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Regulation of E2F/cyclin A-containing complex
upon retinoic acid-induced differentiation

of teratocarcinoma cells

Ronald R. Reichel

Department of Pharmacology and Molecular Biology, The Chicago Medical School, North Chicago, lllinois

Retinoic acid-induced differentiation of mouse P19 teratocarcinoma cells is accompanied by altera-
tions in the level of E2F transcription factor. P19 stem cells contain free, uncomplexed E2F and
an E2F complex termed E2F/stem. This stem cell complex is a heterotrimeric protein aggregate
consisting of E2F transcription factor, E2F-binding protein (E2F/bpl), and cyclin A. Retinoic acid
treatment converts P19 stem cells into differentiated neurons, glial cells, and fibroblasts. The presented
experiments clearly show that the level of uncomplexed E2F gradually decreases upon differentia-
tion, and fully differentiated cells do not contain free E2F. In addition, the stem cell-specific E2F
aggregate is converted into a smaller complex, termed E2F/diff. This smaller complex, which is
specific for differentiated cells, does not contain cyclin A and consists of E2F transcription factor
associated with E2F/bpl. Finally, the role of E2F complexes in the cessation of cell proliferation,

which accompanies P19 cell differentiation, is discussed.

mbryonal carcinoma (EC) cells, which are

cultured lines of the pluripotent stem cells
of teratocarcinomas, provide an attractive model
system for investigating mechanisms controlling
mammalian differentiation and development
(Martin, 1980; Silver et al., 1983). Incubation
of EC cells with retinoic acid causes their differ-
entiation into a wide spectrum of distinct tis-
sue types. The formation of differentiated cells
is often coupled with cessation of cell growth,
and retinoic acid treatment converts rapidly pro-
liferating EC stem cells into post-mitotic, differ-
entiated cells. The link between acquisition of
the differentiated phenotype and growth arrest
is only poorly understood. Retinoic acid-induced
differentiation of embryonal carcinoma cells
is accompanied by numerous changes in gene

expression. In order to elucidate the mecha-
nism of differentiation and coupled growth ar-
rest, it is therefore important to investigate the
molecular details of alterations in the gene ex-
pression pattern. The recent identification of
retinoic acid receptors has facilitated studies
characterizing the initial steps of retinoic acid-
induced differentiation (Benbrook et al., 1988;
Brand et al., 1988; Giguere et al., 1987; Krust
et al., 1989; Petkovich et al., 1987). By analogy
to structurally related steroid and thyroid hor-
mone receptors, retinoic acid receptors, upon
binding to retinoic acid, function as dimeric
transcription factors for a specific set of genes
(Evans, 1988; Wahli and Martinez, 1991). Some
genes respond rapidly to the action of retinoic
acid, indicating that they are direct targets for
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retinoic acid receptors (LaRosa and Gudas, 1988;
Murphy et al., 1988). This has been corroborated
by the identification of retinoic acid response
elements in a number of different promoters
(d€l'he et al., 1990; Umesono et al., 1991; Vasios
et al., 1991). It has been suggested that at least
some of these primary response (early) genes
regulate the expression of secondary (late)
genes, implying that a hierarchy of steps is
involved in embryonal carcinoma cell differen-
tiation (Chiocca et al., 1988). The result is the dif-
ferentiated phenotype, with genes being acti-
vated and repressed during the process (Croce
et al., 1981; LaRosa and Gudas, 1988; Rickles
et al.,, 1989; Vogt et al., 1988). Most changes in
gene expression that take place upon EC cell
differentiation occur at the level of transcrip-
tional initiation and are mediated by promoter-
specific transcription factors (Darrow et al., 1990;
Harada et al,, 1990; Liischer et al., 1989; Yang-
Yen et al., 1990). In order to identify the steps
that lead to growth arrest and differentiation,
it is therefore crucial to study the mechanism
of transcription factor fluctuation.

A well-documented example of transcription
factor regulation upon retinoic acid-induced
differentiation of EC cells is that of the E2F ac-
tivity. E2F is downregulated during F9 embry-
onal carcinoma cell differentiation, and it has
been suggested that a cellular E1A-like activity
is involved in the regulation process (Ldal’hangue
and Rigby, 1987; Reichel et al., 1987). The cellu-
lar E2F transcription factor was originally iden-
tified in HeLa cells and is essential for the adeno-
virus E1A-mediated stimulation of the early
adenovirus E2 gene (Kovesdi et al., 1986). In
addition, E2F is also important for the tran-
scriptional induction of several cellular genes
(Hiebert et al., 1991; Mudryj et al., 1990). The
DNA-binding activity of E2F is increased upon
adenovirus infection, and two viral gene prod-
ucts, E1A and E4, are involved in this process
(Babiss, 1989; Kovesdi et al., 1986; Reichel et al.,
1989). As is evident from the above, E2F is con-
trolled by viral as well as cellular mechanisms.

We have continued our studies on the cellu-
lar control of E2F with the help of P19 embry-
onal carcinoma cells. In contrast to F9 cells, ini-
tiation of P19 cell differentiation by retinoic
acid leads to the emergence of neurons, glial
cells, and fibroblasts (Jones-Villeneuve et al.,
1982). According to our experiments, E2F is able
to form protein aggregates with two cellular ac-
tivities, cyclin A and a peptide—until now
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uncharacterized —which we term E2F-binding
protein. Evidence is presented demonstrating
that the E2F-containing complexes are affected
by retinoic acid treatment and fluctuate upon
P19 cell differentiation.

Materials and methods

Cell culture

P19 embryonal carcinoma cells (ATCC # CRL
1825) were cultivated in Dulbecco’s modified
Eagle’s medium (DMEM) + 7.5% ultra calf
serum/2.5% fetal calf serum (Inovar). Differen-
tiation of P19 cells with all-trans retinoic acid
(Sigma) was initiated as described elsewhere
(Rudnicki and McBurney, 1987).

Extract preparation

P19 cells were removed from tissue culture plates
by scraping. Subsequently, the cells were washed
with PBS (8 mM Na;HPO,, 1.5 mM KH3PO,,
135 mM NacCl, 2.5 mM KCl) and pelleted by cen-
trifugation (1,000 x g, 4°C, 5 minutes, Beck-
man AccuSpin table-top centrifuge). The cell
pellet was lysed by the addition of an equal vol-
ume of lysis buffer (20 mM Tris [7.5], 2 mM NaCl,
1 mM EDTA, 10% glycerol, 1 mM DTT [dithio-
threitol], 0.5 mM PMSF [phenylmethanesulfo-
nyl fluoride]). The chromatin fraction was re-
moved by ultracentrifugation (350,000 x g, 4°C,
60 minutes, SW55 Rotor), and the supernatant
was dialyzed overnight at 4°C against an excess
of dialysis buffer (20 mM Tris [7.5], 50 mM NaCl,
1 mM EDTA, 10% glycerol, 1 mM DTT, 0.5 mM
PMSF). Insoluble materials were removed by
centrifugation (1,000 x g4°C, 5 minutes, Beck-
man AccuSpin table-top centrifuge), and the
dialyzed extract was stored in aliquots at —70°C.

Glycerol gradients

P19 cell extract (3 ml of a 5 mg/ml concentra-
tion) was layered onto 35 ml of 10-30% glyc-
erol gradients (20 mM Tris [7.5], 100 mM NacCl,
1 mM EDTA, 10-30% glycerol, 1 mM DTT, 0.5
mM PMSF). Gradients were centrifuged in an
SW28 rotor at 72,000 x g for 85 hours (4°C).
At the end of the run, tubes were punctured,
and 1.3 ml fractions were collected from the
bottom. Individual fractions were analyzed by
gel shift as described below.

Gel shift assay and oligonucleotides

Binding of E2F to DNA oligonucleotides was
initiated by mixing the following components:
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Table 1. Gel shift oligonucleotides

E2F, single site
SACTAGTTTCGCGCCCTTTCTY
ITGATCAAAGCGCGGGAAAGAS

E2F, double site
SGTTTCGCGCCCTTTCTCAAATTTAAGCGCGAAAATY
3'CAAAGCGCGGGAAAGAGTTTAAATTCGCGCTTTTS

E2F, mutated
SCTAGATTTCGAGCS
ITAAAGCTCGCTAGS

ATF
S5GCTGGAGATGACGTAGTTTTCY
3'CGACCTCTACTGCATCAAAAGS

1 ng of kinased double-stranded oligonucleo-
tide, binding buffer (20 mM Tris [7.5], 5% glyc-
erol, 40 mM KCIl, 1 mM MgCl,, 0.5 mM DTT,
1 mM EDTA), 1 pg of sonicated salmon sperm
DNA, and 10-30 pg of extract. The total reac-
tion mixture was 30 ul. After 30 minutes at
room temperature, the reaction mixture was
loaded onto a 4% polyacrylamide gel (acryla-
mide/bis 29:1). Electrophoresis was performed
for 60-90 minutes at 150V (room temperature).
Subsequently, the gel was dried and subjected
to autoradiography. The double-stranded DNA
oligonucleotides employed are shown in Table 1.

Antiserum

Preparation of cyclin A antiserum has been de-
tailed elsewhere (Pines and Hunter, 1990).

Plasmids

A Hind III/Pst I DNA fragment of a cDNA en-
coding wild-type sequences of the 13S gene prod-
uct of E1A was cloned into the Hind III/Pst I
sites of pGEM1 (Promega). For in vitro transcrip-
tion, the plasmid was cut with EcoR I and tran-
scribed in the presence of SP6 RNA polymer-
ase. A cDNA for human cyclin A was cloned
into the EcoR 1 site of pGEM 4Z (Promega).
After linearizing with Hind III, cyclin A RNA
was synthesized in the presence of SP6 RNA
polymerase.

In vitro transcription and translation

Plasmids containing E1A and cyclin A sequences
were linearized, and capped RNA was synthesized
by combining the following: 5 pg of linearized
plasmid, 40 mM Tris (8.0), 6 mM MgCls, 5 mM
NaCl, 10 mM DTT, 0.1 mg/ml BSA (bovine se-
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rum albumin), 80 U RNAsin (Promega), 0.5 mM
ATP, 0.5 mM CTP, 0.5 mM UTP, 0.05 mM GTP,
0.5 mM GpppG, 40 U SP6 or T7 RNA polymer-
ase. After 60 minutes at 37°C, the RNA was puri-
fied by phenol extraction and precipitated by
ethanol. Approximately 2 ug of in vitro trans-
cribed RNA was translated into protein with the
help of reticulocyte lysates, following the protocol
of the manufacturer (Promega Biotechnology).

Results

Identification of uncomplexed E2F in P19 cells

In order to elucidate the mechanism that con-
trols regulation of E2F during differentiation,
whole cell extracts were prepared from mouse
P19 stem cells and differentiated P19 cells. E2F
protein was detected by gel retardation assay
using a DNA oligonucleotide with a single E2F
binding site (cf. Materials and Methods). P19
stem cell extract gave rise to two shifted bands
(E2F and E2F/stem; Fig. 1, lane 8). In contrast,
employment of differentiated P19 cell extract
led to a single band (Fig. 1, lane 5) that migrated
between the two stem cell bands. This band was
provisionally termed E2F/diff (see Discussion,
last section). Lanes 3 and 5 were slightly over-
loaded, and faint E2F bands, which are present
in extremely low amounts in differentiated cells,
were therefore detected. However, we would like
to emphasize that comparisons between equal
amounts of stem and differentiated cell extract
clearly demonstrate that the level of the E2F
band is substantially higher in stem cells (see
also Fig. 8, lanes 1 and 5). For comparison, the
DNA binding activity of ATF transcription fac-
tor, which interacts with an oligonucleotide de-
rived from the- —80/-70 region of the adeno-
virus E2 promoter, was not altered during P19
cell differentiation (Fig. 1, lanes 1 and 2). All
three E2F bands were eliminated by competi-
tion with an excess of unlabeled E2F oligo-
nucleotide (Fig. 1, lanes 7 and 4). On the other
hand, addition of an excess of unlabeled mu-
tated E2F oligonucleotide, which does not inter-
act with E2F protein, had no effect (Fig. 1, lanes
6 and 3). These competition studies suggest that
the DNA binding protein E2F is part of all three
observed bands.

What is the composition of the three DNA-
protein complexes? The fastest migrating band,
termed E2F, comigrated with a band that was
observed when Hela cell extract was incubated
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with the single site E2F oligonucleotide (data
not shown). It has been reported that this HeLa
cell band represents monomeric E2F bound to
the DNA oligonucleotide (Bagchi et al., 1990).
It is therefore likely that the faster migrating
band detected with P19 stem cell extract con-
sists of E2F monomer bound to DNA oligo-
nucleotide. In order to corroborate this con-
jecture, the molecular weight of the protein
component of the E2F band was determined.
Glycerol gradient centrifugation of P19 stem
cell extract identified the protein part of the
E2F band in fraction 20 (Fig. 2a). Comparison
with the positions of protein markers suggested
a molecular weight of —50 kDa. This agrees
with the molecular weight of murine E2F (P19
cells are of murine origin) which has been de-
termined to be 54 kDa (Bagchi et al., 1990). Fur-

Competitor

Diff Diff Stem Stem Stem Extract

Probe

__E2F/stem

— E2F/diff

Reichel

Figure 1. Regulation of E2F upon
differentiation. Gel shift reactions
were performed with a single-site
E2F oligonucleotide (lanes 3-8)
and an oligonucleotide containing
an ATF recognition site (lanes 1,2).
The oligonucleotides were incu-
bated with P19 stem cell extracts
(lanes 2 and 6-8) or extracts pre-
pared from P19 cells 9 days after
retinoic acid-induced differentia-
tion (lanes 1 and 3-5). 30 ng of
extract were used for lanes 1 and
2 and 6-8. Lanes 3-5 were slightly
overloaded and contain more that
30 ng of extract. Competitions
were done with a 100-fold excess
ofunlabeled single site E2F oligo-
nucleotide (lanes 4,7) or a 100-fold
E2F excess of unlabeled mutated E2F
oligonucleotide (lanes 3, 6).

thermore, another known feature of E2F was
utilized to demonstrate that the faster migrat-
ing P19 stem cell band contains murine E2F
monomer. Several laboratories have reported
that E2F transcription factor engages in com-
plex formation with the adenovirus E4-6/7 17
kDa protein (Huang and Hearing, 1989; Mar-
ton et al., 1990; Neill et al., 1990). This E2F/E4
aggregate can be detected by gel shift and re-
quires a DNA probe with two adjacent E2F bind-
ing sites. In order to assay for E4 binding, pro-
tein material that gave rise to the E2F band
(Fig. 1, lane s ) was isolated by glycerol gradient
centrifugation of P19 stem cell extract. Incu-
bation of this material with a double site E2F
oligonucleotide yielded a single band (Fig. 3,
lane 2). Preincubation of the fractionated glyc-
erol gradient material with E4-6/7 protein that



Developmental regulation of E2F complexes

A E2F
1
29kD 66kD 150kD
1+
22 21 20 19 18 17 16 15 14 13
X /7 » H# - A A g_r
21 20 19 18 17 16 15 14 13
B E2F/diff
29kD 66kD 150kD

263

E2F/stem
1
200kD
i |
12 11 10 9 8 7 6 5
= 1% A Om 0 * m
E2F/stem
E2F
12 11 10 9 8 7 6 Fraction e*

200kd

Figure 2. Glycerol gradient fractionation of P19 cell extracts. P19 cell extracts were fractionated by glycerol gradient
centrifugation, as described in Materials and Methods. After centrifugation, 10 |d aliquots of individual fractions
were assayed by gel shift using the single-site E2F oligonucleotide. The positions of protein markers that were run
in parallel are indicated by arrows. The following markers were used: Carbonic anhydrase (29 kDa), Bovine serum

albumin (55 kDa), Alcohol dehydrogenase (150 kDa), and (3-Amylase (200 kDa).
B. Sedimentation analysis of differentiated P19 cell extract (prepared 9 days after retinoic acid-

stem cell extract.
induced differentiation).

had been purified from adenovirus-infected
cells (generous gift of Pradip Raychaudhuri, Uni-
versity of Illinois-Chicago) resulted in the de-
tection of an additional shifted band (E2F/E4,
Fig. 3, lane 1). In contrast, incubation of the E2F
oligonucleotide with E4 protein alone did not
lead to any complex formation (Fig. 3, lane 3).
The results presented in Figure 3 demonstrate
that E4-6/7 is able to interact with the protein
component of the E2F band. Taking into account
the DNA binding specificity, the molecular
weight, and the interaction with E4-6/7, we con-
clude that the E2F band is a result of a specific
interaction between oligonucleotide and mono-
meric murine E2F protein.

A. Sedimentation analysis of P19

Identification of complexes formed between

E2F and cellular activities

Several explanations may account for the pres-
ence of the two more slowly migrating bands,
termed E2F/stem and E2F/diff (Fig. 1). It is con-
ceivable that these bands are due to the inter-
action of posttranslationally modified E2F pro-
teins with DNA oligonucleotide. However,
glycerol gradient fractionation of P19 cell ex-
tracts (Fig. 2, panels A and B) suggest that the
protein components of E2F/stem and E2F/diff
have an estimated molecular weight of 180 kDa
and 120 kDa, respectively. Murine E2F has a
molecular weight of 54 kDa, and it is therefore
highly unlikely that association of modified E2F
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forms with oligonucleotides is involved in the
formation of the two slower migrating bands.
Furthermore, it is possible that the peptide
moieties of E2F/stem and E2F/diff are large mole-
cules that exhibit the same DNA-binding speci-
ficity as E2F. However, there is no reported evi-
dence for such molecules.

The most likely explanation for the two slower
migrating aggregates is the interaction between
DNA oligonucleotide and E2F complexes. Re-
cently, it has been reported that E2F interacts
with cellular activities in mouse L cells (Bagchi
et al.,, 1990), and these complexes can be dis-
sociated by sodium deoxycholate (DOC). There-
fore, we investigated the effect of DOC on
E2F/stem and E2F/diff. The protein components
of E2F/stem and E2F/diff were isolated by glyc-
erol gradient centrifugation, and DNA-binding
reactions were initiated (Fig. 4, lanes 1 and s).
Addition of 0.07% sodium deoxycholate to the
gel shift reactions eliminated the two more
slowly migrating complexes and yielded a band
that migrated at the same position as E2F (Fig.

Reichel

Figure 3. Interaction between E2F
and the adenoviral E4-6/7 protein.
Interaction between the double
site E2F oligonucleotide (cf. Ma-
terials and Methods) and E2F-
containing glycerol fractions was
measured alone (lane 2) and after
addition of purified adenovirus
E4-6/7 protein (lane 1). Lane 3
shows the interaction between the
double site E2F probe and adeno-
virus E4-6/7 protein alone.

4, lanes 3 and s8). We interpret this result as fol-
lows: 0.07% DOC disrupts complexes between
E2F and cellular proteins; however, E2F protein
remains stably bound to the DNA oligonucleo-
tide, and the E2F band emerges. (Addition of
even higher concentrations of DOC prevent
binding of E2F to the oligonucleotide, and the
E2F band disappears [Fig. 4, lanes 4, 5, 9, 10].)

In order to test our interpretation, an ad-
ditional means for the detection of E2F com-
plexes was employed. It has been demonstrated
that the adenovirus E1A protein is able to dis-
sociate aggregates between E2F and L cell pro-
teins (Bagchi et ah, 1990; Raychaudhuri et ah,
1991). Therefore, it was examined whether the
viral protein is capable of disrupting the
E2F/stem and E2F/diff aggregates. Indeed, gel
shift reactions performed in the presence of
in vitro translated 13S E1A protein resulted in
the destruction of E2F/stem and E2F/diff and
gave rise to the E2F band (Fig. 5, lanes 1 and
4). In contrast, reticulocyte lysate primed with
brome mosaic virus (BMV) RNA did not alter
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Figure 4. Dissociation of E2F complexes by sodium deoxycholate (DOC). E2F/stem and E2F/diff aggregates were
isolated by glycerol gradient fractionation, and gel shift reactions were initiated using the single site E2F oligo-
nucleotide and the indicated concentrations of DOC. Lanes 1-5: Dissociation profile of E2F/diff complex. Lanes
6-10: Dissociation profile of E2F/stem complex.

the gel shift pattern (Fig. 5, lanes 2 and 5). The complexes, itisimportant to determine the iden-
DOC studies combined with the above described tities of the non-E2F proteins. As shown in Fig-
E1A experiment strongly substantiate our no- ure 5 E2F/stem as well as E2F/diff can be dis-
tion that the protein moieties of the E2F/stem sociated by the adenovirus 13S E1A protein. It
and E2F/diff bands are E2F aggregates. has been proposed that E1A disrupts protein
) ) ) . complexes by directly interacting with compo-
Identity of proteins that interact with E2F nents of the sensitive aggregates. Since the
In order to examine the interactions between adenoviral E1A protein interacts with cyclin A
E2F and its associated activities in the described (Pines and Hunter, 1990), this protein is a likely
El A BMV El A BMV - Reticulocyte Lysate
* - 1 H
© «
- E2F/st
[ I stem ) _ Eor/dife
I — E2F — E2F
1 2 3 A 5 6

Figure 5. Disruption of E2F aggregates by the adenovirus 13S E1A protein. E2F/diff and E2F/stem complexes, ob-
tained by glycerol gradient fractionation, were incubated with single site E2F oligonucleotide alone or in the pres-
ence of reticulocyte lysate primed with brome mosaic virus mMRNA or 13S E1A mRNA. Lane 1. E2F/stem complex
+ 13S E1A mRNA primed lysate. Lane 2: E2F/stem complex + brome mosaic virus mRNA primed lysate. Lane 3:
E2F/stem complex alone. Lane 4: E2F/diff complex 4 13S E1IA mRNA primed lysate. Lane 5: E2F/diff complex +
brome mosaic virus mRNA primed lysate. Lane 6: E2F/diff complex alone.
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Figure 6. E2F/stem complex contains cyclin A. Single-site E2F oligonucleotide was incubated with glycerol fractions
containing E2F/diff complex (lanes 1-3), E2F transcription factor (lanes 4-5), and E2F/stem complex (lanes 7-9).
All three DNA-protein complexes were then treated with cyclin A-specific antibodies (lanes 1, 4, 7) or preimmune
serum (lanes 2, 5, 8). Lanes 3, 6, and 9 show complex formation in the absence of any serum.

candidate for an E2F-associated activity. In order
to test for the presence of cyclin A, all three
E2F bands were incubated with polyclonal cyclin
A antibodies. As is evident from Figure s, only
E2F/stem reacted with the antibody (lane 7). As
a control, preimmune serum did not change
the E2F/stem shift pattern (Fig. s, lane s ). E2F/diff
and E2F were not affected by the antibody (Fig. s,
lanes 1and 4). Interaction between cyclin A anti-
body and E2F/stem resulted in the destruction
of the E2F/stem complex and led to the emer-
gence of a band that comigrated with E2F/diff.
This result is clearly reproducible, and treat-
ment of the E2F/stem complex with cyclin A
antibodies in four independent experiments
always resulted in the loss of E2F/stem and gen-
eration of E2F/diff complex. This experiment
suggests that removal of cyclin A (by the anti-
body) from E2F/stem gives rise to E2F/diff. In
addition, it indicates that E2F/diff and E2F/stem
are related complexes. In other words, E2F/diff
may be an integral part of E2F/stem, and addi-
tion of cyclin A to E2F/diff may result in the
emergence of E2F/stem.

In order to test this hypothesis, experiments
depicted in Figure 7 were performed. Cyclin
A protein, which had been generated by in vitro
transcription/translation of a cyclin A cDNA,
was added to gel shift reactions that gave rise
to all three E2F complexes. Only E2F/diffreacted
with cyclin A, yielding a band that exhibited
the same mobility as E2F/stem (Fig. 7, lane 7).
This result is consistent with the conclusion

drawn from Figure 6. That is, detachment of
cyclin A from E2F/stem yields the E2F/diff com-
plex. Furthermore, it is important to note that
cyclin A did not bind to E2F (Fig. 7, lane 4).
Cyclin A is therefore not an E2F-binding protein.
Rather, the activity that associates with the E2F
transcription factor in the E2F/diff complex is
likely to fulfill this function. Therefore, this ac-
tivity has been termed E2F-binding protein
(E2F/bpl). As expected, cyclin A did not asso-
ciate with the cyclin A-containingE2F/stem com-
plex (Fig. 7, lane 1). In addition, reticulocyte
lysate primed with brome mosaic virus RNA
did not alter the E2F/diff shift pattern, strongly
suggesting that the observed changes are specific
for cyclin A (Fig. 7, lane s8). Given the above,
the following picture emerges: using the gel shift
assay, three E2F-DNA complexes can be detected
in P19 cells. The smallest complex, termed E2F,
is due to an interaction between the E2F tran-
scription factor and its cognate binding site. The
protein moiety of E2F/diff is the result of an
interaction between E2F transcription factor
and E2F-binding protein, E2F/bpl. Addition of
cyclin A to the E2F/diff complex yields E2F/stem.

Temporal pattern of E2F complex regulation
during retinoic acid-induced differentiation

P19 stem cells contain free E2F transcription
factor (E2F band) and E2F complexed to E2F-
binding protein and cyclin A (E2F/stem band).
In contrast, virtually all E2F molecules in differ-
entiated P19 cells interact with E2F-binding pro-
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Figure 7. Binding of cyclin A to E2F/diff yields E2F/stem. Gel shift reactions were initiated by mixing single-site
E2F oligonucleotide with glycerol fractions containing E2F/stem complex (lanes 1-3), E2F transcription factor
(lanes 4-6), and E2F/diff complex (lanes 7-9). Gel shift experiments were performed in the presence of 10 |d of
reticulocyte lysate primed with brome mosaic virus mRNA (lanes 2, 5, 8) or 10 \i\ of reticulocyte lysate primed with
cyclin A mRNA (lanes 1, 4, 7). Reactions 3, 6, and 9 were performed in the absence of any reticulocyte lysate. For
comparison, reaction 10 shows the shift pattern obtained with P19 stem cell extract.

tein, resulting in the appearance of E2F/diff. containing complexes were detected by gel shift
In order to study the fluctuation of E2F com- assay. As can be seen in Figure s, free E2F pro-
plexes during differentiation, a time course ex- tein (E2F band) gradually decreased upon differ-
periment was performed. P19 cell differentia- entiation and could not be detected in fully
tion was elicited by the addition ofretinoic acid, differentiated cells (9 day point). Between 7 and
and whole cell extracts were prepared at vari- 9 days after initiation of differentiation, E2F/
ous times thereafter. Monomeric E2F and E2F- stem disappeared and was replaced by E2F/diff

Figure 8. Temporal pattern of E2F fluctuation upon P19 cell differentiation. Differentiation of P19 stem cells was
triggered by the addition of retinoic acid, as described in Materials and Methods. Whole cell extracts were prepared
0 days (lane 5), 3 days (lane 4), 5 days (lane 3), 7 days (lane 2), and 9 days (lane 1) after elicitation of differentiation.
The extracts were used to perform gel shift reactions with single site E2F oligonucleotide. Each reaction contained
30 ng of whole cell extract. The positions of the three E2F/DNA complexes are indicated at the right.
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P19 stem cells
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Differentiated P19 cells

Figure 9. Regulation of E2F complexes upon P19 cell differentiation. Undifferentiated P19 stem cells contain free,
uncomplexed E2F transcription factor and E2F/stem complex, which is a heterotrimeric complex consisting of E2F,
E2F-binding protein (E2F/bpl), and cyclin A. Addition of retinoic acid triggers differentiation, which is accompa-
nied by a dramatic decrease in the level of E2F. In addition, the E2F/stem complex is being converted into E2F/diff

which consists of E2F associated with E2F-binding protein.

(Fig. 8). P19 cell differentiation, elicited by
retinoic acid, is therefore characterized by two
regulatory events: a decrease in the level of E2F
transcription factor and conversion of E2F/stem
into E2F/diff. Finally, itis important to note that
7 days after induction of P19 cell differentiation
(lane 2), both E2F/stem and E2F/diff can be de-
tected simultaneously. This is consistent with
our hypothesis that a precursor/product relation-
ship exists between E2F/stem and E2F/diff.

Discussion

Regulation of E2F complexes upon differentiation

P19 teratocarcinoma cells contain E2F in three
distinct forms: free, uncomplexed E2F; E2F/stem;
and E2F/diff. The E2F/diff aggregate consists of
E2F protein associated with E2F-binding pro-
tein (E2F/bpl). Addition of cyclin A transforms
E2F/diff into E2F/stem. P19 stem cells contain
E2F and E2F/stem. Since cyclin A does not bind
to E2F itself, it is likely that it directly interacts
with E2F-binding protein. Addition of retinoic
acid triggers differentiation, which is accom-
panied by two regulatory events: (1) a decrease
in the level of E2F transcription factor and (2)
conversion of E2F/stem into E2F/diff. Figure 9

summarizes the events that occur upon reti-
noic acid-induced P19 cell differentiation and
depicts the structure of all mentioned E2F
aggregates.

Our experiments suggest that the two reg-
ulatory events outlined above are not due to
fluctuation of E2F transcription factor itselfbut
involve changes in the levels of E2F/bpl and
cyclin A. According to our studies, virtually all
E2F molecules in differentiated P19 cells are
associated with E2F-binding protein (E2F/bpl).
The absence ofuncomplexed E2F suggests that
E2F-binding protein is present in excess. In con-
trast, P19 stem cells do contain uncomplexed
E2F protein, suggesting that they do not har-
bor an abundance of E2F-binding protein. (The
relatively low amount of E2F-binding protein
in stem cells is found as part of the E2F/stem
complex.) It is therefore likely that the level of
E2F/bpl increases upon P19 cell differentiation.
This would explain the loss of the E2F band
upon differentiation (all E2F molecules in differ-
entiated cells are complexed to E2F/bpl). On
the other hand, it is conceivable that the con-
version of E2F/stem into E2F/diff complex isdue
to aretinoic acid-induced reduction of the level
of cyclin A. This is consistent with our antibody
studies that clearly show that cyclin A is pres-
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ent in the stem cell-specific E2F/stem complex
but absent from the E2F/diff complex. In ad-
dition, the absence of E2F/diff complex from
stem cells also indicates that cyclin A is abun-
dant in these cells, since cyclin A can interact
with E2F/diff to form E2F/stem. Furthermore,
the detection of high levels of E2F/diff in differ-
entiated cells, combined with the absence of
E2Fistem, lends further support to our hypoth-
esis that cyclin A levels are low in differentiated
cells.

Finally, the described results now enable us
to examine the link between retinoic acid treat-
ment and fluctuation of E2F aggregates. Our
studies suggest that E2F/bpl and cyclin A activ-
ities are altered upon retinoic acid treatment.
We have initiated experiments to determine the
level(s) at which E2F/bpl and cyclin A are reg-
ulated. We anticipate that these studies will even-
tually reveal all the steps of the retinoic acid
signal transduction pathway and bridge the gap
between retinoic acid action and E2F complex
regulation.

Identity of E2F/bp1

According to our experiments, E2F transcrip-
tion factor interacts with an activity, termed E2F-
binding protein (E2F/bpl). What is the identity
of this factor? Recently, several groups have re-
ported the presence of the retinoblastoma (Rb)
protein in E2F-containing complexes (Bagchi
etal., 1991; Chellappan et al., 1991; Chittenden
etal., 1991). Itis therefore possible that E2F/bpl
is identical to the Rb protein. However, using
various antibody probes specific for the reti-
noblastoma protein, we were not able to detect
Rb in any of the E2F-containing complexes in
P19 cells. Furthermore, glycerol gradient cen-
trifugations suggest a molecular weight of ap-
proximately 60 kDa for the E2F binding pro-
tein. Since the molecular weight of the Rb
protein is 105 kDa, it is unlikely that E2F/bpl
and Rb are related. Finally, DNA-binding com-
plexes containing E2F and Rb protein were
detected in two leukemia cell lines but not in
teratocarcinoma cells, indicating that E2F-Rb
interaction is not prevalent in teratocarcinoma
cells (Bandara and Lal'hangue, 1991; Chellap-
pan et al., 1991). Taken together, it appears un-
likely that Rb protein interacts with E2F in P19
teratocarcinoma cells.

As outlined earlier, our studies strongly sug-
gest that E2F/bpl not only interacts with E2F
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transcription factor but also associates with
cyclin A. It has been documented that cyclin A
can form a complex with p34c? kinase
(Draetta et al., 1989; Minshull et al., 1990). How-
ever, recent experiments indicate that cyclin A
is predominantly associated with the related
p33<dk? kinase rather than p34¢? (Pines and
Hunter, 1990; Tsai et al.,, 1991). Therefore,
p34<de? kinase or the related cdk2 gene prod-
uct are possible candidates for E2F/bpl. How-
ever, antibodies that recognize both candidates
(Pines and Hunter, 1990) do not affect E2F com-
plexes (R. Reichel, unpublished results), suggest-
ing that these kinases are not part of the E2F/diff
complex and not identical with E2F/bpl. Given
the association of E2F/diff with an A-type cyclin,
it remains conceivable that E2F/bpl itself is a
member of the cyclin family. Since cyclin B
could not be detected in E2F-containing com-
plexes (Mudryj et al., 1991), it is possible that
E2F/bpl belongs to the G1/D cyclins, members
of which have recently been identified in mam-
malian cells (Matsushime et al., 1991; Xiong et
al., 1991).

Role of E2F-containing complexes in cell
growth control

According to our unpublished results, dimethyl
sulfoxide (DMSOQO) treatment of P19 stem cells
results in the same changes of the E2F complex
pattern as retinoic acid treatment. In contrast
to retinoic acid, DMSO converts P19 stem cells
into skeletal and cardiac muscle (Edwards et
al., 1983), indicating that the E2F complex al-
terations are not specific for a certain differ-
entiation pathway but are a more general phe-
nomenon. Recently, it has been reported that
E2F-containing aggregates are regulated during
the cell cycle of mouse L cells in a fashion that
is reminiscent of the E2F complex regulation
upon differentiation (Mudryj et al.,, 1991). Spe-
cifically, the authors describe an E2F complex,
termed E2F., which, according to gel shift mo-
bilities, is equivalent to our E2F/diff complex.
The E2F.2 complex is specific for G phase and
cannot be detected in unsynchronized cells.
Since our E2F/diff complex is specific for differ-
entiated cells that are thought to be arrested
in Go, it is conceivable that E2F/diff and E2F
are related and that the appearance of E2F/diff
is due to a cell cycle block in Gi/Go. Further-
more, this would imply that E2F/diff is already
present in undifferentiated cells but was not ob-
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served by us because our cells were not synchro-
nized. However, it is presently not clear whether
E2F/diff is related to Gi-specific complexes
such as E2F.,. Indeed, circumstantial evidence
suggests that E2F cell cycle regulation is quite
distinct from E2F developmental regulation. In
any case, the regulation of E2F complexes dur-
ing the cell cycle point toward an important
role of E2F in cell proliferation control. It is
therefore equally possible that the alterations
of E2F-containing aggregates that occur upon
P19 cell differentiation play a role in the in-
duction of cell growth cessation that accom-
panies the differentiation process. The associa-
tion of E2F-containing protein aggregates with
the known cell growth regulator cyclin A is con-
sistent with our hypothesis. Our experiments
indicate that cyclin A is downregulated upon
P19 cell differentiation, and it is therefore
possible that this downregulation participates
in the growth arrest of differentiated cells. This
agrees with a previous report demonstrating
that cyclin A expression is diminished upon
terminal differentiation of neurons (Hayes et
al., 1991). How could the interaction of cyclin A
with E2F-containing aggregates influence cell
growth? It is conceivable that the cyclin A-con-
taining E2F/stem complex, which is present in
rapidly growing stem cells, is involved in the
transcriptional activation of certain stem cell-
specific genes. On the other hand, the cyclin A-
less E2F/diff complex may exhibit a low affinity
for these genes but is required for the induc-
tion of certain genes that participate in cessa-
tion of cell growth. This is substantiated by sev-
eral studies demonstrating that E2F is crucial
for the transcriptional activation of various
genes that are linked to cell proliferation control
(Hiebert et al., 1991; Mudryj et al., 1990). Spe-
cifically, it has been demonstrated that one of
the known E2F target genes, c-myc, is regulated
upon P19 cell differentiation (Thalmeier et al.,
1989; St-Arnaud et al., 1988). St-Arnaud et al.
showed that ¢-myc gene expression is increased
upon retinoic acid-induced P19 cell differentia-
tion. Furthermore, preliminary results indicate
that the transcription rate of another E2F tar-
get gene, the adenoviral E2 gene, is also in-
creased upon P19 cell differentiation (R. Reichel,
unpublished data). Because transcriptional ac-
tivation of these two E2F-dependent genes cor-
relates with fluctuation of E2F complexes, it ap-
pears likely that different E2F complexes exhibit

Reichel

different transcriptional potentials. Alterna-
tively, it is possible that cyclin A acts as a rep-
lication factor and affects cell growth by con-
trolling DNA replication. According to this
model, the cyclin A-containing E2F/stem com-
plex, which is present in rapidly proliferating
cells, interacts with origins of replication that
contain E2F recognition sites. This would place
cyclin A into the vicinity of DNA, where it can
participate in the initiation of DNA synthesis.
In contrast, in post-mitotic differentiated cells
cyclin A does not interact with E2F-containing
complexes and cannot participate in DNA rep-
lication. This attractive hypothesis is corrob-
orated by a recent publication that suggests a
role for cyclin A in the onset of DNA replica-
tion in mammalian fibroblasts (Girard et al.,
1991).
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