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The transcription factor DRTF1/E2F is believed to play an important role in regulating
cellular proliferation because it undergoes a series of periodic interactions with proteins
that are known to be important regulators of the cell cycle, including the retinoblastoma
gene product (pRb) and cyclin A. Furthermore, certain viral oncogene products, such as
adenovirus Ela, disrupt these DRTF1/E2F complexes by sequestering the associated pro-
teins. p107, a protein that is structurally related to pRb, also binds to DRTF1/E2F, and in
this study we investigate the functional consequences of this interaction. We show that
p107 can repress E2F binding site-dependent transcription and that the adenovirus Ela
protein overcomes p107-mediated transcriptional repression. Two distinct but related pro-
teins, pRb and p107, can therefore repress transcription driven by DRTF1/E2F, whereas
the Ela protein overrides the repression. We also demonstrate that the transcription re-
pressing properties of p107 and pRb are influenced by the cell type and by differentiation,
because neither protein affects transcription in F9 embryonal carcinoma (EC) cells but both
do so efficiently in differentiated derivatives. In this respect, the repressing activities of
pRb and p107 inversely correlate with the presence of the cellular Ela-like activity pre-
viously documented in F9 EC cells. These data suggest that p107 and pRb exert their
biological activities in some but not all cell types.

INTRODUCTION

It is believed that the cellular transcription factor
DRTF1/E2F plays an important role in integrating cell-
cycle events with the transcription apparatus because
during cell-cycle progression in mammalian cells, it un-
dergoes a series of periodic interactions with molecules
that are known to be important regulators of cellular
proliferation. For example, the retinoblastoma tumor
suppressor gene product (pRb), which negatively reg-
ulates progression from Gl into S phase and is fre-
quently modified in tumor cells (Horowitz et al., 1990;
Hu et al., 1990; Huang et al., 1990), binds to DRTF1/
E2F (Bandara and La Thangue, 1991; Chellapan et al.,
1991; Chittenden et al., 1991). Similarly, the pRb-related
protein p107 binds to DRTF1/E2F to produce a complex
that predominates during S phase (Devoto et al., 1992;
Shirodkar et al., 1992; Bandara et al., 1993).
The interaction between pRb and DRTF1/E2F leads

to repression of E2F site-dependent transcription (Hie-
bert et al., 1992; Zamanian and La Thangue, 1992). This
is likely to be important in mediating the growth sup-

pressing activity of pRb because E2F binding sites occur
in the transcriptional control regions of a variety of
genes, the protein products of which are necessary for
cellular proliferation (Blake and Azizkhan, 1989; Pear-
son et al., 1991). For example, c-myc, DHFR, and p34cdc2
have functional E2F binding sites in their promoters
(Hiebert et al., 1989; Hiebert et al., 1991; Dalton, 1992),
and transcriptional repression of these genes could
therefore be the basis of Rb-mediated growth control.

Further support for this idea stems from observations
made on the proteins encoded by naturally occurring
mutant Rb alleles, which fail to bind to DRTF1/E2F
(Bandara et al., 1991; Hiebert et al., 1992) and are unable
to repress E2F site-dependent transcription (Hiebert et
al., 1992; Zamanian and La Thangue, 1992). Such mu-
tant Rb proteins would be predicted to lack the capacity
to negatively regulate proliferation and hence their in-
activation could contribute to the escape from growth
control that is characteristic of tumor cells.

In addition, certain viral oncoproteins, notably ade-
novirus Ela, SV40 large T antigen, and the human pap-
illoma virus E7 protein, modulate DRTF1/E2F by se-
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questering pRb and other associated proteins (Bandara
and La Thangue, 1991; Shirodkar et al., 1992; Morris
et al., 1993). This property allows Ela to overcome the
repression of E2F site-dependent transcription by pRb
(Hiebert et al., 1992; Zamanian and La Thangue, 1992)
and thus may contribute to the diverse biological activ-
ities associated with this protein (Lillie et al., 1987;
Moran and Mathews, 1987). Importantly, this effect re-
quires regions in the Ela protein that are necessary for
cellular transformation of tissue culture cells and hence
to overcome growth control (Lillie et al., 1987).
The biological activities of p107 have not been ex-

plored so far. Moreover, unlike the situation for pRb,
the functional consequences of the interaction between
p107 and DRTF1/E2F have not been easy to predict
because during cell-cycle progression, the p107-DRTF1/
E2F complex correlates with the transcriptional induc-
tion of some genes that contain DRTF1/E2F binding
sites, suggesting that the plO7-DRTF1/E2F complex
is capable of activating transcription. We therefore
undertook a study to determine the functional con-
sequences of the interaction between p107 and
DRTF1 /E2F.
We show here for the first time that p107 represses

transcription driven by the E2F binding site and fur-
thermore that viral oncoproteins, such as Ela, overcome
this repression. We also demonstrate that the ability of
pRb and p107 to repress transcription is influenced by
the cell type and the process of differentiation. We be-
lieve that these observations have important implica-
tions for understanding the role of pRb and p107 during
tumorigenesis and differentiation.

MATERIALS AND METHODS

Cell Culture
F9 embryonal carcinoma (EC) and SAOS-2 cells were maintained as
adherent monolayers in Dulbecco's modified Eagle's medium sup-
plemented with 10% heat-inactivated fetal calf serum. Cells were
replated at a density of -5 X 104 per ml (F9 EC) or 1 X 105 per ml
(SAOS-2) every 3 and 4 d, respectively. F9 EC cells were differentiated
by treatment with 5 X 10-8 M all trans retinoic acid, i0' M dibutyr-
yladenosine 3',5' monophosphate, and 10` M isobutylmethylxanthine
as previously described (Tassios and La Thangue, 1990).

Plasmids
E2F site-dependent reporters, Rb expression vectors, and pJ3Q12S
were as previously described (Zamanian and La Thangue, 1992). For
pCMV107S and pCMV107AS, a human cDNA encoding an open
reading frame of 936 amino acids and derived from plasmid XZap H
plO7c (Ewen et al., 1991) was cloned either in the sense (S) or antisense
(AS) orientation downstream of an artificial translation initiation se-
quence. The predicted DNA sequence was confirmed by DNA se-
quencing.

Transient Transfection
Cells were transfected by the calcium phosphate coprecipitate pro-
cedure as previously described (Zamanian and La Thangue, 1992).
The amounts of each construct used per transfection are detailed in

the figure legends. For each transfection pBluescript SK was included
to maintain the final DNA concentration constant. All transfections
included an internal control (pCMV-f3gal) (Tassios and La Thangue,
1990). The assay for computer-aided tomography activity and quan-
titation of thin-layer chromatography plates have been described be-
fore (Zamanian and La Thangue, 1992).

Cell Staining for jl-Galactosidase
Cells were transfected as described in Figure 4 and fixed in 0.5%
glutaraldehyde 42 h after transfection, after which they were stained
overnight for ,B-galactosidase activity as described by Dannenberg
and Suga (1981).

Immunofluorescence
Immunofluorescence was performed as previously described (La
Thangue, 1984) after fixing cells for 2 min at room temperature in
methanol/acetone (1:1).

RESULTS

To assess the effect of pRb and p107 on the transcrip-
tional activity of DRTF1/E2F, we prepared a panel of
reporter constructs in which three wild-type (p3xWT)
or mutant (p3xMT) E2F binding sites, taken from the
adenovirus E2A promoter (La Thangue et al., 1990) and
placed upstream of the minimal herpes simplex virus
thymidine kinase promoter, direct the expression of the
chloramphenicol acetyl transferase (cat) gene (Figure
1). Effector constructs carrying either a cDNA encoding
wild-type human pRb or a cDNA derived from a nat-
urally occurring mutant Rb allele lacking exon 22
(HRbA22), which served as a negative control (Zaman-
ian and La Thangue, 1992), were used to examine the
effect of pRb on the activity of DRTF1/E2F. To inves-
tigate the properties of p107, a wild-type human coding
sequence (Ewen et al., 1991) was cloned in either the S
or AS orientation in the same expression vector back-
bone (Figure 1).

p107 Represses E2F Site-Dependent Transcription
in SAOS-2 Cells
We first determined the effect of expressing p107 on
the activity of p3xWT in SAOS-2 cells. These cells con-
tain a mutated Rb allele, and we previously have shown
that introduction of wild-type pRb correlates with
repression of E2F site-dependent transcription (Zaman-
ian and La Thangue, 1992). Similarly, we chose to study
the activity of p107 by increasing the levels of p107
expressed in SAOS-2 cells by transfection of the
pCMV107S expression vector. Thus, pCMV107S, but
not pCMV107AS, caused a significant reduction in the
transcriptional activity of p3xWT (Figure 2A; compare
lanes 1 and 2 with 7-10). As expected from our previous
studies, wild-type pRb repressed the activity of p3xWT,
whereas HRbA22 did not (Figure 2A; compare lanes 1
and 2 with 3-6). Repression by p107 was specific for
E2F site-dependent transcription because neither the
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comitant decline in the activity of p3xWT (Figure 2B;
lanes 1 to 10), whereas a similar titration performed
with pCMV107AS had no apparent effect (Figure 2B;
compare lanes 1 and 2 with 11 through 18). We conclude
that in SAOS-2 cells, repression of E2F site-dependent
transcription correlates with the level of p107 and

I Z> therefore that both pRb and p107 negatively regulate
transcription driven by the E2F binding site.
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Figure 1. Summary of constructs. Reporter consti
rived from pBLcat2 and have been previously desc
and La Thangue, 1992). The wild-type (WT) E2F
taken from the -71 to -50 region of the adenoviru.
and the mutant (MT) binding site is mutated in nu
-60 (La Thangue et al., 1990). Open and solid bo
type and mutant E2F binding sites, respectively. pC
described previously (Tassios and La Thangue, 1990
vectors were generated by replacing the coding sequ
with a wild-type or mutant human Rb cDNA del
creating pCMVHRb and pCMVHRbA22, respectivel
La Thangue, 1992). For pCMV107S and pCMV107A'
containing an open reading frame of 936 amino acio
et al., 1991) was cloned either in the sense (S) or ai
entation downstream of an artificial translation ini
The predicted DNA sequence was confirmed by E
ElA expression vector pJ3Q12S, which contains a
been described previously (Zamanian and La Thani

activity of p3xMT nor pCMVcat was af
increased level of p107 (Figure 2A).
We next investigated whether the repre

p107 correlates with the level of plO
-amounts of either pCMV107S or pCMI
therefore transfected into SAOS-2 cells z

on the transcriptional activity of p3xWT
the amount of pCMV107S increased, the

cmLII> The Repressing Properties of plO7 and pRb Are
Differentiation Regulated

--------- To test if the effects of p107 and pRb on E2F site-de-
pendent transcription are influenced by the cell type,
we studied the transcription-regulating properties in F9
EC cells, the stem cells of teratocarcinomas, and their
parietal endoderm (PE)-like differentiated derivatives.
We chose to study F9 EC cells because they are thought
to resemble cells in the early mammalian embryo (Ho-
gan et al., 1981), and thus studies in these cells are likely
to be relevant for understanding the regulation of E2F
site-dependent transcription during embryogenesis.
The E2F sites in p3xWT are efficient upstream acti-

HRb > vating sequences in F9 EC cells (Zamanian and La
Thangue, 1992), where they activate transcription about

SRbaexon2EII> seven-fold more efficiently than in F9 PE cells. This
correlates with the high levels of transcriptionally active107SIIIZ~> DRTF1 in these cells (La Thangue and Rigby, 1987; La
Thangue et al., 1990). Transfection of either pCMVHRb

107AS > or pCMV107S into F9 EC cells, however, did not sig-
nificantly affect the activity of p3xWT (Figure 3A). To

Ela 12S I rule out trivial explanations for this phenotype, we con-
ructs were all de- firmed that the CMV sequences that drive the expression
ribed (Zamanian of pRb and p107 were active in F9 EC cells and also
binding site was determined the transfection efficiency of F9 EC cells
is E2A promoter, using pCMV-3gal (Tassios and La Thangue, 1990). f3-
icleotides -62 to
xes denote wild- Galactosidase activity was detectable in -10% of the
-MVcat has been cells in a culture of F9 EC cells (a typical example is
1). pRb expression shown in Figure 4A), indicating that the CMV sequences
ience in pCMVcat were transcriptionally active in this cell type. This
leted in exon 22, transfection efficiency is similar to the efficiency of other
S, a human cDNA types of cells, including differentiated F9 cells (see be-
d residues (Ewen low). Furthermore, we confirmed that pRb encoded by
ntisense (AS) ori- pCMVHRb was synthesized in F9 EC cells using a
itiation sequence. monoclonal antibody that recognizes human pRb, IF8)NA sequencing. (Bartek et al., 1992), which stained a similar proportion

gue, 1992). of cells (Figure 4C; -10%) to those which expressedg9-galactosidase from pCMV-3gal (Figure 4A). Thus, the
lack of repression by p107 and pRb is unlikely to be

fected by the due to inefficient expression of either protein.
However, both p107 and pRb were able to repress

ssing effect of E2F site-dependent transcription in F9 cells after they
17. Increasing had been induced to differentiate. This required wild-
V107AS were type pRb and p107 coding sequence because HRbA22
and the effect and 107AS effectors failed to have any significant effect
assessed. As on the activity of p3xWT (Figure 3B). This repression

re was a con- was also dependent on the amount of the pCMV107S
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Figure 2. p107 represses E2F site-dependent transcription in SAOS-2 cells. (A) SAOS-2 cells (1.2 X 106) were transfected with either 5.0 ,ug
of p3xWT or p3xMT or 0.5 ,ug of pCMVcat as indicated. Cotransfected effector plasmids were at 4.5 Ag for pCMVHRb or pCMVHRbA22 or
5.0 Ag for pCMV107S or pCMV107AS. For pCMVcat, either 0.8 gg of pCMVHRb or pCMVHRbA22 or 0.72 ,ug of pCMV107S or pCMV107AS
was used. (B) The reporter construct p3xWT (5.0 ,ug) was cotransfected with increasing amounts (0.1, 1.0, 2.5, or 5.0 Mg) of either pCMV107S
(lanes 3-10) or pCMV107AS (lanes 11-18). All treatments were performed in duplicate and corrected for transfection efficiency with respect
to pCMVfgal. All values are expressed relative to the activity of p3xWT alone, which was given an arbitrary value of 1.0, and are representative
of at least three separate experiments. The scale on the right-hand side relates to the activity of pCMVcat.

and pCMVHRb because the level of repression of
p3xWT correlated with the amount of expression vector
transfected into cells (Figure 3B). As in SAOS-2 cells,
pCMVHRb did not affect the activity of p3xMT or

pCMVcat. Interestingly, p107 repressed transcription
more efficiently in F9 PE cells than in SAOS-2 cells,
whereas pRb repressed transcription more efficiently in
SAOS-2 cells. The reasons for this remain to be explored.

We also determined the transfection efficiency of F9
PE cells using pCMV-i3gal. F9 PE cells transfected mar-
ginally more efficiently than F9 EC cells (a typical ex-
ample is shown in Figure 4B), but this difference was
not sufficient to account for the distinct activities of pRb
and p107 in F9 PE cells. pRb was also at similar levels
in F9 PE as F9 EC cells (Figure 4, compare D and C).
Furthermore, the amount of F9 EC and F9 PE cell ex-

Molecular Biology of the Cell

A

Rb

0 0.

.-C

1, ;- \:, .-

r

392



Transcriptional Repression by p107

1.5-

.I 1.0-

02

G 05-
a:

Em-

Fold Induction: 1.0 1.1 1.2 1.0 1.1 1.1 1.1

Effector: -
Rb A22 107S

B 1 2 3 4 5 6 7 8 9 10 11 12 13 14

,,*wsX ~~~~~~~.,: * * * W 4* #

it H..,@t@t9tt
Fold Induction: 11 L 06 0.61

L 0.47 085 0.85 0.91

Rb

WT A22

15 16 17 18 19 20 21 22 23 24 25 26

~~0:..>.. : *.1 * 0 0 ''

Fold Induction:

107:

1.4 -

1.2 -

1.0 -

0.8

0.6 -

0.4-

0.2 -

0-

Fold Induction

0.45 0.32 026 1.27 1.28 1,30

107S 1o7AS

1: 0 69 0.61 0 47 0.85 0 85 0.91 0 45 0.32 0.26 27 28 1.30

tracts used in each assay was tormalized with respect
to the expression of pCMVJ-gal, a control for transfec-
tion efficiency (see MATERIALS AND METHODS). We
conclude that both p107 and pRb can repress transcrip-
tion in F9 cells but do so in a differentiation-dependent
fashion.

Adenovirus Ela Overcomes p107-Mediated
Transcriptional Repression
Adenovirus Ela binds p107 through regions that are
necessary for the Ela protein to exert a range of bio-
logical effects, such as immortalization, transformation,
and induction of DNA synthesis (Whyte et al., 1989).
We were therefore interested to determine the effect of
the Ela 12S protein on the repressing activity of p107.
Figure 5 confirms our previous observations, which in-
dicated that Ela 12S (in pJ3Q12S; Figure 1) can induce
the transcriptional activity of p3xWT (Figure 5; compare
tracks 1 and 2 with 3 and 4; three-fold induction),
whereas Ela 12S had an insignificant effect on p3xMT
(Zamanian and La Thangue, 1992). Coexpression of Ela
with p107S overcame the repressing effect of p107 on
p3xWT (Figure 5; compare tracks 13-16 with 5-8), in-
dicating that Ela 12S prevents p107 from repressing
E2F site-dependent transcription.

DISCUSSION

p107 Represses E2F Site-Dependent Transcription
Both p107 and pRb bind to DRTF1/E2F in a periodic
fashion during cell-cycle progression (Mudryj et al.,
1991; Shirodkar et al., 1992). It was predicted for pRb
that this interaction would cause the repression of E2F
site-dependent transcription for several reasons. First,
pRb had an established role in negatively regulating
cell-cycle progression (Goodrich et al., 1991), and, con-
sistent with this, Rb is often mutated in human tumor
cells (Horowitz et al., 1990; Hu et al., 1990; Huang et
al., 1990). Second, E2F binding sites occur in the pro-
moters of genes that encode proteins required for cel-
lular proliferation (Blake and Azizkhan, 1989; Hiebert
et al., 1991; Pearson et al., 1991; Dalton et al., 1992),
and thus repression of E2F site-dependent transcription
could theoretically have influenced cellular proliferation.
That pRb could repress E2F site-dependent transcription
was established by several groups (Dalton, 1992; Hiebert
et al., 1992; Zamanian and La Thangue, 1992), thus

Effector: - RD \22 107S IO1:A

Figure 3. Repression of E2F site-dependent transcription by p107
and pRb is differentiation-regulated. (A) F9 EC (106) cells were co-

transfected with p3xWT (5.0 MAg) and two separate amounts of
pCMVHRb or pCMVHRbA22 (4.5 and 13.5 gg) or pCMV107S (5.0
and 15 Ag). All treatments were performed in duplicate and corrected
for transfection efficiency with respect to pCMVflgal. (B) F9 PE (106)
cells were transfected 3 d after differentiation had been

induced (described in MATERIALS AND METHODS) with p3xWT
(5.0 Mg) and three separate amounts of pCMVHRb or pCMVHRbA22
(4.5, 9.0, and 13.5 Mg) or pCMV107S or pCMV107AS (5.0, 10.0, and
15.0 Mg). All treatments were performed in duplicates and were cor-

rected for transfection efficiency with respect to pCMVfgal. Values
are expressed with respect to the activity of p3xWT alone and are

representative of at least three separate experiments.
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Figure 4. The human cytomegalovirus transcription control sequences are active in F9 EC cells and their differentiated derivatives. (A and B)
F9 EC (106; A) and their differentiated derivatives, F9 PE (106; B), were transfected with 2.0 ytg of pCMVfgal. Cells were fixed and stained for
fl-galactosidase activity as described in MATERIALS AND METHODS. (C and D) F9 EC (C) and their differentiated derivatives, F9 PE (D),
were transfected with 20 ,g of pCMVHRb. After 2 d, cells were stained with monoclonal antibody IF8, which recognizes human pRb (Bartek
et al., 1992). Immunofluorescence was performed as previously described (La Thangue, 1984). (C) and (D) show typical examples of IF8-stained
nuclei in F9 EC and F9 PE cells, respectively. Magnification 630X.

providing a potential mechanistic explanation for the
negative growth-regulating effect of pRb.
Although p107 is structurally related to pRb (Ewen

et al., 1991) and also binds to DRTF1/E2F (Cao et al.,
1992; Devoto et al., 1992; Shirodkar et al., 1992; Bandara
et al., 1993), the functional consequences of this inter-
action were less easy to predict. This is because several
reports had shown that the p107 complex predominates
during S phase (Mudryj et al., 1991; Devoto et al., 1992;
Shirodkar et al., 1992), which correlates with the tran-
scriptional induction of some cellular promoters that
contain E2F sites (Blake and Azizkhan, 1989; Hiebert
et al., 1991; Means et al., 1992). Furthermore, the p107
gene has not so far been found to be mutated in tumor
cells (Ewen et al., 1991) and is therefore not known to
possess the characteristics expected of a tumor sup-
pressor gene and hence those of a negative growth reg-

ulator. The consequence of the interaction between p107
and DRTF1/E2F were thus difficult to predict.
The data presented in this study show that p107 be-

haves like pRb because it can repress the transcriptional
activity of DRTF1/E2F. We believe, therefore, that p107
also may have a role in negatively regulating cell-cycle
progression by modulating E2F site-dependent tran-
scription. However, mutations in the p107 gene have
not yet been identified, possibly because its activity is
essential for cell survival. We believe that one potential
explanation is that pRb regulates early cell-cycle pro-
gression and p107 late cell-cycle progression. Thus, once
cells have entered the cycle (a decision that could in-
volve pRb), p107 may function, for example, in moni-
toring the completion of S phase. It will be very inter-
esting to determine the precise point at which p107
regulates cell-cycle progression.
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2 3 4 5 6 7 8 9 10 11 12 Ela deletion mutant d1312 to be transcribed (Imperiale
* * 0 * * * # et al., 1984). Furthermore, this activity is regulated as

F9 EC cells differentiate to F9 PE cells (Imperiale et al.,
1984; La Thangue and Rigby, 1987). An intriguing par-
allel between this cellular activity and the adenovirus
Ela protein is with respect to the nature of DRTF1/

9It * 0000-*- - - - --E2F. Thus, adenovirus Ela dissociates complexed
* v V v V V V V v V DRTF1/E2F by sequestering proteins, such as pRb and

* * . * . * * * v , ! p107, releasing the transcriptionally active form of
-DRTF1/E2F, which is the form that also predominates

-+ _ _ _ _ in F9 EC cells (La Thangue et al., 1990; Bandara and La
Thangue, 1991; Partridge and La Thangue, 1991).

I __.iZil- - DRTF1/E2F therefore exists in the same transcription-
ally active state in both situations. We do not wish to
imply that we believe there to be a cellular molecule
that behaves like the adenovirus Ela protein. Rather,

14 15 16 17 18 19 20 we suggest that the mechanisms that normally regulate
the binding of pRb and p107 to DRTF1/E2F are suffi-
ciently active in F9 EC cells that DRTF1/E2F is main-
tained in the transcriptionally active state, and in this
respect the characteristics of F9 EC DRTF1/E2F resem-

9 t 9tIt ble adenovirus Ela-modulated DRTF1/E2F. A potentiale ,b ,!>J!>'e ' explanation for the inability of pRb or p107 to repress
DRTF1/E2F site-dependent transcription in F9 EC cells
is that they could not override the cellular mechanisms
that normally prevent pRb and p107 from binding to

- - DRTF1/E2F. We believe that the F9 cell system will
provide a very useful system for analyzing the mech-

--...~L..-Jjanisms that control the biological activities of pRb and
denovirus Ela overcomes p107-mediated transcriptional p107 and how these mechanisms are regulated during
AOS-2 cells were cotransfected with 5.0 jg of p3xWT differentiation.
ted effectorplasmids. Where indicated, 2.0 jg of pJ3912S That the activity of pRb is influenced by the cell type
The plasmids pCMV107S and pCMV107AS were used

i. Ag. All treatments were performed in duplicate and also may be important for understandig the role of
transfection efficiency with respect to pCMV,Bgal. The pRb during tumorigenesis. We suggest that this could
presentative of at least three different experiments. be a possible explanation for why Rb is mutated in some,

but not all, types of tumor cells (Horowitz et al., 1990).
This is because during the process of cellular transfor-

tional Repression by pRb and pl07 is mation, mutations in Rb would be most likely to occur
by Differentiation in cells where pRb is active in negative growth control
both pRb and p107 could repress E2F site- and thus where its inactivation would provide a selective
transcription in F9 PE cells, neither protein growth advantage.
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