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v-Jun accelerates G, progression and shares the capacity of the Myc, E2F, and E1A oncoproteins to sustain
S-phase entry in the absence of mitogens; however, how it does so is unknown. To gain insight into the
mechanism, we investigated how v-Jun affects mitogen-dependent processes which control the G,/S transition.
We show that v-Jun enables cells to express cyclin A and cyclin A-cdk2 kinase activity in the absence of growth
factors and that deregulation of cdk2 is required for S-phase entry. Cyclin A expression is repressed in
quiescent cells by E2F acting in conjunction with its pocket protein partners Rb, p107, and p130; however,
v-Jun overrides this control, causing phosphorylated Rb and proliferation-specific E2F-p107 complexes to
persist after mitogen withdrawal. Dephosphorylation of Rb and destruction of cyclin A nevertheless occur
normally at mitosis, indicating that v-Jun enables cells to rephosphorylate Rb and reaccumulate cyclin A
without exogenous mitogenic stimulation each time the mitotic “clock” is reset. D-cyclin-cdk activity is
required for Rb phosphorylation in v-Jun-transformed cells, since ectopic expression of the cdk4- and cdké-
specific inhibitor p16"¥*#! inhibits both DNA synthesis and cell proliferation. Despite this, v-Jun does not
stimulate D-cyclin—cdk activity but does induce a marked deregulation of cyclin E-cdk2. In particular, hor-
monal activation of a conditional v-Jun-estrogen receptor fusion protein in quiescent, growth factor-deprived
cells stimulates cyclin E-cdk2 activity and triggers Rb phosphorylation and DNA synthesis. Thus, v-Jun
overrides the mitogen dependence of S-phase entry by deregulating Rb phosphorylation, E2F-pocket protein
interactions, and ultimately cyclin A-cdk2 activity. This is the first report, however, that cyclin E-cdk2, rather

than D-cyclin—cdk, is likely to be the critical Rb kinase target of v-Jun.

The vertebrate cell division cycle is regulated primarily at
the transition between the G, and S phases of the cell cycle,
also known as the restriction point, beyond which cells become
committed to mitosis (49, 51). Normal cells require mitogenic
signals in the form of soluble growth factors and substrate
attachment in order to make this transition, while oncogenic
lesions frequently deregulate cell proliferation by mimicking or
circumventing the need for such signals (43).

The retinoblastoma (Rb) tumor suppressor protein and the
related p107 and p130 “pocket proteins” are negative growth
regulators which play a pivotal role in controlling the G,/S
transition through their association with the E2F and DP-1
families of transcription factors (15, 49). E2F and DP-1 pro-
teins form heterodimers which bind to specific DNA recogni-
tion sequences either alone as “free” E2F-DP-1 or as com-
plexes with Rb, p107, or p130 (6). Although the functional
consequences of E2F-pocket protein interactions are incom-
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pletely understood, free E2F has the potential to activate,
whereas E2F-pocket protein complexes repress, target gene
transcription (6, 15).

A critical feature of the pocket proteins is that their growth-
inhibitory function is inactivated through the action of cyclin-
dependent kinases (cyclin-cdk’s), a process best understood in
the case of Rb. Rb is phosphorylated at multiple sites during
G, by D-cyclin—cdk complexes acting in concert with cyclin
E-cdk2 (collectively referred to as G,/S cyclin cdk’s) (34). One
important consequence of this phosphorylation is to nullify the
capacity of Rb to bind E2F, thus dissociating E2F-Rb repressor
complexes in favor of free, transcriptionally active E2F (15,
34).

Many E2F-regulated genes are expressed periodically during
the cell cycle and encode products required for DNA replica-
tion or metabolism, such as cyclin A, DNA polymerase a,
dihydrofolate reductase, and ORCI (15), and a variety of ev-
idence indicates that recurrent activation of E2F via Rb phos-
phorylation is required for S-phase entry in each cell cycle. For
example, ectopic overexpression of hypophosphorylated Rb
arrests proliferating cells in G; (17), while inhibition of D-
cyclin—cdk activity using the cyclin-cdk inhibitor pl6/V<#!
blocks S-phase entry, providing that the cells express wild-type
Rb (33). Conversely, forced expression of E2F is sufficient to
promote S-phase entry in quiescent cells (20) and can circum-
vent a p16”" *.induced growth arrest (29).

An additional level of regulation occurs when cells withdraw
from the cycle. Whereas Rb is ubiquitous, p130 is found pref-
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erentially in quiescent or terminally differentiated cells, while
p107 is associated with proliferation (6). Cyclin-cdk-mediated
phosphorylation promotes p130 degradation, thus explaining
why the protein accumulates in nonproliferating cells where
these activities are low (6). The resulting E2F-p130 complexes
distinguish cells in G, from cells in G, (46) and are thought to
play a role in stabilizing the quiescent or differentiated state by
repressing E2F-dependent gene transcription and preventing
inappropriate S-phase entry (6, 46).

As one might expect from the central importance of E2F for
G,/S control, a number of oncogenes which promote DNA
synthesis do so by targeting E2F-pocket protein interactions.
Thus, adenovirus E1A and human papillomavirus E7 trigger
S-phase entry by binding to Rb and dissociating it from
E2F-Rb complexes, thereby mimicking the effect of regulatory
phosphorylation and releasing active E2F (19). Alternatively,
activation of c-Myc in quiescent cells stimulates cyclin E-cdk2
activity (and possibly D-cyclin—cdk activity [see reference 1 for
discussion]), leading to Rb phosphorylation, E2F activation,
expression of cyclin A, and DNA synthesis (41, 48).

The c-jun proto-oncogene encodes a second cellular tran-
scription factor implicated in cell cycle control. Inhibition of
c-Jun function by microinjection of neutralizing antibodies
(23) or antisense RNA (47) or through c-jun gene disruption
(21) indicates an essential role for c-Jun in cell cycle progres-
sion. Additional evidence comes from the finding that the
oncogenic form of c-Jun, v-Jun (31), shares the capacity of the
Myc, E1A, and E2F oncoproteins to promote S-phase entry.
This was evident from the phenotype of chicken embryo fibro-
blasts (CEFs) transformed by v-Jun, which exhibited a shorter
G, phase under optimal growth conditions and failed to exit
the cell cycle after mitogen deprivation (4). As with Myc,
however, v-Jun does not enable cells to multiply without
growth factors, since cell cycle progression in the absence of
serum is limited by apoptosis (4).

Although the role of c-Jun in cell cycle control is not yet
understood, most attention has focused on the hypothesis that
c-Jun positively regulates expression of genes which promote
the G,/S transition. For example, c-Jun can stimulate tran-
scription of the cyclin D1 promoter in transient-transfection
assays (16), and consistent with this, cyclin D1 levels and D-
cyclin—cdk kinase activity are reduced in c-jun-deficient cells
(50). More recently, however, this model has been challenged
by the discovery that the proliferative defect in c-jun-deficient
cells is dependent on p53 function and that c-Jun may repress,
rather than activate, p53 gene transcription (42).

Since v-Jun can also both activate and repress gene tran-
scription (10, 12, 13, 14, 18, 32), it seems likely that the loss of
cell cycle control in v-Jun-expressing cells stems from deregu-
lation of genes involved directly in DNA replication (36), mi-
togenic signaling, or modulating the cyclin-cdk activities which
control the G,/S transition. It should be borne in mind, how-
ever, that the possibility that v-Jun might act through a non-
transcriptional mechanism cannot be formally excluded at this
point, particularly since c-Jun has recently been shown to bind
to Rb (37).

To identify the point at which v-Jun acts on the cell cycle
machinery, we therefore considered it essential to first estab-
lish whether v-Jun overrides the mitogen dependence of Rb
phosphorylation and associated downstream events or by-
passes these processes by promoting S-phase entry directly.
Each of these potential mechanisms makes testable predic-
tions, and to distinguish between them, we have documented
how v-Jun affects the mitogen-dependent processes which in
normal cells control the G,/S transition.

MoL. CELL. BIOL.

MATERIALS AND METHODS

Cell culture and retroviral vectors. Primary and secondary CEFs were cul-
tured in Dulbecco modified Eagle medium-based growth medium (GM) con-
taining 10% newborn calf serum and 2% heat-inactivated chicken serum or in
low-serum (LS) medium containing 0.2% newborn calf serum, as described
previously (4). The cultures were routinely fed with fresh medium every 24 h.

To generate cultures of retrovirus-infected CEFs, primary CEFs were trans-
fected with the appropriate retroviral DNA, or combination of DNAs, and the
cultures were passaged until uniform infection was achieved. ASV17 was regen-
erated using RCAS (replication competent, subgroup A, spliced) as a helper
virus to generate v-Jun-transformed CEFs, while control CEFs were infected
with RCAS alone (4). CEFs expressing Av-JunER (estrogen receptor) or human
ER (hER) were generated by infection with previously described RCAS vectors
encoding the appropriate proteins (24). Human p16"¥5%! (38) was excised from
pRcCMV-pl6 as a Hindlll/EcoRI (end-filled) fragment and cloned into the
neomycin-selectable vector SFCV between the HindIIl and Apal (end-filled)
sites to generate SFCV-p16. SFCV-pl16, or SFCV alone, was regenerated using
RCAS, or RCAS-v-Jun, as a helper virus as described previously (26). Forty-
eight hours after transfection, the cultures were trypsinized, seeded at a range of
dilutions, and selected with G418. Five days after selection, the cultures were
fixed in methanol and stained with Giemsa stain to visualize colony growth.
Control experiments have shown that selection with G418 results in cultures of
CEFs efficiently infected with both retroviruses by this approach (26).

Microinjection. CEFs were microinjected with a Zeiss Axiovert 100 micro-
scope and an Eppendorf Micromanipulator 5171. The cells were plated for
microinjection onto Cellocate coverslips (Eppendorf). All plasmids were micro-
injected into the nuclei of the cells in 10 mM potassium phosphate (pH 7.4)-130
mM potassium chloride at a concentration of 50 to 100 pg/ml. The plasmids used
were pcDNA3.1-EGFP, pCMV-cdk2D145N, pRcCMYV, and pRcCMV-p16. The
cells were grown in GM or LS medium for 24 h prior to injection. Twenty-four
hours after injection, bromodeoxyuridine (BrdU) was added to 25 pM, and the
cells were incubated in the relevant medium for a further 24 h.

Injected cells were washed in phosphate-buffered saline, fixed in acetone-
methanol (1:1), and stained for incorporation of BrdU and expression of green
fluorescent protein (GFP) using anti-BrdU monoclonal antibody (catalog no.
M0744; Dako) and anti-GFP polyclonal antibody (catalog no. 598; MBL). Anti-
BrdU and anti-GFP antibodies were detected with Texas red-conjugated sheep
anti-mouse (catalog no. 515-075-003; Immunoresearch Laboratories) and fluo-
rescein-conjugated goat anti-rabbit (catalog no. 111-095-144; Immunoresearch
Laboratories) antibodies.

E2F gel retardation analysis. Cell extracts and E2F band shift assays were
performed using an oligonucleotide spanning the adenovirus E2A-E2F site es-
sentially as described previously (11). Where indicated, antisera specific for
DP-1; E2F-1, -4, and -5; Rb; or p107 were included in the binding reactions prior
to addition of the oligonucleotide probe and electrophoresis (3, 11).

Centrifugal elutriation. Elutriations were performed using a Beckman J2-21
centrifuge and JE-6B rotor at 4°C. Ten 150-mm-diameter dishes of v-Jun CEFs
which had been maintained in LS medium for 48 h were trypsinized and sus-
pended in 10 ml of phosphate-buffered saline containing 2% newborn calf serum.
This suspension (0.5 ml) was retained on ice throughout the elutriation proce-
dure (unfractionated [U]), while the remainder was fractionated into nine 150-ml
fractions at 3,000 rpm by progressively increasing the flow rate. The cells were
recovered by centrifugation, and a portion was fixed with 70% ethanol for flow
cytometry while whole-cell extracts were prepared from the remainder for West-
ern blotting. The fixed cells were stained with propidium iodide and analyzed by
flow cytometry as described previously (4).

Preparation of cell extracts, Western blotting, immunoprecipitation, and ki-
nase assays. Whole-cell extracts were prepared from CEF cultures, resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and analyzed by
Western blotting as described previously (4, 22). The antisera used for Western
blotting, and in some cases for immunoprecipitation, were as follows: anti-cdk2
(rabbit polyclonal; sc-163G; Santa Cruz), anti-cyc A (rabbit polyclonal; R28; kind
gift of E. Nigg), cdk6 (anti-cdk6 Ab-1; Neomarkers), anti-cyc D1 (DCS-6),
anti-cyc D2 (anti-cyclin D2 Ab-3; Neomarkers), anti-p27 KIP1 (PC52; Calbio-
chem), anti-Rb (14441A; Pharmingen), anti-p107 (sc318; Santa Cruz), and anti-
p130 (sc31; Santa Cruz). A rabbit antiserum specific for avian cyclin E was
generated by immunizing rabbits with a synthetic peptide corresponding to the
C-terminal 13 amino acids of chicken cyclin E conjugated to keyhole limpet
hemocyanin. The resulting antiserum was affinity purified with a column of the
immunogenic peptide and used in both Western blot and immunoprecipitation
assays. The preparation and characterization of this antiserum will be described
in detail elsewhere.

For immunoprecipitation kinase assays, cell extracts were prepared in lysis
buffer consisting of 50 mM HEPES (pH 7.5), 150 mM NaCl, 1 mM EDTA, 2.5
mM EGTA, 10% glycerol, 1 mM dithiothreitol, 0.1% Tween 20, 10 mM B-glyc-
erophosphate, 1 mM NaF, 0.1 mM Na orthovanadate, 2 pg of aprotinin and
leupeptin per ml, and 0.1 mM phenylmethylsulfonyl fluoride (28). Portions of the
extract were incubated with the appropriate precipitating antibodies for 4 h at
4°C, and the immune complexes were captured on Sepharose beads coated with
protein A (for rabbit antibodies) or protein G (for monoclonal antibodies). The
precipitates were washed three times with lysis buffer and twice with kinase buffer
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FIG. 1. v-Jun enables cells to sustain cdk2 kinase activity and cyclin A expression after prolonged mitogen deprivation. (a) Immunoprecipitation (IP) kinase assays
of total cdk2 and cyclin (cyc) A-cdk2 kinase activity in cultures of control and v-Jun-transformed CEFs growing in GM or after incubation in LS medium for 48 h. Cell
extracts were immunoprecipitated with antibodies specific for cdk2 (top) and cyclin A (bottom), and the precipitates were analyzed for kinase activity using histone H1

as a substrate. Subsequently, the precipitates were analyzed for cdk2 or cyclin A

protein expression by Western blotting (WB). (b) DNA content cytograms of cultures

of v-Jun-transformed CEFs growing in GM or after incubation in LS medium for 48 h. The plots correspond to the samples shown in panel d. (c) Cultures of
v-Jun-transformed CEFs growing in GM or after incubation in LS medium for 48 h were labeled with BrdU for 2, 4, 6, or 8 h. The culture medium was changed

immediately before BrdU addition to remove from the LS culture apoptotic cells

which had died and detached prior to the start of the experiment. After being labeled,

both adherent and detached cells were harvested, and the percentage of labeled cells was determined by flow cytometry. (d) Plots of DNA content versus BrdU
incorporation for 8-h GM and LS medium samples shown in panel c. Labeled (L) and unlabeled (U) cell populations are indicated, as are the positions of Gy, S, G,/M,

and apoptotic (A) cells.

consisting of 50 mM HEPES (pH 7.5), 10 mM MgCl,, 10 mM MnCl,, and 1 mM
dithiothreitol. Kinase reactions were performed in a final volume of 20 pl of
kinase buffer containing 20 M ATP, 0.1 mM protein kinase A inhibitor (PO300;
Sigma), 10 p.C of [y-*>P]ATP, and 1 pg of either histone H1 (U.S. Biochemical)
(for anti-Cdk2, -cyclin A, and -cyclin E kinase assays) or glutathione S-trans-
ferase-Rb (Rb amino acids 379 to 928; for anti-cyclin D1 kinase assays) as
substrates (28). Kinase assays were performed at 30°C for 30 min, after which the
reactions were resolved by electrophoresis on sodium dodecyl sulfate-10% poly-
acrylamide gels and either dried or, in some cases, transferred to nitrocellulose
prior to autoradiography to permit subsequent Western blotting analysis of the
immunoprecipitates. Kinase activity was quantitated by laser densitometry of the
autoradiograms.

RESULTS

v-Jun enables cells to sustain cdk2 kinase activity and cyclin
A expression after prolonged mitogen deprivation. Previously,
we showed that v-Jun-transformed CEFs continue to synthe-

size DNA and divide in the absence of serum growth factors
when control cells arrest in G, (4). Since cdk2 is a principal
regulator of S-phase entry and progression, we investigated the
effect of v-Jun on cdk2 kinase activity as a first step towards
establishing the mechanism of cell cycle deregulation.

As shown in Fig. 1a (top), both cdk2 protein and kinase
activity were readily detectable in growing normal control
CEFs (lane GM); however, neither persisted in quiescent cells
which had been maintained in LS medium (lane LS) for 48 h
when DNA synthesis became negligible (4). Most of the active
cdk2 in growing control cells was associated with cyclin A, since
quantitatively similar levels of kinase activity were recovered in
cyclin A precipitates (Fig. 1a, bottom). As with cdk2, cyclin A
was not expressed in quiescent cells (Fig. 1a).
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FIG. 2. Deregulation of cdk2 is required for v-Jun-induced S-phase entry. v-Jun-transformed CEFs cultured in GM or LS medium were microinjected with control
(vector) or expression plasmid encoding catalytically inactive cdk2 protein (dn-cdk2) together with a plasmid encoding GFP to identify injected cells. After sufficient
time was allowed for expression, the percentage of injected cells which synthesized DNA in 24 h was determined by BrdU labeling and immunocytochemistry. (a) A
representative example of this analysis (LS medium). Injected cells staining positive for BrdU incorporation are indicated with arrows, while negative cells are indicated
by asterisks. (b) At least 100 surviving injected cells were analyzed for each growth condition. The experiment was repeated three times with similar results.

In comparison, v-Jun-transformed CEFs expressed more
cdk2 and cyclin A than control CEFs in GM and exhibited
higher levels of both total and cyclin A-associated cdk2 kinase
activity (Fig. 1a). We have previously shown that v-Jun-trans-
formed cultures contain a substantial (several-fold) excess of
S-phase cells compared to control cultures under optimal
growth conditions owing to shortening of the G, phase (4).
Since cyclin A expression is normally maximal during S phase,
we believe the upregulation of cyclin A in v-Jun-transformed
CEFs in GM is due primarily to this excess rather than being
a direct effect of v-Jun on the cyclin A gene promoter. Addi-
tional observations which support this interpretation are de-
scribed in detail below. Whether the upregulation of cdk2 in
v-Jun CEFs is also a consequence of altered cell cycle distri-
bution or is a direct effect of v-Jun on cdk2 gene expression
remains to be determined.

Strikingly, both cyclin A expression and cdk2 kinase activity
persisted in v-Jun CEFs after 48 h in LS medium, although at
reduced levels (Fig. 1a). As in GM, most of the active cdk2
which persisted in LS medium was evidently associated with
cyclin A, since similar levels of kinase activity were obtained in
cdk2 and cyclin A precipitates (Fig. 1a) and the decline in cdk2
kinase activity which occurred after mitogen deprivation was
associated with a similar decline in the amount of cyclin A. In
contrast the level of cdk2, although elevated, did not vary (Fig.
1a).

Prolonged growth factor deprivation also led to a pro-
nounced decrease in the proportion of S- and G,/M-phase cells
in the v-Jun CEF cultures (Fig. 1b). This was mainly due to a
slowing in the rate of S-phase entry rather than selective de-

pletion of S and G,/M cells by v-Jun-induced apoptosis (4),
since the percentage of cells incorporating BrdU was lower and
increased more slowly in LS medium than in GM (Fig. 1c), yet
few, if any, of the labeled cells appeared in the apoptotic
population (Fig. 1d).

These experiments demonstrate that v-Jun renders cells
competent to express cyclin A and cdk2 kinase activity after
prolonged mitogen deprivation. In addition, they reveal a close
correlation between the lower levels of cyclin A and cdk2
kinase activity which persist in the mitogen-deprived cultures
and a reduction in the rate of S-phase entry. Taken together,
these results are consistent with the hypothesis that v-Jun over-
rides the mitogen dependence of DNA synthesis by deregulat-
ing cyclin A expression and cdk2 kinase activity.

Deregulation of cdk2 is required for v-Jun-induced S-phase
entry. To confirm that cdk2 activity was required for DNA
synthesis in mitogen-deprived v-Jun CEFs, we microinjected
an expression plasmid encoding a catalytically inactive cdk2
(dn-cdk2) together with a plasmid encoding GFP as an injec-
tion marker. After allowing sufficient time for expression, the
percentage of control and dn-cdk2-injected cells which synthe-
sized DNA in 24 h was determined by BrdU labeling. An
example of this analysis is shown for illustration in Fig. 2a.

Quantitation of these data showed that dn-cdk2 strongly
inhibited DNA synthesis in v-Jun-transformed CEFs both in
the presence and in the absence of growth factors (Fig. 2b).
Similar inhibition was observed in control CEFs growing in
GM, although since no significant DNA synthesis occurred in
quiescent cells, the effect of dn-cdk2 could not be evaluated in
LS medium (data not shown).
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FIG. 3. v-Jun overrides mitogen regulation of E2F-pocket protein interactions. (a) Cell extracts prepared from control or v-Jun-transformed CEFs growing in GM
or after 48 h in LS medium were analyzed for E2F binding activity by band shift assay using an oligonucleotide spanning the E2F site from the E2A gene promoter
as a probe. Complexes corresponding to free E2F-DP-1 and E2F-p107 complexes on the basis of antibody addition experiments (b) are indicated. The putative
E2F-p130 detected in quiescent CEFs (LS) is indicated with an asterisk. (b) Analysis of E2F complexes in growing v-Jun CEFs using antibodies specific for DP-1, E2F
family members, and individual pocket proteins. DNA binding reactions prepared as described for panel a were preincubated with the indicated antisera prior to
addition of the oligonucleotide probe. (c) Western blotting analysis of Rb, p107, and p130 expression in the cell extracts shown in panel a.

Thus, the residual cdk2 activity which persists in v-Jun CEFs
after mitogen deprivation is essential for S-phase entry and/or
progression. Although it was not feasible to inhibit cyclin A-
associated cdk2 selectively using this approach, it seems likely
that cyclin A is also required and is potentially rate limiting for
DNA synthesis under these conditions for two reasons. Firstly,
most of the active cdk2 is associated with cyclin A (Fig. 1b),
and secondly, there is a close association between cyclin A
expression and DNA synthesis when individual cells in the
population are separated according to cell cycle position by
centrifugal elutriation (see below).

v-Jun overrides mitogen regulation of E2F-pocket protein
interactions. Cyclin A expression is repressed in quiescent cells
by E2F-p130 or E2F-Rb repressor complexes via an E2F site in
the cyclin A gene promoter (6, 15). The cyclin A promoter,
however, also contains an activating transcription factor site
which is a potential target site for activation by v-Jun (45). We
therefore considered that v-Jun could deregulate cyclin A ex-
pression by one of two possible mechanisms: indirectly, by
overriding the normal mitogen regulation of E2F, or directly,
by binding to the cyclin A promoter, in which case global E2F
regulation would be undisturbed.

To evaluate the effect of v-Jun on E2F regulation, we com-
pared E2F binding complexes in normal and v-Jun-trans-
formed fibroblasts by band shift analysis. As shown in Fig. 3a,
two electrophoretically distinct complexes formed on an oligo-

nucleotide spanning the E2F site from the E2A gene promoter
(11) in extracts from control CEFs growing in GM. An iden-
tical pattern was observed in v-Jun-transformed cells in GM,
although the overall level of binding activity was greater (Fig.
3a). In each case, binding of both complexes was eliminated by
addition of excess specific, but not nonspecific, cold competitor
DNA (data not shown).

To further characterize these complexes, we included anti-
bodies specific for E2F, DP-1, Rb, and p107 in the binding
reactions. Since identical results were obtained for both ex-
tracts, only representative results for v-Jun CEFs are shown
(Fig. 3b and data not shown). In each case the more rapidly
migrating complex was almost completely shifted and/or dis-
rupted by anti-E2F-5 and anti-DP-1 antibodies but was unaf-
fected by antiserum specific for p107 or Rb. In contrast, most,
although not all, of the more slowly migrating complex was
shifted by anti-p107 antibody and by anti-DP-1 (Fig. 3b). These
results indicate that the most rapidly migrating complex con-
sists of “free” E2F-5 in association with DP-1, while the slower-
migrating species represents an E2F-p107 pocket protein com-
plex (6, 15). The identity of the E2F family member(s)
associated with p107 could not be established, since none of
the E2F antibodies tested (E2F-1, -4, and -5) reacted with this
complex. This could be because another E2F family protein
associates specifically with p107 in these cells or because the
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epitope(s) recognized by the test antibodies is concealed within
the p107-containing complex.

A very different pattern of binding was observed in control
cells which had been rendered quiescent by incubation in LS
medium for 48 h (Fig. 3a, lane LS). In addition to a substantial
reduction in the amount of free E2F-DP-1, the E2F-p107
species was lost and replaced by a complex with distinct elec-
trophoretic mobility (Fig. 3a) which was not reactive with an-
tibodies specific for p107 or Rb (data not shown). By analogy
with other well-characterized systems, this complex most likely
corresponds to E2F-p130, which accumulates in quiescent fi-
broblasts (6, 46). Consistent with this interpretation, Western
blotting revealed that cell cycle exit was also associated with
changes in the phosphorylation state and/or abundance of the
pocket proteins. Thus, whereas hyperphosphorylated Rb pre-
dominated in growing cells, only the hypophosphorylated,
growth-inhibitory form was retained in quiescent cells. Simi-
larly, while the abundance of p130 increased on cell cycle exit,
the amount of both Rb and p107 declined (Fig. 3c).

In striking contrast, prolonged mitogen deprivation had no
effect on the amount of free E2F-5-DP-1 or of the E2F-p107
pocket protein complex in v-Jun-transformed cells (Fig. 3a),
nor was there any change in the phosphorylation state of Rb,
reduction in p107, or increase in p130 levels (Fig. 3c). Thus,
v-Jun overrides the mitogen dependence of Rb phosphoryla-
tion and E2F-pocket protein interactions.

v-Jun promotes mitogen-independent Rb phosphorylation
and reaccumulation of cyclin A after mitosis. The persistence
of phosphorylated Rb and proliferation-specific E2F-p107
complexes provided a potential explanation for the continued
expression of cyclin A in mitogen-deprived v-Jun CEFs. Dur-
ing the course of a normal cell cycle, however, cyclin A is
degraded and Rb is dephosphorylated at the end of mitosis
(27, 35). It therefore became important to determine whether
v-Jun circumvented this resetting of the mitotic “clock” by
blocking these normal processes or enabled cells to rephos-
phorylate Rb and reaccumulate cyclin A after mitosis in the
absence of exogenous mitogenic stimulation.

To this end, we used centrifugal elutriation to separate cells
according to size. Since cell mass increases in parallel with the
cell division cycle, this has the effect of separating cells accord-
ing to their positions in the cell cycle, from the smallest G,
cells, which are the products of mitosis, to the largest G,/M
cells, which are about to divide. A culture of v-Jun-transformed
CEFs which had been maintained in LS medium for 48 h
(equivalent to that shown in Fig. 1a) was separated into nine
fractions by elutriation. The cell cycle distribution and average
cell size as determined by mean forward scatter (FSC) of the
initial population and each fraction were then determined by
flow cytometry. Cell extracts were also prepared and analyzed
for cyclin A expression and Rb phosphorylation by Western
blotting.

Fraction 1 consisted almost exclusively of small G, cells,
which are the products of mitosis, while fraction 9 contained
the largest cells and was substantially enriched in the S- and
G,/M-phase cells which otherwise constituted a relatively small
proportion of the total population (Fig. 4a, graph U). Remark-
ably, the level of cyclin A varied enormously among these
fractions, from undetectable in the small G, cells to abundant
in the largest cells (Fig. 4b). Analysis of the intervening frac-
tions (2 to 8) revealed a progressive accumulation of cyclin A
as cell size and the proportion of S- and G,/M-phase cells
increased. In comparison, similar levels of cdk2 were present in
all fractions (Fig. 4b).

The phosphorylation state of Rb also varied among the
elutriated fractions. This was most evident in the small G,
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cells, which contained predominantly hypophosphorylated Rb,
even though this was only a minor component in the unfrac-
tionated population (Fig. 4b). In contrast, hyperphosphory-
lated Rb predominated in the largest cells and in most of the
intervening fractions (Fig. 4b). For unknown reasons the ab-
solute amount of Rb diminished transiently (fractions 2 and 3)
and then increased steadily with increasing cell size (Fig. 4b).

We draw two conclusions from this experiment. Firstly, cy-
clin A is degraded at mitosis in the mitogen-deprived cells and
therefore reaccumulation of the protein is likely to be neces-
sary for subsequent S-phase entry. Secondly, since Rb is de-
phosphorylated normally at mitosis, v-Jun must enable cells to
rephosphorylate Rb without the requirement for exogenous
mitogenic stimulation.

p16™V%#1 inhibits DNA synthesis and cell proliferation in
v-Jun-transformed cells. Phosphorylation of Rb in G, is cata-
lyzed by the D-cyclin—cdk and cyclin E-cdk2 kinase complexes
(34). D-cyclins associate specifically with cdk4 and cdk6, ki-
nases which can in turn be selectively inhibited by the p16"V<#
cyclin-dependent kinase inhibitor (44). To evaluate the re-
quirement for D-cyclin—cdk activity in cells transformed by
v-Jun, we first adopted a microinjection approach analogous to
that utilized for the analysis shown in Fig. 2. An expression
plasmid encoding p16™%#!, or vector control, was microin-
jected into v-Jun-transformed CEFs in GM or LS medium.
After allowing sufficient time for expression, the percentage of
cells incorporating BrdU in 24 h was determined. This analysis
(Fig. 5a) revealed that p16"™%** effectively blocked DNA syn-
thesis under both growth conditions. Similar results were ob-
tained with growing control cells (data not shown).

As an alternative approach to this issue, we used retroviral
gene transfer to stably express p16”¥%#** in CEFs either with or
without v-Jun. To this end, p16”™** was expressed using the
neomycin-selectable, replication-defective retroviral vector
SFCV (9). SFCV-pl6 was regenerated by transfection using
the replication-competent vector RCAS, or a derivative encod-
ing v-Jun (RCAS-v-Jun), as a helper virus (26). Control exper-
iments have shown that drug selection under these conditions
efficiently generates populations of cells doubly infected with
both retroviruses (26). The CEFs were transfected with the
appropriate combinations of plasmids, and after allowing suf-
ficient time for retrovirus regeneration and spread, the cultures
were plated at two dilutions and drug-resistant colonies were
selected.

As shown in Fig. 5b, ectopic expression of p1 strongly
inhibited cell proliferation in both control and v-Jun-trans-
formed CEFs, as indicated by a large decrease in both the
number and average size of drug-resistant colonies. Although
this approach was only feasible under normal growth condi-
tions, since neither cell type will multiply in LS medium (4), the
results are consistent with the microinjection analysis and show
that v-Jun-transformed CEFs depend on D-cyclin—cdk kinase
activity for long-term cell proliferation as well as DNA synthe-
sis.

v-Jun stimulates cyclin E-cdk2 but not D-cyclin—cdk kinase
activity. The finding that D-cyclin—cdk kinase activity was re-
quired for DNA synthesis and cell proliferation in v-Jun-
transformed CEFs raised the possibility that deregulation of
D-cyclin—cdk kinase activity might account for the mitogen-
independent phosphorylation of Rb. To evaluate this possibil-
ity, we first examined the effect of v-Jun on the expression of
D-cyclin—cdk components. Systematic attempts to identify the
avian homologue of cdk 4 have been unsuccessful (unpub-
lished results); however, the avian homologue of cdk6 has been
isolated and appears to be the predominant D-cyclin-associ-
ated and p16”**!_sensitive kinase in CEFs (Fig. 6a and data

61NK4A
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v-Jun CEFs separated by centrifugal elutriation. The starting population was separated into nine fractions (F1 to -9) of increasing size as determined by FSC. DNA
content cytograms and FSC values of the unfractionated population (U) and successive fractions are shown. (b) Western blotting analysis of cyclin (cyc) A, cdk2, and

Rb expression in the elutriated fractions shown in panel a.

not shown). Similarly, although cyclins D1 and D2 are ex-
pressed in CEFs, cyclin D3 is not thought to exist in avian cells
(25). Interestingly, Western blotting showed that the levels of
cyclin D1 and cyclin D2 were not significantly growth regulated
in control CEFs (Fig. 6a). Furthermore, the expression of both
cyclins was if anything slightly reduced, rather than increased,
as a consequence of cell transformation by v-Jun.

To rule out the possibility that v-Jun might nevertheless
stimulate D-cyclin—cdk catalytic activity by a mechanism inde-
pendent of cyclin expression, cyclin D1-associated kinase ac-
tivity was determined by an immunoprecipitation kinase assay
using recombinant glutathione S-transferase—Rb as a substrate
(Fig. 6b). Cell extracts were precipitated with a matched pair of
anti-cyclin D1 monoclonal antibodies: DCS-6, which precipi-
tates only free cyclin D1, and DCS-11, which precipitates cyclin
D1-cdk holoenzyme complexes (28). After quantitation of ki-
nase activity in the precipitates, the DCS-6 value was sub-
tracted from the DCS-11 value to correct for background in
each sample.

Several conclusions can be drawn from the results of this
analysis. Firstly, the level of cyclin D1-associated kinase activity

in growing control cells declines only modestly when these cells
are rendered quiescent by growth factor deprivation (Fig. 6b).
Although unusual, this is consistent with the continued pres-
ence of cyclins D1 and D2 and cdk6 under these conditions
(Fig. 6a). Secondly, transformation by v-Jun does not affect
cyclin D1-associated kinase activity under either growth con-
dition. Taken together, these results argue that while D-cyclin—
cdk activity is required for cell cycle progression in cells trans-
formed by v-Jun, deregulation of this activity per se is unlikely
to account for the persistence of Rb phosphorylation induced
by v-Jun.

Cyclin E-cdk2 is the other principal kinase considered to act
on Rb during G, phase (34). Immunoprecipitation kinase as-
says using an antiserum specific for avian cyclin E and histone
H1 as a substrate (Fig. 7a) revealed that cyclin E-cdk2 kinase
activity was detectable in growing control CEFs (lane GM).
Activity declined in quiescent cells (lane LS), although as with
cyclins D1 and D2, the levels of cyclin E protein were similar
under both growth conditions, as determined by Western blot-
ting (Fig. 7b).

Remarkably, there was a massive (ninefold) increase in cy-
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with Giemsa stain to visualize colony growth.

clin E-cdk2 kinase activity in growing v-Jun-transformed CEFs
(Fig. 7a), which was not associated with any corresponding
increase in the level of cyclin E as determined by Western
blotting (Fig. 7b). The increase in kinase activity was associated
with a modest reduction in the level of p27<""’ protein (Fig.
7b); however, p27<" mRNA levels were not altered (data not
shown), suggesting that this may reflect posttranslational reg-
ulation rather than an effect of v-Jun on p27%”"/ gene expres-
sion.

Cyclin E-cdk?2 kinase activity declined dramatically in v-Jun
CEFs after mitogen deprivation; however, the residual activity
which persisted was comparable to that seen in growing control
cells (Fig. 7a). We conclude that cell transformation by v-Jun

results in a dramatic upregulation of cyclin E-cdk2 kinase ac-
tivity under optimal growth conditions which persists at lower,
but nevertheless potentially significant, levels after mitogens
are withdrawn.

Activation of Av-JunER in quiescent, growth factor-de-
prived fibroblasts stimulates cyclin E-cdk2 kinase activity, Rb
phosphorylation, and S-phase entry. To investigate whether
activation of v-Jun in quiescent cells could trigger DNA syn-
thesis, we exploited a conditional v-Jun-estrogen receptor fu-
sion protein, Av-JunER, which elicits estradiol-dependent cell
transformation (24). CEFs expressing Av-JunER, or hER
alone, were rendered quiescent by growth factor deprivation in
the absence of hormone. The effect of adding serum, estradiol,
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complexes. After quantitation of kinase activity, the DCS-6 value for each sample was subtracted from the DCS-11 value to correct for background.

or both, on DNA synthesis was then determined by BrdU
labeling and flow cytometry. The effect of these manipulations
on cyclin E-cdk2 kinase activity and Rb phosphorylation was
also monitored by Western blotting and kinase assay.

As shown in Fig. 8, both control and Av-JunER-expressing
CEFs were effectively quiescent after 48 h in LS medium in the
absence of hormone, as judged by very low levels of DNA
synthesis, persistence of only hypophosphorylated Rb, and ab-
sence of cyclin E-cdk2 kinase activity. As expected, serum was
an effective mitogen in control cells, triggering a large increase
in BrdU labeling, cyclin E-cdk2 kinase activity, and Rb phos-
phorylation. In comparison, estradiol was ineffective as a mi-
togen, although it did not antagonize the effects of serum (Fig.
8). Mitogenic stimulation did not result in rapid downregula-
tion of p27%™!, indicating that in contrast to some other cell
types (5) this is not obligatory for cell cycle reentry in CEFs
(Fig. 8b).

In contrast, addition of estradiol alone elicited a significant
increase in cyclin E-cdk2 kinase activity and DNA synthesis in
cells expressing Av-JunER, although these responses were of
smaller magnitude than those induced by serum in control cells
(Fig. 8). Estradiol also induced efficient phosphorylation of Rb,
although this was not accompanied by the increase in the
amount of Rb protein associated with cell cycle reentry in
normal cells (Fig. 8b).

Unexpectedly, the mitogenic potency of serum was substan-
tially blunted in Av-JunER cells in the absence of hormone,
and this was associated with impaired induction of cyclin E-
cdk2 kinase activity and almost complete inhibition of Rb
phosphorylation (Fig. 8). This is consistent with previous work,
which documented growth inhibition by Av-JunER in the ab-
sence of estradiol (24). We assume that represents a dominant-
negative effect of the chimeric protein in its inactive state,
perhaps by antagonizing the function of the endogenous c-Jun
protein; however, the molecular mechanism remains to be
elucidated.

A maximal mitogenic response in terms of DNA synthesis,
cyclin E-cdk2 kinase activation, and Rb phosphorylation in
Av-JunER cells was obtained by simultaneous addition of se-

rum and estradiol. In fact, the level of cyclin E-cdk2 kinase
activity achieved by the combination of serum and estradiol
greatly exceeded that induced by serum in control cells (Fig.
8b), indicating that in the presence of activating ligand, Av-
JunER shares the capacity of the native v-Jun oncoprotein to
stimulate this activity (Fig. 6c). As in control cells, there was
little evidence that variations in the level of p27<"’ were a
significant factor in determining the mitogenic response to
these treatments in the short term (Fig. 8b).

Activation of Av-JunER does not stimulate D-cyclin expres-
sion. Hormonal activation of conditional MycER alleles in
quiescent rodent fibroblasts is sufficient to stimulate cyclin
E-cdk2 kinase activity and trigger DNA synthesis (7, 41, 48).
Interestingly, recent reports have demonstrated that MycER
promotes cyclin E-cdk2 activation indirectly by upregulating
cyclins D1 and D2 via a combination of transcriptional and
posttranscriptional mechanisms (2, 39). This leads to a tran-
sient increase in the level of D-cyclin—cdk complexes which, by
sequestering p27<"” and p21<""/, release existing or newly
synthesized cyclin E-cdk2 complexes from inhibition (2, 39).

To determine whether Av-JunER might act by a similar
mechanism, we examined the effect of estradiol on the expres-
sion of D-cyclins and cyclin E-cdk2 kinase activity in quiescent
Av-JunER CEFs. For comparison, quiescent control CEFs
were stimulated with serum. As expected, serum stimulation
induced a robust activation of cyclin E-cdk2 in control cells
which was readily detectable at 4 h and maximal at 8 h (Fig. 9,
upper panel), thus correlating well with the onset of Rb phos-
phorylation, which occurs at around 5 h in these cells (4). The
initial increase in cyclin E-cdk2 kinase activity at 4 h was not
associated with any upregulation of cyclin E or cdk2, which is
in any case very low in quiescent cells (4), but was preceded by
a modest increase in the level of cyclin D1 expression (Fig. 9,
lower panel). Since the steady-state levels of cyclin D1 are
similar in growing and quiescent cells (Fig. 6), we assume that
this transient increase is specifically associated with cell cycle
reentry after mitogenic stimulation. In comparison, the levels
of cyclin D2, cdk6, and p275™* did not vary (Fig. 9).

Estradiol also stimulated cyclin E-cdk2 kinase activity in



2538 CLARK ET AL.

a

a-cyc E IP
CEF v-Jun CEF
ﬁ
PI. GM LS GM LS

kinase activity (arbitrary units)

GM LS

GM LS

CEF v-Jun CEF

= H1 kinase

MoL. CELL. BIOL.

CEF
—
GM LS

v-Jun CEF
GM LS

-~ N [=p27 KIP1
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in growing v-Jun-transformed cells compared to that in the control. (b) Western blotting analysis of cyclin E, cdk2, and p2

v-Jun-transformed CEFs maintained in GM and LS medium.

Av-JunER cells at 4 h, although as expected from previous
experiments (Fig. 8), the scale of the increase was much
smaller than that induced by serum in control cells and there
was no further increase at 8 h. In contrast to control cells, it
was clear that estradiol did not stimulate expression of cyclin
D1, nor was there any obvious effect on the level of cyclin E,
cdk2, cyclin D2, cdk6, or p27%/* (Fig. 9). Thus, although these
experiments do not reveal the molecular mechanism through
which Av-JunER stimulates cyclin E-cdk?2 activity, we conclude
that it does not require upregulation of D-cyclin expression
and therefore must be distinct from that elicited by activation
of MycER (2, 39).

DISCUSSION

Previously, we found that cells transformed by v-Jun contin-
ued to cycle actively after mitogen withdrawal (4). Although
these experiments demonstrated that v-Jun shared the capacity
of the Myc, E1A, and E2F oncoproteins (1, 19), to override the
mitogen dependence of DNA synthesis, they did not reveal the
mechanism by which or the point(s) at which v-Jun acts on the
cell cycle machinery. To clarify this issue, we have now inves-
tigated the effect of v-Jun on mitogen-regulated processes
which control the G,/S transition and, where possible, inter-
vened to evaluate the functional significance of activities which
are deregulated by v-Jun.

We began by investigating cdk2 and cyclin A, since cyclin

7KIPI expression in normal and

A-cdk2 activity is essential for DNA synthesis, and under nor-
mal circumstances, cyclin A expression is strictly dependent on
mitogens. This analysis revealed that v-Jun-transformed CEFs
were able to sustain cyclin A expression and cdk2 kinase ac-
tivity after mitogen withdrawal and that the levels correlated
closely with the rate of S-phase entry. Importantly, the residual
cdk?2 activity which persisted was essential for S phase, since
ectopic expression of dn-cdk2 blocked DNA synthesis.

Although it was not feasible to inhibit cyclin A-associated
cdk? activity selectively, most of the active cdk2 in the mitogen-
deprived cells was associated with cyclin A, and we found a
close association between cyclin A expression and DNA syn-
thesis when individual cells in the population were separated
according to cell cycle position by centrifugal elutriation. Since
elutriation also revealed that cyclin A was degraded normally
at mitosis, these observations suggest that v-Jun confers com-
petence for cyclin A expression in the absence of mitogens but
that accumulation of cyclin A after mitosis is nevertheless rate
limiting for S-phase entry or progression. Additional work will
be required to determine whether v-Jun also uncouples the
timing of cyclin A expression from cell growth, as has been
shown for Myc (40), in addition to relieving the requirement
for mitogens.

Cyclin A expression is actively repressed in quiescent cells by
E2F-p130 or E2F-RD repressor complexes via an E2F site in
the gene promoter (15); however, the cyclin A promoter also
contains an ATF site which has been implicated in growth
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regulation (45) and is a potential target site for v-Jun. We
therefore reasoned that v-Jun could override the mitogen de-
pendence of cyclin A expression either by preventing the for-
mation of E2F repressor complexes or through a direct effect
on the cyclin A gene promoter, in which case global E2F
regulation would be undisturbed.

Comparison of the effect of mitogen withdrawal on E2F
DNA binding complexes in control and v-Jun CEFs provided
strong support for the first of these two mechanisms. Thus,
whereas E2F-p107 complexes predominated in proliferating
cells, they were replaced by a putative E2F-p130 complex after
mitogen deprivation. Quiescence also resulted in accumulation

expression by Western blotting (WB) and cyclin (cyc) E-cdk2 kinase activity by immunoprecipitation (IP) using histone H1 as a substrate.

of hypophosphorylated Rb, a decline in the amount of p107,
and an increase in the level of p130. Similar coordinated
changes in Rb phosphorylation and E2F-pocket protein inter-
actions have been documented in a variety of other cell systems
and are considered diagnostic of quiescence (46). In marked
contrast, E2F-p107 complexes persisted unchanged after pro-
longed mitogen deprivation in v-Jun CEFs with no evidence
for formation of the putative E2F-p130 complex, dephosphor-
ylation of Rb, or change in the relative levels of p107 or p130.

The finding that v-Jun abolished the mitogen regulation of
E2F-pocket protein interactions argues strongly that v-Jun de-
regulates cyclin A expression by preventing the E2F-mediated
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assay (upper panel) and for expression of cyclin E, cdk2, cyclin D1, cyclin D2,
cdk6, and p275""! by Western blotting (WB) (lower panel).

repression which normally extinguishes expression in quiescent
cells. Since E2F controls the expression of many other genes
required for DNA synthesis or for subsequent cell cycle pro-
gression, such as cdc2 (15), this may explain why v-Jun-trans-
formed cells are able not only to enter S phase in the absence
of mitogens but also to successfully complete the cell cycle and
divide (4).

Although phosphorylated isoforms of Rb continued to pre-
dominate in v-Jun CEFs after mitogen deprivation, elutriation
analysis revealed that the protein was transiently dephospho-
rylated after mitosis, implying that rephosphorylation of Rb
occurs continuously in the absence of exogenous mitogenic
stimulation and that v-Jun might stimulate one or more Rb
kinases. Rb phosphorylation in G; is catalyzed by complexes of
D-cyclins and cdk4 and -6 and cyclin E-cdk2 (34, 49). Since
D-cyclin—cdk kinases in particular have been widely invoked as
links between mitogenic signaling and Rb phosphorylation
(43), we evaluated the functional requirement for D-cyclin—cdk
activity in v-Jun CEFs using the cdk4- and -6-specific inhibitor
p16INK4A.

The results of this analysis were very clear: ectopic expres-

MoL. CELL. BIOL.

mitogens v-dun
D-cyclin/ cdk cyclin E/ cdk2
Rb L» PRb * L; PRb
T
p16 INK4A

FIG. 10. Model illustrating the proposed point of action of v-Jun on the cell
cycle machinery. In normal CEFs, Rb phosphorylation is catalyzed by the se-
quential action of D-cyclin-cdks and cyclin E-cdk2. Both are mitogen regulated;
however, a basal level of cyclin D1-associated kinase activity persists in quiescent
cells. v-Jun stimulates cyclin E-cdk2 kinase activity, accelerating G, progression
under optimal growth conditions and sustaining Rb phosphorylation after mito-
gen deprivation. p16INK4A inhibits DNA synthesis by preventing prior modifi-
cation of Rb (pRb#*) by D-cyclin—cdk’s, which is required for subsequent phos-
phorylation by cyclin E-cdk2.

sion of p16”%** blocked DNA synthesis in v-Jun CEFs both in
the presence and in the absence of growth factors, while ret-
rovirus-mediated expression of pl6™5*! also inhibited cell
proliferation. Taken together, these observations argue
strongly that D-cyclin—cdk activity is required for Rb phos-
phorylation in v-Jun CEFs, since the ability of p16™%** to
block DNA synthesis is dependent on Rb function (33). De-
spite this, we found no increase in the expression of the rate-
limiting cyclin D1 or D2 subunit as a result of cell transforma-
tion by v-Jun, nor was there any increase in cyclin D1-
associated kinase activity. Thus, although D-cyclin—cdk kinase
activity is required for Rb phosphorylation in v-Jun CEFs,
deregulation of this activity seems unlikely to account for the
persistence of Rb phosphorylation after mitogen withdrawal.

In comparison, cyclin E-cdk2 kinase activity was greatly in-
creased in growing v-Jun CEFs, and although activity declined
substantially after mitogen withdrawal, it persisted at a level
comparable to that seen in proliferating control cells. In addi-
tion, activation of Av-JunER with estradiol in quiescent,
growth factor-deprived cells was sufficient to stimulate cyclin
E-cdk2 kinase activity and trigger Rb phosphorylation and
DNA synthesis. Remarkably, in the absence of estradiol the
converse was true; Av-JunER actively antagonized serum-in-
duced cell cycle reentry and inhibited activation of cyclin E-
cdk2 and Rb phosphorylation. Although the molecular mech-
anism of this dominant-negative effect is unknown, these
experiments provide clear evidence that v-Jun, or its condi-
tional surrogate Av-JunER, controls processes which modulate
the activity of cyclin E-cdk2. Interestingly, cyclin E-cdk2 is also
thought to be the principal cell cycle target of Myc (1), sug-
gesting that it may represent a common target for cell trans-
formation by these oncogenes.

A model summarizing our observations and illustrating the
proposed point of action of v-Jun on the cell cycle machinery
is shown in Fig. 10. In normal CEFs, Rb phosphorylation is
catalyzed by the sequential action of D-cyclin—cdk’s and cyclin
E-cdk2. Both of these activities are mitogen regulated; how-
ever, a significant basal level of cyclin Dl-associated kinase
activity persists in quiescent cells (Fig. 6b). In line with current
thinking (30), we assume that complete inactivation of the
growth-inhibitory function of Rb requires prior partial modi-
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fication of the protein by D-cyclin—cdk’s (Fig. 10) before cyclin
E-cdk2 can complete the process.

Under optimal growth conditions, v-Jun induces a very large
amplification of cyclin E-cdk2 kinase activity, which accelerates
G, progression (3). Although this abnormally high level de-
clines on mitogen withdrawal, sufficient cyclin E-cdk2 kinase
activity persists to sustain Rb phosphorylation and thus prevent
cell cycle exit. In each case, p16™%*! inhibits DNA synthesis by
preventing prior Rb phosphorylation by D-cyclin—cdk’s. An
interesting feature of this model is that it predicts that cyclin
E-cdk2, rather than D-cyclin—cdk activity, is the principal rate-
limiting Rb kinase regulated by mitogens in primary CEFs.
Further work will be required to test this hypothesis explicitly.

This model is provisional and makes no specific assumptions
regarding the molecular mechanism through which v-Jun stim-
ulates cyclin E-cdk2 activity. The simplest possibility, namely,
upregulation of the rate-limiting cyclin E subunit, can be dis-
counted, since we show that cyclin E protein expression is not
increased as a result of cell transformation by v-Jun. In addi-
tion, we found no evidence that v-Jun, or its conditional de-
rivative Av-JunER, stimulated the expression of cyclin D1 or
D2. It seems very unlikely, therefore, that sequestration of
p2757! or p21* by D-cyclin—cdk complexes mediates the
effect of v-Jun or Av-JunER on cyclin E-cdk2 kinase activity, as
has been proposed for MycER (2, 39).

Since v-Jun can repress gene transcription, an alternative
possibility is that v-Jun downregulates a cyclin-dependent ki-
nase inhibitor involved in setting the threshold of mitogenic
signals needed to generate cyclin E-cdk2 kinase activity and
initiate Rb phosphorylation. We considered p27%* as a can-
didate for this role (5); however, although the level of p27%/*/
protein was modestly reduced in v-Jun-transformed cells,
p27%""" mRNA levels were unaffected, suggesting that this is
unlikely to be a direct effect of v-Jun. In the future it will be
important to determine whether v-Jun antagonizes p27</**
function rather than expression and to evaluate the possible
role of other candidates, such as p21</*, particularly in view of
the genetic interaction between c-Jun and p53 (42).

Finally, the possibility that v-Jun activates growth-stimula-
tory genes should also be explored. Recently v-Jun has been
found to stimulate the expression of a heparin-binding EGF-
like growth factor (8), which induces cell transformation when
ectopically expressed in CEFs. It is therefore possible that an
autocrine loop involving this or some other factor contributes
to cell cycle deregulation by v-Jun. Future work will seek to
distinguish between these possibilities.
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