,
were used, respectively (8); cyclin Ds, ckd4, and the 18S RNA cDNA
probes were kindly provided by Drs. C. D. Sherr (St. Jude's Hospi-
tal, Memphis, TN) and A. R. Kornblihtt (Physiology and Molecular
Biology Laboratory, School of Sciences, University of Buenos Aires,
Argentina).

Western blotting. Cells were plated as described for RNA isola-
tion. Following the different treatments, cells were lysed in RIPA
buffer (25 mM Tris—HCI [pH 8.0], 150 mM NacCl, 1% NP-40, 2 mM
EDTA-Na,, 0.1% sodium deoxycholate) (22), supplemented with 2.5
mg/ml leupeptin and 2.5 mg/ml aprotinin, and the extracted proteins
quantified (17). A total of 200 ng extracted protein were separated on
SDS—polyacrylamide gels, and transferred to nitrocellulose mem-
branes. Membranes were incubated for 1 h at room temperature with
a solution containing 140 mM NaCl, 8 mM Na,HPO,, 3 mM
NaH,PO,, 1.5 mM KClI, 3% low-fat powdered milk, and 0.1% Tween
20 (22). For Western blotting, mouse monoclonal antibody (mAB)
against cyclin D1, rabbit polyclonal antibody against cyclin D2,
mouse MAB against cyclin D3, and rabbit polyclonal antibody
against CDK4 (all from Santa Cruz Biotechnology), were used. An-
tigens were detected by incubating membranes for 16 h at 4°C with
the specific antibodies (23). After washing, membranes were incu-
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bated with horseradish peroxidase-conjugated second antibody
(DAKO), and visualized with the ECL enhanced chemiluminescence
kit.

Chemicals. Prostaglandin F,, and GF109203X were kindly pro-
vided by Dr. Mary Tokleston (Upjohn Co., Kalamazoo, Ml), and by
Simon Lister (Glaxo Wellcome, UK); A23187 and TGF, were ob-
tained from Calbiochem (La Jolla, CA) and R & D (Minneapolis,
MN), respectively, TRIzol and was from purchased Gibco BRL and
Promega Kit was from Promega. Other high purity compounds were
purchased from Sigma Chemical Co. [methyl-*H]Thymidine (18 Ci/
mmol) was from New England Nuclear and ECL Western blotting
detection reagent was from Amersham Life Sciences.

RESULTS AND DISCUSSION

The PGF,, induction of cyclin D1 mRNA in Swiss
mouse 3T3 cells was measured at different times (Fig.
1). Densitometric analysis of Northern blots of cyclin
D1 mRNA standardized to 18S RNA, revealed that
PGF,, (300 ng/ml) increased cyclin D1 mRNA levels
after 6 h, attaining a maximum at 10-12 h, followed by
a rapid decline at 14 h (Figs. 1A and 1C). Western
blotting analysis indicated that PGF,, raised cyclin D1
protein levels at 6-9 h, reaching a plateau after 12-15
h, and that protein levels continued to remain high up
to 21 h. PGF,, also substantially raised cyclin D2 lev-
els, but only at later times, when cells had undergone
12 to 21 h of G;-phase progression. In contrast, PGF,,
failed to increase significantly cyclin D3 or CDK4 pro-
tein levels (Fig. 1B). Both the time required for PGF,,
to increase intracellular levels of cyclin D1 mRNA/
protein, and that for PGF,, to commit cells to enter
S-phase, exhibited similar patterns (Fig. 1C). Cells
continuously exposed to PGF,, for 4—6 h failed to pro-
mote entry into the S-phase (Fig. 1C). In contrast,
longer PGF,, stimulus (9 to 15 h) conferred an in-
creased ability of cells to enter into S-phase (Fig. 1C).
Finally, continuous exposure of cells to PGF,, for 28 h
resulted in 20% of them initiating DNA synthesis (15).
Thus, it appears that PGF,,-dependent cyclin D1
mRNA/protein increases exhibit a timing similar to
that observed for cells to acquire the ability to enter the
S-phase (Fig. 1C).

Mitogenic activity in Swiss, as well as NIH, 3T3
cells, involves both PKC- and TK-dependent events.
PKC-triggered events can be dissected by stimulating,
inhibiting, or depleting PKC activity (16-18). Expo-
sure of Swiss 3T3 cells to 100 ug/ml 1-oleoyl-2-
acetylglycerol (OAG, a DAG analogue and PKC activa-
tor) or 300 ng/ml PGF,, for 10 h, caused a 15-fold
increase in cyclin D1 mRNA levels (Figs. 2A and 2C).
In cells pretreated with 10 uM GF109203X (GF) (24), a
PKC inhibitor, 2 h prior addition of PGF,,, a 12-fold
increase in cyclin D1 mRNA levels was observed, while
no effect was detected when OAG was used (Figs. 2A
and 2C). The addition of GF at various concentrations
also impaired PGF,,’s mitogenic response (Fig. 2E).
Furthermore, in TPA-mediated, PKC downmodulated
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FIG. 1. PGF,, mitogenic response and cyclins D1, D2, D3, and

CDKA4 expression in confluent resting Swiss 3T3 cells. PGF,, (300
ng/ml) was added at zero time, and cells were prepared at various
times for Northern and Western blot assays, and for assays for DNA
synthesis, as described under Materials and Methods. (A) Northern
blot assays of cyclin D1 mRNA and 18S RNA. Autoradiographic
exposures were 24 h and 4 h, respectively. (B) Western blot analysis
of cyclin D1, D2, D3, and CDKA4. (C) (®) Northern blot quantitation
of cyclin D1 mRNA from A (above) (standardized to 18S RNA) and
(A) effects of PGF,, exposure for different times on the percentage of
cells in S-phase measured after 28 h. Procedures are described under
Materials and Methods.

cells, only PGF,, raised cyclin D1 mRNA levels (Figs.
2B and 2D), but it still failed to induce entry into
S-phase (17, 20).

Exposure of Swiss 3T3 cells to either PGF,, (300
ng/ml), OAG (100 wpg/ml), or to the tyrosine phospha-
tase inhibitor, Na;vVO, (20 nM), for 10 h, increased
cyclin D1 protein levels, but TGF, (1.5 ng/ml) and Ca*”*
ionophore A23187 (500 nM), which in these cells causes
Ca®" mobilization (24), failed to do so (Fig. 3). In addi-
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tion, the combination of OAG and TGF, or Na;VO,,
caused further increases in cyclin D1 protein levels,
while OAG combined with Ca*" ionophore had no ad-
ditional effect (Figs. 3A and 3B). Moreover, 28 h of expo-
sure to PGF,, alone, or to the combination of OAG and
TGF, or NazVO,, enabled cells to initiate DNA syn-
thesis (Figs. 3C and 3D). In contrast, A23187 and OAG,
or A23187 and Na;VO,, which partially mimic some of
the PGF,,-dependent signals (16), failed to do so (Fig.
3C and not shown). Nevertheless, Ca*" ionophore en-
hanced the combined action of OAG and Na;VO, (Fig.
3D), while A23187 and Na;VO,, Na;VO, and TGF,, or
A23187 and TGFg,, failed to induce both cyclin D1
expression and a mitogenic response (not shown).

A large body of evidence supports the fact that cyclin
Ds’ expression controls mammalian cell commitment to
enter the S-phase (8—14). Mitogens control this process
via specific signals, ultimately causing selective cyclin
Ds’ expression (4, 13). Mann et al. have shown that in
Swiss 3T3 cells, both bombesin- as well as TPA-
triggered PKC activation induces cyclin D1 but not
cyclin D3 expression (13), In contrast, agents activat-
ing the cAMP-dependent protein kinase (PKA) stimu-
late only cyclin D3 expression (13). Other findings
show that, in Balb/c 3T3 cells, platelet-derived growth
factor (PDGF) increases cyclin D1 mRNA transcripts
via PKC activation, but when such cells are PKC-
depleted, PDGF exhibits some ability to induce cyclin
D1 gene expression (12), suggesting that PDGF can
also stimulate cyclin D1 expression via PKC-
independent events (12).

In conclusion, PGF,, increases cyclin D1 mRNA/
protein levels in Swiss mouse 3T3 cells, but fails to
induce either cyclin D3 or cdk4 expression. Neverthe-
less, it is likely that the effects of PGF,, may differ
from that of bombesin in signaling cyclin Ds expres-
sion, since PGF,,, unlike bombesin, caused increases in
cyclin D2 protein in late G, (13). Furthermore, PGF,,
induction of cyclin D1 expression appears to play a
pivotal role in controlling cellular commitment to ini-
tiate DNA replication, since the timing required for
commitment (25) is closely correlated with the maxi-
mum increases in cyclin D1 mRNA/protein levels (Fig.
1). In addition, early PGF,, deprivation causes rapid
cyclin D1 degradation, impairing cellular commitment
ability (not shown). It is unknown whether or not, the
PGF,.-induced cyclin D2 expression may also have a
role in executing commitment for DNA replication. It
appears that PGF,,-induced cyclin D1 expression in-
volves at least two separate PGF,,-signaled processes.
While one process is dependent upon PKC activity, the
other is not, since PGF,,, unlike OAG, triggered cyclin
D1 mRNA/protein increases in PKC-depleted cells.
Such a PKC-independent process may correspond to
other early PGF,,-triggered events, such as TK activa-
tion (16, 17).
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FIG. 2.

Northern blot analysis of the effects of PKC inhibitors upon the PGF,, (300 mg/ml) or OAG (100 pg/ml) stimulation of cyclin D1

mRNA expression. (A) Untreated cells (-GF) and cells treated with GF (10 uM) (+GF) 2 h prior to exposure to PGF,, or OAG for 10 h. (B)
Effects of PKC depletion on cyclin D1 mRNA. Cells were PKC depleted by adding TPA (800 nM) 72 h prior to stimulation with PGF,, or OAG
for 10 h. (C, D) Northern blot densitometric analysis (standardized to 18S RNA). The films in upper and lower panels were exposed for
different times (as in Fig. 1). (E) Effect of various concentrations of GF alone (<¢) or GF and 300 ng/ml PGF,, (OJ) upon induction of DNA
synthesis for 28 h. Cultures were labeled and processed as indicated under Materials and Methods.

The Ca*" ionophore by itself fails to increase cyclin
D1 mRNA/protein levels, indicating that PGF,,-
triggered Ca*" ion mobilization does not cause cyclin
D1 expression. However, Na;VO,, which increases ty-
rosine phosphorylation independently of PKC activa-
tion (17, 26), raises cyclin D1 expression, suggesting
that PGF,.-increased TK activity may also induce cy-
clin D1 gene expression. This is supported by the fact
that, regardless of PKC activity, both PGF,, and bomb-
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esin stimulate tyrosine phosphorylation of various pro-
teins (17, 18). Candidates for the role of a PGF,,-
activated TK-dependent process controlling cyclin D1
gene expression include those causing either p125™" or
pp60°*© phosphorylation (18, 26-28). Both PGF,,-
triggered PKC- and TK-dependent events can sepa-
rately trigger cyclin D1 expression, but only their con-
certed action, together with other events, lead to DNA
synthesis (15-17). However, independently of cyclin
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FIG. 3. Effects of Na;VO,, TGF,, Ca®" ionophore, and OAG, on cyclin D, protein levels and DNA synthesis. (A) Western blot analysis
of cyclin D, in cells incubated 10 h without or with OAG (100 pg/ml), TGF, (1.5 ng/ml), Ca** ionophore (500 nM), or PGF,, (300 ng/ml), as
indicated. (B) Western blot analysis of cyclin D1 in cells stimulated for 10 h with Na,vVO,, OAG or Ca*" ionophore. (C, D) Effects of the
additions in A and B, on the percentage of cells on S-phase after 28 h, respectively.

D1 expression, Ca®" mobilization potentiates the con-
certed action of the later events (Fig. 4). It is important
to establish whether these PKC- and/or TK-dependent
processes exert differential control over cyclin D1
mRNA/protein turnover. Of significance is the fact that
TGF, acts via events separate from those of PGF,,
(19), and could potentiate and/or complement OAG-
activated PKC-dependent processes. Indeed, TGFg; in-
creases OAG-triggered, PKC-mediated cyclin D1 pro-
tein levels, and, acting together with other PKC-
dependent events, confers on a cell the ability to
respond to mitogens (19). Moreover, It is unlikely that
PGF,, might act solely via the PKC-mediated increases
in the RAF/MEK/MAPK-signaled events that appear

Cyclin D1 expression

ke <

Other events

DNA synthesis
Tyrosine Other events
PGF .
” phosprloryiat|on<: Cyclin D1 expression
|

ov
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FIG. 4. Summary of PGF,, triggered personalized signals. PGF,,
induces PKC activation, tyrosine phosphorylation and Ca*" ion mo-
bilization. The first two events can, independently, trigger cyclin D1
mRNA/protein expression, as well as other processes, but only their
concerted action can trigger DNA synthesis. Ca?* ion mobilization, in
combination with the other two signaling pathways, only potentiates
the entry into the S-phase.
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to induce cyclin D1 expression (13, 29, 30). Neverthe-
less, the complete identity of all the PGF,.-triggered
events underlying cyclin D1 expression remains to be
elucidated.

These signaling events triggered by PGF,, as well as
by TGF; may bear some relevance to the control of
other processes underlying regulation of the commit-
ment for cellular entry into S-phase. Indeed, in Balb/c
3T3 cells, both PKC-dependent and TGFgz-mediated,
events, are known to confer stability to ribonucleotide
reductase mRNA, via transactivation of specific ele-
ments located at its 3'-untranslated region (31, 32).
Those elements resemble those located in the 3'un-
translated region of cyclin D1 mRNA (33). Thus, our
future endeavor will be targeted to elucidating whether
and how these PGF,.-triggered signals may also con-
trol cyclin D1 mRNA stability and commitment in nor-
mal cells, and to establishing whether such events can
account for the cyclin D1 mRNA overproduction ob-
served in various cancerous cells (34).
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