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The retinoblastoma protein (pRb)/E2F pathway regulates commitment of mammalian cells to replicate DNA.
On the other hand, mitogen-stimulated cells deprived of E2F activity can still maintain physiologically relevant
levels of cyclin E-dependent kinase activity and gradually enter S phase, suggesting the existence of a DNA
synthesis-inducing mechanism parallel to the pRb/E2F axis. Here we show that regulatable ectopic expression
of cyclin E or transcriptionally active Myc can rapidly induce DNA synthesis in U20S-derived cell lines whose
E2F activity is blocked by a constitutively active pRb (pRbAcdk) mutant. The effect of Myc is associated with
Cdc25A phosphatase and cyclin E-CDK2 kinase activation and abolished by antagonizing Myc activity with the
dominant-negative (dn) MadMyc chimera. Moreover, while abrogation of either endogenous E2F or Myc
activity only delays and lowers DNA synthesis in synchronized U20S cells or rat diploid fibroblasts, concom-
itant neutralization of both abolishes it. Whereas ectopic Myc and E2F1 rescue the G,/S delay caused by
pRbAcdk (or dnDP1) and MadMyc, respectively, cyclin E or Cdc25A can restore DNA replication even in cells
concomitantly exposed to pRbAcdk and MadMyc. However, coexpression of dnCDK2 neutralizes all of these
rescuing effects. Finally, proper transcription of cyclin E and Cdc25A at the G,/S transition requires both Myc
and E2F activities, and subthreshold levels of ectopic cyclin E and Cdc25A synergistically restore DNA
synthesis in cells with silenced Myc and E2F activities. These results suggest that Myc controls a G,/S-

promoting mechanism regulating cyclin E-CDK2 in parallel to the “classical” pRb/E2F pathway.

The “retinoblastoma (Rb) pathway,” comprising Rb protein
(pRb) and its immediate upstream regulators, D-cyclins, cy-
clin-dependent kinases 4 and 6 (CDK4 and -6, respectively),
INK4 CDK inhibitors (CKIs), and pRb-regulated E2F tran-
scription factors, appears instrumental in regulating homeo-
static tissue renewal and preventing neoplastic growth (4, 68).
However, it remains to be elucidated whether this pathway
represents the only physiological way to commit mammalian
somatic cells to DNA replication. In particular, it is unclear
whether cyclin E, a powerful inducer of cell cycle progression
and DNA synthesis (31, 35, 37, 55), is solely a primary target of
the pRb/E2F axis (8, 16, 21, 54), or whether it may also be
under the control of a parallel G,/S-regulatory pathway. Com-
pelling evidence exists in Drosophila and mammals for cyclin E
being a pivotal downstream mediator of the Rb pathway (15,
22). However, cyclin E is required and rate-limiting for G,/S
progression in both Rb-positive and -negative cells (55). More-
over, unlike D-type cyclins, this cyclin can induce S-phase entry
and DNA synthesis in mammalian cells deprived of E2F activ-
ity by expression of a constitutively active pRb mutant
(pRbAcdk) or of a dominant-negative DP1 mutant, dnDP1
(44). These and other recent reports (29, 39) suggest that cyclin
E may play multiple roles in promoting S-phase entry and that
at least one of its critical functions is either downstream of or
parallel to pRb phosphorylation and independent of E2F ac-
tivation.

These features render cyclin E a candidate target for a
hypothetical G,/S-promoting mechanism different from the Rb
pathway. A tissue-specific E2F-independent transcription of
cyclin E (16) and the occurrence of S-phase entry despite
elimination of E2F-dependent transcriptional activity by dE2F
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and dDP mutations (62) were detected in Drosophila, raising
the possibility that this mechanism may actually exist. Obser-
vations that Rb-null fibroblasts or cells functionally deprived of
active transrepression mediated by pRb-E2F complexes are
still sensitive to serum deprivation (27, 76) are compatible with
its presence as well in mammalian cells. More direct evidence
comes from our recent work with human U20S osteosarcoma
cells conditionally expressing pRbAcdk and in diploid rat fi-
broblasts microinjected with this mutant (47). Indeed, when
observed over an extended period of several days, these cells
arrest only transiently in G, despite pRbAcdk’s capability of
quantitatively repressing all endogenous E2Fs (44, 47). Al-
though abruptly and severely deprived of cyclin A expression
and associated kinase activity, such cells are able to maintain
physiologically significant levels of cyclin E mRNA, protein,
and associated kinase activity, thereby allowing S-phase entry
and DNA replication within 2 days (43, 47). These results,
consistent with observations by others in transient experiments
(11, 36), suggest the existence of a mitogen-stimulated, G,/S-
promoting mechanism capable of inducing DNA synthesis by
regulating cyclin E function in parallel to the pRb/E2F path-
way. Yet, cells devoid of E2F activity, although able to rerep-
licate DNA over several days, do not proliferate (47), indicat-
ing that the E2F-dependent and -independent pathways
triggering DNA synthesis must mutually cooperate to ensure
proper progression through somatic cell cycles.

Previous work prompted us to investigate the possibility that
c-Myc, as a paradigmatic non-E2F, cell-cycle-related transcrip-
tion factor (3, 24, 53), is potentially involved in the regulation
of this G,/S-promoting pathway parallel to the classical pRb/
E2F axis. Myc is promptly induced by mitogens and continu-
ously expressed in cycling cells (3, 24, 26), and its ectopic
expression, like that of E2F (34, 46, 72) or cyclin E-CDK2 (13),
is able to induce S-phase entry in quiescent cells (reviewed in
references 3, 26, 53). Moreover, forced expression of c-Myc is
reportedly able to activate cyclin E-CDK2 complexes in quies-
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cent or exponentially growing cells by as-yet-debated mecha-
nisms involving modulation of levels and function of the CKI
p27 or increased expression of cyclin E or Cdc25A phospha-
tase (3, 9, 20, 40, 53, 57, 58). Importantly, the activity of cyclin
E-CDK?2 is necessary for cell cycle progression induced by
conditional Myc alleles (63), is reduced in cells arrested in G,
by a dnMyc allele (5), and is delayed and reduced during the
G,/S transition in c-Myc ™/~ cells (49). Finally, further support-
ing the idea of c-Myc as an upstream regulator of cyclin E, both
c-Myc and cyclin E may overcome a pl6-induced cell cycle
arrest (1, 44) and uncouple DNA replication from cell cycle
progression, leading to genomic instability (18, 41, 52, 69).

However, despite all this work pointing to Myc as an up-
stream regulator of cyclin E function, the potential involve-
ment of Myc transcriptional activity in the control of a mech-
anism that may promote G,/S transition and DNA replication
independently of E2F activity remains untested. In this respect,
given the reported ability of Myc to induce E2F-1 gene expres-
sion and activate E2F-2 promoter (40, 67), one may query
whether the control of G,/S transition and cyclin E function by
Myc transcriptional activity is direct or is mediated by in-
creased E2F activity (3, 53, 72).

To directly address the potential existence of a “parallel”
pathway that could commit mammalian cells to DNA replica-
tion via cyclin E function and to test whether Myc requires E2F
activity for inducing DNA replication and S phase, we have
now generated novel inducible U20S cell lines expressing
pRbAcdk together with cyclin E or with c-Myc. We have also
employed functional E2F- and Myc-knockout analyses with
U20S cells and diploid fibroblasts to assess in more detail the
independent control of S-phase entry by the activities of these
two transcription factors. Our data indicate that Myc plays a
critical role in sustaining an E2F-independent, G,/S-promoting
mechanism by regulating cyclin E-CDK2 function, which
therefore represents a common rate-limiting target of both
E2F-dependent and -independent pathways for S-phase entry.
We also show that both E2F and Myc activities are required to
ensure timely and proper levels of DNA replication and or-
derly completion of cell cycles.

MATERIALS AND METHODS

Plasmids. Hemagglutinin (HA)-tagged, phosphorylation-deficient murine
pRb mutant pRbAcdk (44) was contained in the pBI vector (47), which allows
expression of two genes from a bidirectional, tetracycline (TET)-repressible
promoter (Clontech). Eleven CDK phosphorylation sites, regulating pRb bind-
ing to E2F, c-Abl, and LXCXE-containing proteins, have been mutated to
alanine in pRbAcdk, and the remaining ones do not affect stable inhibition of all
E2Fs by this mutant (44, 47). Human cyclin E and c-Myc cDNAs were subcloned
into the Sall site of pBI's second polylinker to generate the pBI-HA-RbAcdk/
CycE and pBI-HA-RbAcdk/Myc vectors, respectively, while the subcloning of
c-Myc cDNA into the EcoRV site yielded the pBI-Myc vector. The plasmids
pBabePuro, pPCMV-CD20, pBI-p16, pPCMV-HA-dnDP1 (A103-126), and pECE-
pRbAB/X for expression of murine wild-type pRb, and the 6xE2F-luciferase
(6xE2F-Luc) reporter, containing six E2F-responsive elements in front of the
TATA box, are described elsewhere (44, 45, 47). The Cdc25A ¢cDNA, the kind
gift of B. Ducommun, was linked in frame at its N terminus with the HA tag and
subcloned into the pBI plasmid by PCR, generating pBI-HA-Cdc25A. The ex-
pression vectors pCMV-dnCDK2 (dnK2) (71) and pCMVMadMyc (5) (kindly
donated by R. Bernards) and the reporter ODCALuc, containing the Myc-
responsive region of murine ODC promoter, and its mutant ODCALucS-5A (56)
(kindly provided by J. L. Cleveland) were used as reported. The reporter M4-
Luc, a kind gift of R. N. Eisenman, contains four Myc-responsive E boxes cloned
into pGL2-Promoter vector (Promega).

Cell culture and gene transfer. U20S-TA, a U20S human osteosarcoma cell
line with stably integrated TET-regulated transcriptional activator (tet-VP16)
and a neomycin resistance gene (47), was transfected with the pBI vectors for
pRbAcdk, pRbAcdk/CycE, pRbAcdk/c-Myc, or c-Myc along with pBabePuro at a
10:1 ratio. Puromycin-resistant clones were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal calf serum, G418 (400 pg/ml),
puromycin (1 pg/ml), and TET (2 pg/ml). Derepression of clones by TET
removal was performed according to procedures previously published (47). The
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R12 embryonic diploid fibroblasts expressing tet-VP16 and derived from Rat-1
fibroblasts (44, 47) were maintained in DMEM containing G418.

Calcium-phosphate transfection, electroporation, and microinjection of plas-
mids were performed as reported previously (44-46).

Flow cytometry and BrdU incorporation. The procedures for propidium iodide
staining of cellular DNA, for immunostaining and sorting of CD20-positive cells,
and for DNA analysis were as published previously (47). Stained cells were
acquired by the FACSCalibur flow cytometer (Becton Dickinson) by using
CellQuest software, and the DNA distribution (FL2-A parameter) was analyzed
by ModFit software.

For analysis of bromodeoxyuridine (BrdU) incorporation, 10° U20S-TA or
R12 cells were seeded onto 10-cm-diameter dishes. The next day, cells were
cotransfected with 1 pg of pCMV-CD20 and the indicated combinations of
plasmids and concomitantly synchronized by addition of nocodazole (50 ng/ml)
to TET-free medium. Fifteen hours later, nocodazole and transfection precipi-
tate were washed off, and arrested cells were reseeded on coverslips in TET-free
medium containing 10% serum and 100 pM BrdU. At the indicated time points
after release from nocodazole, cells were immunoreacted with anti-CD20 mono-
clonal antibody (MAD), fixed, and eventually at least 300 CD20-positive cells
were assayed for BrdU incorporation by double immunostaining as reported
previously (45, 46). The counts were highly comparable to those obtained by
double labeling with antibodies for BrdU and for the ectopic proteins (not
shown).

Immunochemical techniques and kinase and phosphatase assays. The MAbs
used in this study were anti-pRb 245 (Pharmingen) and anti-Myc 9E10 (a kind
gift from G. Evan) for immunoblots; anti-HA 12CAS (44), anti-CD20 (Becton
Dickinson), anti-cyclin E HE12 (kindly provided by S. I. Reed), and anti-p16
DCS-50 (45) for immunostaining; anti-cyclin E HE172 (provided by S. I. Reed),
anti-cyclin B1 (Transduction Laboratories), and anti-Cdc25A DCS-124 (N.
Mailand, J. Falck, C. Lukas, R. Syljudsen, J. Bartek, and J. Lukas, submitted for
publication) for immunoprecipitation; fluorescein isothiocyanate-labeled anti-
CD20 and anti-BrdU (Becton Dickinson) for fluorescence-activated cell sorter
analysis and BrdU detection, respectively. Rabbit antisera to the c-Myc C ter-
minus (SC-788) for immunostaining of c-Myc and the chimeric protein MadMyc
(MM), and to CDK2 (SC-163) for immunostaining of dnK2, were from Santa
Cruz. Immunostaining of cells grown on coverslips and immunoblotting proce-
dures, unless otherwise stated, were as described previously (45, 46). Equal
loading of immunoblots was verified by Ponceau-S staining.

Cyclin E-associated kinase activity was assessed as described previously (44)
with some modifications. Briefly, cells were harvested at the indicated times after
TET removal, pelleted, and incubated for 30-min in 3 to 5 volumes of ice-cold
lysis buffer (50 mM HEPES [pH 7.5], 250 mM NaCl, 5 mM EDTA, 1 mM
dithiothreitol [DTT], 0.1% NP-40, 1 mM NaF, 0.1 mM Na;VO,, 10 mM sodium
PP;, 10 mM B-glycerophosphate, 10 ng of leupeptin per ml, 10 pg of aprotinin
per ml, 10 pg of pepstatin per ml, 0.1 mM phenylmethylsulfonyl fluoride) with
periodical vigorous vortexing. Cell lysates were centrifuged at 14,000 X g for 10
min to remove insoluble debris, and the supernatants were incubated for 1 h at
4°C with protein G-Sepharose beads (Pharmacia Biotech.) previously equili-
brated with lysis buffer. Protein concentrations in the precleared extracts were
measured with the Bio-Rad Protein Assay kit. Twenty microliters of preequili-
brated beads was then precoated with the HE172 MADb for 90 min at 4°C,
washed, and reacted with 200 wg of precleared lysates for 2 h at 4°C in 1 ml of
lysis buffer. The resulting immunoprecipitates were washed three times in lysis
buffer and twice in kinase buffer (50 mM HEPES [pH 7.5], 10 mM MgCl,, 1 mM
DTT, 10 mM B-glycerophosphate, 1 mM NaF, 0.1 mM Na;VO,) and then
resuspended in 25 pl of kinase buffer containing 2.5 ug of histone H1, 50 pM
ATP, and 5 p.Ci of [y->’P]ATP (Amersham Life Science) and incubated for 30
min at 30°C. After stopping the kinase reactions by adding 10 pl of 4X Laemmli
sample buffer, the reaction products were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (12% polyacrylamide). The gel was Coomas-
sie stained to verify equal loading and dried, and the specific phosphate incor-
poration into the substrate was quantified by PhosphorImager scanning and
ImageQuant software (Molecular Dynamics). The histone H1 kinase activity
from U208 cells incubated with the nonimmunoprecipitating HE12 MADb was
used as negative control.

Cdc25A phosphatase activity was indirectly quantified as the capability to
activate cyclin B1-CDC2. To generate inactive, Thr14- and Tyrl5-phosphory-
lated cyclin B1-CDC2 complexes, wild-type U20S cells were cultured in pres-
ence of 0.2 ug of adriamycin per ml (Calbiochem) for 24 h (59). Two-hundred
micrograms of protein extracts from these cells was used to immunoprecipitate
inactivated cyclin B1-CDC2 complexes with anti-cyclin B1 MAb, while Cdc25A
was immunoprecipitated in parallel from 1 mg of U20S-Myc and U20S-
RbAcdk/Myc cell lysates by using the DCS-124 MAb. After three washes in lysis
buffer containing protease and phosphatase inhibitors and three washes in cold
phosphatase buffer (20 mM Tris [pH 8.3], 150 mM NaCl, 2 mM EDTA, 0.1%
Triton X-100, 5 mM DTT), the beads from the cyclin B1-CDC2 and Cdc25A
immunoprecipitates were mixed in a final volume of 50 pl of phosphatase buffer
and coincubated for 1 h at 30°C. The reaction was stopped by adding kinase assay
buffer and the cyclin B1-CDC2 kinase activity was assayed with histone H1 as a
substrate followed by PhosphorImager quantification as described above. The
histone H1 kinase activity associated with cyclin B1-CDC2 immunoprecipitates
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non-coincubated with Cdc25A immunoprecipitates was used as a negative con-
trol.

Reporter assays. The noninvasive in vivo photon emission assay to monitor
E2F-dependent transcription was performed and quantified essentially as re-
ported previously (44). Briefly, the synthetic 6xE2F-Luc reporter, which is effec-
tively activated by E2F-1 to -5 and significantly more sensitive than natural
E2F-responsive reporters (44), was microinjected (100-pg/ml needle concentra-
tion) with an automatic Zeiss AIS micromanipulator system and an Eppendorf
microinjector into the nuclei of cells cultured in TET-containing or -free me-
dium. Twenty-four hours later, 1 mM beetle luciferin (Promega) was added to
the medium, the injected fields were recovered by grid coordinates, and the
emitted photoelectrons were acquired by using a cooled (—30°C) ICCD-567-
S/RB EM detector and an ST-138S controller (Princeton Instruments, Inc.)
attached to a Zeiss Axiovert 135M microscope with a Fluar X 10 objective. The
total acquisition time was 10 min/field. During acquisition, cells were kept in the
dark on a 37°C-heated stage in a chamber with a 5% CO, atmosphere.

To evaluate Myc activity, 1.5 X 10° U20S-Myc or U20S-RbAcdk/Myc TET-
repressed cells were electroporated with 2 pg of the indicated reporter, 0.5 g of
the internal control pCMV-LacZ, and 5 pg of pCMVMadMyc or empty pCMV
and harvested after a 48-h culture in TET-containing or -free medium as indi-
cated. The resulting luciferase and B-galactosidase activities were assayed with a
Lumat LB 9501 luminometer (Berthold) and an UltroSpec 2000 spectrophotom-
eter (Pharmacia Biotech.), respectively, following the instructions of the Pro-
mega Luciferase Assay System.

RT-PCR. U20S-TA cells were synchronized and transfected with CD20,
pEGFP-C1 (1 ng; Clontech), and the indicated plasmids according to the pro-
cedure described above. CD20-positive cells were isolated with anti-CD20 MAb-
coated Dynabeads and a DYNAL Magnetic Particle Concentrator according to
the manufacturer’s protocol (Dynal A.S.). At least 95% of the cells isolated
displayed green fluorescent protein fluorescence. One microgram of RNA, ob-
tained from the CD20-positive cells with a Trizol Reagent kit (Gibco, BRL,
Gaithersburg, Md.) was pretreated with DNase and reverse transcribed with
Moloney murine leukemia virus reverse transcriptase (RT) following the suppli-
er’s suggestions (Stratagene). For amplification, 1 wl of the RT reactant was
mixed in a final volume of 20 pl together with 8 pmol of primer pairs, 0.5 w.Ci of
[«-*?P]dCTP (Amersham Life Science), and 25 pM each deoxynucleoside
triphosphate (ANTP) and amplified with 0.5 U of HotStar Tag DNA polymerase
(Qiagen, Inc.) for 20 cycles (denaturation at 94°C for 30 s, annealing at 58°C for
30 s, and extension at 72°C for 60 s). This number of cycles had been previously
estimated to be the optimal one for detecting the signal in the linear range. The
primer sequences were as follows: cyclin E, 5'-GTTTACCCAAACTCAAC
GTGC-3" (forward) and 5'-CGCAAACTGGTGCAACTTTGG-3' (reverse);
Cdc25A, 5'-CAGCTCATCGACCCAGATGAG-3' (forward) and 5'-AGCTTG
CATCGGTTGTCAAGG-3" (reverse); and the porphobilinogen deaminase
(PBGD) housekeeping gene (12), 5'-CATGTCTGGTAACGGCAATG-3' (for-
ward) and 5'-AGGGCATGTTCAAGCTCCTT-3' (reverse). As a control, PCR
was performed on RNA samples that had not been reverse transcribed. Ampli-
fication products were visualized by PhosphorImager scanning of acrylamide gels
and quantified by ImageQuant software.

RESULTS

Characterization of U20S clones conditionally coexpressing
constitutively active pRb and cyclin E. It was shown that cyclin
E activity can induce DNA replication without activation of the
pRb/E2F pathway (1, 38, 44) and that its persistence at phys-
iologically relevant levels may allow Drosophila or mammalian
cells deprived of E2F activity to gradually overcome G, arrest
(47, 62). To extend these findings, we generated U20S clones
coexpressing pRbAcdk and cyclin E in a TET-repressible man-
ner and compared them with U20S cells expressing pRbAcdk
alone recently described (43, 47). Basic characterization of a
representative U20S-RbAcdk/CycE clone is documented in
Fig. 1. Immunoblotting and immunofluorescence time course
analyses showed no expression of the transgenes in the re-
pressed state and rapid, uniform, and sustained induction of
these proteins in more than 90% of cells after TET removal
(Fig. 1A and data not shown).

To confirm that the induced proteins were functional, cyclin
E-associated kinase activity and the ability of the constitutively
active pRbAcdk mutant to inhibit endogenous E2F activity
were examined. Four days after TET removal, cyclin E-asso-
ciated kinase activity was increased up to sixfold the value in
TET-repressed cells, thereby verifying the expected function of
this cyclin (data not shown). A quantitative luciferase reporter
assay to monitor E2F-dependent transactivation in live cells
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(44) revealed high luminescence in U20S-RbAcdk/CycE cells
cultured in TET-containing medium, in sharp contrast to no
detectable luciferase activity after induction of the transgenes
(Fig. 1B). Similar results were obtained with other indepen-
dent U20S-RbAcdk/CycE clones. Thus, despite the coexist-
ence of increased cyclin E activity, pRbAcdk was able to pre-
vent any E2F-dependent promoter activation for several days
after induction. These data were consistent with those ob-
tained in transient experiments in which luciferase expression,
in addition to the artificial 6xE2F, was controlled by the nat-
ural, E2F-responsive regions of dihydrofolate reductase, B-
Myb, or E2F-1 promoters (44; E. Santoni-Rugiu, J. Lukas, and
J. Bartek, unpublished data).

We next analyzed the cell cycle profile of U20S-RbAcdk/
CycE cells and correlated it with that of U20S-RbAcdk cells.
The latter, as previously observed (47), displayed a G, arrest
during the first 2 days of induction, followed thereafter by entry
and accumulation in S phase (Fig. 1C). In contrast, coinduction
of pRbAcdk and cyclin E completely abolished the transient G,
arrest observed when pRbAcdk was expressed alone and in-
duced rapid entry into and progression through S phase (Fig.
1C). This effect was essentially confirmed upon microinjection
of synchronized or exponentially growing R12 cells with
RbAcdk and cyclin E (44; data not shown). Taken together,
our results indicate that cyclin E-associated kinase can induce
S phase even in cells deprived of E2F function long term. This
implies that a cyclin E-targeting mechanism independent of
the pRb/E2F pathway may have G,/S-promoting properties.
Cyclin E, however, appeared to be unable to restore productive
cell division over an extended period of time, since U20S-
RbAcdk/cycE cells displayed only limited reappearance of a G,
peak, with the initial ploidy at day 4 remaining largely locked
in late S phase with appreciable levels of DNA endoreplication
(Fig. 1C). This conclusion was further supported by the lack of
mitotic figures or chromatin condensation when these cells
were observed by phase-contrast or fluorescence microscopy
(not shown). Thus, although transient coexpression of
pRbAcdk and ectopic cyclin E was able to promote completion
of one division cycle in U20S or R12 cells (44), additional
critical events controlled by the pRb/E2F pathway (39, 43, 51)
are required to ensure orderly progression into G,/M over the
long term.

U20S clones with inducible expression of constitutively ac-
tive pRb and c-Myc. To assess whether c-Myc could mimic the
cell cycle effects of cyclin E in cells deprived of E2F activity
long term, U20S clones conditionally coexpressing c-Myc with
pRbAcdk were generated. Expression of the transgenes in
U20S-RbAcdk/Myc clones was strongly induced in a homog-
enous and sustained manner in more than 90% of the cells
after removal of TET (Fig. 2A and data not shown). Since Myc
can reportedly induce E2F-1 gene expression and activate the
E2F-2 promoter (40, 67) and it is still debated whether certain
effects of Myc on the cell cycle, (i.e., induction of cyclin E and
Cdc25A) are in fact indirect via increased E2F activity (3, 53,
72), we tested whether Myc was able to regenerate E2F activity
in U20S-RbAcdk/Myc cells. These cells displayed a high level
of activity of the 6xE2F-Luc reporter when transgene expres-
sion was repressed as opposed to the absence of photon emis-
sion above the background after induction (Fig. 2B). Hence,
these cells expressed a fully functional pRbAcdk able to repress
E2F activity even in presence of increased levels of active
c-Myc (see Fig. 2A and below). This was independently con-
firmed by the remarkable transcriptional down-regulation of a
known E2F target, cyclin A, observed after TET removal (E.
Santoni Rugiu, J. Lukas, and J. Bartek, unpublished data).
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FIG. 1. Characterization of a representative U20S clone conditionally coexpressing RbAcdk with cyclin E (clone B3B4). (A) Protein extracts from cells grown in
presence (day 0) or absence of TET for the indicated days were analyzed by immunoblotting with MAbs to pRb and cyclin E. endo, endogenous proteins; pRbAcdk,
phosphorylation-deficient pRb mutant; ecto CycE, ectopic cyclin E. (B) Sustained suppression of endogenous E2F activity by pRbAcdk. Cells grown with (day 0) or
without (day 4) TET were microinjected with the 6xE2F-Luc reporter plasmid and examined 24 h later for reporter activity measured as in vivo photon emission from
productively injected cells. The average emission per cell during a 10-min acquisition period was (25 = 13) X 10? light counts at day 0, whereas no cell luminescence
above background was detected at day 4, indicating the complete suppression of endogenous E2F activity. (C) Representative flow-cytometric DNA histograms of
U20S-RbAcdk/CycE cells grown with (day 0) or without TET for the indicated times. The cell cycle distribution at each time point is indicated above the histograms,
and for comparison, the corresponding values of cells carrying pRbAcdk alone (U20S-RbAcdk clone A5) are indicated in parentheses. The asterisk indicates that, at
day 4, S and G,/M are represented together because the algorithm was unable to clearly distinguish these two phases. Note the presence of some endoreplication in
U20S-RbAcdk/CycE after transgene induction. The time course was repeated at least three times with similar results and reproduced in independent clones.

Myc can promote S-phase entry and activate cyclin E-asso-
ciated kinase in the absence of E2F activity. Having estab-
lished the model cell line, we investigated whether ectopic Myc
expression in cells stably deprived of E2F activity would have
effects resembling those caused by exogenous cyclin E. Flow-
cytometric analysis of DNA content showed that U20S-
RbAcdk/CycE and U20S-RbAcdk/Myc cells behaved very sim-
ilarly upon long-term induction of the transgenes. Indeed,
coinduction of pRbAcdk and c-Myc rapidly stimulated S-phase
entry and persistent DNA replication without, however, being
able to significantly restore productive cell division (Fig. 2C).
In comparison, induction of c-Myc transgene alone (U20S-
Myc cells) stimulated progression through all phases of the cell
cycle (Table 1 and data not shown), in agreement with the idea
that Myc plays a role in both G, and G, (48, 53) and with the
requirement of intact E2F activity for completion of cell divi-

sion (described above). In U20S-RbAcdk/Myc cells, we also
observed endoreplication and apoptosis after 2 to 3 days of
induction (Fig. 2C), consistent with similar effects of Myc in
other systems in which cell cycle progression is perturbed (41,
60). The molecular basis underlying the delayed apoptosis is
currently under investigation in our laboratory. The absence of
apoptosis in U20S-RbAcdk, U20S-RbAcdk/CycE, and U20S-
Myc cells (reference 47 and this work) suggests that the effect
is specific to coexpression of Myc and pRbAcdk and is unlikely
to be caused by activation of CDK2, in line with previous
observations (63).

Collectively, our results suggested that c-Myc can promote
G,/S transition and DNA replication in the absence of E2F
activity, possibly by stimulating cyclin E-CDK2. Validating this
assumption, cyclin E-associated kinase activity increased up to
approximately fivefold after coinduction of pRbAcdk and Myc
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FIG. 2. Characterization of U20S cells conditionally coexpressing c-Myc and pRbAcdk. (A) Immunoblotting with MAbs to pRb and c-Myc. Expression of the
ectopic proteins is tightly repressed in a representative U20S-RbAcdk/Myc clone (clone A4C7) exposed to TET (day 0), as opposed to the high levels observed during
the induction time. endo pRb, endogenous pRb. Endogenous c-Myc migrates as a faint band just below the ectopic one. (B) Endogenous E2F activity examined by in
vivo photon emission imaging in cells injected with 6XE2F-Luc reporter before (day 0) or after (day 4) coinduction of transgenes. The average emission per cell during
the acquisition period (10 min) was (24 =+ 15) X 10° and (0.5 = 0.3) X 10 light counts at days 0 and 4, respectively. The background value was (0.4 = 0.2) X 10 light
counts. (C) Myc stimulates S-phase entry in cells deprived of E2F activity. Representative flow-cytometric DNA histograms of propidium iodide-stained U20S-
RbAcdk/Myc cells grown with (day 0) or without TET for the indicated times. The cell cycle distribution at each time point is indicated above the histograms. As in
Fig. 1C, the numbers in parentheses represent the corresponding distribution of U20S-RbAcdk cells at the same time points. The asterisk is as defined in the legend
to Fig. 1C. Note the presence of pre-G, (apoptotic) cells and endoreplication after transgene induction in U20S-RbAcdk/Myc cells. The time course was reproduced

at least three times in this clone and in other independent clones.

for 4 days (Fig. 3A). Concomitantly, we observed a significant
increment of Cdc25A phosphatase activity reaching almost
fivefold at day 4 (Fig. 3B). Preliminary experiments demon-
strated the absence of intrinsic histone H1 kinase activity in
Cdc25A immunoprecipitates throughout the time course of the
observation (data not shown), thus confirming the specificity of
our findings. Given that Cdc25A is thought to be a downstream
target of Myc, capable of activating cyclin E-CDK2 (6, 20), our
observations suggest that the stimulation of cyclin E-depen-
dent kinase in U20S-RbAcdk/Myc cells may be partly medi-
ated by induction of Cdc25A activity. They also indicate that
forced Myc expression can significantly induce both enzymatic
activities in the absence of E2F activity. In this respect, similar
induction levels of cyclin E-associated kinase and Cdc25A

phosphatase activities were observed in derepressed U20S-
Myc cells (Fig. 3).

MM antagonizes Myc activity and inhibits S-phase entry in
U20S-Myc and U20S-RbAcdk/Myc clones. The approach de-
scribed so far, like previous ones used by others to study Myc
function, presented the caveat that the effects caused by forced
expression of Myc may not necessarily indicate a faithful tran-
scriptional regulation in vivo. In fact, nonphysiological levels of
Myc might be able to overpower endogenous promoter-inter-
acting factors (10, 53). The comparison of parental, Myc-null,
and Myc-replaced null Rat-1 fibroblasts recently raised this
issue by showing that among several putative target genes
examined, only the expression of endogenous cad, gadd45, and
c-myc was clearly dependent on Myc (10). Moreover, c-MycS,
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TABLE 1. MM inhibits Myc-induced S-phase entry in

U20S clones”
% of cells in phase:
Cells
Gy/G, S G,/M
U20S-Myc + TET 57 32 11
U20S-Myc + TET + MM 71 16 13
U20S-Myc — TET 35 41 24
U20S-Myc — TET + MM 49 33 18
U20S-RbAcdk/Myc + TET 53 35 12
U20S-RbAcdk/Myc + TET + MM 73 15 12
U20S-RbAcdk/Myc — TET 20 74 6
U20S-RbAcdk/Myc — TET + MM 53 39 8

¢ Each cell cycle profile was evaluated at least three times and in independent
clones with similar results. After being electroporated with 5 ug of pCMV or
pCMVMadMyc (MM) and 0.5 pg of pCMV-CD20, cells were cultured in TET-
containing (+ TET) or TET—free (— TET) medium for 3 days. The cell cycle
distribution of CD20-positive cells was analyzed by flow cytometry with
CellQuest software and quantified with ModFit software. In preliminary exper-
iments, expression of CD20 did not change the cell cycle profiles of each clone
in either the repressed or induced state.

a naturally occurring c-Myc translational variant lacking ~100
amino-terminal amino acids of the transactivation domain, can
only transrepress and not transactivate Myc targets and yet can
elicit proliferation and apoptosis and rescue the phenotype of
Myc-null fibroblasts (74). Thus, though ill-defined, the ability
of Myc to restrain antiproliferative and differentiation-related
genes also appears to be important for Myc biological func-
tions (10, 14, 24, 74). To overcome the problems inherent in
Myc overexpression, we chose to further investigate the E2F-
independent G,/S control mediated by Myc activity by antag-
onizing the latter with the chimeric protein MM (5). In this
dominant-negative allele, Myc amino acids aa 1 to 263, com-
prising the highly conserved N-terminal domains necessary for
Myc-dependent transactivation, transrepression, and biological
activities (14, 26, 74), are substituted for by the transcriptional
repression domain of Mad (14, 19, 26). Consequently, MM via
its intact DNA binding and dimerization domains binds to the
genomic sites normally occupied by c-Myc and actively antag-
onizes gene regulation by Myc (5).

We first verified the ability of MM to effectively inhibit Myc
activity by using our U20S clones (Fig. 4). We observed a
seven- to eightfold induction of the synthetic, four-E-box-con-
taining, Myc-responsive reporter M4-Luc (data not shown)
and a three- to fourfold activation of the natural, two-E-box-
containing, Myc-responsive reporter ODCALuc (56) in dere-
pressed U20S-Myc and U20S-RbAcdk/Myc cells (Fig. 4).
These results were consistent with previously reported levels of
promoter transactivation by Myc (10, 14, 26, 56). Importantly,
proficient expression of MM (as assessed by immunoblotting of
electroporated cell lysates; data not shown) not only halved the
basal activity of either reporter in the repressed clones (likely
by inhibiting endogenous Myc activity), but also completely
abolished their activation when Myc expression was induced
(Fig. 4 and data not shown). This indicates that MM can
suppress Myc-responsive promoters even when levels of active
Myc are increased. In contrast, the mutant ODCALucS-5A
reporter, in which the two E-boxes are mutated, or a reporter
without E-boxes, like Tatab-Luc, showed neither activation in
the clones cultured without TET nor inhibition by MM (Fig. 4
and data not shown), indicating the Myc-specific transrepres-
sive effect of MM. We next examined the effects of MM on the
cell cycle profiles of our U20S clones by electroporating them
with MM and CD20 and analyzing CD20-positive cells by flow
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FIG. 3. Ectopic Myc can induce both cyclin E-associated kinase and Cdc25A
phosphatase activities in cells deprived of E2F activity long term. (A) Histone H1
kinase activity coimmunoprecipitated with cyclin E from U20S-Myc (left) and
U20S-RbAcdk/Myc (right) cell samples isolated at the indicated times after
transgene induction. The kinase activity of wild-type, nonclonal U20S cells is
also shown (U20S lane) for comparison with that of TET-repressed clones (days
0). —C, negative control lane. (B) Cdc25A phosphatase activity in U20S-Myc
(left) and U20S-RbAcdk/Myc (right) cells harvested at the indicated times after
transgene induction. The phosphatase activity was indirectly assessed as cyclin
B1-CDC2 kinase activity induced by Cdc25A immunoprecipitates as described in
Materials and Methods. Cdc25A activity in TET-repressed clones (days 0) is
comparable to that in wild-type U20S cells (U20S lane). No detectable histone
HI1 kinase activity was found associated with Cdc25A immunoprecipitated from
either induced or uninduced cells when coincubation with cyclin B1-CDC2 im-
munocomplexes was omitted (not shown). After quantification, the activities
were normalized for the negative control (—C lane) and expressed as percent-
ages relative to those of TET-repressed cells set at 100%. Each panel is repre-
sentative of three independent experiments with similar results.
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a 48-h culture in medium with or without TET. For either clone, the basal activity
of vector-electroporated, TET-repressed cells was arbitrarily set at 1. Results are
expressed as mean luciferase activity normalized to -galactosidase activity =+
standard deviation of three experiments performed in triplicate.

cytometry (Table 1). TET-repressed U20S-Myc and U20S-
RbAcdk/Myc cells were both arrested in G, by expression of
MM, consistent with the MM-induced G, arrest observed in
NIH 3T3 cells (5). More importantly, MM was also able to
effectively antagonize the accelerated S-phase entry in dere-
pressed cells, particularly those from the U20S-RbAcdk/Myc
clone in which it reestablished a profile comparable with that
of TET-exposed cells (Table 1). These data supported the
notion that c-Myc transcriptional activity is instrumental in
controlling a G,/S-promoting “parallel” pathway in cells de-
prived of E2F activity.

Independent inhibition of DNA synthesis by blocking of
endogenous E2F or Myc activities is overcome by cyclin E or
Cdc25A. Because MM proved to be such an effective tool for
antagonizing Myc activity and cell cycle function, we focused
our attention on a system in which we could block either
endogenous E2F or Myc activity or both simultaneously and
assess the impact on G,/S transition. For this purpose, syn-
chronized U20S-TA or R12 cells transfected with the plasmids
indicated in Fig. SA were first monitored for 48 h to assess
their pattern of BrdU incorporation after nocodazole removal.
With this analysis, empty vector-transfected U20S cells
showed evident DNA replication already between 6 and 12 h
after nocodazole removal, followed closely by cells transfected
with wild-type Rb that is effectively inactivated by endogenous
CDK:s. Instead, cells productively transfected with RbAcdk or
with dnDP1 initiated DNA synthesis some 12 h later, in accor-
dance with our previous findings that a block of the pRb/E2F
pathway can significantly delay but not prevent S-phase entry
(47). Importantly, the abrogation of Myc transcriptional activ-
ity by MM expression caused a similar delay of DNA synthesis
and not permanent arrest, consistent with the prolonged G,
phase of Myc-null cells (48). Also noteworthy is that cells
deprived of E2F or Myc activity never reached the levels of
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DNA synthesis observed in control cells during the 48-h time
course. The kinetics of this G,/S delay was entirely reproduc-
ible in diploid R12 rat fibroblasts (Fig. 5A, bottom), ruling out
cancer-associated as well as species- and cell-type-specific ef-
fects. Thus, our results suggested that either activity may suffice
for DNA synthesis, but the intactness of both is necessary for
timely initiation and proper levels of DNA replication in mam-
malian cells. In contrast, cells exposed to p16, which imposes a
sustained G, arrest by inhibiting both cyclin D-CDKs and
cyclin E-CDK2 (32, 47, 50), virtually never initiated DNA
synthesis for the entire time course (Fig. 5A, top). Equivalent
prevention of DNA synthesis was observed upon ectopic ex-
pression of a dominant-negative CDK2 allele (dnK2), concor-
dant with the idea that cyclin E-CDK2 activity is required for
proper initiation of DNA replication (31, 37, 39).

To better judge the importance of each pathway in the
initiation of DNA synthesis we examined BrdU incorporation
20 h after nocodazole removal, a time point allowing detection
of significant levels of DNA synthesis in control cells and also
in those with a block of either transcriptional function. In line
with what was seen during the time course, BrdU incorpora-
tion was reduced by about 50% in cells exposed to either
RbAcdk, dnDP1, or MM and was minimal in p16- and dnK2-
expressing cells, compared to that of vector-transfected cells
(Fig. 5B, top panel, and C). Interestingly, BrdU labeling was
almost completely abolished by the combined expression of
MM with RbAcdk or dnDP1, arguing for an independent con-
trol of DNA synthesis by E2F and Myc activities. Next, we
tested the rescue capacity of molecules we had postulated to be
involved in the “parallel” pathway’s function, with the intent to
determine whether cyclin E-CDK2 may be a downstream tar-
get. Coexpression of c-Myc with RbAcdk essentially restored
the levels of DNA synthesis exhibited by control cells. This
rescue effect of Myc was totally abrogated by dnK2, confirming
that Myc-stimulated S-phase entry in cells deprived of E2F
activity relies on activation of cyclin E-CDK2 activity (Fig. 3).
Consistent with that, cyclin E dramatically rescued the
RbAcdk- or dnDP1-mediated reduction of DNA synthesis, in-
ducing a massive acceleration of S-phase entry that, again,
could be entirely inhibited by quenching CDK2 activity with
dnK2 (Fig. 5B, top panel). Strikingly, the dramatic rescue by
cyclin E was absolutely unaffected by the concomitant blocking
of both pathways via MM plus RbAcdk or dnDP1, meaning
that cyclin E-CDK2 is a common downstream target. These
conclusions were further corroborated by comparable results
in R12 cells (Fig. 5C). It is worth noting that cyclin E overex-
pression did not affect the stability of pRbAcdk, dnDP1, or
MM or their combination (Fig. 1A and data not shown), ruling
out the possibility that the rescue properties of cyclin E were
due to artifactual degradation of these mutants. Given our
observations that Myc can enhance Cdc25A-associated phos-
phatase activity in cells devoid of E2F activity (Fig. 3), we also
ascertained whether Cdc25A, a potential transcriptional target
of both Myc and E2F (20, 72) shown to be required for S-phase
entry (28, 33), may have rescue capabilities similar to those of
cyclin E. This was the case, because ectopic Cdc25A stimulated
massive DNA replication not only in cells deprived of E2F
activity by RbAcdk or dnDP1, but also in those with a concom-
itant abrogation of Myc activity by MM (Fig. 5B, bottom panel,
and data not shown). Furthermore, the rescue properties of
Cdc25A were completely neutralized by coexpression of dnK2,
suggesting that they depended on CDK?2 activity. Finally, ec-
topic E2F-1 potently rescued the S phase in MM-treated cells
(Fig. 5D) and, again, this effect was abolished by coexpression
of dnK2, further supporting the notion of a parallel Myc and
E2F pathway converging on cyclin E-CDK2.
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FIG. 5. E2F and Myc activities cooperate in regulating timing and levels of DNA synthesis by targeting cyclin E-CDK?2 activity. (A) The blocking of either E2F or
Myc activity delays and lowers but does not prevent DNA synthesis. CD20-positive U20S or R12 cells expressing the indicated plasmids (wild-type [wt] Rb, RbAcdk,
dnDP1, and p16 at 5 ug; MM and dnK2 at 15 pg), were assayed for BrdU incorporation over 48 h after release from nocodazole arrest. Empty vector was added to
a total of 25 pg of DNA/100-mm-diameter dish. A representative example of three comparable experiments is shown. (B and C) Cyclin E and Cdc25A are downstream
targets of the E2F- and Myc-dependent pathways for S-phase entry. (B) Cyclin E-induced (top panel) or Cdc25A-induced (bottom panel) rescue of DNA synthesis in
U20S cells deprived of E2F and Myc activities is inhibited by dnK2. CD20-positive cells exposed to the indicated combinations of plasmids (Myc, cyclin E, and Cdc25A
at 5 ug; the others as in panel A) were assayed for BrdU labeling 20 h after nocodazole removal. Data, expressed as a percentage of the control, are means * standard
deviations of five experiments. (C) Rescue effect of cyclin E in R12 cells analyzed as in panel B. Experiments with dnDP1 and with Cdc25A are omitted for simplicity.
(D) Rescue effect of ectopic E2F1 (5 pg) in U20S cells devoid of Myc activity is abolished by dnK2. Assay performed as in panel B.

Both E2F and Myc activities are required for proper cyclin corresponding mRNAs in synchronized and magnetically iso-
E and Cdc25A gene expression. To address the issue of lated cells productively transfected with RbAcdk, MM, or both.
whether E2F and Myc transcriptional activities may affect cy- By this technique, we observed that cyclin E RNA levels were
clin E-CDK2 activity by regulating cyclin E and/or Cdc25A decreased by ~50% in cells expressing either RbAcdk or MM
gene expression, we quantified by RT-PCR the levels of the when compared with control vector-transfected cells, further
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cells expressing the indicated plasmids were assessed by RT-PCR 20 h after nocodazole removal. PhosphorImager scans of PCR products were normalized to the PBGD
housekeeping gene and quantified by ImageQuant software. Values, expressed as a percentage of the control, are means * standard deviations of three experiments.
(B) MM does not significantly affect endogenous E2F activity in synchronized cells. Cells were synchronized and transfected with 2 pg of 6xE2F-Luc or ODCALuc
reporter and 0.5 pg of pPCMV-LacZ plus the indicated plasmids as in Fig. 5 (except for cyclin E and Cdc25A, used at minimal doses as in Fig. 7). Note that cyclin E
and Cdc25A do not reactivate reporter activities in cells coexpressing RbAcdk and MM. Reporter activities were assayed 20 h after nocodazole removal, normalized
for B-galactosidase activity, and expressed as a percentage of the control (vector transfected) cells. Shown are means of two independent experiments in triplicate.

reduced to less than 20% of control value in cells coexpressing
both mutants (Fig. 6A). To rule out that the effect of MM was
indirectly due to reduction of E2F activity and/or cell cycle
position, we tested the activity of the 6xE2F-Luc reporter in
MM-expressing cells. We found no significant change over
cells transfected with empty vector, whereas as expected,
pRbAcdk was able to inhibit this reporter and MM repressed
ODCALuc activity (Fig. 6B). By the same token, pRbAcdk, but
not MM, was able to inhibit the luciferase activity of a reporter
containing the E2F-responsive region of the E2F-1 promoter
(E. Santoni-Rugiu, J. Lukas, and J. Bartek, unpublished data).
These data suggested that E2F and Myc transcriptional activ-
ities regulate expression of endogenous cyclin E, at least in
part, independently and synergistically. In addition, both
RbAcdk and MM caused a more than 60% reduction of
Cdc25A RNA levels, but no further decrease was observed
when RbAcdk and MM were combined (Fig. 6A), implying
that other factors may also play a significant role in sustaining
Cdc25A transcription. Finally, ectopic expression of c-Myc
yielded an approximately twofold induction of either cyclin E
or Cdc25A RNA (Fig. 6A) and completely rescued their tran-
scription in cells exposed to pRbAcdk, increasing almost three-
fold the levels of these RNAs (Fig. 6A, RbAcdk versus
RbAcdk+Myc). This confirms that changes in Myc activity may
result in modulation of these two genes as well in an E2F-
independent manner. All together, our findings indicate that
Myc and E2F activities are both required for proper cyclin E
and Cdc25A expression during G,/S transition.

Transcriptional regulation of cyclin E and Cdc25A gene
expression is one of the mechanisms by which E2F and Myc
activities control G,/S transition. To further emphasize the
importance of this issue for DNA replication, we entertained
the possibility that even subtle changes in cyclin E and Cdc25A
gene expression may have a strong impact on the correspond-
ing CDK2-activating activities. Indeed, endogenous cyclin E
and Cdc25A are expressed and their associated enzymatic ac-
tivities are activated at the same time during the cell cycle (6,
33, 35). Moreover, Cdc25A activity appears to be required for
E2F1-induced S phase, and coexpression of cyclin E and
Cdc25A, like that of active cyclin E-CDK2, is sufficient to
induce S phase in quiescent fibroblasts (13, 72). Thus, we
postulated that Myc and E2F activities may govern the mech-
anism described by Hoffman et al. (28) in which cyclin E or
CDK2 phosphorylates and activates Cdc25A, resulting in a
positive feedback loop that amplifies the kinase’s activity and
ensures S-phase entry. We wished to test this cooperative
mechanism in our system as well to clarify the powerful induc-
tion of DNA synthesis by ectopic cyclin E or Cdc25A in cells
deprived of both E2F and Myc activities. To this end, we first
determined with pilot titration experiments the minimum
amount of cyclin E or Cdc25A cDNA able to restore significant
levels of DNA synthesis in synchronized cells cotransfected
with RbAcdk and MM and the subminimal dose unable to do
so (not shown). We next demonstrated that cells coexpressing
RbAcdk and MM were able to restore DNA synthesis at levels
comparable to those of control cells, when subthreshold
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amounts of cyclin E (0.1 pg) and Cdc25A (0.5 pg) expression
vectors were combined (Fig. 7). Consistent with that, the com-
bination of minimal cyclin E (0.25 pg) and Cdc25A (1 ng)
doses produced levels of DNA replication more than twice
those observed in cells exposed to either dose alone. Nonethe-
less, neither this latter combination nor the maximal doses (5
pg) of cyclin E or Cdc25A shown on Fig. 5 were capable of
reactivating E2F or Myc reporter activity (Fig. 6B and data not
shown). This suggests that the S-phase rescue by these ectopic
proteins is independent of E2F or Myc transcriptional activi-
ties. Hence, cyclin E and Cdc25A are downstream targets of
both pathways, and even relatively small adjustments in their
expression orchestrated by either Myc or E2F may well result
in amplification of critical G,/S-promoting activities.

DISCUSSION

Our current data strongly point to Myc transcriptional ac-
tivity regulating a cyclin E-targeting mechanism capable of
promoting the G,/S transition in parallel with the pRb/E2F
pathway in mammalian cells (Fig. 8). By employing novel
U20S-inducible cell lines, we show that ectopic expression of
Myc, like that of cyclin E, can rapidly induce S-phase entry and
persistent DNA replication in cells deprived of E2F function
long term by constitutively active pRb. This effect was not
connected with restoration of E2F activity, but was associated
with increased Myc activity and abolished by antagonizing the
latter with the dnMM mutant. Hence Myc, like the putative
downstream target cyclin E, can perform G,/S-promoting func-
tions independent of E2F activity. This property was asso-
ciated with induction of cyclin E-dependent kinase and Cdc25A
phosphatase activities, implying that control of cyclin E and
Cdc25A by Myc is not necessarily consequential to increased
E2F activity (3, 53). Cyclin E- and cyclin A-CDK2 complexes
are likely targets for Cdc25A activity in vivo (6; Mailand et al.,
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Myec. The resulting transcriptional activities may independently contribute to cyclin
E and Cdc25A expression, thereby inducing cyclin E-CDK2 activity, which stimu-
lates DNA synthesis (see text for details). This model appears to be part of a more
complex setting in which E2F may further control the S phase by inducing other
downstream targets involved in DNA replication (Cdc6, MCM1 to MCM7, cyclin A,
etc.), whereas Myc may control cyclin E-CDK2 activity also indirectly through
functional inactivation of CKIs (thin arrows). The role played by Myc downstream
targets other than cyclin E and Cdc25A in S-phase induction remains to be defined
(dotted arrow). Also, the possibility that E2F and Myc stimulate each other’s ex-
pression and activity cannot be ruled out.

submitted). However cyclin A is not expressed, and cyclin
A-associated kinase is silenced in cells deprived of E2F activity
(43, 47), even when Myc is induced (Santoni-Rugiu et al.,
unpublished data). Thus, the similar temporal induction pat-
terns of Cdc25A phosphatase and cyclin E-CDK2 activities in
derepressed U20S-RbAcdk/Myc cells suggest that, in this con-
text, Cdc25A may contribute to cyclin E-CDK2 activation.

Although the impact of the G,/S “parallel” pathway with
respect to other stages of cell cycle remains to be further
explored, we found that coinduction of either Myc or cyclin E
with pRbAcdk was unable to restore productive cell division
over an extended period of time. Thus, even in presence of
activated cyclin E-associated kinase, the intactness of E2F ac-
tivity appears essential for the orderly completion of mamma-
lian cell cycle, in accord with a role for the pRb/E2F pathway
extending beyond the control of G,/S transition (see, for in-
stance, references 11, 39, 43, and 51).

To elucidate in more detail the existence of parallel Myc and
E2F pathways for S-phase entry, we developed a system to
block endogenous E2F and/or Myc activity and assess the im-
pact on G,/S transition in synchronized cells. By this approach,
we have shown in different cell types that blocking either of
these activities significantly delays and lowers, but does not
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prevent, DNA replication, while the concurrent blocking of
both activities virtually abolishes it. These findings support the
concept of an independent role of Myc and E2F activities in
controlling the G,/S transition and suggest that they are both
necessary to cooperatively allow timely and proper initiation of
DNA synthesis in mammalian cells (Fig. 8). This independent
but apparently synergistic control of S-phase entry depends on
the capacity to activate cyclin E-CDK2 kinase. Indeed, the data
from U20S-RbAcdk/CycE (Fig. 1) and U20S-RbAcdk/Myc
(Fig. 2) cells and from transiently transfected cells (Fig. 5B and
C) indicate that both cyclin E and Myc can strongly induce
DNA replication in cells deprived of E2F activity. This prop-
erty of Myc and cyclin E is nullified by the expression of a dnK2
allele. Moreover, while ectopic E2F-1 potently rescues S phase
in cells deprived of Myc activity, cyclin E and Cdc25A are able
to dramatically overcome the abrogation of DNA synthesis due
to a concomitant block of both Myc- and E2F-dependent path-
ways. Again, the rescue capabilities of E2F-1 or Cdc25A are
completely neutralized by dnK2. Collectively, these results in-
dicate that cyclin E-CDK2 activity is a common rate-limiting
target of both transcriptional pathways for entry into S phase.

Our findings are supported by the previous observation that
activation of cyclin E-dependent kinase by Myc requires tran-
scription and depends on dimerization and DNA binding sites
of Myc (70). They are also consistent with Myc’s ability to
abrogate a G, arrest induced by wild-type pRb (23) and with
the fact that serum growth factors, potent activators of the
pRU/E2F pathway, synergize with ectopic Myc in activating
cyclin E-CDK?2 kinase in arrested fibroblasts (70). By the same
token, cyclin D1 and Myc collaborate in lymphomagenesis of
transgenic mice (7, 42). Finally, ectopic Ras and Myc report-
edly cooperate in inducing cyclin E-CDK?2 activity and S-phase
entry in quiescent cells (40). This was ascribed to a combined
effect of Rb pathway control by Ras, Myc-induced E2F-1 gene
activation, and modulation of p27 and Cdc25A levels by Myc
and Ras signaling (3, 40). The present work argues, though,
that E2F activity is not strictly necessary for Myc-induced cy-
clin E activation and S-phase entry.

Previous experiments suggest that ectopic Myc may stimu-
late cyclin E-CDK2 and S-phase entry via direct induction of
cyclin E or Cdc25A gene transcription or via functional inac-
tivation of p27 (see the introduction). These mechanisms
might also be operating in cells deprived of E2F activity. In-
deed, our results indicate that the independent and synergistic
control of S-phase entry by Myc and E2F activities relies, at
least in part, on the transcriptional regulation of cyclin E and
Cdc25A gene expression. In particular, repression of either
E2F or Myc activity approximately halved cyclin E and Cdc25A
transcription levels in synchronized cells. The effect of MM was
not caused indirectly by reduced E2F activity, since MM ex-
pression did not significantly affect the activity of E2F-respon-
sive reporters in these cells. Furthermore, ectopic Myc in-
creased cyclin E and Cdc25A RNA levels by more than twofold
(Fig. 6A, Myc) and approximately tripled the levels present in
cells deprived of E2F activity (Fig. 6A, RbAcdk+Myc). Thus,
Myc and E2F activities play, at least in part, independent roles
in regulating cyclin E and Cdc25A expression at the G,/S
transition. In addition, suppression of both activities by
RbAcdk+MM caused a further, marked decrease of cyclin E
transcription, indicating that such a regulation is synergistic.
All together, our data therefore argue against the possibility
that Myc may induce cyclin E gene expression only indirectly
by increasing E2F activity (3, 53, 58). Cdc25A RNA levels,
instead, do not further decline upon coexpression of MM and
pRbAcdk, possibly because other transcriptional factors may
contribute to Cdc25A transcription. Supporting this hypothe-
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sis, binding sites for multiple transcription factors have been
recently identified in a human Cdc25A promoter region (72).
Observations in Myc-null cells have suggested that Myc makes
a contribution of approximately twofold to Cdc25A gene acti-
vation and only during early phases of growth factor stimula-
tion (10). However, the contribution and possible compensa-
tion by E2F or other transcription factors to Cdc25A
expression in Myc-null cells have not been examined, although
compensatory increases in critical Myc targets are considered
possible in this experimental model (14). In any case, our data
indicate that both Myc and E2F activities are required for
proper cyclin E and Cdc25A expression during G,/S transition
and suggest that this could have a strong impact on critical
G,/S-promoting activities associated with cyclin E and
Cdc25A. Indeed, we show that these two proteins can effec-
tively cooperate in reestablishing DNA synthesis in cells devoid
of both E2F and Myc activities, even when expressed in
amounts unable to do it on their own. This is presumably due
to a positive feedback loop between cyclin E-CDK2 and its
activator Cdc25A (28). Thus, even relatively small adjustments
of cyclin E and Cdc25A gene expression induced by changes in
E2F or Myc activity may be critical for the decision to enter the
S phase.

Further work will elucidate alternative mechanisms of cyclin
E-CDK2 control by E2F-dependent and -independent path-
ways. However, our current findings may have important im-
plications for cancer treatment, because they suggest that lim-
iting E2F activity in Myc-overexpressing cells may not suffice to
halt DNA replication and therefore the risk of genomic insta-
bility. In this regard, a potent growth suppressor like trans-
forming growth factor g (TGF-B) inhibits transcription of both
E2F and Myc (2, 66, 73), and the down-regulation of Myc also
occurs in cells lacking pRb function and yet leads to significant
cell cycle arrest (2, 75). On the other hand, despite the plethora
of TGF-B inhibitory effects on cell cycle progression (2, 30, 61,
73), overexpression of Myc, like that of E2F (66), renders cells
in culture or in transgenic animals resistant to this cytokine,
even when the expression of CKIs and pRb is preserved (2, 17,
64, 65, 73). Depending on the cellular context, this may be
achieved through functional inactivation of p27 (3, 9, 53, 57),
prevention of p15 induction (73), or transcriptional control of
CDK?2 activators (references 20 and 58 and this work). This is
relevant for those human cancers in which increased expres-
sion of TGF-B and increased expression of Myc are frequent
and early events (see references 14 and 25 and references
herein). In these cases, Myc activation may allow neoplastic
cells to initially counteract TGF-B and induce unscheduled
DNA replication, increasing the risk of additional genetic de-
fects necessary for tumor progression.
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