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To understand cell cycle control mechanisms in early development and how they change during differentiation, we used
embryonic stem cells to model embryonic events. Our results demonstrate that as pluripotent cells differentiate, the length
of G, phase increases substantially. At the molecular level, this is associated with a significant change in the size of active
cyclin-dependent kinase (Cdk) complexes, the establishment of cell cycle-regulated Cdk2 activity and the activation of a
functional Rb-E2F pathway. The switch from constitutive to cell cycle-dependent Cdk2 activity coincides with temporal
changes in cyclin A2 and E1 protein levels during the cell cycle. Transcriptional mechanisms underpin the down-
regulation of cyclin levels and the establishment of their periodicity during differentiation. As pluripotent cells differ-
entiate and pRb/p107 kinase activities become cell cycle dependent, the E2F-pRb pathway is activated and imposes cell
cycle-regulated transcriptional control on E2F target genes, such as cyclin E1. These results suggest the existence of a
feedback loop where Cdk2 controls its own activity through regulation of cyclin E1 transcription. Changes in rates of cell
division, cell cycle structure and the establishment of cell cycle-regulated Cdk2 activity can therefore be explained by

activation of the E2F-pRb pathway.

INTRODUCTION

Cell proliferation is coordinated by the activity of cyclin-
dependent kinase (Cdk) activities (Nigg, 1995). This family
of kinases functions by regulating the activity of proteins
required for progression through the different cell cycle
phases and hence must themselves be tightly cell cycle reg-
ulated. At one level, this is achieved through the cell cycle-
regulated synthesis of cyclin regulatory subunits, which
bind and activate their catalytic Cdk partner. Inactivation of
Cdk activity from one cell cycle phase is required for tran-
sition into the next by a mechanism involving cyclin destruc-
tion (Tyers and Jorgensen, 2000; Breeden, 2003). Hence, the
ordered synthesis and destruction of phase-specific cyclin
regulatory subunits are essential elements of normal cell
cycle progression. Cyclin expression levels are controlled, in
part at least, through transcriptional regulation. Cell cycle-
regulated cyclin E1 and A2 transcription is controlled by E2F
transcription factors that are subject to repression through
recruitment of “pocket proteins,” such as pRb and p107, to
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the promoter regions of these genes. Repression of E2F-
dependent transcription is lifted through phosphorylation of
pocket proteins by Cdk activities that become active during
G, phase (Harbour et al., 1999; Zhang et al., 2000), allowing
for the transcriptional activation of genes required for the
G;-S transition, such as cyclin E1.

Pluripotent cells of late preimplantation and early postim-
plantation embryos exhibit two remarkable features. First,
their cell division rates are very short, and their division is
controlled through unusual mechanisms of Cdk regulation.
Second, they have extraordinary developmental plasticity,
illustrated by their unlimited differentiation potential. At
gastrulation, pluripotent cells commit to become one of the
three embryonic germ layers and coinciding with this, cell
division rates decrease dramatically (Snow, 1977). These
early developmental events can be reproduced in vitro with
embryonic stem (ES) cells and their differentiated deriva-
tives, making them an ideal model on which to study plu-
ripotency and early embryonic differentiation. ES cells are
equivalent to cells comprising the inner cell mass of blasto-
cyst stage (4.5 days postcoitum [dpc]) embryos and can be
converted into a second pluripotent cell type (early primi-
tive ectoderm-like, EPL), that closely resembles the early
primitive ectoderm of the embryonic epiblast (5.25 dpc) in
terms of their gene expression profile and differentiation
potential (Rathjen et al., 1999; Lake et al., 2000; Pelton et al.,
2002). ES and EPL cells divide with generation times of <10
h (Savatier et al., 1994; Stead et al., 2002) by a mechanism that
does not conform to that typically seen in differentiated cells.
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Rapid division of these pluripotent cells and their embryonic
equivalents is associated with an unusual cell cycle struc-
ture, composed largely of S-phase cells and a truncated G,
phase (Solter et al., 1971; Snow, 1977; Stead et al., 2002). At
the molecular level, this is underpinned by precocious, cell
cycle-independent Cdk activities (Stead ef al., 2002; Faast et
al., 2004) and an absence of Cdk inhibitory molecules such as
p275iPt p21€iPl and pl6™K4a (Savatier et al., 1996; Stead et
al., 2002). The only Cdk activity that shows any clear sign of
periodicity is the mitotic kinase Cdkl-cyclin Bl (Stead et al.,
2002). This is reminiscent of Cdk activity in the early cleav-
age stage divisions in Xenopus (Newport and Kirschner,
1982, 1984; Murray and Kirschner, 1989; Hartley et al., 1996)
and Drosophila development (Foe and Alberts, 1983; Edgar
and Schubiger, 1986; Edgar et al., 1994; Stiffler et al., 1999),
which consist of alternating rounds of DNA replication and
mitosis. Although ES cells express the pocket proteins pRb
and p107, they are hyperphosphorylated and consequently
held in a biochemically inactive state, presumably due to the
activity of cell cycle-independent pRb kinase activities (Sa-
vatier et al., 1994; Stead et al., 2002). Consequently, E2F
transcription factors are not subject to pocket protein repres-
sion during the cell cycle in ES cells, and so their target genes
are transcribed independently of cell cycle position (Stead et
al., 2002).

On withdrawal of maintenance factors that promote self-
renewal, such as leukemia inhibitory factor (LIF), cells dif-
ferentiate and divide at significantly reduced rates; however,
the mechanisms underpinning changes in cell cycle dynam-
ics that occur during embryonic differentiation have not
been defined. We previously proposed that as a function of
ES cell differentiation, changes in rates of cell division could
be accounted for by a fundamental change in the cell cycle
machinery (Stead et al., 2002; Faast et al., 2004). In this report,
we set out to characterize Cdk regulation in differentiating
ES cells and asked whether changes in cell cycle structure
and division rates corresponded to changes in Cdk activity
during the cell cycle and status of the pRb-E2F pathway.

MATERIALS AND METHODS
Cell Culture, Synchronization, and Flow Cytometry

D3 murine ES cells (Doetschman et al., 1985) were cultured as described
previously (Stead ef al., 2002). mEPL cells and EPL embryoid bodies (EBs)
were formed as described previously (Faast et al., 2004). Early passage (pas-
sage 3) mouse embryonic fibroblasts (MEFs) were prepared from outcrossed
Swiss mice (Hogan et al., 1994) and cultured in DMEM supplemented with
10% fetal calf serum (FCS) and 1 mM r-glutamine, at 37°C under 5% CO,.
Cells were statically synchronized in prophase/mitosis by the addition of 45
ng/ml nocodazole (Sigma-Aldrich, St. Louis, MO) to media for 12 h. In
preparation for flow cytometry, cells and EBs were trypsinized to obtain
single cell suspension, resuspended in 300 ul of phosphate-buffered saline
(PBS) supplemented with 1% FCS, and fixed by the dropwise addition of 900
ul of ice-cold 95% ethanol. After being vortexed and chilled on ice for 10 min,
cells were collected by centrifugation (3000 X g, 5 min) and washed twice in
700 ul of cold PBS. Cells were resuspended in PBS and stained by the addition
of 2.5 mg/ml propidium iodide (Sigma-Aldrich) and 0.5 mg/ml RNase A and
then analyzed on a Beckman Coulter flow cytometer with WinMDi software.

Generation of Stable Cell Lines

PSRa-p107-HA and pSRa-p107AS/T-P-HA (Ashizawa ef al., 2001) were used
to clone p107*t and p10745/T-F as Xhol fragments into pCAGIP (Pratt et al.,
2000). Ten micrograms of linearized pCAGp107-HA and pCAGp107AS/T-
P-HA were electroporated into 3-5 X 107 ES cells by using a gene pulser (200
V, 500 uF; Bio-Rad, Hercules, CA). Stable ES clones expressing p107** or
p1074S/T-F were selected by addition of 1 pug/ml puromycin to the medium
24 h after transfection. pGL3promoter-4 X CCC luciferase reporter and
pGL3promoter-4 X CAT luciferase reporter were transfected with the pCA-
GiP vector (Cartwright et al., 1998). Clones were selected by the addition of 1
ug/ml puromycin and screened by luciferase assay.
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Antibodies, Immunoblotting, Kinase Assays, and Gel
Mobility Shift Assays

Rabbit polyclonal antibodies recognizing cyclin E (M-20), cyclin A2 (C-19),
cyclin B1 (H-433), Cdk2 (M-2), p107 (C-18), p27KiP! (C-19), Oct4 (N-19), E2F-4
(C-20), and cdc25a (144) were from Santa Cruz Biotechnology (Santa Cruz,
CA), and p21<iP! (HJ21) antibodies from were from NeoMarkers (Fremont,
CA). Mouse monoclonal antibodies recognizing hemagglutinin (HA) were
from Roche Diagnostics (Indianapolis, IN). Rat anti-B-tubulin (MCA78G) was
from Serotec (Oxford, United Kingdom). Antibodies were routinely used at 1
pg/ml for immunoblotting, except anti-B-tubulin, which was used at 0.2
wg/ml. Horseradish peroxidase-conjugated secondary antibodies used were
sheep anti-mouse, donkey anti-rabbit (Amersham Biosciences, Piscataway,
NJ), and rabbit anti-rat (DakoCytomation California, Carpinteria, CA). Whole
cell lysate preparation, immunoblotting, kinase assays, and gel mobility shift
assays were as described previously (Stead et al., 2002).

Northern Analysis

Preparation of total RNA and Northern blotting were conducted as described
previously (Stead et al., 2002). Constructs used to generate DNA fragments
have been described previously (Rathjen ef al., 1999), with the exception of
cyclin E1 obtained from N. Dyson (Massachusetts General Hospital, Boston,
MA).

Fractionation of Whole Cell Protein by Gel Filtration

Column, buffers, and equipment were equilibrated at 4°C. The Superdex 200
HR 10/30 column (Amersham Biosciences) was calibrated using standards
from an HMV calibration kit (10 pg of each protein—thyroglobulin 669 kDa,
ferritin 440 kDa, catalase 232 kDa, lactate dehydrogenase 140 kDa, bovine
serum albumin (BSA) 67 kDa; Amersham Biosciences) at a flow rate of 0.5
ml/min. The void volume was 8.0 ml. Whole cell lysates were prepared as
described previously (Stead et al., 2002) and then ultracentrifuged at 5 X 10*
rpm for 30 min at 4°C. Seven milligrams (total protein) of lysate was frac-
tionated in gel filtration buffer (50 mM HEPES, pH 7.5, 10 mM MgCl,, and 150
mM NaCl) at a flow rate of 0.5 ml/min, collecting 500-ul fractions. Fractions
were snap frozen and stored at —80°C. Every second fraction was analyzed.
The column was stripped overnight at room temperature with 1 mg/ml
trypsin in 50 mM Tris-HCI, pH 7.5, and 20 mM CaCl,. Trypsin was washed
from the column with 50 ml of water at a flow rate of 0.7 ml/min. At the same
flow rate, the column was washed with 50 ml of 1 M NaOH, 50 ml of H,O, 30
ml of 0.1 N HCI, and 60 ml of milliQ water. The column was stored in 20%
ethanol.

Luciferase Assays

For transient transfections, ES cells were seeded at 7 X 10% cells/ml (3.5 X 10*
cells/well of a 24-well tray) and grown for 8-10 h. Triplicate wells were
transfected with 100 ng of pGL3TATAbasic-6 X E2F luciferase reporter,
pGL3promoter-4 X CCC luciferase reporter, or pGL3promoter-4 X CAT
luciferase reporter and 25 ng pRL-TK by using the FuGene transfection
method following the manufacturer’s instructions. When expression vectors
were included in transfections, the concentration of transfected DNA was
equalized with empty pCAGIP vector (Pratt et al., 2000). After 40 h, cells were
assayed for luciferase activity by using the DLR luciferase kit. For stably
integrated reporters, cell pellets were lysed with luciferase buffer (1% Triton-X
100, 25 mM glycyl glycine, pH 7.8, 15 mM MgSO,, 4 mM EGTA, and 1 mM
dithiothreitol [DTT]). Fifty microliters of cleared lysate was assayed with 50 ul
of Complete luciferase buffer (48 mM phosphate buffer, 6 mM ATP, and 3 mM
DTT in luciferase buffer) and 50 ul of 1X luciferin. Luciferase readings were
equalized according to the protein concentration of each sample.

ChIP Assays

Protein—protein and protein-DNA complexes were cross-linked by addition
of 1% formaldehyde to tissue culture medium and incubated for 10 min at
room temperature. The reaction was terminated by addition of glycine to
0.125 M for 5 min at room temperature. After washing twice with cold PBS,
adherent cells were scraped from the plate and embryoid bodies collected by
aspiration. Cells were lysed with SDS lysis buffer (1% SDS, 10 mM EDTA, 50
mM Tris, pH 8.0, 0.5 mM phenylmethylsulfonyl fluoride [PMSF], 50 wg/ml
N-tosyl-L-phenylalanine chloromethyl ketone [TPCK], 50 ug/ml N-tosyl-L-
lysine chloromethyl ketone [TLCK], 1 ug/ml leupeptin, and 1 mM DTT) for
10 min at 4°C. Samples were then diluted with the addition of 2 ml of
chromatin immunoprecipitation (ChIP) buffer (0.01% SDS, 1.1% Triton X-100,
1.2 mM EDTA, 16.7 mM Tris, pH 8.0, 176 mM NaCl, 0.5 mM PMSF, 50 ug/ml
TPCK, 50 wg/ml TLCK, 1 wg/ml leupeptin, and 1 mM DTT). Sonication was
optimized at seven times for 30 s at half maximum power (Sonifier cell
disruptor B-30; Branson, Danbury, CT). Chromatin was separated from cell
debris and stored at —20°C until used. Chromatin was equalized according to
DNA concentrations, determined using a Varian Cary 3 Bio UV-visible spec-
trophotometer. Protein A-Sepharose (PAS; Amersham Biosciences) was sol-
ubilized and washed according to manufacturer’s instructions. PAS slurry
(50%) was incubated with 0.5 mg/ml sonicated herring sperm DNA and 1
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mg/ml BSA overnight at 4°C. Blocked PAS was stored at 4°C. Chromatin RESULTS

extracts (700 ug) were precleared with 60 ul of blocked PAS for 30 min at 4°C
and then incubated with 2 ug of primary antibody overnight at 4°C. p107
(C-18) and cdc25A (C-20) (nonspecific immunoprecipitation) rabbit poly-
clonal antibodies were from Santa Cruz Biotechnology. Immune complexes
were collected with 60 ul of blocked PAS for 1 h at 4°C. Immune complexes
bound to PAS were washed rocking at 4°C (7 min each) once with low salt
wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris, pH 8.0, 150
mM NaCl, 0.5 mM PMSF, 50 ug/ml TPCK, 50 pug/ml TLCK, 1 ug/ml
leupeptin, and 1 mM DTT), once with high salt wash buffer (low salt buffer
with NaCl adjusted to 500 mM), once with LiCl wash buffer (0.25 M LiCl, 1%
NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris, pH 8.0, 0.5 mM PMSF, 50
pg/ml TPCK, 50 ug/ml TLCK, 1 ug/ml leupeptin, and 1 mM DTT), and
twice with TE (10 mM Tris, pH 8.0, and 0.1 mM EDTA). Inmune complexes
were eluted with 250 ul of 0.1 M NaHCO; in 1% SDS twice for 15 min each
at room temperature. To reverse the cross-links, NaCl (final concentration 0.2
M) was added to combined eluants and incubated at 65°C overnight. Proteins
were then degraded by addition of 10 ul of 0.5 M EDTA, 20 ul of 1 M
Tris-HCl, pH 6.5, and 2 ul of 10 mg/ml proteinase K and incubation at 45°C
for 1 h. After a phenol/chloroform extraction, DNA was precipitated with
ethanol and 20 ug of glycogen. Immunoprecipitated DNA was resuspended
in 30 pl of MQ. Input samples were resuspended at 0.1 pg/ul. Polymerase
chain reactions (PCRs) were conducted on 1 ul of DNA in a 20-ul reaction
containing 10X PCR buffer [250 mM Tris-HCl, pH 9.1, and 160 mM
(NH,),S0,], 50 ng of each primer, 200 uM dNTPs (Roche Diagnostics), 2.5
mM MgCl, (cyclin E1 primers) or 1.5 mM MgCl, (albumin primers), 1 M
betaine (Sigma-Aldrich), and 1.5 U of Taq polymerase (Geneworks, Adelaide,
Australia). PCR conditions were as follows: 1 cycle: 95°C, 5 min; 60°C, 5 min;
72°C, 3 min and then 30-39 cycles: 95°C, 1 min; 60°C, 2 min; 72°C, 1.5 min. To
ensure the PCR was exponentially increasing, PCRs were conducted for 30,
33, 36, and 39 cycles with the first and last sample of the differentiation before
conducting PCRs on all precipitated products. PCR products were separated
by electrophoresis on 1.5% Tris borate-EDTA-agarose gels and visualized
with ethidium bromide. The sequences for the primers used are as follows:
cyclin E1 1st: 5'-dCGTAAAAGAACACGCCCCCCG-3'; cyclin E1 2nd: 5'-
dAAGCTGTGTCCGCCGCAGGCAGGCG-3'; albumin 1st: 5'-dGGTA-
AAGCTCCCGGGATCCGCCAAT-3’; and albumin 2nd: 5-dGTGGACTGT-
CACTTTGGTGGCTGGC-3'.
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Changes in Cell Cycle Dynamics during ES Cell
Differentiation Are Associated with the Establishment of
Cell Cycle-regulated Cdk Activities

ES cells and EPL cells divide rapidly, in part because they
spend only a short amount of time in G, before committing
to undergo DNA replication (Savatier ef al., 1994; Stead et al.,
2002). We predicted that during differentiation, increased
cell division times would be reflected by an increase in the
length of G,. To test this idea, we differentiated EPL cells as
EBs and evaluated cell cycle structure changes by flow cy-
tometry of propidium iodide (PI)-stained cells. EPL cells
were used as a starting point for these experiments because
they differentiate more synchronously than EBs derived di-
rectly from ES cells (Lake et al., 2000), making it possible to
define temporal events more accurately. To confirm our
prediction that differentiation is associated with changes in
cell cycle structure, we assessed changes in flow cytometry
profiles of Pl-stained cells during EB differentiation. Differ-
entiation was monitored by evaluating levels of marker
transcripts, including Rexl (ES/ICM), Oct4 (pluripotent
cells), Fgf5 (primitive ectoderm), and Brachyury (nascent
mesoderm; Figure 1A). Although the cell cycle structure of
ES/EPL cells and EPL EBs to day 2 are comparable (Figure
1B), the proportion of cells in G, phase increased markedly
at day 3 onward (Figure 1B). These changes were coincident
with loss of mRNAs associated with pluripotency and in-
creased levels of transcripts associated with differentiation
(Figure 1A).
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Cdk activity is a major factor that influences the rate of cell
cycle progression and the length of cell cycle phases (Brem-
ner et al., 1995; Resnitzky and Reed, 1995; Leone et al., 1999).
We previously established a mechanism for rapid ES/EPL
cell division by demonstrating that pluripotent cells of em-
bryonic origin exhibit unusually high levels of Cdk activity,
regardless of cell cycle position (Stead et al., 2002). To ad-
dress the molecular mechanisms regulating changes in cell
cycle structure during ES cell differentiation, we analyzed
the activity of Cdk-associated complexes in differentiating,
asynchronous cell populations. We first evaluated Cdk ac-
tivities by immunoprecipitating Cdk or cyclin subunits from
cell lysates and performed in vitro kinase assays by using
histone H1 as a substrate (Stead et al., 2002). As expected,
high levels of Cdk2-, cyclin E1-, cyclin A2-, and cyclin B1-
associated H1 kinase activity were observed in ES and EPL
cells and early EBs (Figure 1C). By day 4, however, Cdk2-,
cyclin E1-, and cyclin Bl-associated kinase activity had de-
creased by approximately fourfold (Figure 1C). The timing
of decreased cyclin E1 and Cdk2 kinase activity coincided
with the lengthening of G, phase (Figure 1B). Because cyclin
El-associated kinase activity is rate limiting for the G,/S
phase transition (Ohtsubo and Roberts, 1993; Resnitzky ef al.,
1994), the collapse of Cdk2/cyclin E1 kinase activity can
account for expansion of the G, phase during differentiation.
Decreased Cdk2-cyclin E1 activity was paralleled by a de-
cline in cyclin E1 protein levels and increased levels of the
Cdk inhibitors p21<iP! and p27%iP2 (Figure 1D). Although
we do not provide direct evidence, we predict that cyclin E1
availability and Cdk inhibition are the major factors influ-
encing the down-regulation of Cdk2 activity during ES cell
differentiation.

Establishment of Cell Cycle-regulated Cdk Activity during
ES Cell Differentiation

With the exception of Cdkl-cyclin Bl kinase, there is a
general absence of cell cycle-dependent Cdk activity in plu-
ripotent cells of embryonic origin (Stead et al., 2002). To
investigate the possible relationship between changes in cell
cycle structure and Cdk activity in pluripotent and differen-
tiating cells, we asked whether Cdk activities become cell
cycle dependent during differentiation. Because differentia-
tion of EBs is a dynamic process, synchronization experi-
ments at each time point could not be performed. Instead,
we used nocodazole trap experiments (Pathan ef al., 1996;
Stead et al., 2002) and compared Cdk activity in G,/M-
enriched cells at each stage of differentiation to that of asyn-
chronous cells. Although Cdk2, cyclin A2, and cyclin E1
kinase activities are cell cycle independent in ES/EPL cells,
by day 2 or 3 of EB differentiation they become cell cycle
regulated (Figure 2). Therefore, as a function of differentia-
tion, Cdk activities switch from being cell cycle independent
to cell cycle regulated. This correlated with the establish-
ment of cell cycle-regulated cyclin A2 and cyclin E1 protein
levels, implicating cyclin availability as a rate-limiting fac-
tor. Cyclin B1 retained cell cycle regulation in EBs, consistent
with our previous reports that cyclin Bl-associated H1 ki-
nase activity is already cell cycle regulated in pluripotent
cells (Stead et al., 2002).

Redistribution of Cdk Activities into Higher Order
Complexes during Differentiation

To investigate the underlying biochemical changes associ-
ated with differentiation, restructuring of the cell cycle, and
changes in Cdk activity, we used gel filtration analysis to
compare the composition of Cdk2-cyclin complexes in ES
cells and differentiated cells. Changes in the complexity of
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Cdk-cyclin complexes have been previously reported to be
associated with various biological changes in different cell
types (Sweeney et al., 1998) and in response to different
stimuli (Steiner et al., 1995; Prall et al., 1997; Musgrove ef al.,
1998; Prall et al., 1998; McConnell et al., 1999; Parry et al.,
1999; Swarbrick et al., 2000). We therefore asked whether
part of the mechanism underpinning changes in cell cycle
parameters during differentiation could be associated with
the redistribution of Cdk-cyclins into different functional
complexes.

To address this question, we initially compared Cdk-
cyclin complexes in ES cells and MEFs by fractionation on a
Superdex 200 size exclusion column. Equal volumes of pro-
tein fractions were analyzed by Western blot or subjected to
immunoprecipitation by using antibodies directed against
cyclin or Cdk subunits. Immunoprecipitates were then as-
sayed for kinase activity in vitro by using histone H1 as a
substrate. In ES cell lysates, the major peak of cyclin A2
protein and cyclin A2 kinase activity coeluted in complexes
with the 160-kDa marker (Figure 3A). The elution profile of
active cyclin A2 complexes was broader in MEFs and was
not necessarily associated with fractions where the majority
of cyclin A2 eluted (Figure 3A). Consistent with other dif-
ferentiated cell types (Prall et al., 1997; Musgrove et al., 1998),
the majority of cyclin E1 and Cdk2 protein eluted in lower
molecular mass fractions (<160-kDa marker) in MEFs,
whereas kinase activity eluted in higher molecular mass
fractions (>160-kDa marker) (Figure 3A). In contrast, the
majority of cyclin E1 and Cdk2 kinase activity eluted in low
molecular mass fractions (<160 kDa marker) in ES cells
(Figure 3A), overlapping with both cyclin E1 and Cdk2
protein elution profiles. Levels of Cdk2- and cyclin El-asso-
ciated kinase activity eluting in high-molecular-mass frac-
tions (>160-kDa marker) were significantly greater in ES
cells compared with MEFs (Figure 3A). These observations
suggest that in ES cells, the majority of Cdk2/cyclin E1 is
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Figure 3. Redistribution of active Cdk activity into higher order
complexes during differentiation. (A) Whole cell lysates from ES
cells and MEFs (passage 3) were fractionated by size exclusion
chromatography. Cdk2, cyclin A2, and cyclin E1 H1 kinase activities
and protein levels were evaluated in alternate fractions. Gel filtra-
tion columns were calibrated using molecular mass markers. Ly-
sates from ES cells, EPL cells, and EBs (day 2-5) were fractionated as
described in A and assayed for cyclin E1 (B) or Cdk2 activity (C).
Corresponding fractions also were subject to immunoblot analysis.
To highlight differences in elution profiles, equivalent exposures are
not represented; ES, EPL, and EPLEB days 2 and 3 are similar
exposures, whereas EBs days 4 and 5 are longer exposures. Note
that immunoblots and kinase assays in A were exposed for longer
periods for analysis of MEF lystates to allow a more direct compar-
ison of elution profiles with ES cell lysates.

assembled into active complexes that span a lower molecu-
lar mass range than active Cdk2-cyclin E1 complexes in
MEFs. Similar trends also were seen for cyclin A2 com-
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plexes. These observations demonstrate significant differ-
ences in the activity and composition of active Cdk2-cyclin
complexes in ES cells and MEFs.

Differences between ES and MEF gel filtration profiles
suggested that the composition and complexity of Cdk-
cyclin complexes could change during differentiation. To
address this question further, we compared the elution pro-
files of cyclin E1- and Cdk2-associated kinase activity in ES
cells, EPL cells, and EPL EBs. Cyclin El-associated Cdk
activity in ES cells, EPL cells, and day 2 EBs eluted in similar
size fractions after gel filtration, with the majority of active
Cdk2-cyclin E1 eluting after the 160-kDa marker (Figure
3B).

Active cyclin E1 complexes in cells differentiated for 3-5 d
shifted into higher order complexes with a concomitant
decrease in activity, even though the bulk of cyclin E1 pro-
tein levels did not shift significantly into larger complexes.
By day 5 of EB differentiation, the size range of active cyclin
E1 complexes in EBs overlapped with that of MEFs (Figure
3B). These data show that differentiation of ES cells is asso-
ciated with the redistribution of active Cdk2-cyclin E1 into
high-molecular-mass complexes, of similar size typically
seen in differentiated cell types (Prall et al., 1997; Musgrove
et al., 1998). In contrast to ES cells, only a small fraction of the
total pool of cyclin El is assembled into active Cdk com-
plexes, indicating that during differentiation, qualitative
changes in the proportion of active cyclin El-containing
complexes occur. The similarity in the elution profile for
cyclin El-associated and Cdk2 kinase activity (Figure 3C)
suggests that the majority of active Cdk2 is bound to cyclin
El.

Down-Regulation of Cyclin E1 Transcription and
Activation of the pRb—E2F Pathway during
Differentiation

Changes in Cdk?2 activity can, in part, be accounted for by a
decline in cyclin E1 protein (Figure 1D) and mRNA (Figure
4A). During differentiation, transcription of the cyclin E1l
gene switches from being cell cycle independent to cell cycle
regulated (Figure 4B). Cyclin E1 protein stability does not
change significantly during differentiation (Faast and Dal-
ton, unpublished data), indicating that changes in transcrip-
tion rates are likely to be a major determinant of cyclin E1
protein levels and Cdk2-cyclin E1 activity in ES cells and
during differentiation. Because cyclin E1 transcription is de-
pendent on regulation by the E2F and pocket proteins, we
asked whether E2F-dependent transcription also was ele-
vated in pluripotent cells and decreased during differentia-
tion. This was evaluated by establishing stable cell lines
carrying a luciferase reporter construct driven by four ca-
nonical E2F binding sites (Cartwright et al., 1998) and com-
paring reporter activity in EPL cells to that in day 5 EBs. This
analysis showed that general E2F-dependent transcription is
~12-fold higher in pluripotent (EPL) cells compared with
EBs (Figure 4C). Mutation of E2F binding sites in the re-
porter decreased reporter activity, indicating that transcrip-
tion from the reporter in the wild-type construct is E2F
dependent. These results are consistent with our previous
observation that cyclin E1 transcript levels decrease during
differentiation (Figure 4A). This is likely to be due, in part at
least, to establishment of cell cycle-regulated E2F—pRb activ-
ity in contrast to ES cells where E2F is constitutively active
(Stead et al., 2002). The major E2F activity defined by gel
mobility shift assays in ES/EPL cells is E2F4 (Humbert et al.,
2000; Stead et al., 2002). To formally show that E2F4 binds
the cyclin E1 promoter in ES cells in vivo, we performed
ChIP assays (Figure 4D). In contrast to the albumin pro-
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moter, we show that E2F4 binds the cyclin E1 promoter in
vivo consistent with it having a role in driving cyclin E
transcription.

Recruitment of p107 to the Cyclin E1 Promoter
Corresponds to Changes in Cyclin E1 Transcription during
Differentiation

Changes in cyclin E1 transcription that occur during differ-
entiation are likely to be a consequence of altered pocket
protein regulation after the establishment of cell cycle-reg-
ulated Cdk activity. This would predict that although pocket
proteins are not assembled into complexes with E2Fs in ES
cells, E2F—pocket protein complexes will be formed upon the
establishment of cell cycle-dependent Cdk activities. In this
study, our focus was on p107 because it is the most prevalent
E2F-associated pRb family member in ES cells (Stead et al.,
2002), but the studies do not preclude similar regulation of
the other pRb family members. Our hypothesis was that
although p107 and pRb are expressed in ES cells, they are
held in a biochemically inactive state by precocious, cell
cycle-independent Cdk activity (Stead et al., 2002). This is
supported by our observations that during differentiation,
E2F complexes become assembled into higher order com-
plexes with pocket proteins as judged by gel mobility shift
assays (Figure 5A).

Collectively, these data indicate that pocket proteins are
not recruited to endogenous E2F target promoters in ES
cells, hence accounting for constitutive E2F-dependent tran-
scriptional activity throughout the cell cycle (Stead et al.,
2002). To address this question, we asked whether p107
binds the cyclin E1 promoter in vivo by using ChIP assays.
In pluripotent (EPL) cells, p107 recruitment was low but
became elevated during EB differentiation (Figure 5B). These
results indicate that recruitment of p107, and possibly other
pocket proteins, to E2F target genes occurs as Cdk2 activity
collapses and becomes cell cycle dependent during differen-
tiation.

To establish that the absence of pocket protein function
explains the unrestrained E2F activity in ES cells, we asked
whether a form of p107 that could evade Cdk action could
regulate cyclin E1 transcription and E2F reporter gene activ-
ity. This hypothesis was tested by expressing a mutant form
of p107 that evades Cdk regulation through multiple amino
acid substitutions in key phosphorylation sites (Ashizawa et
al., 2001; Kondo et al., 2001). The first approach to address
this question involved the generation of stable ES cell lines
expressing wild-type p107 (p107**) or a mutant that evades
Cdk inhibition (p10745/T-F; Figure 5C). Although levels of
p1074S/TY expressed in each cell line were significantly
lower than p107**, the mutant had a more potent effect on
suppressing endogenous cyclin E1 transcription. This was a
general trend between several independent clonal cell lines
tested. As a second readout, transient transfections were
performed where an E2F-luciferase reporter was cotrans-
fected with p107** or p10745/TF expression plasmids (Fig-
ure 5D). In this assay, expression of both p107** and p1074S/T-F
suppressed activation of the reporter gene by endogenous
E2F. Enforced p107 activity therefore inhibits E2F-depen-
dent transcription in both assays. In endogenous E2F target
genes, pl0745/TF is a more potent regulator because of its
ability to evade regulation by Cdk activity.

DISCUSSION

The fundamental mechanisms of cell cycle control are con-
served in somatic cells and involve the cell cycle-regulated
activity of cyclin-dependent kinases. Before specification
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Figure 4. Down-regulation of cyclin E1 mRNA due to the collapse of
E2F transcriptional activity during EB differentiation. (A) Cyclin E1 and
GAPDH mRNA levels in cell samples (as in Figure 1) were evaluated
by Northern blotting. Quantitation of transcript levels was determined
by Phosphorlmager analysis relative to the GAPDH control. (B) Cyclin
E1 and GAPDH mRNA levels in asynchronous or nocodazole-blocked
ES cells and day 1 and day 3 EBs. (C) Clonal ES cell lines with stably
integrated luciferase reporters driven by E2F or mutated E2F sites were
differentiated into EPL or day 5 EBs. Protein harvested from cells and
bodies was analyzed for luciferase activity. Luciferase units were nor-
malized using protein concentrations. Data represents a typical exper-
iment. (D) ChIP analysis of E2F4 binding activity on the cyclin E1 and
albumin promoters in ES cells. Cross-linked chromatin (700 ug) from
asynchronous ES cells was incubated with E2F4 or cdc25a (nonspecific)
antibodies. Immunoprecipitated DNA was analyzed by PCR by using
primers specific for different promoters. PCR controls included analy-
sis of 0.03% of the total input chromatin (input) and the addition of
water instead of input DNA (— template).

into definitive cell types, pluripotent ES cells cycle at unusu-
ally rapid rates involving cell cycle mechanisms driven by
cell cycle-independent Cdk activities (Stead et al., 2002; Faast
et al., 2004). In this report, we set out to define the molecular
events underpinning changes in cell cycle dynamics during
ES cell differentiation.
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Figure 5. Recruitment of p107 to the cyclin E1 promoter corresponds to changes in cyclin E1 mRNA during differentiation. (A) E2F ternary
complexes form during ES cell differentiation. Band shift analysis using extracts from asynchronous ES, EB day 4, and NIH 3T3 cells. (B) ChIP
analysis of p107 binding activity on the cyclin E1 and albumin promoters in EPL cells and during differentiation. Cross-linked chromatin (700
pg) from asynchronous EPL cells and EPLEBs was incubated with p107 or cdc25a (nonspecific) antibodies. Immunoprecipitated DNA was
analyzed by PCR by using primers specific for the cyclin E1 and albumin promoters. To ensure equal concentrations of chromatin was
analyzed, PCRs on 0.03% of the total input chromatin (input) were conducted. (C) Ectopic p107 represses endogenous cyclin E1 transcription
in ES cells. ES cells were stably transfected with pCAG vector (vector), pPCAG-p107** or pCAG-p10745/T°F. Stably integrated forms of p107,
from different clonal lines, were detected via HA tags by immunoblot analysis. Cyclin E1 and GAPDH mRNA levels in cell samples were
evaluated by Northern blotting. Quantitation of transcript levels was determined by phosphorimager analysis relative to the GAPDH control.
(D) Ectopic p107 represses endogenous E2F activity in ES cells. ES cells were transfected with the E2F- or mutated E2F-luciferase reporter,
a Renilla control, and 50 ng of empty pCAG expression vector (Vector), wild-type p107 (p107*t), or mutant p107 (p10745/TT). Firefly luciferase
activity was normalized to Renilla luciferase activity, and data are presented as relative activity. Experiments were performed in triplicate,
and data represent a typical experiment.
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A basic requirement for cell cycle progression is that rep-
lication origins are licensed to fire once in each S phase by a
mechanism that requires low Cdk activity in the preceding
G, period (reviewed by Blow and Hodgson, 2002). Low Cdk
activity in G, establishes conditions where prereplicative
complexes (pre-RCs) can assemble at origins. Once a Cdk
signal is generated, pre-RCs are activated and generate a
single bidirectional replication fork. On face value, constitu-
tive Cdk activity would not be consistent with such a model
because it would be expected that under these conditions,
pre-RC formation would be inhibited. There are several
possible explanations to reconcile this. It is possible that our
previous study (Stead et al., 2002) failed to detect a subtle
decrease in Cdk2 activity that would be expected during G,
for origins to license. In early zebrafish and Xenopus devel-
opment, Cdk2 activity oscillates weakly in comparison with
Cdkl-cyclin B (Rempel et al., 1995; Yarden and Geiger,
1996), consistent with this possibility. Alternatively, de-
creased Cdkl-cyclin Bl activity may suffice to enable pre-
RCs to form in G,, even when Cdk2 activity remains ele-
vated. The explanation that we favor, however, is that a pool
of Cdk2 involved in origin regulation is inactive in G,, but
this went undetected using standard assays that measure
total Cdk activity in whole cell lysates. It is possible that a
subset of Cdk2 complexes are in fact inactivated during G,,
allowing for pre-RC assembly, but this is not detected in the
background of elevated Cdk2 activity.

Deregulation of Cdk2 activity is often associated with
accelerated entry into S phase (Duronio et al., 1996; Hua et
al., 1997; Krude et al., 1997) and suggests a mechanism for
how pluripotent ES cells divide rapidly by truncating the
length of G, (Stead et al., 2002). Before these studies began,
however, it was not clear how the embryonic mode of cell
cycle regulation switched to that of a typical somatic mech-
anism involving cell cycle-dependent Cdk activities. Our
results clearly show that the acquisition of a full G, phase
during differentiation is associated with the collapse of Cdk2
activity. Moreover, Cdk2 activity becomes cell cycle depen-
dent for the first time in development of embryonic cells.
The major levels of control governing the establishment of
Cdk2 activity are likely to include transcriptional control of
cyclin synthesis, because cyclin A2 and E1 levels are clearly
rate limiting in controlling Cdk2 activity in differentiation.

Up-regulation of Cdk inhibitors such as p21<P! and
p275iP! also may be important for the collapse of Cdk2
activity that occurs during ES cell differentiation. All of these
activities are absent in pluripotent cells. We previously re-
ported the absence of INK family members such as p16™<4a
in ES cells (Faast et al., 2004), suggesting that pluripotent
cells of embryonic origin do not express the main Cdk
inhibitory proteins. Another factor that may contribute to
the overall change in cell cycle control could be the recruit-
ment of Cdk2-cyclin into higher order complexes. Rapid
proliferation in pluripotent cells may be generated by the
high levels of discrete, active Cdk2-cyclin E1 complexes,
enabling phosphorylation of transient substrates or rapid
association with newly synthesized substrates. Our data
suggest that the majority of Cdk2 is assembled into low-
molecular-mass active complexes in pluripotent cells but as
differentiation proceeds, the size of active complexes in-
creases. This is likely to indicate their recruitment into dif-
ferent types of complexes and a change in their subcellular
localization.

Cell cycle-regulated Cdk activity is normally required for
the temporal inactivation of pRb family members and acti-
vation of E2F-dependent transcription during G, phase. The
constitutive activity of pRb/p107 kinases in ES cells predicts
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Figure 6. Establishment of G; regulatory (R-point) controls
through cell cycle-regulated Cdk2 activity during ES cell differen-
tiation. Pluripotent ES cells exhibit elevated, constitutive Cdk activ-
ities, pRb family members are inactive and E2F-dependent tran-
scription is cell cycle independent. During differentiation, Cdk
activities collapse and become cell cycle regulated. As part of the
establishment of cell cycle regulation, p107 and other pocket pro-
teins (such as pRb and p130) become active and are able to repress
E2F target genes during G,. Which of these events occurs first is
unknown.

that pocket proteins will be held in a biochemically active
state. The elevated transcription of E2F target genes
throughout the cell cycle is consistent with this scenario
(Stead et al., 2002). We focused on E2F4 as an example of
how general E2F activity could be regulated in this system
because it has been previously been reported to be the major
E2F activity in ES cell (Humbert et al., 2000; Stead et al.,
2002). Other E2F family members such as E2F1, 2, and 3 also
may be important in ES cells, but because E2F activities were
previously defined in whole cell extracts, their significance
may have been overlooked because E2F1, 2, and 3 activity is
more pronounced in nuclear extracts. Our data establish that
constitutive transcription of canonical E2F target genes are
regulated by E2F4-Dp activity and are not subject to p107-
mediated repression. Although we did not specifically eval-
uate the status of pRb and p130 in these studies, it is likely
that they will behave similarly to p107 in terms of them
being inactive in ES cells and cell cycle regulated at some
point during differentiation by cyclical Cdk activity. We
hypothesized that the establishment of cell cycle-dependent
Cdk activities would mark the time when the R-point ma-
chinery, including pRb family members, would become ac-
tivated for the first time during development. This would
establish a major transition point between pluripotency and
the differentiated state. Our findings indicate that loss of
pluripotency is associated with decreased Cdk activity, ac-
tivation of the pRb pathway, and periodicity in transcription
in E2F-dependent genes such as cyclin E1. Each of these
elements are interrelated and conceivably work through a
self-regulating feedback loop (Figure 6). Although cell cycle-
dependent Cdk activity, cyclin E1 transcription and activa-
tion of pRb pathway regulate each other, the initiating step
that triggers the transition from constitutive to periodic reg-
ulation was not defined by these studies. Breaking the self-
sustaining loop of constitutive cyclin E1 transcription seems
to be caused by the establishment of transcriptional period-
icity and up-regulation of inhibitory proteins, but how this is
established is unresolved. To determine whether the estab-
lishment of periodicity could be imposed by pocket protein
activation per se, we used enforced expression of a consti-
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tutively active p107 mutant (p10745/T). No major changes in
periodicity were observed in these experiments, although
E2F transcription was suppressed (Figure 5). It is likely that
pocket protein activity needs to be itself cell cycle regulated
to impose periodicity of E2F target genes. The experiments
performed therefore shed no light on how periodicity is
imposed.

In Drosophila, establishment of G, phase, after mitosis 16,
requires cell cycle regulation of cyclin E expression, Cdk2-
cyclin E activity, and the activity of pRb family members
(Duronio and O’Farrell, 1994; Knoblich et al., 1994; Richard-
son ef al., 1995; Secombe et al., 1998; Du and Dyson, 1999; Li
et al., 1999). Accordingly, we propose that incorporation of
G, /S regulation during mouse embryogenesis may require
down-regulation of Cdk2-cyclin E activity and activity of
pRb family members, as indicated by our ES cell-based
studies. This would signify a major transition that has not
been previously described in mammalian development. It
has been previously reported that decreased cyclin E-CDK2
activity is required for differentiation in both Drosophila and
Xenopus embryos (Knoblich et al., 1994; Howe et al., 1995;
Rempel et al., 1995; Richardson et al., 1995; Hartley et al.,
1996, 1997; Secombe et al., 1998; Li et al., 1999). This is
consistent with our observations that document for the first
time, the dynamics and molecular regulation of cell cycle
regulation during early mammalian development by using
ES cells as a model.

Regulation of the cell cycle in pluripotent cells of embry-
onic origin sets a precedent in terms of mammalian biology.
This raises the question as to whether the molecular regu-
lation of cell division in self-renewing stem cells is mecha-
nistically coupled to self-renewal itself. Several reports have
described that inactivation of the three pocket proteins pRb,
p107, and p130 causes cell immortalization, suggesting a
link between the cell cycle machinery and immortalized/
self-renewing states (Dannenberg et al., 2000; Sage et al.,
2000). The activity of Cdks and inactivity of pocket proteins
in ES cells are consistent with this possibility. It will be
intriguing to determine whether self-renewal in stem cells is
related to their unusual mode of cell cycle regulation.
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