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Preface

It is of critical importance to maintain an appropriate balance
between proliferation and quiescence or differentiation through-
out the lifespan of all animals. An important control point in this
balance occurs in the G, phase of the cell cycle. On the basis of
environmental cues a cell in G, must decide whether to continue
through the proliferative cycle and enter S phase (where DNA
replication occurs) or to exit from the proliferative cycle into a
nonreplicating state. Alterations in the mechanisms that nor-
mally control this decision can lead to cancer, cell death, or loss
of differentiated cellular phenotypes. The identification of the
E2F gene family of transcription factors has allowed a more
complete understanding of how the cell maintains an appropri-
ate proliferative state. This volume provides an up-to-date ac-
count of present reports concerning E2F as well as a framework
for future investigations.

E2F activity requires heterodimerization of two partners.
Either partner can be one of several different transcription
factors; E2F1, E2F2, E2F3, E2F4, or E2F5 can heterodimerize
with either DP1 or DP2. Cellular promoters whose E2F sites
mediate a link between transcription and proliferation drive
genes whose products are required for DNA synthesis and
genes that encode regulators of cell growth. A detailed analysis
of the role that E2F family members play in transcription from
these promoters is presented in the chapter by J.E. Stansky and
P.J. FARNHAM.

Investigations of E2F protein complexes have aided greatly
in the refinement of models of both negative and positive cell
growth control. For example, although it was known that loss of
the retinoblastoma (Rb) protein is associated with human
neoplasias, it was not clear how this tumor suppressor protein
functions. It has since been discovered that Rb can bind to and
inactivate E2F. Although cyclins were known to be the growth-
regulated component of kinase complexes, it was not clear
what proteins are targets of these kinases. We now know that
several G, cyclins can phosphorylate Rb and release it from
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interaction with E2F. These interactions of E2F with cyclins and
Rb are described in the chapter by D. CoBRINIK.

Several different viral oncoproteins function by releasing
E2F from inhibitory complexes to produce an environment
favourable for viral DNA replication; the involvement of E2F in
viral oncogenesis is described in the chapter by W.D. Cress and
J.R. Nevins. Increased levels of E2F can also circumvent a cell's
normal response to environment cues and have severe conse-
guences such as neoplastic transformation and cell death. The
effects of overexpression of various E2F family members is
described in the chapter by P. Abams and W.G. KaELIN.

Although much has been learned about the E2F gene family
in the last several years, we still lack a complete understanding
of the functions of individual family members. The chapter by
L. Breeden summarizes the mechanisms by which yeast con-
trol the G1 to S phase transition, in the hope that parallels can be
drawn that will provide insight into mammalian cell growth
control.

Madison P.J. FARNHAM
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The E2F gene family was identified through several different types of investiga-
tions, including studies of viral oncogenes, positive and negative growth regula-
tory proteins, and cellular promoters. As described below and by Cosrinik, CResS
and Nevins, and Abams and KateLiN (this volume), the E2F family (which includes at
least seven members) has not only been implicated in controlling viral and
cellular gene expression, but also is thought to play an important role in growth
regulatory processes such as the G, to S phase transition and programmed cell
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2 J.E. Slansky and P.J. Farnham

death. To understand how this gene family can mediate these important events
it is first necessary to examine the structure and regulation of the individual
family members.

1.1 E2F Genes

In 1986 investigators identified a cellular-protein activity required for transactiva-
tion of the adenovirus E2 promoter by the ETA oncoprotein; this cellular DNA-
binding activity was termed E2F (for E2 factor; Kovesoi et al. 1986). Further
investigation indicated that transcriptional activation by E1A results from release
of E2F from complexes with other cellular proteins {see Cress and NEevins this
volume). Free E2F then interacts with the viral E4 protein which mediates
cooperative protein binding at two E2F sites in the E2 promoter (BaccH et al.
1990). Several viruses have evolved strategies to break up E2F-protein complexes
(CHELLAPPAN et al. 1992). The domains of the viral oncoproteins that are required to
disrupt E2F complexes are also required for viral transformation; thus increasing
the amount of free E2F is thought to be essential for neoplastic transformation by
viruses such as adenovirus, papilloma virus, and simian virus 40 (SV40).

Further understanding of how disruption of E2F complexes leads to tumori-
genicity was provided by investigations with the retinoblastoma (Rb) tumor
suppressor protein. As a tumor suppressor protein, Rb negatively regulates cell
growth and, as aresult, is a target of some viral oncogenes. Rb was discovered to
be one of several proteins that is bound by the adenoviral E1A protein (WHyTE et al.
1988). Since it was known that E1A releases E2F from protein complexes, it was
hypothesized that E2F-mediated transcription is activated through sequestration
of Rb by E1A. Evidence to support this model came in 1991 when investigators
showed that Rb, when bound to a column, can associate with cellular proteins that
interact with an E2F-binding site (CHITTENDEN et al. 1991b). The association of Rb
with E2F was confirmed by gel mobility shift assays (Banpbara etal. 1991;
Crewrarean et al. 1991). Rb negatively regulates progression through G, into S
phase (GoobricH et al. 1991) and mutations in Rb that eliminate its ability to
impede cell growth also eliminate its ability to bind to E2F (QiN et al. 1992).
Additional experiments have demonstrated that Rb can directly repress E2F-
mediated transcription (DyNLACHT et al. 1994b). Thus, it is believed that when viral
oncoproteins disrupt E2F/Rb interactions, E2F is relased to transactivate genes
that are critical for progression through G, into S phase. Details concerning these
target genes can be found in Sect. 4.

Based on the hypothesis that E2F and Rb interact directly, Rb protein was
used to probe human cDNA expression libraries (HEuN et al. 1992; KAELIN et al.
1992; SHaN et al. 1992). Although three groups of investigators independently
isolated multiple clones, sequence analysis indicated that each group had
isolated a common cDNA. The identity of this gene {originally called RBPS3,
RBAP-1, or Ap12) as an E2F family member was confirmed by demonstrating
that the encoded protein can bind to and transactivate a promoter containing E2F
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sites. Because several lines of investigations suggested the existence of more
than one family member, the first clone was named E2F1. Two additional E2F
family members were isolated by screening human cDNA libraries with an E2F1
probe. These efforts identified human E2F2 and E2F3 (Ilvev-HovLE et al. 1993;
Lees et al. 1993); an exhaustive search using this method did not detect any other
E2Fs. A 3T3 cDNA library was then screened with the corresponding human
clones to obtain mouse E2F1 and E2F3 (Fry et al., unpublished data; Li et al.
1994).

The inability of E2F1-, E2F2-, or E2F3-specific antibodies to react with an
abundant E2F activity in gel mobility shift assays suggested that yet an additional
E2F protein existed (CHITTENDEN et al. 1993; KaeLiN et al. 1992; Wu et al. 1995).
None of the other clones isolated using Rb as a probe encode proteins that can
bind to E2F sites. However, investigations of the different cellular complexes that
bind to E2F sites indicated that proteins similar to, but distinct from, Rb can
interact with E2F (see CoBrINIK this volume). For example, p107, a cellular protein
that has homology to Rb in the domain that binds to E2F (Ewen et al. 1992), was
in E2F-specific gel shift complexes. Also, an E2F protein distinct from E2F1 was
immunoprecipitated using p107-specific antibodies (Dvson et al. 1993). There-
fore, others screened a cDNA expression library using p107, instead of Rb, as a
probe and isolated a different family member, E2F4 (BEIUERSBERGEN et al. 1994).
E2F4 was also cloned using polymerase chain reaction techniques with degener-
ate primers derived from E2F1 sequences (GINSBERG et al. 1994). E2F5, which
binds specifically to another Rb-related protein, p130, has recently been cloned
(R. Bernards, personal communication).

Genomic DNA has been cloned that corresponds to mouse E2F1 and E2F2
(M. Greenberg, personal communication; Hsiao et al. 1994) and human E2FT,
E2F2and E2F3(JoHnsoN et al. 1994b; Lees et al. 1993; Neuman et al. 1994). Mouse
E2F1 was mapped to chromosome 2 using multipoint linkage analysis which took
advantage of a GT repeat in the 3' untranslated region of the E2FT mRNA (Li et al.
1994). Fluorescence in situ hybridization was used to localize human E2F7T to
chromosome 20qg11, telomeric to the p107 locus (SaTo et al. 1995). The E2F1
chromosomal assignment was confirmed by hybridizing a cDNA probe to South-
ern blots containing DNA extracted from a panel of rodent plus human hybrid cell
lines containing different combinations of human chromosomes. Human E2F2
and E2F3 were mapped by in situ hybridization to metaphase chromosomes;
E2F2isfound at 1p36 and E2F3at 6q22 (Lees et al. 1993). The location of E2F2and
E2F3on chromosomes 1 and 6, respectively, was also confirmed using a panel of
rodent plus human hybrid cell lines. E2F3 pseudogenes were also identified at
17g11-12 and 2g33-35 (Lees et al. 1993). Human E2F4 is located at 16¢g22 as
shown by in situ hybridization to metaphase chromosomes (GINSBERG et al. 1994).
The alleles for the E2F4 gene are polymorphic in humans (GINSBERG et al. 1994)
due to an oligoserine repeat (CAG) that begins around amino acid 300 in the C
terminus of the protein. E2F4 cDNAs were cloned that contained 11, 13 or 16 of
these repeats. Analysis of DNA from 55 individuals indicated that all samples
contained a common allele of 13 repeats; 7 of the samples also contained an allele
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with 7, 9, 11, 14, or 16 repeats. Because no functional differences have been
ascertained between E2F4 proteins containing 11 or 16 repeats, the significance
of the polymorphism is unclear. Although a complete exon/intron structure of the
E2F family members has not been reported, a common feature of human and
mouse E2F1is the presence of a very large first intron located just 5' of the DNA-
binding domain (Hsiao et al. 1994; JoHnson et al. 1994b; Lees et al. 1993; NeumaN
etal. 1994). Genomic DNA containing the transcriptional promotor has been
cloned for human and mouse E2F1. The E2F1 promoters from these two species
are remarkably similar, having eight mismatches from -57 to +100 (see Hsiao
et al. 1994 for a sequence comparison).

1.2 DP Genes

A different approach was used to clone the E2F family member, DP7 (GIRLING
et al. 1993). Investigators studying the E2 promoter determined that an activity
that binds to E2F sites is abundant in F9 embryonal carcinoma cells before, but
not after, the cells are induced to terminally differentiate; this activity was named
DRTF1 (differentiation-regulated transcription factor 1; La THangue and Ricy
1987). Protein sequence obtained from purified DRTF1 led to the cloning of a
partial cDNA using degenerate polymerase chain reaction primers; a longer
cDNA was subsequently isolated from a mouse F9 cDNA library. The cDNA
obtained had some homology to human E2F1 in the sequence corresponding to
the DNA-binding domain and the encoded protein could bind to E2F sites.
However, the cDNA was distinct from the other E2Fs and was named DP1 (DRTF
protein 1). Unlike the results using E2F 1-specific antibodies, an antibody specific
to DP1 supershifted the majority of the protein species that bind to an E2F site,
suggesting that most E2F cellular complexes contain DP1. Using the mouse
probe, human DP1 and a highly related protein, DP2, were obtained (HeLN et al.
1993b; Wu et al. 1995). Antibodies specific for DP2 supershift the remainder of
the E2F activity that is not reactive with the DP1 antibody, suggesting that DP1
and DP2 may be the only DP proteins. No information concerning the gene
structure or chromosomal location has been reported for DP1 or DP2.

In summary, the protein sequence of four different mammalian E2Fs and two
different mammalian DPs has been reported; at least one other mammalian E2F
gene, E2F5, has been cloned. E2F activity has been identified in other species
such as Drosophila (DynLACHT et al. 1994a; Ontani and Nevins 1994), S. cerevisiae
(Mai and Lipp 1993), S. pombe (MALHOTRA et al. 1993) and Xenopus (PHiLPOTT and
FriEND 1994). Of these, only the Drosophila E2F1 and DP1 genes have been
cloned. Details concerning the cloning of the different E2F family members, the
sizes of the proteins and mRNAs, as well as the chromosomal location (when
known) are reported in Table 1.
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Table 1. Mammalian E2F family members

Family merﬁber Source of cDNA  Location mRNA Amino Accession Reference
(kb) acids #

Human E2F1 Hela, Nalm 6° 20g11 3.1 437  M96577  (HELIN et al. 1992;
KAELIN et al. 1992;
SATO et al. 1995;
SHAN et al. 1992)

Human E2F2  Hela, Nalm 6 1p36 6° 437 122846 (IVEY-HOYLE et al.
1993; LEES et al. 1993)
Human E2F3  Nalm 6, fetal brain 6p22 6 425 NR (LEES et al. 1993)
Human E2F4  Fetal liver, Hela, 16922 2.1-2.9 413° U15641 (SARDET et al. 1995;
Nalm 6, T84° BEIJERSBERGEN et al.
1994; GINSBERG et al.
1994)
Human E2F5 Fetal liver NR 2.8 345 U15642  (SARDET et al. 1995;

R. Bernards, personal
communication)

Human DP1 Nalm 6 NR 3 410 123959  (HELIN etal. 1993b)

Human DP2 Nalm 6 NR 1.5-10¢ 385 L40386 (WU et al. 1995)

Mouse E2F1 373 2 2.2,2.7 430 L21973 (LI et al. 1994)

Mouse E2F2 NR NR NR NR NR (M. Greenberg, per-
sonal communication)

Mouse E2F3  3T3 NR NR NR NR (CJ. Fry etal,
unpublished data)

Mouse E2F4 Mouse embryo NR NR NR NR (BEIJERSBERGEN et al.
1994)

Mouse DP1 F9 carcinoma NR 2.8 410  X72310  (GIRLING et al. 1993)

NR, Not reported.

*Pre-B cell leukemia line.

*Colon carcinoma cell line.

2.5 kb in skeletal muscle.

9Major transcripts are 10 kb in muscle, 1.5 and 2.5 kb in placenta, 1.5and 2.0 kb in heart, and 2 and 3 kb
in liver.

#The number of amino acids varies depending on the number of oligoserines encoded at a particular allele.

2 Structure of E2F Proteins

The E2F and DP proteins range from 345 to 437 amino acids (see Table 1) and
contain several regions of high sequence similarity that encode functional do-
mains (Fig. 1). The most extensive analysis of the function of different regions of
an E2F family member has been performed using human E2F1. Therefore the
structure of this protein is described in detail. Initial structural analysis (for review
see FarnHAM et al. 1993) of the E2F1 protein defined domains responsible for DNA
binding (composed of a basic region and a helix-loop-helix region), transcriptional
activation, and Rb binding; further analysis has also identified domains for cyclin A
binding, p107 binding, homodimerization, and heterodimerization. These domains
inthe E2F1 protein are compared, where possible, to the other E2F and DP family
members.
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% x # Fig. 1. Schematic representa-
| — tion of the functional domains
FEEEREI  of the human E2F1 and DP1
proteins. The approximate lo-

cation (in amino acids number)

DP1 of each F:Iomain discussed in
the text is shown
E2F1 DP1
B Cyclin A binding 67-108
DNA binding 120-191 104-204

% Homodimerization 150-190
P/ Heterodimerization 188-241 204-277

T Phosphorylation 332, 337

T Phosphorylation 375
ﬂ Transactivation 380-437
Rb binding 409-426 211-327

2.1 DNA-Binding Domain

Consistent with the original description of E2F1 as a basic helix-loop-helix (oHLH)
protein, Cress et al. (1993) found that mutations within the two putative helices
abolish DNA binding in vitro. However, two studies examining DNA-binding
activities of E2F1 mutants have concluded that the E2F1 basic region (originally
defined as amino acids 109-128) is dissimilar to that of other bHLH proteins. For
example, removal of half of the basic region by truncation of E2F1 at amino acid
117 or deletion of amino acids 113-120 does not abolish DNA binding, although
further deletion to amino acid 128 (the 5' edge of the first helix) does eliminate
DNA binding (Cress et al. 1993; JorbaN et al. 1994). The remainder of the basic
region, amino acids 117-128, contains only 5 of the 11 amino acids that are
normally conserved among bHLH proteins. Amino acid substitutions suggest
that these five amino acids are important, although sequence constraints are not
as tight as for other bHLH proteins. Although the basic region in many bHLH
proteins creates an a-helix that interacts with DNA in the major groove (FisSHER
et al. 1993), the amino acids in the E2F1-basic region predict a turn. This turn may
be critical for binding specificity or affinity since mutations in E2F1 that are
predicted to eliminate the turn and/or to create a helix drastically inhibit binding.
In summary, mutational analysis suggests that the bHLH region of the E2F1
protein (now defined as amino acids 117-128) is required for DNA binding;
however, this region probably has a different structure than many other bHLH
proteins. These structural differences may explain why E2F1 binds a different
DNA sequence, TTTSSCGC (S=C or G), than many other bHLH proteins (such as
the Myc/Max heterodimer) which bind to CACGTG.
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Although the other E2F proteins have not been examined in as much detail,
the DNA-binding domains have been compared. The DNA-binding domains of
E2F1, E2F2, E2F3, and E2F4 are all located near the N terminus of the protein and
are 70% identical. The DNA-binding domains of DP1 and DP2 are also located at
the N terminus and are approximately 90% identical (Wu et al. 1995). In contrast,
the E2F and DP DNA binding domains are only about 40% identical (GIruNG et al.
1993), suggesting that two categories of E2F proteins exist.

2.2 Dimerization Domains

Initial studies demonstrated that bacterially expressed E2F1 could bind to DNA
without other protein partners. This DNA binding is dependent upon a homo-
dimerization domain which spans amino acids 150-191 (lvev-Hovie et al. 1993).
Other studies of E2F activity predict heterodimer formation. For example, affinity-
purified E2F can be separated into five bands ranging in molecular weight from 50
to 60 kDa by polyacrylamide gel electrophoresis and E2F-binding activity can be
reconstituted by mixing a lower and higher molecular weight band (Huser et al.
1993}. Once DP1 was cloned, it became apparent that this is a major component
of the E2F activity, and several groups quickly demonstrated that E2F1 and DP1
can form heterodimers using bacterially expressed protein (Krex et al. 1993), a
yeast two hybrid system (Banpara et al. 1993), glutathione S-transferase fusion
columns (HeuN et al. 1993b), or immunoprecipitation of transfected proteins from
mammialian cell extracts (HeLin et al. 1993b). The heterodimers of E2F1 and DP1
are more active in DNA binding and transactivation than are the homodimeric
forms of either protein (BanpARra et al. 1993; Heun et al. 1993b; Krek et al. 1993).
The region of E2F1 required for heterodimerization includes the leucine-zipper
region (amino acids 191-284) found adjacent to the DNA-binding domain (HeLIN
et al. 1993b; Jorpan et al. 1994; Krek et al. 1993). The region of DP1 required for
heterodimerization {amino acids 205-277) is also adjacent to the DNA-binding
domain (Heun et al. 1993b).

2.3 Rb- and p107-Binding Domains

Both Rb and p107 can bind to the carboxy terminus of E2F1 in vitro (amino acids
409-426). Although initial experiments suggested that these domains were
identical, further analysis has identified specific amino acids that are more critical
for binding of E2F1 to p107 than to Rb. Mutation of amino acids 411, 413, or 421
in E2F1 reduces binding of p107 without affecting E2F1/Rb interactions (Cress
et al. 1993). E2F1 proteins containing a combination of the 411 and 421 muta-
tion, or a deletion of amino acids 420-422, no longer respond to p107 in a
transfection assay. The transcriptional activity of the 411/421-E2F1 mutant
construct is equal to that of wild-type E2F1 in a cotransfection assay with the
dihydrofolate reductase (dhfr) promoter, suggesting that p107 binding is not
critical for E2F1-mediated transcription. This hypothesis is supported by recent
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studies demonstrating that in cells E2F1 binds preferentially to Rb, not to p107.
A separate study found that mutation of amino acid 411 eliminates Rb binding
(HeEuN et al. 1993). Perhaps the exact amino acid substituted at position 411 is
critical in determining E2F1/Rb interactions. Bandara demonstrated that a protein
domain in the C-terminus of mouse DP1 (amino acids 211 to 327) can bind
weakly to Rb, and that this interaction stabilizes the binding of the E2F1/DP1
heterodimer to Rb (BanbaRra et al. 1994).

E2F4 associates preferentially with p107, and not with Rb, in cells. Although
the precise amino acids responsible for this interaction are not known, one of the
E2F4 cDNAs obtained using p107 as a probe encoded only the last 31 amino acids.
This region corresponds to the region of E2F1 which is required for interaction
with Rb and p107. Transfection studies suggest that dimerization of E2F4 with
DP1 is required not only for efficient DNA binding but also for interaction with
p107 (BEERSBERGEN et al. 1994), suggesting that domains of both E2F4 and DP1
contribute to stable binding to p107.

2.4 Transactivation Domain

Fusion of portions of the C-terminus of the E2F1 protein to a GAL4 DNA-binding
domain allowed an initial demonstration that amino acids 368-437 could function
as a transactivation domain (Kaeun etal. 1992). Deletion of the extreme
C-terminus (amino acids 417-437 or 409-437) abolishes the transcriptional activ-
ity of a GAL4/E2F1 fusion protein in the Burkitt's lymphoma cell line DG75 and
of an E2F1 protein in T98G glioblastoma cells (Cress et al. 1993; KAELIN et al.
1992). These studies suggested that the minimal Rb-binding domain (located
from 409-426) was important for transcriptional activity of E2F1. However, further
analysis indicated that the Rb-binding domain does not have independent trans-
criptional activity. Two copies of a repeated motif (E/DFXXLXP) are located just
upstream and one copy just downstream of the Rb-binding domain. Deletion
analysis indicates that E2F 1-protein sequences containing the upstream or down-
stream repeat elements contribute to transcriptional activity in SAOS-2 cells by
synergizing with some component of the Rb-binding domain (HAGEMEIER et al.
1993). In summary, these studies indicate that amino acids 380-437 comprise a
potent transactivation domain with elements upstream of, downstream of, and
including the minimal Rb-binding domain. In contrast, other studies have shown
that deletion of the C-terminal 417-437 amino acids (which includes the Rb-
binding domain and the downstream repeat element) has little effect on the
transcriptional activity of a GAL4/E2F1 fusion protein in a variety of cell types,
including SAOS-2 cells (HELIN etal. 1993a; SHan et al. 1992). The causes of
discrepancy in these reports are unknown; further analysis is required to deter-
mine whether the transcriptional activity of E2F1 can indeed be dissociated
completely from the Rb-binding domain.
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2.5 Cyclin-Binding Domains

E2F family members can also associate with cyclin E and cyclin A, and the
abundance of these E2F/cyclin complexes changes in different stages of the cell
cycle (Lees et al. 1992; see also CoBRriNK, this volume). Recent studies suggest
that the E2F1/DP1 heterodimer is phosphorylated at distinct times in the cell
cycle due to different cyclin/kinase interactions. First, a cyclin-dependent phos-
phorylation in late G, of two serines on E2F1, amino acids 332 and 337, can inhibit
Rb-E2F1 interactions (Facan et al. 1994). The timing of expression of this phos-
phorylation event suggests that in cells it may be mediated by cyclin E. The next
wave of E2F phosphorylation is likely due to cyclin A/cdk2. E2F1 (and possibly
E2F2 and E2F3 since they contain similar amino acid sequences) can bind directly
to cyclin A via amino acids 67-108 (Krek et al. 1994). In vitro an E2F1/DP1
heterodimer can be phosphorylated by cyclin A/cdk2, resulting in a protein
complex with reduced DNA-binding affinity (DyNLACHT et al. 1994b). Preliminary
studies indicate that DP1 is the target of the cyclin A-dependent kinase; prior
treatment of DP1 with the kinase can inhibit DNA binding (DyNLACHT et al. 1994b)
and DP1 is phosphorylated maximally in late S phase, at about the peak of cyclin
A expression (BanDARa et al. 1994). In vivo studies using an E2F1 mutant lacking
the cyclin A binding domain also suggest that the phosphorylation of DP1, but not
E2F1, is dependent on cyclin A (Krek et al. 1994). In contrast, others suggest that
cyclin A/cdk2-mediated phosphorylation of E2F1 inhibits binding of heterodimeric
E2F1/DP1 to DNA (Xu et al. 1994). Perhaps phosphorylation of either E2F1 or DP1
by cyclin A contributes to loss of E2F DNA-binding activity in S phase. It is not
known which amino acids of E2ZF1 or DP1 are phosphorylated in the inactive form
of these proteins. A third wave of phosphorylation of E2F may come in the G,/M
phase due to a peak of activity of cyclin A complexes with cdc2. PEEPER et al. (1995)
have shown that the cyclin A/cdc2 complex can efficiently phosphorylate E2F1 on
serine 375 when coexpressed in insect cells. This amino acid is normally phos-
phorylated in human cells, but the amount of phosphorylation on this site in
different stages of the cell cycle has not yet been determined. They have also
shown that Rb has a five- to tenfold higher affinity for E2ZF1 molecules that are
phosphorylated on this specific amino acid. Serine 375 is located in a leucine-
serine-proline triplet that is conserved in E2F1, E2F2, and E2F3, but not in E2F4.

Thus, a model for cell cycle-dependent activation and inactivation of E2F by
phosphorylation can be proposed: in late G, cells E2F1 is phosphorylated on amino
acids 332 and 337 by cyclin E/cdk2 and is released from Rb as an active
transcription factor; in middle to late S phase E2F1 and/or DP1 is phosphorylated
by cyclin A/cdk2, causing disruption of the heterodimer and loss of DNA-binding
activity; in G,/M phase E2F1 is then phosphorylated on amino acid 375 to enable
high-affinity binding by Rb in the subsequent G, phase.

In summary, functional protein domains for E2F1 include the bHLH region,
dimerization region, transactivation domain, pocket protein (e.g., Rb, p107, or
p130) binding domain, cyclin A binding domain, and cdk-targeted serines (Fig. 2).
The other E2Fs have about 70% sequence identity to E2F1 in their DNA-binding
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Hours after Stimulation
0 1 4 8 12 16

E2F1

E2F2

E2F3

DP1

Fig. 2. Growth regulation of E2F family members. Serum-starved NIH 3T3 cells were serum stimulated
for the indicated times. Cytoplasmic RNA was prepared for RNAse protection analysis and then
hybridized with mouse E2F1, E2F2, E2F3, and DP1 probes (as described in SLANSKY et al. 1993). For
analysis of E2F1 and DP1, 10 ug of RNA was analyzed per time point; an overnight exposure of the gel
is shown. For E2F2, 60 pg of RNA was analyzed per time point; a 3-day exposure of the gel is shown.
For E2F3, 40 pg of RNA was analyzed per time point; an overnight exposure of the gel is shown. Left,
results of these RNAse protection experiments; right, graphic representation from the same
experiments. The signals were guantitated on a Phosphorimager and plotted relative to the maximum
value (the 12-h samples) for each individual mRNA

domains and can each heterodimerize with either DP1 or DP2 (Wu et al. 1995).
The transactivation domain is also highly conserved in all E2Fs, although this
region of the different family members is thought to confer in vivo specificity of
binding to Rb (E2F1, E2F2, E2F3) or p107 (E2F4, E2Fb). E2F1, E2F2, and E2F3 are
also predicted to bind directly to cyclin A, whereas E2F4 and E2F5 probably
require binding to p107 or to p130 to mediate a cyclin A/cdk2 interaction. The DP
proteins are similar to the E2Fs only in the DNA-binding and heterodimerization
domains and are not thought to contain a transactivation domain, to bind to
cyclins, or to specify Rb versus p107 interactions.

3 Expression Patterns of E2F Family Members

An important question concerning the E2F family is whether individual family
members have distinct or redundant roles. This section addresses possible
tissue-, developmental-, and/or temporal-specific expression of the different E2F
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and DP genes. Sections 4 and 5 discuss the possibility that specificity is achieved
by differential activity of the E2F family members.

3.1 Tissue-Specific Expression

The expression of the different E2F family members has been examined in
Northern analysis using RNA from adult human tissues (BEIJERSBERGEN et al. 1994,
GINSBERG et al. 1994; HELN et al. 1992; Ivey-HovLE et al. 1993; Lees et al. 1993; Wu
et al. 1995). The approximately 3.1-kb E2ZFT mRNA is most easily detected in the
heart, brain, placenta and lung; lower levels of E2F1 can be detected in the liver,
skeletal muscle, kidney and pancreas. The approximately 6-kb E2F2 mRNA is
most readily detectable in the placenta, followed by lung and kidney. All of the
tissues analyzed express a 2.2-kb E2F4 mRNA and a 6-kb E2ZF3mRNA, except the
brain which does not express detectable levels of E2F3 (BEUERSBERGEN et al. 1994;
GinsBERG et al. 1994). The approximately 3-kb DPT mRNA is strongly detected in
the muscle, placenta, liver, kidney, and brain but is not detectable in mBRNA from
the heart. DP2 mRNA, on the other hand, is expressed in most tissues, including
the heart, but not in the brain or lung. These analyses suggest that heterodimers
of E2F1 and E2F4 with DP1 may be important mediators of E2F-regulated
transcription in the brain. In contrast, DP2 may be the critical DP partner in the
heart. However, since most of the family members are expressedin a wide variety
of tissues {(summarized in Table 2), it is unlikely that distinct roles of the individual
E2Fs derive solely from tissue specificity.

3.2 Developmental Regulation

Examination of the relative abundance of the different family members in adult
tissues does not address the possibility of differential expression of the trans-
cription factors during development. Such experiments are being performed in a
mouse model system, where development can be easily monitored.

Table 2. Expression of E2F family members in adult human tissues

E2F Heart Brain Placenta Lung Liver Muscle Kidney Pancreas Reference

E2F1T  ++  ++ 4+ ++ o+ + + + (HELIN et al. 1992)
E2F2 - - ++ + - - + (IVEY-HOYLE et al. 1993)
E2F3 + - ++ ++ ++ ++ ++ + (LEES et al. 1993)

E2F4 * * * * * * * * (GINSBERG et al. 1994)
DP1 - 4+ + ++ ++ ++ + (WU et al. 1995)

DP2  + - ++ - ++ ++ ++ + (Wu et al. 1995)

The relative expression level of each family member in the different tissues is indicated; high (++), low
(+), or not detectable (-). Asterisks, E2F4 was detected, but relative expression levels were not
reported. Expression levels can be compared only within each family member due to variation in
specific activity of the probes, exposure times, and hybridization conditions.
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Preliminary in situ hybridization experiments (G. Lyons, personal communica-
tion) using an E2F1 cDNA probe with a developmental series of C57BL/6 and
BALB/c mouse embryos showed that E2F7T mRNA is initially widespread at 8.5
days postcoitum. By 11.5 days postcoitum the E2F T expression pattern becomes
restricted; the transcripts are most abundant in the ependymal layer of the neural
tube and the subventricular zone of the developing brain (areas which contain
rapidly dividing neurons). There is lower signal detected in the liver, limb bud
mesenchyme, nasal sinus epithelium, and heart. At 13.5 days postcoitum the
highest level of E2FT mRNA is in the liver and the ependymal and subventricular
layers of the central nervous system; lower signals can be detected in the pituitary
gland, lung, kidney, nasal sinus epithelium, gut, and peridigital mesenchyme of
the limb. At birth E2FT mRNA is detected in the external granule layer of the
cerebellum, and in the adult E2F1 mRNA is found in the granule and molecular
layers of the cerebellum and at low levels in the hippocampus and cortex in the
mouse. Studies of the expression of the other E2F family members during mouse
development are in progress.

A different developmental study of E2F1 and DP1 in the mouse began with
embryonic day 14 and continued through the postnatal period and into adult
(Tevosian et al. 1995). Analysis of total tissue RNA demonstrated that expression
of E2F71and DP7 mRNA is high in the period from embryonic day 18 to postnatal
day 3; expression declines following birth with minimal expression in the adult.
High-resolution in situ analysis indicated that there is cell- and region-specific
expression of E2FT and DP1, and that the expression of E2F1 is not completely
correlated with cells of highest proliferative potential. For example, in the liver
E2F1 expression is high in dividing hepatocytes but not in proliferating hemato-
poietic islands.

3.3 Cell Cycle Expression

Expression of the different E2F family members during specific stages of the cell
cycle can also provide functional selectivity. To address this possibility the mRNA
levels, promoter activity, and protein levels of the different family members must
be examined. A complete analysis of this type has been performed for E2F1. The
levels of E2ZFT mRNA increase at the G,/S phase boundary in serum-stimulated
NIH 3T3 cells (Stansky et al. 1993), mitogen-activated T cells (KaeLiN et al. 1992),
regenerating liver (BENNETT et al. 1995), EGF-stimulated keratinocytes (SATTERWHITE
et al. 1994), and mitogen-stimulated human umbilical vein endothelial cells (ZHou
etal. 1994). The levels of E2F71 promoter activity increase at the G,/S phase
boundary in cells stimulated from quiesence (Hsiao et al. 1994; JoHnson et al.
1994b; Neuman et al. 1994) and in proliferating cells synchronized by mitotic
selection (K.E. Boyd and P.J. Farnham, unpublished data). Also, the amount of
E2F1 protein that can be measured by gel mobility shift assays peaks in S phase
(CHITTENDEN et al. 1993).

Initial investigations into the regulation of other E2F family members have
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shown that the levels of E2F3, E2F4, and DP1T mRNAs in mitogen-stimulated
kerotinocytes and NIH 3T3 cells do not change dramatically through the cell cycle
(GinsBeRG et al. 1994; Li et al. 1994; SATTERwHITE et al. 1994; SArDET et al. 1995).
Also, E2F4 protein levels are constitutive after serum stimulation of NIH 3T3 cells
(GINsBERG et al. 1994). Levels of E2F5 increase 12-fold in middle G, after serum
stimulation of kerotinocytes (SARDET et al. 1995). The levels of E2F2 are very low
and are difficult to analyze; however, it has been reported that levels of E2F2
mRNA do not significantly change after EGF stimulation of mink lung epithelial
cells (SATTERWHITE et al. 1994). The response of E2F2 to stimulation with the more
complete set of growth factors found in serum has not been reported.

Since many of the studies of the regulation of E2F family members have used
Northern analysis, a guantitative measure of the levels of the E2F mRNAs in
different stages of the cell cycle was not possible due to the low sensitivity of this
assay. We have therefore examined the steady-state levels of RNA from different
E2F family members throughout the growth cycle of NIH 3T3 cells using quanti-
tative RNAse protection assays. The cells were serum-starved for 44 h to induce
a quiescent state. Then, serum-containing medium was added, and cells were
harvested at different time points to examine the levels of E2F family members
in different phases of the growth cycle. As shown in Fig. 2, the expression of
E2F mRNAs falls into two categories. E2F1 and E2F2 both peak in S phase,
whereas the levels of E2F3 and DP1 rise early in G, and do not increase much
more as cells enter S phase. These results are similar to Northern analyses
performed using RNA after stimulation of human T cells (J. Lees, unpublished
data). E2F1 and E2F2 are both expressed in a cell cycle dependent manner, with
E2F2being expressed after E2F 1. In contrast, both E2F3and E2F4 are presentin
quiescent cells with E2F4 being 20-fold more abundant than E2F3; the levels of
E2F3 and E2F4 increase slightly after stimulation of T cells.

In summary, the presence of more than one E2F in any particular tissue and
the constitutive expression of several of the E2F family members through the cell
cycle suggest that if specificity occurs, it must be attained via distinct features
{perhaps specified by unique protein domains) of the different heterodimeric
complexes.

4 Regulation of Cellular Promoters by E2F

Although several viruses have evolved efficient strategies to increase E2F activity,
only adenovirus contains E2F-regulated promoters, suggesting that key targets of
E2F transcription factors may be cellular promoters. Cellular targets of E2F were
first identified through mutational analysis of cell cycle regulated promoters. In
1989 it was discovered that E2F sites are important for the activity of two cellular
promoters, dhfrand c-myc (BLake and AzizkHan 1989; HiegerT et al. 1989; THALMEIER
et al. 1989). Subsequently, the E2F sites in these promoters were also shown to
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be required for activation by viral oncogenes and for maximal activity in response
to serum stimulation (HieBerT et al. 1991; MeaNs et al. 1992; Moserc et al. 1992;
Stansky and FarNHAM 1993; THALMEER et al. 1989; WabpE et al. 1992). Additional
cellular and viral promoters that contain E2F sites have been identified by
sequence inspection and mutational analysis; a detailed description of these E2F
sites can be found in Table 3. Cellular promoters whose E2F sites contri-
bute to transcriptional regulation include genes required for DNA synthesis (dhfr,
thymidine kinase, DNA polymerase-a), transcriptional regulators of cell growth
(N-mye, c-myc, retinoblastoma, cdc2, E2F1, and b-myb), and growth factors
(IGF-1).

4.1 Requirements for Growth Regulation

The expression of several of the genes listed in Table 3 is cell cycle regulated. In
many cases the contribution of the E2F site to regulation is inferred from effects
seen by large scale deletions of promoter DNA, not by mutation of individual E2F
binding sites. However, a transient transfection system has been used to demon-
strate that an E2F site is required for growth regulation of the dhfr, b-myb, and
E2F1 promoters. In these experiments the cells are forced into quiescence, then
stimulated to enter the growth cycle synchronously. By analysis of promoter
activity at various points after stimulation the growth regulation of a wild-type or
mutated promoter can be determined.

The dhfr promoter contains two inverted, overlapping E2F sites at the trans-
cription initiation site. Transcription from a dhfr promoter fragment increases
approximately 15-fold at the G,/S phase transition; mutation of the E2F sites
results in a promoter whose activity increases only threefold at the G,/S phase
transition (MeaNs et al. 1992). The b-myb promoter contains E2F sites located at
—-200 (relative to the translation initiation site). Transcription from a b-myb pro-
moter fragment increases tenfold at the G,/S phase boundary; activity from a
b-myb promoter with mutated E2F sites does not significantly change during the
growth cycle (Lam and WaTtsoN 1993). The E2F1 promoter contains two sets of
overlapping, inverted E2F sites spanning —10 to —40 (relative to the transcription
initation site). Transcription from the mouse E2F1 promoter was reduced from
42-fold to fivefold when the E2F sites were mutated (Hsiao et al. 1994); similar
results were obtained with the human promoter (JoHNsoN et al. 1994b; NEuMAN
et al. 1994).

Somewhat controversial results have been obtained regarding the role of the
E2F sites in the c-myc promoter. Although one study demonstrated that a three
fold increase in c-myc promoter activity seen 4 h after serum stimulation of
resting cells is dependent on the E2F site (Mubrvy et al. 1990), others have failed
to see growth regulation of the c-myc promoter or activation of this promoter by
E2F1 {Liet al. 1994; J.E. Slansky and P.J. Farnham, unpublished data). However,
the E2F sites in the c-myc promoter have been more clearly implicated in
regulation of promoter activity in differentiating cells (MeLamep et al. 1993) and in
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transactivation by viral oncoproteins (HieserT et al. 1989; MogerG et al. 1992;
THALMEIER et al. 1989).

It was initially proposed that increased binding of E2F to cellular promoters is
sufficient for increased expression at the G,/S phase boundary. In support of this
hypothesis two copies of a 29-bp oligonucleotide containing the dhfr E2F sites are
sufficient for G,/S phase-specific transcription {Stansky et al. 1993). However,
accumulating evidence suggests that the presence of an E2F site may not be
sufficient for G,/S phase activation. For example, deletion of sequences upstream
of the E2F sites in the dhfr (Stansky and FarnHaM 1993), E2F1T (Hsiao et al. 1994;
JoHnsoN et al. 1994b; Neuman et al. 1994), b-myb (Lam and WaTson 1993), and DNA
polymerase-a. {PEArsoN et al. 1991) promoters greatly reduces regulated activity.
Additional evidence which supports the hypothesis that E2F sites are not suffi-
cient for regulated expression comes from cellular promoters that are not growth
regulated. Deoxycytidine kinase has an E2F site in its promoter, but does not
display cell cycle-dependent regulation (HENGSTSCHLAGER et al. 1994). Also, a con-
sensus E2F site can be found in the Rb promoter even though activity from this
promoter changes only twofold during the growth cycle (HENGsTSCHLAGER et al.
1994; SHan et al. 1994; J.E. Slansky and P.J. Farnham, unpublished data) and
mutation of the E2F site has very little affect on promoter activity in growing cells
(GiLL et al. 1994). Although it is not clear why two copies of the dhfr E2F sites can
confer regulation, perhaps the particular orientation and spacing of the sites in this
construct provide a unique promoter structure. Another possibility is suggested
by the observation that in some cells protein binding can be detected to a site
immediately adjacent to the E2F sites (J. Campisi, personal communication); this
region is present in the 20-bp oligonucleotide used in the synthetic constructs.

One hypothesis to explain why E2F sites are necessary, but not sufficient,
for growth regulation is that other transcription factors work in concert with E2F
to specify growth-regulated transcription. Constructs in which other transcrip-
tion factor binding sites were placed upstream of the E2F sites from the dhfr
(J.E. Slansky and P.J. Farnham, unpublished data) or E2F7 (K.M. Hsiao and
P.J. Farnham, unpublished data) promoter display a larger increase in promoter
activity at the G,/S phase boundary than do similar constructs containing the E2F
sites alone. In particular, synthetic oligonucleotides containing binding sites for
Sp1and CCAAT factors can stimulate growth regulation mediated by E2F sites.
Sp1 has been previously implicated in growth regulation; deletion of Sp1
binding sites in certain cellular promoters reduces growth-regulated transcrip-
tion (MILTENBERGER et al. 1995; ScHiLLING and FARNHAM 1995; SLANSKY and FARNHAM
1993), and Sp1 protein can interact with the Rb protein (CHITTENDEN et al. 19914;
Kim et al. 1992; Upvabia et al. 1993). CCAAT elements contribute to the activation
of the E2F1 promoter in S phase (Hsiao et al. 1994) and binding of proteins to
CCAAT elements has been implicated in the regulation of other serum-respon-
sive promoters (CHaNG and CHENG 1993; DutTa et al. 1990; MARTINELLI and HEINTZ
1994, Panc and CHeN 1993). Perhaps E2F family members contain domains that
interact with Sp1 or CCAAT factors to stabilize binding to the promoter. Alterna-
tively, a synergy between the transactivation domain of E2F family members and
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other transcription factors may be required for maximal transcriptional activation.
Evidence that Sp1 can recruit a CCAAT factor to the rat CYP2D5 promoter
suggests the possibility of additional cooperation between Sp1 and CCAAT
factors (Lee et al. 1994). It is of note that all of the cellular promoters described in
Table 3 contain either an Sp1 or CCAAT element. Further mutational analysis of
these promoters is essential to determine whether these different transacti-
vators cooperate with E2F family members to mediate growth-regulated trans-
cription.

4.2 Activation Versus Repression

Mutational analysis of some promoters suggests that E2F family members are
positive activators of transcription. For example, deletion of the E2F sites in the
c-myc and the cdc2 promoters results in a 50%-90% loss of activity (Furukawa
et al. 1994; Mogere et al. 1992; THALMEIER et al. 1989), mutation of the E2F site in
the n-myc promoter causes a 90% reduction of activity in undifferentiated NEC14
cells (HARA et al. 1993), and mutation of the E2F site in the hamster dhfr promoter
results in a 80% reduction of activity in HelLa cells (BLake and AzizkHan 1989). Also,
the E2F sites in numerous promoters are required for regulation by viral trans-
activators (Table 3). In support of the hypothesis that E2F family members are
positive mediators of transcriptional activity, the C-terminal region of E2F1 can
function as a transactivator when fused to a heterologous DNA-binding domain
(FLEminGTON et al. 1993; KaeLiN et al. 1992). In fact, each of the E2F family members
can elicit an increase in activity from promoters containing E2F sites in transient
transfection assays (BEUERSBERGEN et al. 1994; GINSBERG et al. 1994; Li et al. 1994;
Wu et al. 1995). Also, E2F1 can mediate transcriptional activation in an in vitro
assay (DYNLACHT et al. 1994b).

However, other results indicate that E2F family members may also be
involved in repression of transcription. For example, mutation of the E2F sites in
the mouse dhfr promoter and the b-myb, n-myc, and E2F1 promoters increases
transcriptional activity three- to tenfold (HieBerT et al. 1991; Hsiao etal. 1994;
JoHNsoN et al. 1994b; Lam et al. 1994; Lam and WaTson 1993; MEeans et al. 1992;
J.E. Slansky and P.J. Farnham, unpublished data). The IGF-1 promoter is normally
not active in quiescent cells; however, mutation of the E2F sites in this promoter
allows high level expression in quiescent cells (Porcu et al. 1994). Similarly,
addition of an E2F site to an Spi-driven synthetic promoter, an ATF-driven
promoter, or to the SV40 early promoter reduces transcriptional activity (SLaNSky
etal. 1993; WEeinTraUB et al. 1992). Because silencer domains have not been
identified in E2F proteins, itis believed that the repression is mediated by protein—
protein interactions between different E2F family members and other cellular
proteins such as Rb or p107. Both Rb and p107 can bind to the carboxy terminus
of E2F proteins. Transfection experiments demonstrate that E2F-mediated trans-
cription can be inhibited by increased levels of either p107 or pRb (Dyson et al.
1993; HieBerT et al. 1992; ScHwaRz et al. 1993; ZHu et al. 1993), and recent in vitro
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results have shown that the addition of Rb to a cell-free transcription system
activated by E2F1 can directly reduce promoter activity (DYNLACHT et al. 1994b).

Several possible mechanisms, which are not mutually exclusive, have been
put forth to explain how Rb and p107 can repress E2F-mediated transcription. It
has been proposed that Rb contains a repressor domain which can reduce the
activity of a transcription complex (WEeNTRAUB et al. 1992). Since the association of
Rb with E2F increases the half-life of the E2F/DNA interaction by more than
tenfold (Huser et al. 1994), the affinity of the repressive E2F/Rb complex for DNA
is much higher than is the affinity of free E2F. This suggests that changing the
balance between binding of the repressive E2F/Rb complex versus free E2F
requires more than simply increasing the amount of E2F. The E2F/Rb protein
complex differs from free E2F1 not only in DNA binding affinity, but also in the
ability to influence DNA structure. Upon binding to DNA, E2F induces a bend
(flexure angle) of 125°; in contrast, Rb/E2F complexes induce a bend of only 80°.
The effect of p107 on the bending of DNA by E2F has not yet been analyzed.
Although the precise consequences of this change in flexure angle are not known,
one possible result is the creation of a suboptimal spacing between two proteins
in the transcription complex, eliminating critical protein—protein contacts. Another
mechanism by which Rb may repress transcription is by blocking the E2F-
activation domain from interacting with other transcription factors (discussed in
Sect. 4.1) or with other components of the basal transcriptional machinery. E2F1
can bind to the general transcription factor TBP via the same region thatis required
for binding to Rb (Hacemeier et al. 1993), suggesting that Rb may block E2F1/TBP
interactions.

Amodel thatincorporates the influences of Rb and cyclin A on E2F1-mediated
transcription has been suggested. First, E2F1 must be dissociated from the
transcriptional repressing effects of Rb. Using an in vitro transcription system,
DynLACHT et al. (1994b) have demonstrated that cyclin E/cdk2 (whose activity
peaks in the late G, phase of the cell cycle) can phosphorylate Rb, releasing free
E2F. Others have shown that cyclin-dependent phosphorylation in late G, of E2F1
can also inhibit Rb-E2F1 interactions (Fagan et al. 1994). Thus, changes in the
phosphorylation status of both E2F1 and Rb in late G, can cause a release of E2F1
from Rb, allowing E2F to transactivate cellular promoters. A cyclin A-dependent
phosphorylation of the E2F1/DP1 can dissociate the heterodimer and inhibit E2F
DNA-binding activity. This model suggests that E2F1 functions as a transcriptional
activator only after cyclin E levels increase and before cyclin Alevels increase (i.e.,
late G, to middle S phase). This fits well with the observations of cell cycle-
dependent E2F-mediated transcription of genes such as dhfr and b-myb. The
above model does not take into account the role of p107 in E2F-mediated
transcription; this is the focus of ongoing analyses.

In summary, the role of the E2F site varies in different promoters. However,
a common theme is emerging in that the consequences of E2F binding to a
promoter appear to be highly influenced by other proteins, such as activators (e.g.,
CCAAT factors), repressors (e.g., Rb), and basal transcription factors (e.g., TBP).
Understanding the exact mechanisms by which E2F family members activate
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transcription will require the use of a highly defined in vitro system. Unfortunately,
most reconstituted transcription systems are extremely inefficient in transcription
of E2F-regulated cellular promoters, such as dhfr.

5 Can Specific E2F Family Members Be Linked
to Specific Target Genes?

The distinction as to whether a particular E2F site functions in specific stages of
the cell cycle or mediates activation versus repression may be a result of the
binding of specific E2F family members. For example, a particular E2F family
member may recognize a specific flanking sequence or structure in addition to
the consensus E2F site. Also, the spacing between E2F sites, such as those in
the E2 promoter (Harpy and SHenk 1989) may determine optimal binding by the
different E2F family members. Alternatively, the presence of binding sites for
other transcription factors may determine whether a given E2F can interact
stably at specific promoters. This section reviews experimental evidence that
may allow us to link specific E2F family members with the regulation of specific
genes.

5.1 Can Specificity Be Achieved
by DNA-Binding Requirements?

To date all of the family members, when expressed in bacteria, can bind to an
oligonucleotide containing a consensus E2F site (5' atttaagTT TCGCGCcctttccaa).
However, the affinity of E2F3 for this DNA is slightly less than is the affinity of
E2F1 and E2F2 (Lees et al. 1993). This difference in affinity may indicate a true
preference of specific E2Fs for this site; alternatively, it could indicate that E2F3 is
simply less active when produced in bacteria. To date no one has compared the
binding affinity of the different E2F heterodimeric partners to a panel of E2F sites.
This could be done using oligonucleotides containing the E2F sites from the
cellular promoters listed in Table 3 or by selecting high-affinity binding sites from
a collection of random oligonucleotides. Two studies have used cyclic amplifica-
tion and selection of targets (CAST) techniques to derive an E2F consensus site
(CHiTTENDEN et al. 1991a; OuLETTE et al. 1992). However, both studies relied on the
ability of cellular DNA-binding proteins to interact with Rb for the selection of sites
from a random population of oligonucleotides. These experiments could also
select DNA-binding sites for other cellular proteins that bind to Rb, not just E2F
family members; in fact, one study selected an Sp1-binding site (CHITTENDEN et al.
1991a).

The majority of sequences which were isolated in CAST experiments were
composed of the consensus TTTTCCCGCCAAAA (OuLeTTE et al. 1992). Two other
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classes of sequences were obtained less frequently; these two consensus
sequences differed from each other only in the addition of a G (TTTTCCC
GCCTTTTTT and TTTTCCCGCGCTTTTTT). The most common sequences cloned
in a different study were very similar, although the ' end differed slightly, perhaps
due to the design of the oligonucleotide or to the source of the protein extracts
(CritTenDEN et al. 1991a). It has been suggested that the two different types of E2F
sites {containing either A's or T's at the 3' end) may bind different E2F family
members (OuLeTTe et al. 1992). Since binding to Rb was required in the experi-
mental protocol, the E2F family members that bind the selected sites should be
E2F1, E2F2, or E2F3, but not E2F4. Although none of the known cellular
promoters precisely match the binding sites revealed in the CAST experiments,
the promoters that have been shown to be growth regulated via the E2F sites
(dhfr, E2F1, and b-myb} all contain 2 to 5 A's 3'of the consensus (creating an
overlapping E2F site on the opposite strands of DNA). Perhaps this type of
"inverted, overlapping" E2F site specifies binding by a growth-regulatory E2F
family member (such as E2F1 or E2F2).

Many studies of protein binding to E2F elements from cellular promoters
have been performed using crude protein extracts from cell lines. These studies
cannot distinguish among family members unless specific antibodies are used to
supershift the complexes. The use of antibodies against specific family members
in gel shift assays suggests that the major protein that binds to the £2 promoter
E2F site is not E2F1, E2F2, or E2F3 (Wu et al. 1995). Unfortunately, supershifts
with family member-specific antibodies have not been performed using E2F sites
from different cellular promoters. However, a recent study did compare the sizes
of different E2F/protein complexes that can form on the E2F sites from the dhfr
versus the E2 promoter (ScHuize et al. 1994). Two major complexes formed on the
dhfr promoter-E2F sites, whereas these two, plus an additional complex formed
on the E2 promoter-E2F sites (Schulze et al. 1994). Inclusion of antibodies
indicated that one of the two common complexes contained Rb and the other
p107; the middle complex formed on the E2 promoter was not recognized by
either antibody.

Most studies using ge! shift assays have found that the overall amount of
binding to E2F sites from various cellular promoters increases about three- to five
fold as quiescent cells approach S phase (CHitrenpen et al. 1993; Li et al. 1994,
Muorvd et al. 1991). In contrast, Porcu et al. (1994) have shown that binding to the
E2F site in the IGF-1 promoter is high in extracts prepared from quiescent cells and
low in extracts prepared from growing cells. It is possible that this difference
represents an interaction of a specific E2F family member with this particular E2F
site. If so, these results suggest that E2F family members found in quiescent cells
{e.g. E2F4), but not E2F family members found in S phase (e.g., E2F1); preferen-
tially recognize the E2F site in the IGF-1 promoter. Unfortunately, a control
reaction using an E2F site that previously has been shown to bind to E2F proteins
in S phase extracts was not included in these experiments.
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5.2 Can Specificity Be Achieved in Reporter Gene Assays?

The combination of binding sites for different transactivators may determine
which E2F family members can most efficiently activate a given promoter.
Different E2Fs may contain yet unmapped protein domains located within the
nonconserved regions that impart target promoter specificity by virtue of protein-
protein interactions. Many E2F-activated promoters also contain Sp1 binding sites
(see Table 3), and there are at least four different Sp1 family members (Hacen et al.
1994; MaJeLLo et al. 1994). Perhaps precise combinations of distinct E2F and Sp1
family members interact on certain promoters to impart specificity of activation.

If a particular family member does regulate a specific promoter, one might
imagine that differences would be observed if the individual E2F family members
were transfected with a promoter-reporter plasmid. The ability of E2F1, E2F2, and
E2F3, in combination with DP1 and DP2, to activate a synthetic promoter
construct has been examined (Wu et al. 1995). E2F1 and E2F2 activate transcrip-
tion of the reporter promoter to about equal levels, but activation is considerably
less with E2F3. In general, all E2Fs are less active when transfected with DP2;
these differences are consistent with the reduced DNA-binding activity of the
E2F/DP2 heterodimers. Until a larger number of promoters are compared, it is
difficult to know whether the differences observed to date simply reflect differ-
ences in expression of the E2F proteins in the transfection assays, or whether
certain E2F sites are preferentially activated by a distinct subset of the E2F/DP
heterodimers.

A caveat to these transfection experiments is that expression of exogenous
proteins creates an artificial environment. With a higher concentration of an
individual E2F in the cell, an E2F site that is not normally occupied by that factor
may be bound. Also, overexpression of one E2F family member might cause the
levels of another E2F family member to be increased. The E2F T promoter contains
E2F-binding sites, and transfected E2F1, E2F2, and E2F3 can all stimulate E2F1
promoter activity (Hsiao et al. 1994; Jounson et al. 1994b; Neuman et al. 1994).
Therefore, transfection of different E2F family members might activate transcrip-
tion of the endogenous E2FT gene (Hsiao etal. 1994; JoHNnson et al. 1994b;
NEumMAN et al. 1994), making it difficult to determine whether, for example, the
transfected E2F2 or the endogenous E2F1 activates a reporter construct. Finally,
the cellular promoters that are analyzed in reporter assays are not in their normal
chromosomal location. If sequences near the promoter, but not contained in the
fragment chosen, are critical for determining specificity, false results may be
obtained using transfection experiments.

5.3 Regulation of Endogenous Cellular Promoters

The effects of modulating the levels of E2F activity on the regulation of endog-
enous cellular genes has been investigated in several ways. First, overall E2F
activity has been increased by viral oncogenes, either by viral infection of cells or
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stable transformation of cells with viral oncoproteins. For example, dhfr mRNA
levels increase after infection with polyoma virus, cytomegalovirus, or adenovirus
(see ScHILLING and FArRnHAM 1994 for a review). The presumed mechanism for this
increase indhfrmRNA is an increase in E2F activity due to sequestration of Rb and
p107 by the viral oncoproteins. A more recent study (Mubrak et al. 1994) analyzed
the expression of endogenous cellular genes after induction of expression of a
stably integrated T antigen. Induction of T antigen resulted in an increase in E2F
activity, demonstrated using a gel shift assay, and an eightfold increase in the
levels of thymidine kinase mRNA; however, very little increase in the levels of dhfr
or DNA polymerase-o. mRNAs was observed. E2FT mRNA levels decreased,
indicating that the increased E2F DNA-binding activity is likely due to changes in
levels of a different E2F family member. One interpretation of this experiment is
that T antigen increases the amount or activity of an E2F family member that can
regulate the thymidine kinase promoter, but not the dhfr, DNA polymerase-a, or
E2F1 promoters. However, it is not known what family member is responsible for
the increased E2F DNA-binding activity seen after expression of T antigen.
Several groups have examined changes in levels of endogenous cellular
mRBNAs after overexpression of E2F7. In one study colonies were obtained
containing stably integrated E2F 7 that was expressed from a strong viral promoter
(SINGH et al. 1994). Although levels of exogenous E2FTwere very high (at least ten
times the amount of E2F 1 that is normally present), the levels of the endogenous
E2FT mRNA were not increased. The mRNA levels of other potential target
genes, c-myc and dhfr, were increased about twofold, whereas a sixfold increase
was seen in thymidine kinase mRNA. Although these mRNAs were analyzed by
Northern blots, and thus quantitation is not very accurate, these data suggest that
increasing the level of E2F1 is not sufficient to increase transcription from the
E2F1, dhfr, or c-myc promoters. Because the levels of other E2F family members
were not examined, it cannot be determined whether the increased levels of
thymidine kinase mRNA are a direct consequence of the expression of exogenous
E2F1 or an indirect effect of the change in levels of a different family member. In
support of the idea that levels of a different E2F family member can be increased
by overexpression of E2F1, cells from morphologically transformed foci induced
by overexpression of E2F1 show increased E2F-DNA-binding activity mediated by
a protein that is not recognized by an antibody specific to human E2F1 {(JoHNSON
et al. 1994a). However, it cannot be ruled out that the E2F-binding activity was
mediated by E2F1; it is possible that antibody binding could have been blocked by
other proteins present in the complex. A second investigation into the regulation
of endogenous cellular genes by E2F1 was performed by infecting quiescent cells
with an adenoviral vector expressing E2F1 (J.R. Nevins, personal communica-
tion). This study found that the levels of E2F7, cyclin A, b-myb, and cyclin E
mRBNAs were increased, but the levels of dhfr, DNA polymerase-a, and thymidine
kinase mRNAs did not change. It is unclear why overexpression of E2F1 can
increase levels of different endogenous mRNAs in different investigations. How-
ever, it is possible that differences in cell types or levels of expression of E2F1
alter the outcome of the experiments. A caveat with all of these experiments
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concerns the deregulated expression of the E2F family member. Although
examination of endogenous genes is one step closer to true regulation than is the
use of a promoter reporter assay, it is quite possible that correct specificity is
observed only if the E2F family member is expressed at normal levels and at the
correct time in the cell cycle. Experiments for further exploration of this topic are
presented by FARNHAM (this volume).

6 Summary

E2F is a heterodimer composed of two partners, such as E2F1 and DP1. Although
E2F1 can bind DNA as a homodimer and increase promoter activity, optimal DNA-
binding and transcriptional activity occurs in the heterodimeric form. A model
(Fig. 3) for the involvement of E2F activity in cell growth control that incorporates
viral oncoproteins, positive regulators of cell growth (cyclins) and negative regula-
tors of cell growth (tumor suppressor proteins) can now be advanced. Each aspect
of this model is addressed in subsequent chapters of this book. It is likely that
binding of growth-suppressing proteins, such as Rb, can inhibit the transactivation
potential of E2F1, either by blocking the interaction of E2F1 with a separate
component of the transcription complex or by bringing a repressor domain to the
transcription complex (FLEMINGTON et al. 1993; HELIN et al. 1993; WEINTRaUB et al.
1992; Zamanian and La THaNGUE 1993; ZHu et al. 1993). Phosphorylation or seques-
tration of Rb by viral oncoproteins can free E2F. The influence of viral oncoproteins
on E2F activity and the regulation of the different E2F complexes is the focus of
the contributions by Cosrinik and by Cress and Nevens. The interaction of the free
E2F induces a bend in the DNA that may also play a role in transactivation, perhaps
by bringing proteins (such as an Sp1 or CCAAT family member) separated by
distance on the promoter DNA into contact (Huser et al. 1994). Because E2F
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Fig. 3. Model for regulation of E2F-mediated transcription. E2F-mediated transcriptional activation of
cellular genes such as dhfr can be increased by the action of growth-promoting proteins such as
cyclins (see COBRINIK, this volume) and viral oncoproteins (see CRESS and NEVINS, this volume)
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target genes encode proteins critical for cell growth, deregulation of E2F activity
can have severe consequences, such as apoptosis or uncontrolled proliferation.
The effect of altered expression of E2F activity on the cell cycle and on tumor-
igenicity is the focus of the contribution by Apams and Kaeuin. Finally, a comparison
of E2F to the genetically well-characterized factors that regulate G,/S phase
transcription in yeast is the subject of the chapter by Breepen. This volume
concludes with FarnHAM's summary of the rapid gains in knowledge concerning
the E2F gene family that have been made in the past several years and provides
a series of questions and lines of investigation that will be the focus of future
studies.
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1 Introduction

The last few years have seen an explosive growth in research on E2F transcription
factors. Originally characterized as cellular proteins that are critical for adenovirus
gene expression and replication, E2Fs have come to be seen as central players in
the control of the animal cell cycle. This view comes about largely as the result of
the remarkable finding that E2Fs are stably bound and regulated by the pRB tumor
suppressor protein. The direct connections between E2Fs and the cell cycle
control machinery go far beyond the pRB:E2F association, however, and are now
realized to comprise a network of interactions among members of the pRB, E2F,
cyclin, and cyclin-dependent kinase (cdk) protein families.

Understanding of E2F multiprotein complexes derives from a convergence of
research in the cell cycle, tumor suppressor, and DNA tumor virus fields. This
convergence stems from evidence that the binding of DNA tumor virus onco-
proteins to pRB overcomes pRB's tumor-suppressing ability and contributes to
cell transformation. The inability of DNA tumor virus oncoproteins to bind to
inactive mutant forms of pRB that are found in retinoblastoma or other tumor cells
suggested that these oncoproteins bind to a pRB "pocket" region that is critical
to pRB's growth inhibiting capability. One way in which this binding was
proposed to overcome pRB's growth-inhibition is through the displacement of
cellular growth-promoting proteins from the pRB pocket domain. We now
realize that E2Fs are a group of such proteins whose displacements from the
pocket regions of pRB as well as pRB-related proteins deregulates cell growth.

1.1 Grind and Bind Finds: What the Gel Shifts Tell Us

The E2F transcription factor was first identified as an E1A-inducible cellular
activity that binds an enhancer element in the adenovirus E2 promoter and
stimulates E2 gene expression (Kovespi et al. 1986, 1987). E1A-inducible E2F
was shortly thereafter found to stimulate cellular genes acting through enhancer
elements that are related to the E2 enhancer (TTTCGCGC) DNA sequence (BLake
and AzizkHaN 1989; HiegerT et al. 1989; THALMEIER et al. 1989). Although early gel
shift analyses with Hel a cell extracts suggested that E2F binds the E2 enhancer
as a single discrete species (Kovesol et al. 1986), multiple complexes with E2F
binding specificity were detected in other cell types (LA THaNGUE and Rigay 1987;
BaccHi et al. 1990).

In investigating E2F complexes in a variety of cell types, BaccHi et al. (1990)
demonstrated that the diverse E2F DNA binding activities detected in gel shifts
are composed of multiprotein complexes that can be disrupted by detergent to
release a "free E2F" species. Interestingly, these authors also found that E2F is
released from multiprotein complexes when cells are infected with adenovirus.

BaagcHi et al. (1990) then demonstrated that multiprotein E2F complexes can
be disrupted in vitro solely through the addition of adenovirus E1A protein to
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uninfected cell lysates. Moreover, this disruption depends upon the E1A con-
served region (CR)2 domain (BaccHi et al. 1990; RaycHAUDHURI et al. 1991) that is
critical both for ETA to transform cells and for ETA to bind the pRB, p107, and
p130 proteins (YeEe and BranTon 1985; HarLow et al. 1986; WHYTE et al. 1988,
1989; EcaN et al. 1989; BarBeau et al. 1994). On this basis it was proposed that
E2F multiprotein complexes contain pRB or related proteins, that E1A's binding
to the latter proteins releases free E2F, and that the release of free E2F
contributes to E1A's transforming capability. As described here and in related
articles in this volume, the accuracy of this scenario has been validated.

2 The pRB:E2F Interaction

2.1 Identification of pRB:E2F Complexes

Several groups simultaneously reported an interaction of pRB with E2F tran-
scription factors (BagcHi et al. 1991; BanpaRra et al. 1991; CHeELLAPPAN et al. 1991;
CHirTenDEN et al. 1991). The most direct indications of this interaction were the
demonstrations that (a) pRB antibody disrupts a specific E2F gel shift com-
plex, (b) the same complex that is disrupted by pRB antibody can also be
disrupted by E1A in a manner that depends upon E1A's pRB-binding domain,
(c) pRB copurifies with E2F activity in oligonucleotide affinity chromatography,
and (d) E2F coimmunoprecipitates with pRB (CHeLLAPPAN et al. 1991). Impor-
tantly, the ability to detect pRB:E2F complexes with both the gel shift and
affinity chromatography analyses indicates that pRB binding to E2F does not
preclude E2F's binding to DNA. While these observations were first made with
extracts of U937 leukemia cells, similar approaches have detected pRB:E2F
interactions in a wide variety of other cell types.

Alternative strategies for detecting the pRB—E2F interaction have revealed
additional properties of pRB:E2F complexes. CHITTENDEN et al. (1991) detected
the pRB-E2F interaction when they used a polymerase chain reaction based
approach to identify transcription factor targets of pRB. These authors found
that E2F DNA binding sites were by far the major sequences bound by pRB-
associating proteins in a WERI-Rb27 retinoblastoma cell extract. This finding
suggested that, at least in the WERI-Rb27 cell extract, E2Fs are the most
abundant pRB-binding proteins that are also sequence-specific DNA binding
proteins. )

pRB's interaction with E2F has also been detected through reconstitution
studies. For example, bacteria-produced proteins consisting of a portion of pRB
fused to glutathione S-transferase were found in gel shift experiments to bind and
supershift free E2F species present in extracts as diverse as mouse F9 embryonal
carcinoma cells (Banpara etal. 1991) and Xenopus eggs (PHILPOTT and FRIEND
1994).
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In other gel shift experiments, however, addition of purified pRB inhibited
the binding of purified E2F to its DNA recognition sequence (BaccH et al. 1991,
HiegerT et al. 1992; Cobrinik, unpublished data). Apparently, one or more compo-
nents presentin cell extracts is necessary for purified pRB:E2F complexes to bind
DNA in vitro (HieserT et al. 1992; Ray et al. 1992; and Cobrinik, unpublished data).
Ray etal. (1992) identified a 60-kDa protein that promotes DNA binding
by pRB:E2F complexes; yet this in vitro DNA binding can also be restored by
spermine (Cosrinik et al. 1993 and unpublished data), which is a ubiquitous
component of eukaryotic cells. Thus, the physiologic relevance of pRB's "E2F-
inhibitor” activity is unclear.

2.2 Characteristics of pRB:E2F Complexes

The identification of E2F as a prominent pRB-binding protein suggested that the
pRB-E2F interaction contributes to pRB's tumor suppressing capability. This
view is supported by the inability of mutant pRB molecules found in retinoblas-
tomas and other tumors to bind E2F, either when assayed for binding to E2F
activity in cell lysates, or when assayed for binding specifically to the E2F-1
protein (BAnDARA et al. 1991; CHeLLappAN et al. 1991; Kaeuin et al. 1991). pRB's
viral oncoprotein-binding pocket domain is necessary but not sufficient for
binding to E2F. E2F binding also requires a C-terminal pRB domain that is
outside of this pocket region (HieserT 1993; QiaN et al. 1992, QIN et al. 1992),
and which specifically involves pRB C-terminal residues 785-806 (WELcH and
Wang 1995).

The DNA binding activity termed E2F actually subsumes a family of hetero-
dimeric transcription factors in which each heterodimer consists of one "E2F" and
one "DP" polypeptide (see Slansky and Farnham, this volume, for review).
Understanding of pRB-E2F interactions improved with the cloning and analy-
sis of genes that encode the various E2F and DP polypeptides.

E2F-1, -2, and -3 share a conserved C-terminal pRB-binding domain that is
embedded within a transcriptional activation domain (HELiN et al. 1992; KaeLiN et al.
1992; SHaN et al. 1992; Ivev-HovLe et al. 1993; Lees et al. 1993). In E2F-1, this
C-terminal region contains an 18 amino acid segment that is both necessary and
sufficient for pRB binding (Heun et al. 1992). Ten of these 18 residues are
conserved in E2F-2 and -3, suggesting that this region is sufficient for binding
of these E2Fs to pRB as well (Lees et al. 1993).

pRB's ability to bind E2F-1 is greatly enhanced, both in vitro and in vivo
through the heterodimerization of E2F-1 with the DP-1 protein (Heun et al.
1993b; Krek etal. 1993). This suggests that pRB ineracts with the E2F/DP
heterodimers that seem to be the most abundant form of E2F in the cell.
Interestingly, while E2F-1 on its own appears to bind (albeit poorly} directly to
the pRB pocket and a C-terminal region, a weak but direct interaction that has
been detected between pRB and DP-1 is entirely pocket independent (BAnDARA
etal. 1994). This suggests that the interaction between E2F-1 and a pRB
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region that includes the pocket may be stabilized by an interaction between
DP-1 and a pRB element outside of the pocket. Similar stabilizing interactions
might be expected to be conferred by other DP proteins such as DP-2. Since
interactions among pRB and E2F family members probably always involve an
E2F/DP heterodimer in vivo, for convenience the presence of the DP moiety is
implied but not specified further in this review.

The discovery of pRB:E2F complexes relied in large part upon the hypothesis
that E1A dissociates such complexes through binding to pRB (BagcHi et al. 1990).
Recent reports now provide a mechanism through which E1A might accomplish
this dissociation. Apparently, the LxCxE motif in the CR2 region of ET1A binds
directly to a part of pRB that is unoccupied in pRB:E2F complexes. Meanwhile,
the CR1 region of ETA competes directly with E2F for binding to some other
pRB site and blocks E2F from rebinding that site upon the equilibrium dissocia-
tion of E2F from pRB (FATTAEY et al. 1993a; Ikepa and Nevins 1993; Wu et al. 1993,
Barseau et al. 1994). This topic is treated in detail elsewhere in this volume
(Nevins, this volume).

2.3 Cell Cycle Dependent Regulation of pRB:E2F Complexes

Whereas studies of DNA tumor virus oncoproteins pointed the way towards
the discovery of pRB:E2F complexes, studies of cell cycle control proteins
have provided insight into how pRB:E2F complexes are regulated. Shortly
after the identification of the RB tumor suppressor gene, pRB was found to be
phosphorylated in a cell cycle dependent manner, becoming hyperphosphory-
lated as cells pass from the G, into the S phase of the cell cycle and
subsequently becoming dephosphorylated to a basal hypophosphorylated
state upon leaving mitosis (BucHkovicH et al. 1989; CHeN et al. 1989; MiHARA
et al. 1989; LupLow et al. 1990; DeCarrio et al. 1989, 1992).

The timing of pRB hyperphosphorylation closely coincides with passage of
the cell through the G,/S restriction point, which is when a cell commits itself to
a round of DNA replication and cell division. This tight correspondence suggests
that pRB hyperphosphorylation is a critical event in the cell's committing itself to
completion of a cell cycle. pRB is phosphorylated at amino acid residues that fall
within consensus target sites for the cdk family (Lees et al. 1991; Lin et al. 1991),
and abundant evidence suggests that pRB is phosphorylated by at least one and
possibly a series of these kinases (Reep 1992). Currently, the best pRB kinase
candidates are cyclin D/cdk4 and cyclin E/cdk2 (Ewen et al. 1993; Kato et al.
1993; HaTakEYAMA et al. 1994; MITTNACHT et al. 1994).

The hypophosphorylated pRB present in G, and G, cells is believed to be
the biochemically active pRB form, largely because only hypophosphorylated
pRB is bound with high affinity by the adenovirus E1A, SV40 T antigen, and
human papilloma virus (HPV) E7 proteins during the course of viral oncoprotein-
induced transformation {LupLow et al. 1989; Imal et al. 1991; TempLETON et al.
1991). Importantly, E2F also binds only to the hypophosphorylated form of
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pRB (CHeLLAPPAN et al. 1991; HELIN et al. 1992; KaeLIN et al. 1992; SHan et al. 1992),
and free E2F can be released from pRB:E2F complexes upon pRB phos-
phorylation by the cyclin E/cdk2 or the cyclin A/cdk2 kinases in vitro (DynLACHT
et al. 1994b). Together, these observations suggest that hyperphosphorylation
of pRB by cyclin-dependent kinases releases free E2F from pRB:E2F complexes,
just as cells commit themselves to entrance into the late G, and S phases of the
cell cycle {see lower portion of Fig.1).

pRB's ability to bind E2F-1 may be affected not only by pRB phosphorylation
but also by E2F-1 phosphorylation. Phosphorylation of E2F-1 on serine residues
332 and 337 isreported to prevent the interaction of E2F-1 with pRB (Facan et al.
1994). These serine residues fall within cdk consensus phosphorylation sites and
are phosphorylated by various cyclin/cdk species in vitro. In addition, these sites
appear to be phosphorylated in the cell at about the same time that pRB is
hyperphosphorylated and inactivated by cyclinfcdks (Fagan et al. 1994). To-
gether, these results suggest that the cell may disrupt or prevent formation of
pRB:E2F complexes through phosphorylation of either the pRB or the E2F
component or both.

As described below and elsewhere in this volume, E2Fs appear to
promote cell cycle progression through their activation of growth-promoting

Fig.1. Cell cycle-dependent changes in E2ZF complexes.Below, pathways for pRB-E2F interactions;
above, pathways for p107-E2F and p130-E2F interactions; middle, components whose synthesis or
activation affects E2F complexes. PH is a hypothetical phosphatase. Active E2F. For further
explanations please refer to the text
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genes, while the binding of pRB to E2F represses the expression of such
genes. Thus, the phosphorylation of pRB by cdks represents a critical link
between the central cell cycle control machinery and the expression of E2F-
responsive genes involved in cell cycle progression. However, pRB is not the
only such link, since E2Fs are also bound and apparently regulated by two
other members of the pRB family.

3 Interactions of E2Fs with pRB-Related Proteins

3.1 p107:E2F:Cyclin/cdk2 Complexes in Late G, and S Phases

At the time when pRB:E2F complexes were first detected, it was also
apparent through gel shift experiments that some E2F multiprotein complexes
do not contain pRB. The first of such complexes to be identified forms as cells
enter the S phase of the cell cycle. Its components were found through the use
of specific antibodies to include the pRB-related p107 protein and the cyclin
A/cdk2 kinase (MupryJ et al. 1991; Cao et al. 1992; Devoto et al. 1992; Pacano
et al. 1992a; SHIRODKAR et al. 1992; see S phase complex in Fig. 1).

The p107:E2F:cyclin A/cdk2 complexes are dissociated by the E1A onco-
protein in the same way as the pRB:E2F complexes are dissociated by E1A
{(MuprvJ et al. 1991; Dyson et al. 1992; SHIRoDKAR et al. 1992). This disruption by
E1A s hardly surprising, given that p107 is a prominent E1A binding protein that
is highly related to pRB in its oncoprotein-binding domain (Yee and BranToN 1985;
HarLow et al. 1986; EweN et al. 1991). It is somewhat surprising, however, that
the HPV E7 oncoprotein, which binds and dissociates pRB:E2F complexes
(CHELLAPPAN et al. 1992), binds but does not dissociate p107:E2F:cyclin A/cdk2
complexes (ArRRoYO et al. 1993; Lam et al. 1994). The basis for this difference is
currently unclear.

The S phase specific p107:E2F:cyclin A/cdk2 complex has histone H, kinase
activity, due to the cyclin A/cdk2 moiety (MubryJ et al. 1991; Cao et al. 1992;
DevoTo et al. 1992; Pagano et al. 1992a; SHIRODKAR et al. 1992). A very similar
four-part complex, but containing cyclin E instead of cyclin A, appears in late
G, cells and dissipates as the p107:E2F:cyclin A/cdk2 complex arises in S
(Lees etal. 1992). This temporally distinct association of cyclin E/cdk2 and
cyclin A/cdk2 with p107:E2F reflects the patterns of expression and kinase
activities of cyclins E and A (HunTer and PiNes 1991; Lew et al. 1991; DuLic et al.
1992).

It is important to recognize that p107 can bind to cyclin A/cdk2 or cyclin
E/cdk2 in the absence of E2F (FaHa etal. 1993; Peerer etal. 1993) and,
similarly, that p107 and E2Fs can bind one another in the absence of a cyclin/
cdk2 (Cosrinik etal. 1993). p107 appears to bind to cyclin/cdk2 through a
"spacer" domain situated between the A and B segments of the p107 pocket
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(EweN et al. 1991, 1992; Fana et al. 1992). This spacer is not required for E2F
binding, while the p107 E2F-binding region is dispensable for cyclin/cdk2
binding (ZHu et al. 1993).

Taken together, the above observations indicate that p107:E2F:cyclin/cdk2
complexes form as a consequence of p107's independent intractions with E2Fs
and cyclinfcdk2. Interestingly, p107 can function as an inhibitor of cell growth
either through E2F binding or through cyclin/cdk2 binding (SmitH and Nevins 1995;
ZHu et al. 1993, 1995), suggesting that both of these interactions may have
functional significance. However, functions of p107 that require its simultaneous
interaction with E2F and a cyclin/cdk2 have yet to be identified.

The role of the kinase moiety within p107:E2F:cyclin/cdk? complexes has
been the subject of much speculation. Since the binding of such complexes to
E2F recognition sequences localizes a cyclin/cdk2 kinase to specific promoters, it
has been proposed that these complexes regulate gene expression by phos-
phorylating components of the transcription apparatus in situ at such promoters.
Alternatively, since p107 also brings the cyclin/cdk2 kinase into close proximity
with E2F, cyclin/cdk2 binding to p107 might facilitate E2F phosphorylation and
modify E2F function (Cao et al. 1992; Devoto et al. 1992; SHIRODKAR et al. 1992).
Yet another possibility is that cyclin/cdk2 kinases exert some function through
their binding and phosphorylation of p107 itself (Peerer et al. 1993). In fact,
evidence supporting these or other roles of the p107:E2F-associated kinase is yet
to be obtained.

Recent work suggests that p107 binding to cyclin/cdk?2 inhibits cell growth
(Znu et al. 1995), and it is tempting to speculate that this may be due to an
inhibition of cyclin/cdk2 kinase activity. If this is the case, however, the
detected kinase activity of p107:E2F:cyclin/cdk2 complexes would reflect an
incomplete inhibition in vitro. Thus far, the real function served by p107 binding
to cylin/ckd2 remains an enigma.

3.2 p130:E2F and p107:E2F Complexes in G,and G, Phases

The existence of late G, and S phase p107:E2F:cyclin/fcdk2 complexes
suggested a cell-cycle dependence in the composition of E2F complexes, with
pRB associating with and presumably regulating the activity of E2F in G, and
early to middle G,, and p107 associating with and regulating E2F in late G,
and S. However, analyses of G, cells indicates that a protein other than pRB
and p107 is often the major E2F-associated species.

Neither pRB nor p107 were detected in the predominant E2F complexes in
resting human T cells or mouse fibroblasts (CHiTTENDEN et al. 1993; CosriNik et al.
1993). Nonetheless, in each of these cell types, the G, E2F complexes could be
disrupted by E1A or other viral oncoproteins (MubryJ et al. 1991; Pacano et al.
1992b; CHittenpeN et al. 1993; Cosrinik et al. 1993). These observations sug-
gested that E2F associates with a novel pRB-related protein initially termed "X" in
G, cells (Lees etal. 1992; SHiroDkAR et al. 1992; CHirTenpeN et al. 1993), and
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that E1A displaces E2F from X in the same way that it displaces E2F from pRB
and p107. Based upon this model, an affinity enrichment procedure was
developed to detect proteins in G, fibroblast lysates that bind to both E2F and
E1A. This approach led to the identification of the p130 protein as the major E2F-
associated species in G, cells (Cosrinik et al. 1993).

p130 is a pRB-related protein (HANNON et al. 1993; Li et al. 1993) that shares
with other pRB family members the capacity to be bound by the E1A, T antigen,
and E7 viral oncoproteins (Dyson et al. 1992). However, p130 is far more closely
related to p107 than itis to pRB. Due to this similarity antibodies against p130 and
p107 often cross-react, and this necessitates caution in deducing the compo-
nents of gel shift complexes through their antibody reactivities.

The affinity enrichment of proteins that bind to both E2F and E1A is a
sensitive and specific way to assess the levels of pRB, p107, and p130 that are
associated with E2F in cell lysates. With this approach p130:E2F complexeswere
detected in a variety of cell types that had been brought to quiescence by serum
starvation including fibroblasts, keratinocytes, retinoblasts, and fetal kidney cells.
However, pRB:E2F and p107:E2F complexes were also prominent in most
of these G, cell extracts (Cosrinik etal. 1993). These observations support
the view obtained through gel shift analyses that distinct kinds of E2F
complexes coexist in G, and early G, cells (CHTTENDEN et al. 1993; see GG,
portion of Fig. 1).

The relative levels of E2F-associated pRB family members can vary
among closely related cell types. Indeed, p107:E2F complexes appear to be
more abundant than p130:E2F complexes in serum-starved mouse NIH 3T3
fibroblasts (Lam et al. 1994), whereas the converse is true in mouse BALB/c
3T3 fibroblasts or in primary fibroblasts (Cosrinik et al. 1993). Importantly, p130
becomes the most abundant E2F-associated protein in BALB/c 3T3 cells only
after serum-starvation (Cobrinik, unpublished observation). Thus, association
of E2F predominantly with p107 in serum-starved NIH 3T3 fibroblasts may
reflect the relatively vigorous growth of NIH 3T3 cells and their inability to enter
a G, state identical to that of BALB/c 3T3 or primary fibroblasts.

3.3 Binding of p130:E2F and p107:E2F to Cyclin/cdk2

An important structural distinction between the different pRB family members
is that both p107 and p130 contain a spacer region within their pocket domains
that is entirely absent from pRB (Ewen et al. 1991; Hannon et al. 1993; Li et al.
1993). For p107 this spacer segment directs stable binding to the cyclin
Afcdk2 kinase (Ewen et al. 1991, 1992; FaHa et al. 1992; ZHu et al. 1993) and is
presumed to direct binding to the cyclin E/cdk2 kinase as well. Since p130
associates with the cyclin A/cdk2 and cyclin E/cdk2 kinases in a manner
analogous to p107 (HErrmANN et al. 1991; CoBRiNIk et al. 1993; FaHA et al. 1993;
HanNoN et al. 1993; Li et al. 1993), the p130 spacer is similarly implicated in
directing cyclin/cdk2 binding.
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As is the case for p107, p130 interacts simultaneously with E2F and
cyclin/cdk2s. In vitro reconstitution experiments demonstrate the ability of
p130:E2F complexes to associate with cyclin E/cdk2 and cyclin A/cdk2, and
p130:E2F:cyclin E/cdk2 complexes have been detected in fibroblasts in the late
G, portion of the cell cycle (Cosrinik et al. 1993).

Reconstitution studies further indicate that p130 and p107 are unable to
bind stably either to cyclins E or A or to cdk2 alone; stable association requires
both the cyclin and the cdk2 components (CosriNIK et al. 1993; PEeePer et al.
1993; ScHwaRz et al. 1993). This may explain the absence of cdk2 in p130:E2F
or p107:E2F complexes in G, cells, despite cdk2 expression (but not cyclin E or
A expression) in such cells. Furthermore, cyclin E/cdk2 and cyclin A/cdk2 are
the only cyclin/cdk combinations yet found to be reconstituted into p107:E2F
and p130:E2F complexes. Recent reports, however, suggest that cyclin D
may be present in E2F complexes of quite distinct architecture (Kivokawa et al.
1994; ArsHARI et al. 1995; see Sect. 8.2 below).

Although reconstitution studies indicate that p130:E2F complexes can
interact with cyclin A/cdk2 as well as with cyclin E/cdk2, p130:E2F:cyclin
A/cdk2 complexes have not been identified in cell lysates. This may reflect the
fact that p107 protein levels are dramatically induced near the G,/S border
(CoBrINIK et al. 1993), and this would allow p107 to out-compete p130 for a
position in the majority of such complexes. Taken together, the bulk of the
evidence is consistent with the notion that formation of the various four part
E2F complexes is determined largely by the availability of each of the
component parts.

3.4 The Transition from G,/G, p130:E2F
and p107:E2F Complexes
to S Phase p107:E2F:Cyclin A/cdk2 Complexes

Binding of pRB family members to E2F transcription factors appears to inhibit
E2F-dependent transactivation of growth-related genes (see below). Thus,
free, active E2F might be expected to be released from inhibitory interactions
with p130 of p107 to allow the expression of such genes in late G,. Indeed, in
synchronized mouse fibroblasts and human T cells — where most E2F is bound
to p130 or p107 in G, or early G, —free E2F increases during progression into
middle to late G, (MubryJ etal. 1991; CHiTTENDEN et al. 1993). Recent results
suggest that at least some of this increase in free E2F is due to the release of
E2F from p107 and p130.

p107 and p130 have recently been found to be phosphorylated in middle
to late G, fibroblasts, concurrent with the induction of cyclin D gene expres-
sion but prior to the induction of cyclin E. Furthermore, ectopic expression of
cyclin D/cdk4 — but not cyclin E/cdk2 - causes p107 to become hyperphos-
phorylated and to release free E2F (BEIJERSBERGEN et al. 1995). Together, these
observations suggest that phosphorylation of p107 and perhaps p130 by
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cyclin D/cdk4 causes the release of free E2F in middle to late G, (see Fig. 1).
Additional free E2F in middle to late G, cells may also result from the dramatic
inductions of the E2F-5 and E2F-1 genes in these portions of the cell cycle
(KaELIN et al. 1992; SHan et al. 1992; Stansky et al. 1993; SArDeT et al. 1995).

Earlier studies had indicated that p130 exists in two electrophoretically
distinguishable phosphylation states that are each able to complex with E2F, as
well as with ETA (Dyson et al. 1992; Cosrink et al. 1993). Based upon the recent
results of the Bernards group, however, the putatively hyperphosphorylated p130
detected in E2F complexes may in fact lack the phosphorylation of key residues
that would abrogate E2F binding in middle to late G,. Clearly, more detailed
analyses are required to reveal the phosphorylation control of p130:E2F
complexes.

The insight that p107 and possibly p130 release E2F in middle to late G,
raises the question of how these pRB-related proteins come to be complexed
with E2F (along with cyclin/cdk2 kinases) in late G, and S phase cells. One
possibility is that p107 and p130 are dephosphorylated following the induction of
cyclin E, which would be expected to restore p107's and p130's E2F binding
capabilities. An additional but not mutually exclusive possibility is that late G,
and S phase E2F complexes contain newly synthesized p107 that has never
been exposed to the cyclin D/cdk4 kinase. This would provide a rationale
for the dramatic induction of p107 detected near the G,/S border (Cosrinik et al.
1993). A critical feature for both of these explanations is that the cyclin D/cdk4
kinase is incapable of phosphorylating p107 or p130 in late G, or S. In fact,
growing evidence suggests that this kinase is indeed inactivated in late G,
(reviewed in WEINBERG 1995).

4 Specific Interactions Between E2Fs
and pRB Family Members

The finding that E2Fs interact simultaneously with multiple pRB family mem-
bers raised the possibility that the different pRB family members complex with
biochemically and functionally distinct E2Fs. Recent studies reveal that the
different E2F species (in association with DP family members) do indeed
interact with distinct pRB family members in mammalian cells.

4.1 Biochemically Distinct Proteins Interact with p107 and pRB

The first hints of specific interactions between E2F and pRB family members
were suggested by the release of apparently distinct "free" E2F gel shift species
upon disruption of different E2F multiprotein complexes with E1A (CHITTENDEN
et al. 1993). Meanwhile, **P-labeled E2Fs that coimmunoprecipitate with pRB
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and p107 were found to have distinct electrophoretic mobilities, and the E2Fs
that coimmunoprecipitate with pRB were recognized by a certain E2F-1
antibody, while those that coimmunoprecipitate with p107 were not (Dyson
et al. 1993). Similar coimmunoprecipitation assays revealed interactions bet-
ween ¥P-labeled E2F-1,-2,-3 with pRB but not with p107 (Lees et al. 1993).

4.2 Selective Interactions of E2F-1 and E2F-4

That the pRB--and p107-bound E2Fs are actually distinct gene products is now
evident from the recent cloning of a novel E2F family member, E2F-4, that
preferentially associates with p107 in vivo (GINsBERG et al. 1994; BEIERSBERGEN
etal. 1994). In *P-labeled ML-1 cells E2F-4 is associated with p107 but not
with pRB, while conversely E2F-1 is associated with pRB but not with p107
(BEwERSBERGEN et al. 1994). The same specific interactions are also apparent in
®S-labeled U937 cells, except that in these cells low levels of E2F-4 are also
bound to pRB (GinsBERG et al. 1994). This suggests that there is a preferential
but not absolute targeting of E2F subtypes by pRB and p107.

While E2F-4 clearly has a higher affinity for p107 than for pRB, its ability
to distinguish between p107 and the more closely related p130 protein is unclear.
Indeed, E2F-4 might associate with either p107 or p130, depending upon which
is present at higher levels in the cell (Vairo et al. 1995). It may also be relevant
that E2F-4 exists as multiple differentially phosphorylated species (BEIJERSBERGEN
et al. 1994; GinseerG et al. 1994), and these different forms might exhibit differ-
ent affinities for p107, p130, and perhaps pRB as well.

In contrast to E2F-4, an additional E2F family member, E2F-5, seems to
interact specifically with p130 in lysates of untransfected cells (R. Bernards,
personal communication). Whether this specific targeting of E2F-5 reflects its
higher affinity for p130 than for p107, or the expression of E2F-5 in a confined
cell cycle compartment (SARDET et al. 1995) where p130 levels exceed p107
levels, is yet to be determined.

The p107-E2F-4 interaction shares features with the more extensively
characterized pRB-E2F-1 interaction. In particular, heterodimerization bet-
ween E2F-4 and a DP protein such as DP-1 appears to be essential for binding
of p107 to E2F-4 (Beuerssercen et al. 1994). Furthermore, E2F-4/DP-1 com-
plexes bind to the same E2F DNA recognition sequence that is recognized by
E2F-1/DP-1 (BeErsBERGEN et al. 1994; GinsBerg et al. 1994), and this binding
specificity is expected to be retained in p107:E2F-4 complexes. Since E2F-4
is expressed throughout the cell cycle (GinsBerg etal. 1994; Sarpet et al.
1995), E2F-4 is an excellent candidate for the E2F species present in p107:
E2F:cyclin/cdk2 complexes in late G, and S phase cells, but this has not yet been
demonstrated directly.

The specific interactions between E2F and pRB family members, which
are evident in lysates of unmanipulated cells, are generally compromised
in vitro. For example, in contrast to the preferential binding of E2F-1 to pRB
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versus p107 in unmanipulated cell lysates, in vitro translated E2F-1 appears to
bind to GST-p107 and GST-pRB fusion proteins with similar affinities (Cress
et al. 1993). The specificity of these interactions may also be compromised
when the corresponding proteins are ectopically expressed at high levels
in vivo, such as in a yeast two-hybrid assay (where E2F-1 interacts equally
productively with pRB, p107, and p130) or in transfected cells (SARDET et al.
1995; R. Bernards, personal communication). The ability of p107 to bind E2F-1
under these circumstances highlights the possibility that p107:E2F-1 or other
low affinity complexes might indeed form and have functional consequences
in vivo, particularly in situations when a preferred E2F or pRB family binding
partner is absent.

4.3 Specific E2F Multiprotein Complexes in Xenopus
and Drosophila

While E2F multiprotein complexes have been best characterized in mamma-
lian cells, such complexes have also been detected in cells of nonmammalian
species including Xenopus and Drosophila. In cultured Xenopus cells derived from
metamorphosing frog, E2F associates with pRB as well as with cdk2 (PHiLPoTT and
FrIEND 1994). In analogy with the situation in mammalian cells, E2F seems likely
to associate with cdk2 through a complex that contains Xenopus p107 or p130
and cyclin E or A homologues. Yet other evidence of antigenically distinct
forms of E2F in Xenopus oocytes supports the notion that Xenopus p107 and
pRB homologues interact with distinct E2F species in a manner reminiscent of
E2F control in mammalian cells.

In Drosophila a rather different situation may apply. Thus far one and only
one Drosophila homologue of each of the E2F, DP, and pRB gene family
members has been identified, and low stringency probing of Southern blots
suggests the absence of closely related genes (DyNLACHT et al. 1994a; OHTANI
and Nevins 1994; and N. Dyson, personal communication). Moreover, only one
free E2F species and one pRB:E2F complex have been identified in gel shift
analyses, and these complexes react completely with antibodies directed
against Drosophila E2F, DP, and pRB. These findings suggest that only single
E2F, DP, and pRB-like proteins are involved in the control of E2F-regulated genes
in Drosophila, and they raise the possibility that p107:E2F and p130:E2F com-
plexes perform a function that is unique to vertebrates.

5 Transcriptional Effects of E2F Multiprotein Complexes

In order to identify the cell growth control functions that are performed by the
different E2F multiprotein complexes it is critical to define at the biochemical
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level the functional consequences of these interactions. Thus far the major
direct consequences of interactions between E2F and pRB family members
lay in the transcriptional control of cell growth-related genes.

5.1 Inhibition of E2F-Dependent Transcription
by pRB Family Members

The binding of pRB to a segment within the E2F-1 transactivation domain
suggests that pRB antagonizes E2F-1 function by blocking the interactions
through which E2F-1 stimulates the basal transcription apparatus (HELIN et al.
1992; Kaeun etal. 1992). Moreover, the strong conservation of the trans-
activation domain among all E2Fs (lvev-Hovie etal. 1993; Lees etal. 1993;
BEUERSBERGEN et al. 1994; GinsBERG et al. 1994; SARDET et al. 1995) suggests that
each of the pRB family members might inhibit E2F-mediated transactivation
through a similar mechanism. In fact, numerous studies indicate that pRB
family members inhibit E2F-dependent transcription.

In transient transfection assays pRB has been found to inhibit synthetic E2F-
dependent promoters, the viral E2 promoter, and the E2F-dependent promoters
of the c-myc and cdc-2 genes, while coexpression of viral oncoproteins abrogates
these effects (DaLton 1992; HameL et al. 1992; HieserT et al. 1992; ZamaNiaN and
La THANGUE 1992). While being suggestive, these findings do not show conclu-
sively that pRB directly regulates E2F, since overexpression of pRB family
members might have pleiotropic effects on cell growth that affect E2F-dependent
promoters indirectly. Indeed, some promoters for which there is currently no
evidence of direct control by pRB are also repressed, possibly indirectly, by the
ectopic expression of a transfected RB gene (for example, see RossiNs et al.
1990).

To address these concerns, FLEMINGTON et al. {1993) and HEeun et al. (1993a)
constructed fusion genes encoding the DNA binding domain of the yeast Gal4
transcription factor fused to the E2F-1 transactivation domain. These Gal4-E2F-1
fusion proteins stimulated transcription from promoters containing Gal4 DNA
binding sites, and this transactivation was inhibited by pRB. Importantly,
transactivation by similar fusion proteins, but having mutations that block pRB
binding, was insensitive to pRB overexpression. Thus, in transfection experi-
ments pRB inhibits E2F-1 dependent transactivation through direct protein—
protein interactions.

The pRB-related p107 and p130 proteins also inhibit E2F-dependent tran-
scription in transfection experiments (Schwarz etal. 1993; ZamaNiaN and La
THANGUE 1993; ZHu et al. 1993; Cobrinik, unpublished observations). As might
be expected from their known abilities to bind E2F-4, p107 and p130 inhibit
ectopically expressed E2F-4 in such experiments as well (BEERSBERGEN et al.
1994; GinsBERG et al. 1994; Vairo et al. 1995). It seems likely that these pRB-
related proteins inhibit transcription through direct contacts with their cognate
E2Fs, in a manner similar to that which was demonstrated directly for
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pRB and E2F-1. Perhaps anomalously, pRB also antagonizes E2F-4, while
p107 and p130 antagonize E2F-1 in transfection experiments. These results
attest to the lack of specificity that may occur in transfection and overexpression
assays.

5.2 Repression of E2F-Regulated Genes by pRB

While the above analyses show that pRB antagonizes E2F-dependent trans-
activation, pRB:E2F complexes may have a more significant role as repressors of
genes that contain E2F DNA binding sites. In transfections of a series of pRB®
cells, insertion of E2F recognition sites into otherwise strong promoters repress-
es promoter activity, while coexpression of E1A converts these E2F sites from
negative to positive transcriptional elements (WEeINTRAUB et al. 1992). Assuming
that ETA is working through binding of pRB family members, these findings
indicate that pRB or related proteins actively repress promoters that contain E2F
binding sites.

Importantly, in three cell lines that lack functional pRB (SAOS-2, C33A, and
HTB-9), insertion of E2F binding sites into a strong promoter increases promoter
activity (WeinTrAuB et al. 1992). Since at least p107 is present in SAOS-2 and
C33A cells (ZHu et al. 1993; Cobrinik, unpublished data), this observation sug-
gests that p107 and p130 fail to repress E2F-dependent transcription when
expressed at endogenous levels in these cells. While this finding is consistent
with the possibility that pRB but not p107 or p130 is capable of promoter
repression, the abilities of p107 or p130 to repress transcription via distinct E2F
recognition sequences or in other cell types is yet to be established. In this regard
it may be significant that E7 stimulates the E2F-dependent adenovirus E2
promoter in several pRB™ breast tumor cell lines (CarLotn and Crawrorp 1993),
and might do so throught the release of p107- or p130-mediated repression.

While a role of E2F sites in promoter repression was first established with
heterologous promoters as described above, repression has also been de-
tected in a series of cellular promoters. For example, removal of a fragment
containing E2F sites derepresses the cdc2 promoter in gquiescent cells (DALTON
1992). Similarly a G,/G,-specific repression is attributable specifically to E2F
recognition sequences in the B-myb and E2FT genes (Lam and WAaTson 1993;
Hsiao et al. 1994; Jounson et al. 1994; Neuman et al. 1994) and repressor activity
may be attributable to the E2F sites in the c-myc promoter as well (N. Hay,
personal communication). In these cases the primary role of the E2F binding
sites appears to be in maintaining a low level of gene expression in the G, and
G, phases of the cell cycle, rather than in stimulating gene expression in late
G, or S.

Recent evidence indicates that promoter repression requires pRBs pres-
ence at the promoter. QiN et al. (1995) have found that a mutant of E2F-1 that
is incapable of both transactivation and pRB binding can nevertheless over-
come promoter repression by pRB. Presumably, this mutant E2F-1 binds to
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promoter E2F sites and thereby prevents pRB from binding such sites via
cellular E2Fs.

In addition, Dean and colleagues have found that a Gal4-pRB fusion protein
can repress transcription when localized to promoter Gal4 binding sites in the
same way that pRB represses transcription when localized to E2F sites. Further-
more, the Dean group has found that promoter-localized pRB represses trans-
activators for which pRB has demonstrable — albeit relatively low — affinity, such
as the c-myec, EIf-1, and PU-1 proteins (RusTal et al. 1991; HAGEMEIER et al. 19933;
WaNg et al. 1993), but pRB fails to repress transactivators such as VP-16 or SP-1
for which it has no detectable affinity (WEeINTRAUB et al. 1995). One interpretation
of these results is that pRB is localized to certain promoters through its high-
affinity binding to E2F and that pRB represses such promoters through independ-
ent lower affinity interactions with other transactivators.

The ability of pRB to repress entire promoters provides a powerful mecha-
nism for the cell cycle specific regulation of gene expression. Through promoter
repression pRB not only directly controls the activity of E2F, but pRB also in effect
controls a host of other transcription factors that might not be cell cycle regulated
in other promoter contexts.

5.3 Transcription Control by Specific E2F
and pRB Family Members

A vexing problem in understanding the control of E2F-dependent genes is the
identification of the specific E2F and pRB family members that regulate specific
promoters. In fact, it is currently unclear whether absolute specificity of this kind
exists. In one report overexpression of E2F-1 was able to stimulate some but
not other E2F-regulated promoters, perhaps suggesting that E2F-1 targets
some promoters while distinct E2Fs target others (Li et al. 1994). However,
since overexpression of E2Fs or pRB family members can lead to non-
physiologic interactions (as discussed above), insight into the roles of
distinct E2F complexes in the transcription of selected genes might be more
clearly obtained by ablating the functions of such proteins from cells.

One way to ablate the function of specific pRB family members is through
the expression of mutant DNA tumor virus oncoproteins that bind to a
restricted group of such proteins. Indeed, a mutant E7 protein that binds with
high affinity to p107, but poorly if at all to pRB, has been found to derepress the
B-myb gene in mouse NIH 3T3 fibroblasts (Lam etal. 1994). While this
suggests that B-myb repression is mediated by p107, it is also possible that
the mutant E7 binds pRB sufficiently well invivo for it to release pRB-
mediated repression. Should it turn out that B-myb is indeed specifically
repressed by p107:E2F complexes in these cells, it will be of interest to
determine whether similar regulation applies to other genes or, indeed, to the
B-myb gene in other cell types.
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A second means of ablating the function of specific pRB or E2F family
members is through production of cells in which one or another of these genes
has been knocked out through gene targeting. Indeed, intriguing results have
already been obtained in analyses of Rb™ mouse embryo fibroblasts (MEFs).
Although wild-type MEFs have almost undetectable levels of pRB:E2F
complexes (Cosrinik et al. 1993), Rb™” MEFs exhibit a specific derepression of
the cyclin E gene during serum starvation (HERReRA et al. 1995). Ongoing work
is directed towards determining whether pRB normally represses the cyclin E
promoter in MEFs via E2F recognition sequences (Y. Geng, and R.A. Weinberg,
in preparation).

6 When the Job Is Done: S Phase Shut-Off
of E2F-1, -2, and -3 by Cyclin A/cdk2

The way in which phosphorylation of pRB and pRB-related proteins frees E2Fs
from inhibitory multiprotein complexes as cells approach the G,/S border is
described above. However, this understanding leads to yet another puzzle: how
does the released, free E2F become inactivated at the time when most E2F-
dependent genes are being shut off after the cell has entered S phase?

As discussed in Sect. 3.4, E2F-4 and -5 may be brought under the control
of newly dephosphorylated or newly synthesized p107 in S phase, although
concrete evidence for this is yet to be obtained. In contrast, E2F-1, -2, and -3
cannot bind to their pRB regulator in S phase, since pRB remains hyper-
phosphorylated throughout this portion of the cell cycle. Instead, E2F-1, -2, and
-3 may be inactivated in S phase through their binding to the cyclin A/cdk2
kinase and the subsequent phosphorylation of their associated DP proteins
(DynLacHT et al. 1994b; Krek et al. 1994; Xu et al. 1994).

6.1 Association of E2F-1 with Cyclin A/cdk2

Cyclin A is a major E2F-1 binding protein in cell lysates (Krek et al. 1994), and
cyclin A, but not cyclins E or B, binds to E2F-1 invivo as well as in
reconstitution assays in vitro (DynLacHT et al. 1994b; Krek et al. 1994; Xu et al.
1994). The association of cyclin A with E2F-1 depends upon the presence of
cdk2 (Krek et al. 1994; Xu et al. 1994), just as cdk2 is required for cyclin A to
bind to p107:E2F and p130:E2F complexes (as discussed in .Sect. 3.3).
However, the direct binding of cyclin A/cdk2 to E2F-1 differs from its indirect
association with E2Fs, through p107, in the prominent S phase E2F complexes
described earlier (see Sect. 3.1). Indeed, interaction of cyclin A/cdk2 with
E2F-1 involves E2F-1 N-terminal residues, and not the E2F-1 C-terminus used
for pRB binding (Krek et al. 1994; Xu et al. 1994).
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6.2 Phosphorylation of DP-1 by Cyclin A/cdk2

In vitro, cyclin Afcdk?2 can phosphorylate both DP-1 and E2F-1, and these
phosphorylations do not depend upon E2F-1/DP-1 heterodimerization (DYNLACHT
etal. 1994b; Xu etal. 1994). In vivo, however, DP-1 is phosphorylated by
cyclin A/cdk2 only after E2F-1/DP-1 heterodimers form, since DP-1 is not
phosphorylated when bound to a truncated, noncyclin A-binding E2F-1 (Krex
et al. 1994). While E2F-1 is also phosphorylated in vivo, this phosphorylation is
independent of its ability to bind cyclin A/cdk2 and is not thought to be relevant
to the inactivation of E2F-1 in S phase (Krek et al. 1994).

In vitro, cyclin A/cdk2 phosphorylation of DP-1 abrogates DNA binding by
E2F-1/DP-1 heterodimers and inhibits E2F-1 dependent transactivation, while
phosphorylation of E2F-1 has no such effects (DynLacHT et al. 1994b; Xu et al.
1994). These same regulatory events may also occur in vivo. Indeed, DP-1 is
phosphorylated in S phase, coincident with the activation of the cyclin A/cdk2
kinase. Furthermore, an apparently free E2F-1 gel shift complex detected in
late G, cells appears to lose its DNA binding capability during S phase,
whereas this E2F-1 complex persists through S and G, in cells that express a
mutant E2F-1 that cannot bind to cyclin A.

The above findings suggest that E2F-1 acts as an intermediary in directing
the cyclin A kinase to phosphorylate DP-1 and cause E2F-1/DP-1 heterodimers
to be released from their promoter DNA binding sites in S phase cells (see
Fig. 1). This interpretation is buttressed by transfection experiments showing
that cyclin A inhibits E2F-1-dependent transcription in a fashion that requires
the E2F-1 N-terminal cyclin A binding domain (Krek et al. 1994). Thus, the
induction of cyclin A in S phase cells may block both DNA binding and trans-
activation by E2F-1.

E2F-2 and -3 are likely to be shut off in S phase in the same fashion as
E2F-1. The E2F-1 N-terminal cyclin A-binding region is conserved in E2F-2 and
E2F-3 (lvev-HovLE et al. 1993; Lees etal. 1993), and these E2Fs also stably
associate with cyclin A/cdk2 (W. Krek and D.M. Livingston, personal com-
munication). The N-terminal cyclin A binding region is absent from E2Fs-4 and
-5 (BEWERSBERGEN et al. 1994; GINsBERG et al. 1994; SaRDET et al. 1995), suggest-
ing that these E2F subtypes are not shut off in S phase through cyclin A/cdk2.

These observations add a key component to our understanding of the cell
cycle dependent regulation of E2F-1, 2, and 3. As described above, these
E2Fs are bound and inhibited by pRB in G, and G; cells, but are released from
pRB through pRB and possibly their own phosphorylation at the hands of late
G, kinases such as cyclin D/cdk4 and cyclin E/cdk2. At this point, these E2Fs
are free to activate genes whose expression is critical to entrarice into the S
phase of the cell cycle. After cyclin A is synthesized at the start of S phase
E2F-1, 2, and 3 lose their ability to bind DNA and stimulate gene expression
due to the cyclin A/cdk2-dependent phosphorylation of DP-1 (see Fig. 1).
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7 Inhibition of Cell Growth Through Interactions
Among E2Fs and pRB Family Members

A role for pRB family members in cell growth inhibition was inferred from
evidence that their association with DNA tumor virus oncoproteins contributes to
cell transformation, as well as from the frequent mutational inactivation of pRB in
human tumors (see Nevins, this volume, for review). Indeed, growth inhibition by
pRB is readily manifested by the arrested cell growth or inhibited tumorigenesis
caused by its ectopic expression in various pRB-negative as well as some
pRB-positive cells (Huang etal. 1990; GoobricH etal. 1991; TempLETON et al.
1991; Hinps et al. 1992; Funa et al. 1993). More recently, ectopic expression of
p107 and p130 have also been found to inhibit cell growth (ZHu et al. 1993;
Craupio et al. 1994; SmitH and Nevins 1995).

Evidence that E2F multiprotein complexes repress transcription of cell
growth-related genes suggested that E2Fs may be critical targets through
which pRB and related proteins inhibit cell growth. In the case of pRB this
notion was reinforced by evidence that mutant forms of pRB that are non-
functional in cell growth inhibition assays are also unable to bind E2Fs (HuanG
etal. 1992; Qian etal. 1992; QN etal. 1992; Hiesert 1993). However, this
hardly proves that E2F is a critical pRB target, since pRB binds in vivo to a
number of other proteins, and its interactions with these other targets are
usually abrogated in nonfunctional pRB mutants as well (Dowby et al. 1993;
Durree et al. 1993; Fatraey et al. 1993b; Gu et al. 1993; QiaN et al. 1993; WaNG
et al. 1993; WEeLcH and WaNG 1993).

7.1 Role of E2F-Dependent Promoter Repression
in pRB-Induced Senescence

The case for E2F being a critical target for pRB-mediated growth suppression
has only recently become compelling and at present applies only to a single
assay system that is thought to reflect pRB-induced senescence.

Ectopically expressed pRB induces a growth arrest phenotype that resem-
bles senescence in SAOS-2 cells (TEmpLETON et al. 1991) whereas ectopic expres-
sion of E2F-1 overcomes this phenotype (ZHu etal. 1993; QN etal. 1995).
Moreover, ectopic expression of an E2F-1 mutant that is incapable of trans-
activation and pRB binding but retains the ability to bind to the E2F recog-
nition sequence also overcomes this pRB-induced senescence (Qin et al. 1995).
The absence of the transactivation domain in this E2F-1 mutant ensures that
pRB-induced senescence is not overcome through spurious transactivation of
growth-related genes. Rather, this mutant must overcome pRB-induced senes-
cence by binding to promoter E2F sites and preventing pRB from localizing to such
sites via endogenous E2Fs.
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Since the binding of pRB to promoter E2F sites is required for promoter
repression (see Sect. 5.2), the functioning of this E2F-1 mutant suggests a
role for promoter repression in pRB-induced senescence. Since E2F trans-
activation is dispensable for overcoming pRB-induced senescence, gene
promoters that are relevant to this process are apparently derepressed solely
through the exclusion of pRB.

While blocking pRB's localization to promoter E2F sites is sufficient for
overcoming pRB-induced senescence, it is insufficient to overcome pRB-
mediated G,/G, arrest as measured 48 h after transfection of the RB gene (Qin
et al. 1995). Apparently, transactivation by E2F-1 or other dominant growth-
promoting factors is required for overcoming this short term G,/G, arrest
imposed by ectopically expressed pRB.

7.2 Role of the pRB C Pocket in pRB-Induced Senescence

Recent evidence suggests that pRB-induced senescence involves an interac-
tion involving a pRB C-terminal "C pocket" region in addition to the pRB-E2F
interaction (WeLcH and WanG 1995). Ectopic expression of this pRB C pocket
blocks the induction of SAOS-2 flat cells by full length pRB in a dominant
negative fashion but has no effect on pRBs binding to E2F. Along with earlier
work, this observation suggests that pRB is localized to cellular promoters
through its interaction with E2F and simultaneously interacts through its C
pocket with some critical target molecule in the course of pRB-induced
senescence.

The c-Abl protein may be a target of the pRB C pocket since the C pocket
binds c-Abl and thereby inhibits c-Abl kinase activity (WEeLcH and WanG 1993).
Furthermore, the pRB C pocket c-Abl interaction can occur simultaneously with
the pRB:E2F interaction (WEeLcH and WaNG 1995). However, it is currently unclear
whether c-Abl or some other target mediates the critical pRB C pocket function
that is required for pRB-induced senescence.

7.3 Growth Inhibition
by the pRB-Related p130 and p107 Proteins

The pRB-related p130 and p107 proteins inhibit cell growth upon their ectopic
expression in various kinds of cells (Zvu et al. 1993; CLaupio et al. 1994; SMITH
and Nevins 1995). However, growth inhibition by p107 has so far been detected
only in cells that are believed already to express normal p107 (ZHu et al. 1993;
SmiTH and Nevins 1995). Growth inhibition by p130 has been demonstrated in
potentially p1307 HONE-1 cells, yet this is not known to be a property specific
to p130 (CLaupio et al. 1994). Thus, it is unclear whether the growth inhibition
caused by the ectopic expression of p107 or p130 reflects physiologically
relevant properties of these proteins. Nonetheless, analysis of the interactions
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that mediate their growht inhibition may provide clues to the normal function-
ing of p107 and p130.

Most important for the current discussion of E2F multiprotein complexes
is the observation that p107 mutants with impaired binding either to E2Fs or to
cyclin/cdks are fully capable of cell growth inhibition while mutants with impaired
binding to both E2F and cyclin/cdks lose this ability (SmitH and Nevins 1995; ZHu
et al. 1993). This suggests that p107 (and perhaps p130) can initiate independent
growth-inhibitory pathways via E2F binding and via cyclin/cdk binding. Further
work is required to establish the mechanism and the physiological relevance of
these phenomena.

8 Role of E2F Multiprotein Complexes
in Biological Processes

Changes in E2F multiprotein complexes occur not only within the context of cell
cycle control but also within the context of the changing growth control regimens
experienced by cells during organismal development, cellular senescence, and
signal transduction. This section addresses our current understanding of the
interactions among E2Fs and pRB family members in these processes.

8.1 Changes in E2F Multiprotein Complexes
During Development

The first indications of developmental changes in E2F multiprotein complexes
came from analyses of differentiating mouse embryonal carcinoma (EC) and
embryonic stem (ES) cells. The absolute levels of E2F complexes have been
found to be reduced during EC cell differentiation (La THangue and Rigey 1987;
ReicHEL et al. 1987), while the proportion of free E2F is decreased and that of
E2F multiprotein complexes increased during both EC and ES cell differentia-
tion (La THANGUE et al. 1990; PArTRIDGE and La THANGUE 1991; ReicHEL 1992). While
the presence of pRB in the complexes that form during differentiation has not
yet been firmly established, it may be relevant that pRB is largely hyper-
phosphorylated and therefore unable to bind E2F in ES cells (possibly reflecting
their extremely brief G, period). During ES cell differentiation, however, pRB
becomes hypophosphorylated and capable of interacting with E2F (SAvaTiER
et al. 1994).

Changes in E2F complexes during ES cell differentiation are paralled by
changes in E2F complexes during murine embryogenesis. Abundant free E2F
was detected in 8.5-day embryos, and this free E2F species was gradually
diminished, while E2F multiprotein complexes increased, by 17.5 days of
gestation (Patripge and La THANGUE 1991). The exact components of the E2F
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complexes formed during embryogenesis are unclear, although the expres-
sion of pRB mRNA by 9.5 days of gestation (BernarDs et al. 1989) suggests
that pRB may be one such component.

Interestingly, analogous changes occur during Xenopus development. E2F
appears to be largely free in oocytes and early embryos, while pRB:E2F
complexes are first detected at low levels in the middle blastula phase (stage
12) and become prominent in embryo extracts only in late development
(stages 35, 36) when the amount of total E2F activity is diminished (PHiLPOTT
and Frieno 1994). Complexes containing cdk2 (presumably along with cyclins
and a pRB-related protein) are not yet detectable at this late embryonic stage
but are present in cells derived from metamorphosing frogs (PHILPOTT and FRIEND
1994).

In situ immunofluorescence analysis of late-stage mouse embryos indi-
cates that the levels of pRB can vary considerably during the development of
certain epithelial tissues. For example, pRB is abundantly expressed in
differentiating keratinocytes and differentiating intestinal enterocytes but is
undetectable in the relatively undifferentiated skin basal cells and colonic
mucosa crypt cells (SzekeLy et al. 1992). To the extent that pRB levels reflect
levels of pRB:E2F complexes, the cell growth inhibition mediated by such
complexes would seem to increase during epithelial cell maturation.

8.2 Changes in E2F Multiprotein Complexes
During Differentiation, Senescence,
and Cytokine Signaling

While the various kinds of E2F complexes described throughout this review
are the major ones detected in a wide range of growing cell types, additional
E2F complexes have been detected recently in cells undergoing differentiation
or senescence.

The first of these novel complexes to be detected contains E2F in associa-
tion with cyclin D proteins. Kivokawa et al. (1994) found that both E2F activity
and pRB coimmunoprecipitate with cyclin D, in extracts of HL60 erythro-
leukemia cells that were induced to differentiate, but neither E2F nor pRB
coimmunoprecipitated with cyclin D, in extracts of untreated cells. From our
current understanding of pRB’s binding domains it appears that pRB is capable
of binding simultaneously to cyclin D, and E2F. This is because D cyclins bind
to pRB via an LxCxE motif reminiscent of that found in the adenovirus E1A CR2
domain (Dowpy etal. 1993). pRB can bind simultaneously to ETA LxCxE
sequences and to E2F (see Sect. 2.3), and pRB may therefore be able to bind
simultaneously to cyclin D LxCxE sequences and E2F in the same way.
However, this is yet to be demonstrated.

Cyclin D has also been detected in E2F gel shift complexes in late-
passage human primary cells undergoing senescence (ArsHARI et al. 1995).
Intriguingly, these complexes also contain the cdk inhibitor p21 (also termed
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cip1, WAF1, Sdi1, CAP20, and PIC1) that appears to be induced in senescing
cells. In toto, these complexes are believed to consist of p107:E2F:cyclin
D/cdk2:p21. The architecture of such complexes could be similar to that
proposed above for the pRB:E2F:cyclin D; complexes, but in this instance
with cyclin D, binding to p107 (see Ewen et al. 1993), and associating inde-
pendently with cdk2 and p21. To add a bit more complexity, ArsHARI et al.
(1995) detect complexes consisting of pRB:E2F:cyclin E/cdk2:p21. An architec-
ture for this complex cannot be inferred from our current understanding of the
component proteins.

Additional E2F complexes containing the p130 protein have also been de-
tected in differentiating melanoma cells. Interestingly, a p130 complex that may
consist only of p130:E2F is detected following a reversible in vitro differentiation
regimen, while a more slowly migrating p130-containing complex, perhaps also
containing p21, is detected following irreversible differentiation (JianG et al. 1995;
S. Chellappan, H. Jiang, and P. Fisher, personal communication).

As with p107:E2F:cyclin A/cdk2 and related complexes described in
Sect. 3, the physiological role of these novel multiprotein complexes is com-
pletely obscure. Perhaps of foremost importance in placing such complexes in
an understandable framework will be determining whether they exert a spe-
cific biological function or form merely as a consequence of the high level of
concurrent expression of the component proteins. With regard to this issue it
may be relevant that p21 can stably interact with p107:E2F:cyclin D/cdk2
complexes but causes p107:E2F:cyclin A/cdk2 complexes to dissociate
(ArsHarl et al. 1995). This suggests that p21 may play an active role in
controlling the composition of certain E2F complexes.

A recent report suggests that E2F complexes may be regulated through
cytokine signaling pathways. MeLamep et al. (1993) have found that the DNA
binding activity of free E2F and E2F multiprotein complexes is rapidly reduced
following treatment of Daudi cells with interferon-o. or -B or with interleukin-6.
This decrease in E2F activity precedes cytokine-induced suppression of c-myc
expression and growth arrest, suggesting that it may play a part in these
cytokine responses. Addition of EDTA to the extracts from cytokine-treated
cells permits pRB:E2F gel shift complexes to be detected. Thus, pRB appears
to act as an inhibitor of E2F DNA binding in the treated cell extracts, reminis-
cent of the in vitro E2F-inhibitor activity described in Sect. 2.1. It is currently
unclear how this apparant "E2F-inhibitor" activity reflects cytokine signaling
pathways.

9 Are Additional E2F Interactions Yet To Be Discovered?

The recent onslaught of novel E2F multiprotein complexes described here
suggests that additional interactions involving E2Fs, pRB family members,
cyclins, cdk's, and cdk inhibitors are yet to be identified and their biological
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functions deduced. Furthermore, investigating the mechanism of promoter
repression by pRB:E2F complexes promises to reveal novel interactions that will
have important implications for the general understanding of eukaryotic
transcription. In addition, E2Fs interact in interesting ways with various viral
proteins, and some of these interactions are discussed elsewhere in this
volume (NEevins). However, there are yet other kinds of E2F interactions that are
waiting to be explored.

One group of E2F interactions yet to be investigated are those that are utilized
when E2Fs stimulate transcription. One report has shown that E2F can bind to
the TATA box binding protein (TBP) in vitro (HAGEMEIER et al. 1993b). Whether
this interaction is physiologically relevant is unclear, however, since other
proteins known to bind TBP in vitro probably interact instead with specific TBP-
associated factors (TAFs) in the course of transcriptional activation (THUT et al.
1995). it would be interesting to learn whether E2Fs stimulate transcription
through specific TAFs that are assembled within the basal transcription
apparatus. Understanding these interactions may contribute to the development
of therapeutic reagents that block E2F-dependent transcription in Rb" cells.

A second kind of E2F interation exists at this point only as a hypothetical
possibility. All known E2F proteins contain a highly conserved region, termed the
"marked box" (Lees et al. 1993; SARDET et al. 1995) that, at least in the case of
E2F-1, is required for binding to the adenovirus E4 protein (HELN and HarLow
1994). The interaction of E2F with E4 stabilizes two E2F heterodimers bound to
nearby sites on the E2 promoter and thereby contributes to a high level of E2
gene expression (see Nevins, this volume, for review). As the "marked box" is
unlikely to have been conserved specifically to promote E4 binding upon a
cell's infection with adenovirus, it seems plausible that a cellular protein binds
to this region and perhaps performs a function analogous to that of E4 in
stabilizing E2F complexes at selected cellular promoters.

10 Summary and Prospects

This review has described a complex and expanding network of protein—protein
interactions that are focused upon the regulation of E2F transcription factors. In
its simplest form E2F regulation consists of an interactions between E2Fs and
pRB family members that suppress E2F activity and potentially repress entire
E2F-regulated promoters in the G, and early G, phases of the cell cycle. With
the accumulation of sufficient mitogenic signals, the cell's cell cycle control
machinery in the form of cyclin/cdk kinases phosphorylate pRB and related
proteins in late G,, and thereby release free E2F and permit the expression of
genes that promote cell cycle progression. This simple kind of regulation may
fully characterize E2F control in Drosophila cells, where only single E2F, DP,
and Rb-like genes are known to exist.
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The situation is far more complicated in mammalian cells, where multiple
E2Fs and pRB-like proteins interact in a variety of ways, some of which are of
unknown significance. This expanded network of interactions may have
evolved in order to fine tune the transcriptional control of cell growth, with
different E2F multiprotein complexes coordinately regulating different groups of
genes, or perhaps regulating the same genes in response to different extra-
cellular signals or in distinct cell types. However, even these scenarios provide
no rationale for the occurrence of the large four part E2F complexes typically
present in S phase cells or the even more elaborate complexes that may form
during differentiation and senescence. Clearly there is a long way to go in
deciphering how E2F regulation contributes to cell cycle control.
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1 Introduction

In most cases the normal host cell for infection by the DNA tumor virus is a
quiescent, terminally differentiated cell that is not dividing. Various experiments
have demonstrated that upon infection these cells are stimulated to enter S
phase, as indicated by the synthesis of cellular DNA and the induction of activities
associated with DNA replication, particularly those enzymes involved in deoxy-
nucleotide biosynthesis (HaTanaka and DuLBecco 1966; LEDINKO 1968; YAMASHITA
and SHIMoJo 1969; DuLsecco et al. 1965; FReaRrsoN et al. 1965, 1966; HARTWELL et al.
1965; Kara and WEIL 1967; KiT et al. 1966a, b, 1967a, b; SHEININ 1966). This viral-
mediated S phase induction almost certainly reflects the need of these viruses to
create an environment appropriate for viral DNA synthesis since the levels of
deoxynucleotides are low in quiescent cells and normally rise only when cells are
stimulated to enter S phase (BJorkLUND et al. 1990; EngsTrom et al. 1985). Thus,
the normal host for infection by these viruses, a nongrowing cell, is not an
environment conducive to DNA replication. The capacity of the DNA tumor viruses
to drive a quiescent cell into S phase is dependent largely on the action of the viral
regulatory proteins that include adenovirus E1A, SV40 T antigen, and human
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papillomavirus (HPV) E7. These are also viral proteins that possess oncogenic
activity through their common ability to inactivate the retinoblastoma gene
product Rb. Indeed, itis now clear that the ability of these viral proteins to promote
entry into S phase, so as to create an environment that facilitates viral DNA
replication, also results in a loss of cell growth control when a viral infection cannot
proceed to completion. Recent developments have led to the realization that
these viral proteins mediate these events through the activation of the E2F
transcription factor, and studies of their interactions have provided considerable
insight into the basic mechanisms of cell growth control and oncogenesis.

2 Common Targets for the DNA Tumor Virus
Oncoproteins

Much of what is known about the activities of these DNA tumor virus proteins
has been inferred from the physical associations of these viral proteins with a
variety of cellular polypeptides, focused initially on E1A interactions (YEE and
BranToN 1985; HarLow et al. 1986). Coimmunoprecipitation experiments identi-
fied at least six cellular proteins, ranging in molecular weight from 300 to 33 kDa,
that were in stable complexes with E1A (YEe and Branton 1985; HarLOow et al.
1986). Subsequent work identified one of these proteins as the retinoblastoma
(Rb) gene product (WHyTE et al. 1988), a finding of profound importance with
respect to the oncogenic action of E1A. Further work has shown that two
additional E1A-associated proteins are related to Rb (p130 and p107; Zru et al.
1993; Ewen et al. 1991; Liet al. 1993; HannoN et al. 1993; MavoL et al. 1993), two
are cell cycle regulatory proteins (cyclin A and cdk2; Tsal et al. 1991), and that the
largest E1A associated protein, p300, may function as a transcription factor
(Eckner et al. 1994). It soon became clear that each of the DNA tumor viruses
encode a protein that can bind to the Rb tumor suppressor protein (Table 1;
Dyson et al. 1989; DeCaprio etal. 1988). Thus, although the adenoviruses,
polyomaviruses, and papillomaviruses share few structural relationships, the
regulatory proteins of the three groups of viruses appear to share a common
function. In addition, a sequence comparison of these viral proteins revealed a
short region of homology that included the domain important for binding to Rb
(Ficee et al. 1988; Fig. 1).

In addition to the ability of DNA tumor virus proteins to bind to and inactivate
Rb, each of these viruses also encodes a protein that interacts with the p53 tumor
suppressor and, as a consequence of this interaction, inactivates p53 function
{Table 1). In contrast to the targeting of Rb, however, there is no apparent
conservation of viral protein sequences involved in these interactions. Moreover,
it appears that distinct domains of the p53 protein are recognized by the viral
proteins, and the immediate consequence of this interaction is different. For
instance, whereas the E1B 55-kDa protein binds to p53 and apparently blocks its
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Table 1. Cellular targets of the DNA tumor virus oncoproteins

Virus Cellular target
Adenovirus

E1A Rb

E1B, g ?

E1Bggy p53
Sv40

Large T antigen Rb, p53
Polyoma

Large T antigen Rb

Middle T antigen c-src
Papillomavirus

E7 Rb

E6 p53

Fig. 1. Homology in the viral se-
quences involved in binding to the
Rb family of proteins. The regions in
E1A that exhibit homology with se-
quences in SV40 T antigen and HPV
E7 are depicted (FIGGE et al. 1988).
Shaded boxes, the L-X-C-X-E motif
found in the CR2 region of E1A, which
is shared with various cellular pro-
teins (DEFEO-JONES et al. 1991) inclu-
ding the D-type cyclins (MATSUSHIME
etal. 1991; XIONG et al. 1991)

transcriptional activating function, the interaction of the HPV E6 protein leads to
the degradation of p53. Nevertheless, despite these differences the net result is

the same - a loss of pb3 function.

3 A Role for Rb Inactivation During Productive Infection

by the DNA Tumor Viruses:

Activation of the E2F Transcription Factor

Although the inactivation of Rb by E1A, T antigen, and E7 is most often viewed in
the context of oncogenesis, this event must play a role in lytic growth since these
viruses clearly have not evolved to be oncogenic. Rather, the true role of these
viral proteins must be to facilitate the replication of the virus in its quiescent host.
A connection between the action of these proteins to facilitate lytic growth, to
stimulate S phase, and to act as oncogenic agents was revealed with the
identification of the E2F transcription factor as a target for the Rb protein and the
action of E1A. The E2F transcription factor was identified as an important
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component for transcription of the adenovirus E2 gene (Kovespl et al. 1986b).
Subsequent studies revealed that this cellular transcription factor is normally
complexed to other cellular proteins in most cell types, that these interactions
prevent the activation of E2 transcription, and that the E1A protein possesses the
capacity to disrupt these complexes, releasing E2F that can be utilized for E2
transcription (BagcHi et al. 1990). The ability of E1A to mediate this dissociation
was shown to depend on viral sequences that are known to be important for
binding to the Rb protein (RavcHaubHuri et al. 1991). This suggested a relationship
between Rb binding and E2F complex dissociation, as depicted in Fig. 2, whereby
if the Rb protein were a component of the E2F complex, the binding of E1Ato Rb
could be viewed as the result of the disruption of the E2F-Rb complex. A variety
of experiments have now shown that the Rb protein is indeed a component of the
E2F complexes along with the majority of the other proteins previously identified
as E1A-binding proteins (BagcHi et al. 1991; Banpara et al. 1991; Banpbara and La
THANGUE 1991; CHeLappan et al. 1991; Cao etal. 1992; Devoto etal. 1992;
SHIRODKAR et al. 1992).

Other studies demonstrated that Rb-containing cellular protein complexes
can bind to DNA, and the elucidation of the sequence specificity of these
interactions revealed the E2F recognition sequence (CHiTTENDEN etal. 1991).
Finally, subsequent experiments demonstrated that the other DNA tumor virus
proteins known to bind to the Rb protein, SV40 T antigen, and HPV E7 can also

Fig. 2. The relationship of E1A
binding to cellular proteins and the
disruption of E2F complexes. Sche-
matic representation of the cellular
proteins that are recovered in co-
immunoprecipitation assays with
the adenovirus E1A protein (HARLOW
et al. 1986; YEE and BRANTON 1985).
Below, schematic representation of
the E1A gene indicating the posi-
tions of the CR1 and CR2 domains
and the regions involved in binding
to the various cellular proteins. The
Rb family includes the p105 Rb pro-
tein and the p130 and p107 proteins.
CR1 sequences appear to be invol-
ved in binding to both the p300 pro-
tein and the Rb family (WANG et al.
1993)
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disrupt the E2F-Rb complex (CHeLLaPPaN et al. 1992), indicating that the common
ability of the DNA tumor virus oncoproteins ETA, T antigen, and E7 to bind to the
Rb protein is a reflection of their ability to disrupt the E2F-Rb complex.

The functional significance of this action was revealed by the finding that
binding of Rb to E2F inhibits the transcriptional activation capacity of the E2F
factor (HIEBERT et al. 1992; HieBerT 1993; ZEmANIAN and LA THANGUE 1993; HAGEMEIER
et al. 1993; FLEMINGTON et al.1993; Heun et al. 1993a; Cress et al. 1993). Thus, the
action of the viral oncoproteins in releasing E2F from the inhibitory complex is one
thatresults in the activation of E2F transcription function. This activation has direct
benefit for adenovirus transcription since E2F is utilized for transcription of the
viral E2 gene (Kovespi et al. 198643, b). In contrast, there are no E2F binding sites
in either the SV40 genome or the papillomavirus genome and thus the activation
of E2F by T antigen and the E7 protein cannot directly benefit these viruses.
The major consequence of this activation appears to be the activation
of cellular genes that encode the activities important for DNA synthesis in
S phase.

The study of E2F function has provided a connection between the action of
the viral oncoproteins and the ability of these viruses to drive quiescent cells into
S phase. Anumber of experiments using the recently cloned E2F family members
(KaEUN et al. 1992; GirLING et al. 1993; SHaN et al. 1992; Heun et al. 1992, 1993b)
have now pointed to the critical importance of E2F as a target for the Rb protein.
It was recognized, even before the E2F-Rb connection had been established, that
E2F sites are found in the promoters of a number of genes which are required for
S phase entry (HiEgerT et al. 1989, 1991; THALMEER et al. 1989), leading to the
suggestion that E2F may be a critical factor regulating the expression of S phase
genes. This possibility was confirmed by experiments that demonstrated a clear
role for E2F in activating the DHFR gene (SLansky et al. 1993), the B-myb gene
(Lam and WaTsoN 1993), and the cdc2 gene (DaLton 1992). Moreover, very recent
experiments have shown that the expression of the E2F1 gene product encoded
by a recombinant adenovirus can induce the expression of many of these
suspected targets (DeGrecori et al. 1995). These experiments take on added
significance since they measure the activation of the endogenous, chromo-
somally located genes rather than transfected plasmids.

The fact that E2F can activate these genes and that E2F activity is controlled
by Rb suggests an important role for E2F in G,/S progression. Indeed, several
experiments have now shown that the E2F1 cDNA, when introduced into
otherwise quiescent cells, drives these cells to synthesize DNA (JOHNSON et al.
1993; Wu and Berk 1988; Qin et al. 1994; Wu and LeviNeE 1994; SHaN and Lee 1994;
KowaLik et al. 1995). Subsequent experiments have shown that E2F1 can
overcome a G, arrest induced by transforming growth factor-B (ScHwarz
etal. 1995), +y-irradiation (DeGRrecori et al. 1995), or various G, cyclin kinase
inhibitors (J. DeGregori, G. Leone, and J. Nevins, in preparation). Finally, it has
been demonstrated that enforced expression of E2F activity can transform
immortalized REF cells (SingH et al. 1994; GiNsBERG et al. 1994) and can collabo-
rate with an activated K-ras gene to transform primary rat embryo cells
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(JoHNsON et al. 1994). Thus, a variety of experimental approaches demonstrate
that the E2F1 transcription factor is a critical element in S phase entry, and that
this is a critical target for tumor suppressor protein Rb.

4 A Mechanism for the E1A-Mediated Disruption
of E2F-Rb Complexes

Considerable light has now been shed on the mechanism by which the adeno-
virus E1A protein mediates a dissociation of E2F complexes to generate free
trans-activating E2F (BagcHi et al. 1990; BanpaArA and La THaNGUE 1991). The ability
of the E1A protein to dissociate E2ZF complexes was found to depend upon two
domains which are highly conserved among adenovirus serotypes (Huanc et al.
1993; RavcHaupHURI et al. 1991). These two regions, termed CR1 and CR2, are
also the regions of ETA known to be critical in binding to the Rb protein as well
as Rb family members (WHYTE et al. 1989; see Fig. 1). Analysis of the interaction
of E1A with Rb suggested that the E1A domains make separate contacts with Rb
(Dyson et al. 1992). The mechanism of the E2F-Rb dissociation appears to involve
these two conserved domains of the ETA protein acting in a two-step process as
depicted in Fig. 3 (Ikeba and Nevins 1993; FaTTAEY et al. 1993). Perhaps the
simplest view is to consider the E2F-Rb complex to be in an equilibrium state
with the dissociated components, as depicted in the top diagram. A series of
experiments have shown that the CR2 region binds to sequences in the Rb
protein distinct from that involved in E2F binding (Ikepa and Nevins 1993; FATTAEY
et al. 1993). The CR2 domain of E1A contains a short amino acid consensus
sequence Leu-X-Cys-X-Glu which is also present in SV40 T antigen and HPV E7
(Ficge et al. 1988; Fig. 1), and specific mutagenesis has shown that this domain
is important for Rb binding as well as activation of the E2F transcription factor
(CorgElL and BranToN 1994). This sequence motif is also found in a number of
cellular proteins which bind directly to Rb, including D-type cyclins (DEFEO-JONES
etal. 1991; MatsusHIME et al. 1991; XionGg et al. 1991). Thus, the CR2 domain
would serve to bring the E1A protein to the E2F-Rb complex. Other experiments
have shown that the CR1 domain must recognize sequences in Rb that coincide
with or overlap the sequences recognized by E2F since a CR1 peptide can block
E2F-Rb complex formation (RavcHaupbHurl et al. 1991). Thus, once the CR2
domain allows the E1A protein to bind to the E2F-Rb complex, it might simply
wait until the E2F-Rb complex dissociates under normal equilibrium conditions.
Then, upon dissociation of the complex, the CR1 region of ET1A could bind to the
Rb domain involved in E2F binding thereby preventing the reassociation of E2F
with Rb and thus driving the equilibrium towards the dissociated state.
Although equivalent experiments have not been performed for complexes
involving E2F and Rb family members, nor for the ability of T antigen or E7 to act
in this manner, it seems likely that this may be a general mechanism for the
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Fig. 3. The role of E1A domains in
the disruption of the E2F-Rb com-
plex. Above, schematic depiction of
the equilibrium between the E2F-Rb
complex and free E2F and free Rb;
arrows, an equilibrium state in favor
of the complex. Below, E1A drives
the equilibrium towards the dissoci-
ated components by first interacting
with the complex and then upon
natural dissociation, blocks the sub-
sequent interaction of E2F with Rb

disruption of the E2F complexes. Interestingly, this mechanism may also go
beyond the action of the viral proteins. The conserved L-X-C-X-E motif, which
appears to mediate the CR2-dependent interaction of E1A with the E2F-Rb
complex, is also found in the N-terminal sequence of the D-type cyclin family and
may mediate the binding of these cyclins to Rb (Dowby et al. 1993). Given the fact
that phosphorylation of Rb blocks its interaction with E2F (CHELLAPPAN et al.
1991), together with the fact that Rb phosphorylation is likely mediated by G,
cyclin/kinases (Kato et al. 1993), a model as depicted in Fig. 4 becomes apparent.
The D type cyclin would perform a role similar to the E1A CR2 domain, in the case
bringing a kinase to the complex rather than the CR1 domain. Upon dissociation,
the kinase would now be able to phosphorylate critical residues of Rb thereby
blocking the reassociation of the complex.

5 A Unique Adenovirus Gene Activity
that Facilitates Use of E2F for Viral Transcription

Although each of the DNA tumor viruses target E2F complexes, only the
adenovirus family actually utilizes E2F for the transcription of any of its own
genes. During adenovirus infection there is a temporal cascade of early gene
expression involving the initial expression of the E1A and E4 transcription units
very early in infection followed quickly by the E3, E1B and finally the E2
transcription unit (Nevins 1987). The protein products of the E2 region, which
include a 72-kDa single-stranded DNA binding protein, the viral DNA polymerase,
and the terminal protein which primes viral DNA replication, are all expressed
from a promoter located at map position 75. The E2 promoter, schematically
shown in Fig. 5, contains a single ATF site, a single TATA element and two
inverted repeats of the E2F recognition sequence TTTCGCGC (Loexen and Braby
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Fig. 4. A model of disruption of the E2F-Rb complex by G, cyclin/kinases. Above, the schematic
highlights the homology between the E1A CR2 sequence (L-X-C-X-E) and the N terminal region of the
D-type cyclins (DowbY et al. 1993). Below, a schematic depiction of a potential role of the cyclin D
protein and the associated cdk4 kinase in altering the equilibrium of the E2F-Rb complex

1989). These E2F sites are spaced two helical turns apart after the second C,
which is likely the actual center of E2F binding as measured by DNase foot-
printing (Yee et al. 1989).

The activation of the E2 promoter involves not only E2F but also a 19-kDa
protein product of the viral E4 6/7 ORF. The binding of a single E2F heterodimer
on a single E2F site is relatively unstable, exhibiting a half-life of only a few
minutes whereas the complex of E2F and E4 on the two site E2 promoter is very
stable, with a half-life measured in hours (RaychaubHur! et al. 1990; ReicHEL et al.
1989; Neit and Nevins 1991; NeiLL et al. 1990; OgerT et al. 1994; O'Connor and
HeARING 1991; Huang and HeARING 1989; HAaRDY and SHenk 1989; HARrDY et al. 1989:
MarTon et al. 1990). The formation of this stable complex requires the interaction
of E4 but also requires the precise arrangement of the E2F binding sites found in
the E2 promoter. Any alteration of the spacing or orientation of the binding sites
virtually eliminates the formation of the E4-dependent stable complex (Harby and
SHenk 1989; RavcHaubHuRi et al. 1990). Since the E2 promoter is the only known
promoter containing this arrangement of E2F sites, these results suggest that
the action of E4 converts E2F into an adenovirus E2 gene-specific transcription
factor.



Use of the E2F Transcription Factor 71

Fig. 5. Interaction of the adenovirus E4 pro-
tein with E2F. Above, a sehematic represen-
tation of the E2 promoter including the TATA
sequence, two E2F recognition sequences,
and the ATF recognition sequence. Below,
interaction of two E2F/DP1 heterodimers
with the E2F recognition sequences stabi-
lized by the E4 homodimer

Recent experiments utilizing cloned members of the E2F family demon-
strate that the E2F-E4-DNA complex likely involves at least six polypeptides
including two E2F/DP1 heterodimers and two E4 proteins (Cress and NEvVINS
1994; OBeRT et al. 1994; O'Connor and HEaRING 1994; Facan et al. 1994 Heuin and
HarLow 1994; BANDARA et al. 1994), as schematically depicted in Fig. 5. Several
lines of evidence are consistent with the 19-kDa E4 protein functioning as a
homodimer (Cress and NeviNs 1994; OBerT et al. 1994) and yeast two-hybrid
analysis demonstrates that E4 can directly interact with E2F1 (Facan et al. 1994)
and DP1 (Cress and NeviNs 1994). The action of the E4 protein to generate the
stable complex has been shown to require both the E2F1 and the DP1 compo-
nents of the heterodimer (BanpARA et al. 1994; O'Connor and HEARING 1994; HELIN
and Harow 1994). Thus, the DNA-protein complex at the E2 promoter likely
contains an E4 dimer at its center tethering two heterodimers of E2F1/DP1 which
in turn bind to the two inverted repeats in the E2 promoter.

The interactions of E2F with the adenovirus E4 protein and Rb appear to be
mutually exclusive {(O'ConnNor and HeaArING 1994; Facan et al. 1994). This may
result from the two proteins interacting with overlapping regions of E2F as
suggested by a detailed mutagenesis study of the E2F1 and DP1 cDNAs
(O'Connorand HeariNg 1994). Itis also clear that phosphorylation of E2F may play
a role in modulating the interactions with E4 and Rb. Phosphorylation of serine
residues of E2F1 at positions 332 and 337 blocks the interaction with the Rb
protein while enhancing the interaction with E4 (FAcan et al. 1994). Furthermore,
two independent studies have found this region of E2F1 to be important in E2F-
E4 interactions (Heun and Hariow 1994; O'ConnNor and HeaRINGg 1994). Although
it is presently unknown how the phosphorylation of E2F1 blocks the interaction
with Rb, it is perhaps noteworthy that this region of E2F1 lies within a domain
which is conserved among E2F1 homologs and has been termed the "marked
box." This region of E2F1 appears to be important in E2F-mediated DNA bending,
which is dramatically affected by interaction with Rb (Huger et al. 1994; W.D.
Cress and J.R. Nevins, unpublished data). Thus, it is possible that the marked
box region controls the conformation of E2F changing its interaction with DNA
and maximizing it for interactions with Rb versus adenovirus E4.
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6 The Relationship Between Activation of E2F
and Inactivation of p53 Function

Why do the DNA tumor viruses target both Rb and p53? Various experiments
suggest that E1A expression is sufficient to drive quiescent cells into S phase,
consistent with the additional studies that demonstrate that E2F1 overexpression
candrive cells into S phase (KowaLik et al. 1995; Jonnson et al. 1993; Wu and LEVINE
1994; Qin et al. 1994). Thus, if the strategy is to produce an S phase environment
suitable for viral DNA replication, one might expect that this event alone would be
sufficient. However, there is a strong correlation between the inactivation of both
Rb and pb3 in the course of DNA tumor virus infections as well as in human
oncogenesis. This correlation is made particularly clear by examining the relation-
ship between HPV gene expression and the state of Rb and p53 in cell lines
derived from cervical carcinomas. The majority of human cervical carcinomas are
associated with high risk HPV serotypes (zur Hausen et al. 1984). Howley and
colleagues have shown that Rb and p53 remain wildtype in cervical carcinoma cell
lines that expressed the HPV E6 and E7 proteins. In contrast, HPV-negative
cervical carcinomas were found to possess inactivating mutations in both Rb and
p53 (ScHEFFNER et al. 1991).

One possibility is that DNA tumor viruses eliminate pb3 function that would
suppress cell growth as a consequence of the activation of p21 expression, a
potent inhibitor of G, cyclin kinase activity (HarPer et al. 1993; Xione et al. 1993).
A second, but not exclusive, possibility is that DNA tumor viruses target p53 to
prevent loss of cell viability as a result of apoptosis. Degradation of viral DNA was
first observed in cells infected by adenovirus E1B mutants (WHITE et al. 1984;
PiLDER et al. 1984). This apoptosis and associated DNA degradation is dependent
on E1A expression, but also requires induction of p53, since there is no such
response in cells that are lacking pb3. Expression of the adenovirus E1B gene
suppresses E1A-induced DNA degradation. As with E1A, the overexpression of
the E2F1 transcription factor (SHaN and Lee 1994; KowalLik et al. 1995; Wu and
Levine 1994; QiN et al. 1994) which drives quiescent cells into S phase also leads
to an induction of apoptosis. When quiescent REF52 cells are infected with an
adenovirus expressing E2F1 (and not ETA or E1B) cellular DNA synthesis is
induced, but it is not complete since such cells never reach a G, DNA content.

The mechanism by which E2F1 overexpression drives apoptosis is not
known. Itis not unlikely, however, that induction of S phase by "activation” of E2F
transcriptional activity represents only a partial signal for cell proliferation. This
may be because E2F overexpression can activate only a subset of cellular
promoters normally activated as quiescent cells enter S phase (J. DeGregoriet al.,
submitted). This "partial" signal is detected, in large part dependent on p53, and
apoptosis results. The DNA tumor viruses may have thus targeted p53 to delay
DNA degradation induced as the host cell undergoes apoptosis.
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7 Evolution of Common Strategies
of the DNA Tumor Viruses

Although the inactivation of Rb and p53 by the DNA tumor virus oncoproteins is
generally considered in the context of oncogenic transformation, these events
must be important for the normal process of a productive infection by these
viruses since it is the ability to replicate that defines the essential aspect of these
viruses. Clearly these evolutionarily distinct viruses share a common need and
target common cellular activities, not to transform cells but to replicate.

As discussed above, the DNA tumor viruses do have a common need to
induce a quiescent, nondividing cell to enter S phase so as to create an environ-
ment that is favorable for viral DNA replication. The inactivation of Rb function
through the action of E1A, T antigen, or E7 appears to facilitate this process by
liberating the E2F transcription factor from inhibiting Rb complexes, thus leading
to an induction of various genes that create the environment for DNA replication.

The viral-mediated inactivation of p53 function also appears to facilitate entry
to S phase. These viruses likely target p53 since the expression of pb3 can result
in a G, arrest, particularly in response to DNA damaging events (LivINGSTONE et al.
1992). Likewise, pb3 can initiate a pathway of programmed cell death in response
to various proliferative signals including the expression of ET1A (WHTE 1993).
Indeed, there is an induction of pb3 expression in cells expressing E1A. The E1B
b5-kDa protein, SV40 T antigen, and HPV EB all block the action of pb3 and thus
block the apoptosis pathway. Thus, one might view these actions as "allowing" the
E1A-mediated process of S phase induction to continue.

Given the common activities exhibited by adenovirus, SV40, and HPV, it is
perhaps equally striking to find a distinct activity that is unique to polyomavirus,
the middle T antigen mediated induction of tyrosine kinase activity. Presumably,
a mechanism has evolved in polyomavirus to accomplish the same and result, the
creation of a favorable environment for viral replication, without the need of
eliminating the p53 suppression events. Polyoma large T antigen does target Rb
and given the pairwise relationship between Rb inactivation and p53 inactivation
seen with the other viral oncoproteins, one wonders whether the ultimate action
of middle T might lead to the same end result as the other DNA tumor virus
proteins that inactivate p53.

If the small DNA tumor viruses have a common need to drive quiescent cells
into S phase, one might also anticipate that other DNA viruses that must replicate
DNA at a high level, such as the herpesvirus or the poxviruses would also find this
to be advantageous. Yet, there is no compelling evidence that any of the
herpesviruses or poxviruses encode proteins that inactivate Rb or p53. It is
striking, however, that many of the genes whose products create the S phase
environment are found within the genomes of the large viruses of the herpesvirus
and poxvirus family (ALBRECHT et al. 1992). Although the entire complement of S
phase genes is not found within every virus of these groups, each virus does
contain a ribonucleotide reductase, the rate-limiting enzyme in deoxynucleotide
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biosynthesis (THELANDER and ReicHARD 1979). Moreover, a herpes simplex virus
ribonucleotide reductase mutant is severely impaired for growth in vivo, both for
growth in the eye and the trigerminal ganglion as well as reactivation from a latent
infection (Jacosson et al. 1989). Thus, a common need of the DNA viruses,
whether oncogenic or not, may be to induce enzymatic activities that create an
environment for viral DNA replication to take place in an efficient manner. If this
need mechanistically involves the disruption of normal cell growth control events,
transformation can result if the infection does not go to completion.
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1 Summary

The product of the retinoblastoma tumor-suppressor gene (RB) is a ubiquitously
expressed, 105-kDa nuclear phosphoprotein (pRB). The pRB protein negatively
regulates the cellular G./S phase transition, and it is at this point in the cell cycle
that it is thought to play its role as a tumor suppressor. The growth-inhibitory
effects of pRB are exerted, at least in part, through the E2F family of transcription
factors. This chapter reviews the insights into the mechanism of action of the
E2F family members that have been obtained through overexpression studies.
Studies in RB SAOS-2 cells have provided evidence in support of the hypoth-
esis that the E2F family members are negatively regulated by pRB and the
related protein p130. In particular, the results obtained are consistent with the
earlier biochemical data which suggested that E2F1 is regulated primarily by
pRB, and E2F4 by p130. Results relating to p107 are also discussed. Consistent
with the proposed role of pRB and E2F1 as coregulators of entry into S phase,
experiments have demonstrated that overexpression of E2F1 is sufficient to
override the cell cycle arrests caused by serum deprivation of fibroblasts or
transforming growth factor-p (TGFp) treatment of mink lung epithelial cells.
However, at least in the case of the serum deprivation induced arrest, the
ultimate result of E2F1 overexpression is death by pb53-dependent apoptosis. In
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light of this and other data, a model is discussed as to how functional inactivation
of pRB and p53 might cooperate to promote tumorigenesis. A number of studies
have demonstrated the oncogenic potential of E2F family members, at least
under certain conditions. This is, again, in keeping with the notion that these
proteins play a critical role in controlling cellular proliferation.

2 Introduction

As detailed in other chapters, E2F was originally identified as a DNA-binding
activity that is stimulated by the adenovirus E1a protein (Kovespi et al. 1986). This
activity was shown to bind to sites within the adenovirus E2 promoter that are
required for transcription of the E2 gene. Independent studies on the differentia-
tion of F9 embryonal carcinoma cells also identified a closely related or identical
differentiation-regulated transcription factor (DRTF; La Trancue and Rigey 1987).
E2F DNA-binding activity in vivo is likely due to heterodimeric complexes
containing an E2F family member bound to a DP family member (Banpara et al.
1993; Hewin et al. 1993; Huser et al. 1993; Krek et al. 1993). At least five different
E2F family members (E2F1-5) and at least three DP family members (DP1-3)
have been cloned (BEJERSBERGEN et al. 1994; R. Bernards 1995, personal commu-
nication; GiNsBErG et al. 1994; GIRLING et al. 1994; Heun et al. 1992; Ivey-HovLE
etal. 1993; KaeLiN et al. 1992; Lees et al. 1993; SarpeT et al. 1995; SHan et al.
1992; Wu et al. 1995). This review uses E2F as a generic term to refer to the
hererodimeric activities which bind to the consensus sequence TTT(G/C}{G/C)
CG(G/C).

E2F transcriptional activity is regulated, at least in part, through association
with "pocket proteins" such as the retinoblastoma susceptibility gene product,
pRB, a known negative regulator of the G,/S transition (Ewen 1994). pRB binds to
certain E2F family members and in so doing inhibits their ability to activate
transcription (FLeminGTON et al. 1993; Heun et al. 1993 and references therein).
Furthermore, in certain settings, pRB/E2F complexes may, in a DNA-binding
dependent manner, actively repress transcription, perhaps by interacting with
adjacent, non-E2F transcription factors (SELLERS et al. 1995; QN et al. 1995b).
Ela-mediated transformation is linked to its ability to disrupt E2F/pRB com-
plexes, thereby liberating "free" E2F which in turn leads to an increase in the
transcription of certain E2F-dependent genes (HawmeL et al. 1992; Hiesert et al.
1992; WEINTRAUB et al. 1992; ZamanianN and La THanGUE 1992). Transformation by
the transforming oncoproteins of simian virus 40 (SV40) and human papilloma
virus (HPV), large T antigen and E7, respectively, also requires disruption of
cellular E2F/pRB complexes, suggesting that deregulated E2F activity is a
necessary event for transformation (Moran 1993). Furthermore, all stable,
naturally occurring, inactivating pRB mutations map to the T, Ela, and E7
binding region or “pocket’, a region that is also implicated in E2F binding
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(Ewen 1994). Other "pocket proteins” known to associate with E2Fs and likely to
regulate E2F activity include p107 and p130 (Coerinik et al. 1993; Ewen 1994;
HANNON et al. 1993). E2F activity is likely also regulated through posttranslational
modifications of the E2F and DP components and, at least in the case of E2F-1,
through cell cycle dependent changes in transcription (DynLacHT et al. 1994;
Hsiao et al. 1994: JoHNsON et al. 1994; KaeLiN et al. 1992; Krek et al. 1994; Li et al.
1993; NeumaN et al. 1994; Peeper etal. 1995; Xu etal. 1994). Analysis of the
promoters of a number cellular genes implicated in the control of cell cycle
progression reveals that they contain E2F-binding sites. These include the proto-
oncogenes c¢c-myc and B-myb, genes encoding enzymes required for DNA
synthesis such as DHFR, thymidine kinase, thymidylate synthase and DNA
polymerase o, and genes encoding components of the basic cell cycle clock such
as cdc-2, cyclin A and cyclin D1 (Herser et al. 1994; Jourr et al. 1991; Li et al.
1993; Nevins 1992; OswaLp et al. 1994; Pearson et al. 1991; PHiLipe et al. 1994;
RousseL et al. 1994; YamamoTo et al. 1994).

The knowledge that E2F sites are present in a number of genes implicated in
cell growth control, that E2F is negatively regulated by the product of a known
tumor suppressor gene (RB), and that this regulation is disrupted during the
course of viral transformation and by naturally occuring RB gene mutations, taken
together, strongly suggests that E2F is likely a key regulator of cell cycle progres-
sion. If so, it might be expected that under particular circumstances over-
expression or mutation of E2Fs promotes cellular transformation. This chapter
reviews the insights into role of E2F in the cell cycle obtained from overexpression
studies. Such studies are potentially of interest because they can address the
extent to which particular E2F family members are sufficient for a particular cell
cycle transition. An attempt is made to view the data in light of other biochemical
properties of E2F.

3 Studies in SAOS-2 Cells

A number of studies investigating the cellular consequences of E2F overexpres-
sion have been performed in RB” SAQS-2 cells. Studies in these cells have
provided support for the hypothesis that E2F1 is a downstream target of pRB,
and that the regulatory role of these two proteins is played out at the G,/S
transition. Reintroduction of wild-type pRB into SAOS-2 cells results in a late G,
cell cycle arrest and formation of morphologically distinct "large cells” (Hinps et al.
1992: Huang et al. 1988; MittnacHT and WEeINBERG 1991; QiaN et al. 1992; Qinet al.
1992). Cotransfection of wild-type E2F1 with pRB into these cells inhibits the
ability of pRB to induce both the late G, arrest and formation of “large cells" (Qin
et al. 1995; ZHu et al. 1993). Mutational analysis of E2F1 supports the notion that
override of the pRB induced G,/S arrest is by virtue of E2F1's ability to act as a
transcription factor. Firstly, an E2F1 mutant that is unable to bind pRB, but which
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retains the ability to transactivate, is likewise able to overcome a pRB arrest (Qin
et al. 1995). Secondly, E2F1 mutants which bind to pRB but not to DNA are
unable to overcome a pRB arrest, suggesting that E2F1 does not merely behave
like T antigen or E1a in these assays and displace other effectors from the pRB
pocket (Qin et al. 1995). The ability of E2F1 to overcome a pRB arrest is not
associated with overt pRB phosphorylation, and, indeed, E2F1 can overcome the
action of a nonphosphorylatable and hence constitutively active pRB mutant (Qin
etal. 1995). These observations are consistent with free E2F1 functioning
downstream of pRB phosphorylation. Of note, an E2F1 mutant (truncated at
amino acid 196} which retains the ability to bind to canonical E2F sites, but which
lacks the E2F1 transactivation/pRB binding domain, prevents the induction of
"large cells" by pRB but does not overcome the ability of pRB to induce a G,/S
block. The latter requires an E2F1 species with an intact DNA binding domain and
a functional transactivation domain {QiN et al. 1995). These findings are consist-
ent with a model in which E2F/pRB complexes bind to, and actively repress the
transcription of, certain E2F responsive promoters, rather than merely represent-
ing ‘inactivated" or "sequestered" E2F. According to this model, "large cell"
morphology depends upon repression of transcription by E2F/pRB and can be
relieved by a dominant-negative acting E2F1 DNA-binding domain, whereas the
progression into S phase requires both alleviation of transcriptional repression
and transcriptional activation of certain E2F-dependent genes.

These results are in keeping with earlier studies which suggested that E2F
sites, both in certain artificial promoters and in the cdc-2, B-myb and E2F1
promoters, mediate cell cycle dependent transcriptional repression in cells
containing wild-type, but not mutant, pRB (Datton 1992; Hsiao et al. 1994;
JoHNsoN et al. 1994; Lam and WaTtson 1993; Neuman et al. 1994; WEINTRAUB et al.
1992). Thus, as illustrated in Fig. 1, at least three activity states of E2F-respon-
sive genes can be envisioned; repressed by a pocket protein/E2F complex,
activated by free E2F, and a basal state in which transcriptional activity is
determined by the binding of non-E2F transcription factors. In support of such a
model, an E2F1 mutant (truncated at amino acid 368) that is competent to
heterodimerize with DP1 and bind to DNA but can no longer transactivate or bind
to pRB is able to relieve pRB mediated transcriptional repression of a naturally
occurring E2F responsive promoter in SAOS-2 cells, presumably by preventing
the binding of pRB/E2F complexes to the promoter (Qin et al. 1995). Recently,
a transcriptional repression domain has been identified within pRB (SeLLERs et al.
1995). It is perhaps note-worthy that c-myc, the product of a suspected E2F
target gene, can likewise overcome a pRB-induced G,/S block, raising the
possibility that the ability of E2F1 to overcome a pRB block is due at least in part
to activation of c-myc (GoopricH and Lee 1992). These experiments did not
assess the ability of c-myc to override the formation of pRB induced “large
cells.”

Similarly to pRB, expression of p107 or p130 in SAOS-2 cells resultsina G,/S
arrest (Vairo et al. 1995; Zuu et al. 1993). The ability of p130 to induce growth
arrest in these cells is overridden by E2F4 and to a lesser extent by E2F1 (Vairo
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BASAL Fig. 1. E2F responsive genes have
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et al. 1995). Conversely, E2F4 overrides a pRB growth arrest less efficiently than
E2F1 (Vairo et al. 1995). The p107-induced growth arrest is not overridden by
E2F1, and there is no published report of an override by E2F4 (ZHu et al. 1993).
In vivo, E2F1 associates preferentially with pRB, and E2F4 with p107 and p130
(BEIJERSBERGEN et al. 1994; GinsBERG et al. 1994; Heuin et al. 1992; KaELIN et al.
1992; Lees et al. 1993; Varo et al. 1995). Thus, taken together these observa-
tions are consistent with E2F1 being regulated primarily by pRB, and E2F4 by
p130 and perhaps p107. Recent studies suggest that p107 may bind to and
repress transactivation by c-myc, suggesting another mechanism by which p107
might suppress cell growth (BeiJERSBERGEN et al. 1994; Gu et al. 1994). Indeed,
c-myc is capable of overriding the p107-induced growth arrest in SAOS-2 cells
(BEIJERSBERGEN et al. 1994). In addition to relieving the p130 growth arrest, E2F4,
when transfected into SAOS-2 cells, interacts synergistically with its hetero-
dimeric partner DP1 to promote progression into S phase (BEUJERSBERGEN
etal. 1994). In summary, in RB”~ SAOS-2 osteosarcoma cells E2F1 and E2F4
override the growth-inhibitory effects of the pocket proteins pRB, p107, and
p130 with the specificities that would be predicted, at least to a certain extent,
from their respective associations in vivo. Do such observations extend to other
cell types and other growth inhibitory stimuli?
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4 Override of Cell Cycle Arrest
Caused by Serum Withdrawal and TGFp

Nevins and coworkers have shown that overexpression of E2F1 in REF 52 cells
inhibits their ability to enter G, upon serum removal (JoHnson et al. 1993). Similar
results were obtained by using Rat1a fibroblasts stably overexpressing the E2F1
protein {P.D. Adams and W.G. Kaelin Jr., unpublished data). Futhermore, untimely
production of the E2F1 protein is sufficient to stimulate quiescent fibroblasts to
enter S phase (JoHnson et al. 1993; Qin et al. 1994; SHaN and Lee 1994). In keeping
with the structural requirements for E2F1 to override a pRB-induced G,/S block in
SAQS-2 cells (Qin et al. 1995), mutational analysis shows that the serum override
effect of E2F1, as measured by entry into S phase, requires intact DNA binding
and transactivation domains, suggesting that E2F1 is acting as a transcription
factor in these assays (JoHnsoN et al. 1993; SHaN and Lee 1994). Nevins and
coworkers have additionally shown that overexpression of E2F1 in mink lung
epithelial cells is able to override the middle G, growth arrest induced by TGFB
(ScHwarz et al. 1995). This is consistent with the observation that viral onco-
proteins that disrupt "pocket protein’ complexes are able to block the TGFB arrest
(LaHo et al. 1990). Recent data suggest that the ability of TGFf to induce a cell
cycle arrest is linked to its ability to inhibit the putative pRB kinases, cyclin D/cdk4
and cyclin E/cdk2. This inhibition is achieved through the suppression of transla-
tion of cdk4 and the action of the cdk inhibitors, p27 and p15, on cyclin E/cdk2 and
cyclin D/cdk4, respectively (Ewen et al. 1993, 1995; HannoN and BeacH 1994;
PoLvaak et al. 1994). Presumably, overexpression of E2F1, a major effector of
pRB, negates the requirements for a functional pRB kinase for the G,/S transition.
This is consistent with the lack of a requirement for D cyclins in RB™ cells and the
inability of the polypeptide cdk4 inhibitors p16 and p18 to arrest growth of RB™
cells (Bartkova et al. 1994; Guan et al. 1994; Lukas et al. 1994; MULLER et al. 1994).
Thus, at least as measured by induction of DNA synthesis, E2F1 over-
expression is sufficient to override the negative effects on cell growth resulting
from TGFB treatment of mink lung epithelial cells or serum deprivation of
fibroblasts. Atleast under certain conditions, however, cells which are induced to
enter S phase by untimely production of E2F1 proceed to undergo apoptosis.

5 Deregulated E2F1 Expression Ultimately Results
in p53-Dependent Apoptosis

QN et al. (1994) observed nuclear morphological changes indicative of apoptosis
when a variety of cell types were transfected with plasmids encoding E2F1 and
subsequently placed into low serum. This effect depends upon an intact DNA
binding and transactivation domain. Two groups have been successful in generat-
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ing stable rat fibroblast cell lines in which the human E2F1 gene is under the
control of aregulatable promoter (QiN et al. 1994; SHan and LEE 1994). When these
cells are incubated in low serum and E2F1 production induced, the cells enter S
phase, in keeping with the earlier microinjection data of JornsoNn et al.(1993).
FACS analysis shows that the cells seemingly undergo a full round of DNA
synthesis as they double their DNA content. Furthermore, the kinetics of entry
into S phase are very similar to those observed after serum stimulation. However,
about 20-30 h after the passage through S phase, the E2F1 expressing cells
undergo death by apoptosis. In transient transfection experiments it was shown
that E2F1-induced apoptosis in the presence of low serum is at least in part p53
dependent (QiN et al. 1994). Similarly, Wu and Levine (1994) have shown, using a
fibroblast cell line expressing a temperature-sensitive pb53 mutant and over-
expressing E2F1, that wild-type p53 and E2F1 cooperate to induce apoptosis.

The observation that deregulated E2F1 activity promotes apoptosis by a p53-
dependent pathway may help to explain why DNA tumor viruses functionally
inactivate both pRB and p53 (Moran 1993). By this model, loss of pRB alone, and
deregulation of E2F, promotes death by pb3-dependent apoptosis. Consistent
with this notion, RB™ mice die between days 12 and 16 of development, showing
signs of excessive apoptosis in peripheral and central neural tissues (CLARKE et al.
1992; Jacks et al. 1992; Lee et al. 1992). Using in vivo bromodeoxyuridine labeling,
Lee and coworkers (1994) have demonstrated a spatial correlation between the
tissue localization of cells undergoing apoptosis and cells undergoing aberrant
DNA synthesis. Furthermore, many of the apoptotic cells can be labeled with
BrdU, indicating that they have recently passed through S phase. A number of
studies suggest that apoptosis occurring in vivo, as consequence of loss of or
functional inactivation of pRB, is p53 dependent. Analysis of the developing ocular
lens of the RB” mouse embryos reveals elevated numbers of cells undergoing
apoptosis and DNA synthesis and a failure to express markers of differentiation
(MorGENBESSER et al. 1994). However, apoptosis is largely suppressed in the
lenses of RB7/p537 mice. Interestingly, the p53 status does not affect the extent
of aberrant DNA synthesis or expression of differentiation markers. This is
consistent with a model in which p53 is required for apoptosis as a consequence
of aberrant cell cycle progression.

Additional support for this model comes from studies of transgenic mice
expressing the transforming oncoproteins of small DNA tumor viruses. Firstly,
p53** mice expressing wild-type SV40 T antigen in B and T cells and the choroid
plexus epithelium (CPE) develop tumors in those tissues. In contrast, p53** mice
expressing a truncated T antigen that binds pRB, but not p53, develop only CPE
tumors which develop slowly and show morphological signs of apoptosis (SAENZ
RosLes et al. 1994; Symonbs et al. 1994). Expression of either wild-type or mutant
T antigen in p53™ mice induces full tumor formation with no signs of apoptosis
(Symonps et al. 1994). Secondly, p53** mice expressing the HPV-16 E7 protein in
photoreceptor cells exhibit retinal degeneration as a result of apoptosis, whereas
expression of HPV-16 E7 in the same cells of p537 mice initiates retinal tumor
formation (Howes et al. 1994). Thirdly, transgenic expression of the HPV E7
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protein in the mouse eye lens inhibits cellular differentiation and stimulates
proliferation and apoptosis (Pan and Griep 1994). These effects are dependent
upon the pRB/p107 binding function of E7. In doubly transgenic E6+E7 lenses
the level of apoptosis is reduced relative to E7 alone (Pan and Grier 1994),
consistent with it being a p53-dependent process. In cell culture systems
expression of Ela in BRK or REF52 cells induces pb3-dependent apoptosis
(DeBBAs and WHITE 1993; Lowe 1993). Although the pRB binding CR2 domain of
Ela is not absolutely necessary for this effect, mutational analysis shows that it
does play a role. It seems likely that the pRB binding and p300 binding functions
of Ela cooperate to induce S phase entry and apotosis (Howe et al. 1990; MoRraN
and ZerLER 1988; MYMRYK et al. 1994; STeiN et al. 1990; WHITE et al. 1991).

In summary, much evidence suggests that functional inactivation of pRB
leads to pb53-dependent apoptosis. That loss of pRB promotes p53-dependent
apoptosis might also be true in most human tissues, in view of the observation
that p53 is frequently altered in RB™ adult solid tumors. However, many human
reinoblastomas contain wild-type p53 (HamEL et al. 1993), suggesting that human
retinoblasts, unlike their murine counterparts, may be relatively resistant to the
killing effect of deregulated E2F (Qin et al. 1994; SHan and Lee 1994; Wu and LEvINE
1994).Such a difference between murine and human retinal cells might account
for the observation that RB™ humans, but not RB7* mice, are predisposed to
reinoblastoma development (CLARKE et al. 1992; Jacks et al. 1992; LeE et al. 1992).

6 Deregulated Expression or Mutation of E2Fs
Can Promote Cellular Transformation

Other studies have demonstrated that at least under certain conditions deregu-
lated expression of wild-type or mutant E2F family members can promote
transformation. SINGH et al.(1994) showed that REF clonal cell lines stably over-
expressing the E2F1 protein are transformed, as indicated by a number of criteria
including the loss of contact inhibition, the ability to grow in soft agar and low
serum and the ability to form tumors in nude mice. Transformation requires the
DNA binding and transactivation domains of E2F1. The p53 status of the REFs
used in this study was not investigated, although other studies have shown REFs
to contain wild-type p53. If so, the ability of these cells to grow in low serum is
in apparent contrast to the earlier studies, demonstrating p53-dependent E2F1-
induced apoptosis in low serum (QiN et al. 1994; SHan and Lee 1994). The cell
lines used in the study by SingH et al. had been through a drug selection process
and the lines expanded twice from low density. Thus, these cells might have
accumulated other mutations, such as inactivation of pb3, during this process.
Another study has demonstrated that E2F1 cooperates with DP1 and activated
ras to transform primary REFs, as assayed by growth in soft agar and tumori-
genicity in nude mice. Neither DP1 + ras nor E2F1 + ras is transforming in this
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assay (JoHnson et al. 1994). Interestingly, activated ras + the DNA binding
domain of E2F1 fused to the acidic transactivation domain of herpes simplex
virus VP16 (E2F1-VP16) is transforming in the absence of DP1. This is consistent
with the biological activity of E2F1 being repressed by its interaction with pocket
proteins (FLemingTON et al. 1993; Heun et al. 1993). However, it additionally
suggests that the C-terminal region of E2F1 affects the requirement for DP1 in
transformation, despite the fact that this region is not required for interaction
with DP1 in vitro nor in vivo (Banpara et al. 1993; Heun et al. 1993; Krex et al.
1993). None of the combinations of E2F1, E2F1-VP16, DP1 and ras is as potent
in transformation.as Ela+ras.

In a third study Xu et al. (1995) demonstrated that retroviral infection of NIH
3T3 cells with E2F1, -2, or-3 and subsequent drug selection generates polyclonal
cultures that are able to grow in soft agar and have higher saturation densities
than the control cells. Mutational analysis of E2F1-expressing cells shows that
transformation requires the DNA binding domain and is enhanced by deletion of
the pRB-binding domain, consistent with pRB being a negative reulator of E2F1.
E2F4 also has oncogenic potential. GINSBERG et al. (1994) showed that infection of
NIH 3T3 cells with a mutant E2F4 containing a four amino acid deletion in the
pocket binding motif, but not wild-type E2F4, confers the ability to grow in soft
agar. Likewise, another study provides evidence to suggest that E2F4, DP1, and
activated ras cooperate in transformation of rat embryo fibroblasts (BEIJERSBERGEN
et al. 1994). Taken together such results suggest that deregulated E2F expres-
sion or mutation of E2F so as to release it from negative regulation by pocket
proteins is potentially oncogenic. There are as yet no reports of E2F family
members being activated or overexpressed in human tumors, although Saito
et al. have shown the E2F1 gene to be amplified and overexpressed in the
human erythroleukemia (HEL) cell line and translocated to abnormal chromo-
somal locations in several other established human leukemia cell lines {SaTo
et al. 1995).

7 Conclusions and Future Questions

The functional studies in SAOS-2 cells have provided evidence consistent with the
earlier biochemical data which suggested that E2F1 is regulated primarily by pRB,
and E2F4 by p130. However, a number of questions still remain to be addressed.
Firstly, more work is required to further characterize the cell cycle arrests imposed
by pRB and p130. Do these arrests occur at the same, or different, points in the
cell cycle? It is tempting to speculate that the pRB induced arrest is a G,/S arrest
and the p130 arrest is a G,/G, arrest since p130 appears to be the major pocket
protein present in E2F DNA-binding activity of quiescent fibroblasts (Coerinik et al.
1993). Does the override of the p130 arrest by E2F4 require E2F4's ability to act
as a transciption factor? Which putative E2F target genes, either alone or in



88 P.D. Adams and W.G. Kaelin, Jr.

combination, mimic the action of particular E2Fs and override a pocket protein
induced arrest? Is there any specificity with regard to which putative E2F target
genes override particular pocket protein induced arrests? Secondly, to what
extent does the p107-induced arrest depend upon its observed in vivo association
with E2F? Of note in this regard, evidence has recently been presented to suggest
that p107 suppresses growth through both E2F-dependent and independent
mechanisms (SMitH and Nevins 1995; ZHu et al. 1995). Furthermore, as mentioned
above, c-myc also associates with p107 in vivo and can override a p107-mediated
growth arrest (BelERSBERGEN et al. 1994; Gu et al. 1994). Thus, the precise molecu-
lar basis of the p107-mediated growth arrest is unclear at present. Equally obscure
are the roles of the E2F/p107 complexes containing cyclin/cdks. Research in both
areas should shed more light on the function of p107. Finally, it will be interesting
to test the abilities of other cloned E2Fs to override such arrests. For example, the
recently cloned E2F5 binds preferentially to p130 and therefore, as E2F4, may be
expected to override a p130-induced arrest (Humans et al. 1995). Likewise, E2F2
and E2F3 may be expected to override a pRB-induced arrest (Ivev-HovLE et al.
1993; Leks et al. 1993).

The results demonstrating E2F1-stimulated override of cell cycle arrests
induced by serum deprivation and TGFp treatment provide evidence in support of
the proposed role of E2F1 as a regulator of entry into S phase. Obviously there is
a need to test the other E2Fs in such assays and determine whether there is any
specificity with regard to a particular E2Fs ability to deregulate a particular cell
cycle transition. The inducible cell lines described earlier provide useful model
systems in which to further examine the molecular basis of E2F activity and also
to illuminate the mechanisms of cell cycle control in general. For example, after
overexpression of E2F1 in serum-deprived, quiescent fibroblasts has stimulated
entry into S phase, what underlies the decision to undergo apoptosis as opposed
to proliferation? |s p53 an upstream sensor and decision maker of the apoptotic
process, or does it operate further downstream after the decision has been made?
At what point relative to passage through S phase is the decision to die made?

It is important to consider the results demonstrating that E2Fs have onco-
genic potential in the context of those demonstrating that deregulated E2F activity
terminates in p53-dependent apoptosis. According to the model discussed above
and illustrated in Fig. 2, deregulated E2F activity promotes S phase entry followed
by apoptosis. This apoptotic pathway appears to be at least in part p53 dependent;
although it is possible that other p53-independent pathways also exist (Qin et al.
1994). For deregulated E2F activity to give rise to transformation it is necessary to
block, through secondary mutations, this apoptotic process. This model is therefore
consistent with the idea that neoplasms arise as a result of a number of genetic
changes. The apparent rarity of E2F mutations associated with human cancer may
result from primary cells having efficient and multiple protective mechanisms
against deregulated E2F activity.

Finally, studies on mice that have had one or more E2Fs functionally inactivated,
and any cell lines that can be derived from such mice, will provide results comple-
mentary to those from overexpression studies. Such results are eagerly awaited.
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Fig. 2. Model for cooperation between inactivation of pRB and p53 in transformation. Functional
inactivation of pRB, through mutation or binding to the viral oncoproteins, Ela, T, or E7, results in
deregulated E2F activity and this stimulates entry into S phase. In the presence of wild-type p53
activity, this ultimately leads to apoptosis. However, functional inactivation of p53, through mutation
or by the viral oncoproteins, E1b, T, or E6, inhibits the apoptotic pathway, thus promoting proliferation
and transformation

Acknowledgments. We thank René Bernards, David Livingston, Ed Harlow, Claude Sardet, Gino Vairo,
Bob Weinberg, and Liang Zhu for making data available prior to publication. We also thank members of
the Kaelin, Livingston, Ewen, and DeCaprio laboratories for many stimulating thoughts and ideas.

References

Bandara LR, Buck VM, Zamaian M, Johnston LH, La Thangue NB (1993) Functional synergy between
DP-1 and E2F-1 in the cell cycle-regulating transcription factor DRTF1/E2F. EMBO J 12: 4317-4324

Bartkova J, Lukas J, Muller H, Lutzhoft D, Strauss M, Bartek J (1994) Cyclin D1 protein expression and
function in human breast cancer. Int J Cancer 57: 353-361

Beijhersbergen RL, Kerkhoven RM, Zhu L, Carlee L, Voorhoeve PM, Bernards R (1994a) E2F 4, a new
member of the E2F gene family, has oncogenic activity and associates with p107 in vivo. Genes
Dev 8: 2680-2690

Beijersbergen RL, Hijmans EM, Zhu L, Bernards R (1994b) Interaction of c-myc with the Rb related
protein p107 results in inhibition of c-myc mediated transactivation. EMBO J 13: 4080-4086

Clarke AR, Maandag ER, van Roon M, van der Lugt NMT, van der Valk M, Hooper ML, Berns A, Riele
H (1992) Requirement for a functional Rb-1 gene in murine development Nature 359: 328-330



90 P.D. Adams and W.G. Kaelin, Jr.

Cobrinik D, Whyte P, Peeper DS, Jacks T, Weinberg RA (1993) Cell cycle-specific association of E2F
with the p130 E1A-binding protein. Genes Dev 7: 2392-2404

Dalton S (1992) Cell cycle regulation of the human cdc2 gene. EMBO J 11: 1797-1804

Debbas M, White E (1993) Wild-type p53 mediates apoptosis by E1A, which is inhibited by E1B. Genes
Dev 7: 546-554

Dynlacht BD, Flores O, Lees JA, Harlow E (1994) Differential regulation of E2F transactivation by
cyclin/cdk complexes. Genes Dev 8: 1772-1786

Ewen ME (1994) The cell cycle and the retinoblastoma family. Cancer Metastaris Rev 13: 45-66

Ewen ME, Sluss HK, Whitehouse LL, Livingston DM (1993) TGFB1 inhibition of cdk4 synthesis is linked
to cell cycle arrest Cell. 74: 1009-1020

Ewen ME, Oliver C, Sluss H, Miller S, Peeper D (1995) p53-Dependent repression of CDK4 translation
in TFG-B-induced G, cell-cycle arrest. Genes Dev 9: 204-217

Flemingron EK, Speck SH, Kaelin WG (1993) E2F-1 mediated transactivation is inhibited by complex
formation with the retinoblastoma susceptibility gene product. Proc Natl Acad Sci USA 90:
6914-6918

Ginsberg D, Vairo G, Chittenden T, Xiao Z-X, Xu G, Wydner KL, DeCaprio JA, Lawrence JB,
Livingston DM (1994) E2F-4 a new member of the E2F transcription factor family, interacts with
p107 Genes. Dev 8: 2665-2679

Girling R, Bandara LR, Ormondroyd E, Lam EW-F, Kotecha S, Mohun T, La Thangue NB (1994)
Molecular characterisation of Xenopus laevis DP proteins. Mol Biol Cell 5: 1081-1092

Goodrich DW, Lee W-H (1992) Abrogation by c-myc of G, phase arrest induced RB protein but not by
pb3. Nature 360: 177-179

Gu W, Bhatia K, Magrath IT, Dang CV, Dalla-Favera R (1994) Binding and suppression of the myc
transcriptional activation domain by p107. Science 264: 251-254

Guan K-L, Jenkins CW, Li Y, Nichols MA, Wu X, O'Keefe CL, Matera AG, Xiong Y (1994) Growth
suppression by p18, a p16 INK4/MTS1 and p14 INK4B/MTS1-related CDKG inhibitor, correlates
with wild-type pRb function. Genes Dev 8: 2939-2952

Hamel PA, Gill RM, Phillips RA, Gallie BL (1992) Transcriptional repression of the E2-containing
promoters EllaE, c-myc, and RB1 by the product of the RB1 gene. Mol Cell Biol 12: 3431-3438

Hamel PA, Phillips RA, Muncaster M, Gallie BL (1993) Speculations on the role of RB1 in tissue specific
differentiation, tumour initiation and tunour progression. FASEB J 7: 846-854

Hannon GJ, Beach D (1994) p15INK4B is a potential effector of TGF-B-induced cell cycle arrest. Nature
371: 257-261

Hannon GJ, Demetrick D, Beach D (1993} Isolation of the Rb-related p130 through its interactions with
CDK2 and cyclins. Genes Dev 7: 2378-2391

Helin K, Lees JA, Vidal M, Dyson N, Harlow E, Fattaey A (1992) A cDNA encoding a pRB-binding protein
with properties of the transcription factor E2F. Cell 70: 337-350

Helin K, Harlow E, Fattaey A (1993a) Inhibition of E2F-1 transactivation by direct binding of the
retinoblastoma gene. Mol Cell Biol 13: 65601-6508

Helin K, Wu C-L, Fattaey AR, Lees JA, Dynlacht BD, Ngwu C, Harlow E (1993b} Heterodimerization
of the transcription factors E2F-1 and DP-1 leads to cooperative transactivation. Genes Dev 7:
18501861

Herber B, Truss M, Beato M, Muller R (1994) Inducible regulatory elements in the cyclin D1 promoter.
Oncogene 9: 1295-1304

Hiebert SW, Chellappan SP, Horowitz JM, Nevins JR (1992) The interaction of RB with E2F coincides
with an inhibition of the transcriptional activity of E2F. Genes Dev 6: 177-185

Hijmans EM, Voorhoeue PM, Beijersbergen RL, van't Veer LJ, Bernards R (1995) E2F-5, a new E2F
family member that interacts with p130 in vivo. Mol Cell Biol 15: 3082-3089

Hinds PW, Mittnacht S, Dulic V, Arnold A, Reed SI, Weinberg RA (1992) Regulation of retinoblastoma
protein functions by ectopic expression of human cyclins. Cell 70: 993-1006

Howe JA, Mymryk JS, Egan C, Branton PE, Bayley ST (1990} Retinoblastoma growth suppressor and
a 300-kDa protein appear to regulate cellular DNA synthesis. Proc Natl Acad Sci USA 87: 5883-5887

Howes KA, Ransom N, Papermaster DS, Lasudry JGH, Albert DM, Windle JJ (1994) Apoptosis or
retinoblastoma: alternative fates of photoreceptors expressing the HPV-16 E7 gene in the
presence or absence of p53. Genes Dev 8: 1300-1310

Hsiao K-M, McMahon SL, Farnham P (1994) Multiple DNA elements are required for the growth
regulation of the mouse E2F1 promoter. Genes Dev 8: 1526-1537

Huang H-JS, Yee J-K, Shew J-Y, Chen P-L, Bookstein R, Friedmann T, Lee EY-HP, Lee W-H (1988)
Suppression of the neoplastic phenotype by replacement of the RB gene in human cancer cells.
Science 242: 1563-1566



The Cellular Effects of E2F Overexpression 91

Huber HE, Edwards G, Goodhart PJ, Patrick DR, Huang PS, lvey-Hoble M, Barnett SF, Oliff A,
Heimbrook DC (1993) Transcription factor E2F binds DNA as a heterodimer. Proc Natl Acad Sci USA
90: 3525-3529

Ivey-Hoyle M, Conroy R, Huber HE, Goodhart PJ, Oliff A, Heimbrook DC (1993) Cloning and
characterization of E2F-2, a novel protein with the biochemical properties of transcription factor
E2F. Mol Cell Biol 13: 7802-7812

Jacks T, Fazeli A, Schmitt EM, Bronson RT, Goodell MA, Weinberg RA (1992) Effects of an Rb mutation
in the mouse. Nature 359: 295-300

Johnson D, Cress W, Jakoi L, Nevins J {1994a) Oncogenic capacity of the E2F1 gene. Proc Natl Acad
Sci USA 91: 12823-12827

Johnson DG, Ohtani K, Nevins JR (1994b) Autoregulatory control of E2F1 expression in response to
positive and negative regulators of cell cycle progression. Genes Dev 8: 1514-1525

Johnson DG, Schwarz JK, Cress WD, Nevins JR {1993) Expression of transcription factor E2F1 induces
quiescent cells to enter S phase. Nature 365: 349-352

Joliff K, LiY, Johnson LF (1991) Multiple protein DNA interactions in the TATA less mouse thymidylate
synthase promoter. Nucleic Acids Res 19: 2267-2274

Kaelin WG Jr, Krek W, Sellers WR, DeCaprio JA, Ajchenbaum F, Fuchs CS, Chittenden T, Li Y, Farnham
PJ, Blanar MA, Livingston DM, Flemington EK {1992) Expression cloning of a cDNA encoding a
retinoblastoma-binding protein with E2F-like properties. Cell 70: 351-364

Kovesdi I, Reichel R, Nevins JR (1986) Identification of a cellular transcription factor involved in E1A
trans-activation. Cell 45: 219-228

Krek W, Livingston DM, Shirodkar S (1993} Binding to DNA and retinoblastoma gene promoted by
complex formation of different E2F family members. Science 262: 1557-1560

Krek W, Ewen M, Shirodkar S, Arany Z, Kaelin WG Jr, Livingston DM (1994) Negative regulation of the
growth-promoting transcription factor E2F-1 by a stably bound cyclin A-dependent protein kinase.
Cell 78: 1~20

La Thangue NB, Rigby PWJ (1987) An adenovirus E1A-ike transcription factor is regulated during the
differentiation of murine embryonal carcinoma stem cells. Cell 49: 507-513

Laiho M, DeCaprio JA, Ludlow JW, Livingston DM, Massagué J (1990) Growth inhibition by TGF-
linked to suppression of retinoblastoma protein phosphorylation. Cell 62: 175-185

Lam EW-F, Watson RJ {1993) An E2F-binding site mediates cell-cycle regulated repression of mouse
B-Myb transcription. EMBO 12: 2705-2713

Lee EY-HP, Chang C-Y, Hu N, Wang Y-CJ, Lai C-C, Herrup K, Lee W-H, Bradley A (1992) Mice
deficient for Rb are nonviable and show defects in neurogenesis and haematopoiesis. Nature
359: 288-294

Lee EY-HP, Hu N, Yuan S-SF, Cox LA, Bradley A, Lee W-H, Herrup K (1994) Dual roles of the
retinoblastoma protein in cell cycle regulation and neuron differentiation. Genes Dev 8: 2008~2021

Lees JA, Saito M, Vidal M, Valentine M, Look T, Harlow E, Dyson N, Helin K (1993) The
retinoblastoma protein binds to a family of E2F transcription factors. Mol Cell Biol 13: 7813~7825

Li Y, Slansky JE, Myers DJ, Drinkwater NR, Kaelin WG, Farnham PJ (1993) Cloning chromosomal
location and characterization of mouse E2F1. Mol Cell Biol 14: 1861-1869

Lowe SW, Ruley HE (1993) Stabilisation of the tumour suppressor p53 is induced by adenovirus E1a
and accompanies apoptosis. Genes Dev 7: 535-545

Lukas J, Muller H, Bartkova J, Spitkovsky D, Kjerulff AA, Jansen-Durr P, Strauss M, Bartek J (1994)
DNA tumor virus oncoproteins and retinblastoma gene mutations share the ability to relieve the
cell's requirement for cyclin D1 function in G1. J Cell Biol 125: 625-638

Mittnacht S, Weinberg RA (1991) G,/S phosphorylation of the retinoblastoma protein is associated
with an altered affinity for the nuclear compartment. Cell 65: 381-393

Moran B, Zerler B (1988) Interactions between cell growth-regulating domains in the products of the
adenovirus E1A oncogene. Mol Cell Biol 8: 1756-1764

Moran E {1993) DNA tumor virus transforming proteins and the cell cycle. Curr Opin Genet Dev 3:
63-70

Morgenbesser SD, Williams BO, Jacks T, DePinho RA (1994) p53 dependent apoptosis produced by
Rb deficiency in the developing mouse lens. Nature 371: 72-74

Muller H, Lukas J, Schneider A, Warthoe P, Bartek J, Eilers M, Strauss M (1994) Cyclin D1 expression
is regulated by the retinoblastoma protein. PNAS 91: 2945-2949

Mymryk JS, Shire K, Bayley ST (1994) Induction of apoptosis by adenovirus type Ela in rat cells
requires a proliferation block. Oncogene 9: 1188-1193

Neuman E, Flemington EK, Sellers WR, Kaelin WG (1994) Transcription of the E2F1 gene is rendered
cell-cycle dependent by E2F DNA-binding sites within its promoter. Mol Cell Biol 14: 6607-6615



92 P.D. Adams and W.G. Kaelin, Jr.

Nevins JR {1992) E2F: a link between the Rb tumor suppressor protein and viral oncoproteins. Science
258: 424-429

Oswald F, Lovec H, Moroy T, Lipp M (1994)E2F dependent regulation of human myc: transactivation
by cyclins D1 and A overrides tumour supressor protein functions. Oncogene 9: 2029-2036

Pan H, Griep AE (1994) Altered cell cycle regulation in the lens HPV-16 or E7 transgenic mice:
implications for tumour suppressor gene function in development. Genes Dev 8: 1285-1299

Pearson BE, Nasheuer HP, Wang TSF (1991) Human DNA polymerase o gene, sequences controlling
expression in cycling and serum stimulated cells. Mol Cell Biol 11: 2081-2095

Peeper DS, Keblusek P, Helin K, Toebes M, Van der Eb AJ, Zantema A (1995) Phosphorylation of a
specific site in E2F1 affects its electrophoretic mobility and promotes pRb binding in vitro.
Oncogene 10: 39-48

Philipp A, Schneider A, Vasrik |, Finke K, Xiong Y, Beach D, Alitalo K, Eilers M (1994) Repression of
cyclin D1: a novel function of MYC. Mol Cell Biol 14: 4032-4043

polyaak K, Lee M-H, Erdjument-Bromage H, Koff A, Roberts J, Tempst P, Massague J (1994) Cloning
of p27Kip1, a cyclin-dependent kinase inhibitor and a potential mediator of extracellular anti-
mitogenic signals. Cell 78: 59-66

Qian Y, Luckey C, Horton L, Esser M, Templeton DJ (1992) Biological function of the retinoblastoma
protein requires distinct domains for hyperphosphorylation and transcription factor binding. Mol
Cell Biol 12: 5363-5372

Qin X-Q, Chittenden T, Livingston DM, Kaelin WG (1992) Identification of a growth suppression domain
within the retinoblastoma gene product. Genes Dev 6: 953-964

Qin X-Q, Livingston DM, Kaelin WG, Adams P (1994) Deregulated E2F1 expression leads to S-phase
entry and p53-mediated apoptosis. Proc Natl Acad Sci USA 91: 10918-10922

Qin X-Q, Livingston DM, Ewen M, Sellers WR, Arany Z, Kaelin WG (1995) The transcription factor E2F1
is a downstream target of RB action. Mol Biol Cell 15: 742-755

Roussel MF, Davis JN, Cleveland JL, Ghysdael J, Hiebert SW (1994) Dual control of myc expression
through a single DNA binding site targeted by ets family proteins and E2F-1. Oncogene 9: 405-415

Saenz Robles MT, Symonds H, Chen J, Van Dyke T (1994) Induction versus progression of brain
tumour development: differential functions for the Rb and p53 targetting domains of the SV40 T
antigen. Mol Cell Biol 14: 2686-2698

Saito M, Helin K, Valentine MB, Griffith BB, Willman CL, Harlow E, Look AT (1995) Amplification of the
E2F1 transcription factor gene in the HEL Erythroleukemia cell line. Genomics 25: 130-138

Sardet C, Vidal M, Cobrinik D, Geng Y, Onufryk C, Chen A, Weinberg RA (1995) E2F4 and E2F5, two
novel members of the E2F family, are expressed in the early phases of the cell cycle. PNAS
92: 2403-2407

Schwarz JK, Bassing CH, Kovesdi |, Datto MB, Blazing M, George S, Wang X-F, Nevins JR (1995b)
Expression of the E2F1 transcription factor overcomes TGFb mediated growth suppression. PNAS
92: 483-487

Sellers WR, Rodgers J, Kaelin WG, Jr (1995) A potent transrepression domain in the retinoblastoma
protein induces cell-cycle arrest when bound to E2F sites. Proc Natl Acad Sci USA (in press)

Shan B, Lee W-H (1994) Deregulated expression of E2F-1 induces S-phase entry and leads to
apoptosis. Mol Cell Biol 14: 8166-8173

Shan B, Zhu X, Chen P-L, Durfee T, Yang Y, Sharp D, Lee W-H (1992) Molecular cloning of cellular
genes encoding retinoblastoma-associated proteins: identification of a gene with properties of the
transcription factor E2F. Mol Cell Biol 12: 5620-5631

Singh P, Wong S, Hong W (1994) Overexpression of E2F-1 in rat embryo fibroblasts leads to neoplastic
transformation. EMBO J 13: 3329-3338

Smith EJ, Nevins JR (1995) The Rb related p107 protein can suppress E2F function independently of
binding to Cyclin A/cdk2. Mol Cell Biol 15: 338-344

Stein R, Corrigan M, Yaciuk P, Whelan J, Moran E (1990} Analysis of E1A-mediated growth regulation
functions: binding of the 300-kilodalton cellular product correlates with E1A enhancer repression
function and DNA synthesis-inducing activity. J Virol 64: 4421-4427

Symonds H, Krall L, Remington L, Saenz-Robles M, Lowe S, Jacks T, Van Dyke T (1994} p53 dependent
apoptosis suppresses tumour growth and progression in vivo. Cell 78: 703-711

Vairo G, Livingston DM, Ginsberg D (1995) Functional Interaction between E2F4 and p130: evidence
for distinct mechanisms underlying growth suppression by different Rb family members. Genes
Dev 9: 869-881

Weintraub SJ, Prater CA, Dean DC (1992) Retinoblastoma protein switches the E2F site from positive
to negative element. Nature 358: 259-261



The Cellular Effects of E2F Overexpression 93

White E, Cipriani R, Sabbatini P, Denton A (1991) Adenovirus E1B 19-kilodalton protein overcomes the
cytotoxicity of E1A proteins. J Virol 65: 2968-2978

Wu C-L, Zukerberg LR, Ngwu C, Harlow E, Lees JA (1995) In vivo association of E2F and Dp family
proteins. Mol Cell Biol 156: 2536-2546

Wu X, Levine AJ (1994) pb3 and E2F1 Cooperate to Mediate Apoptosis. Proc Natl Acad Sci USA 91:
3602-3606

Xu G, Livingston D, Krek W {1995) Multiple members of the E2F transcription factor family are the
products of oncogenes. Proc Natl Acad Sci USA 92: 1357-1361

Xu M, Sheppard KA, Peng C-Y, Yee AS, Piwnica-Worms H (1994) Cyclin A/cdk2 binds directly to E2F1
and inhibits the DNA-binding activity of E2F1/DP1 by phosphorylation. Mol Cell Biol 14: 8420-8431

Yamamoto M, Yoshida M, Ono K, Fujita T, Ohtani-Fujita N, Sakai T, Nikaido T (1994) Effect of tumor
suppressors on cell cycle-regulatory genes. Exp Cell Res 210: 94-101

Zamanian M, La Thangue NB {1992) Adenovirus E1A prevents the retinoblastoma gene product from
repressing the activity of a cellular transcription factor. EMBO J 11: 2603-2610

Zhu L, van der Heuvel S, Helin K, Fattaey A, Ewen M, Livingston D, Dyson N, Harlow E (1993) Inhibition
of cell proliferation by p107, a relative of the retinoblastoma protein. Genes Dev 7: 1111-1125

Zhul, Enders G, Lees JA, Beijersbergen RL, Bernards R, Harlow E (1995) The pRB related protein p107
contains two growth suppression domains: independent interactions with E2F and cyclin/cdk
complexes. EMBO J 14: 1904-1913



Start-Specific Transcription in Yeast

L. BREEDEN

T INtrodUCtion ... 95
2 ldentification of the SCB Binding Complex ........... ... . . .. 97
3 lIdentification of the MCB Binding Complex . ........ ... ... ... 99
4 Anatomy of the Transcription Complexes . .......... ... 101
4.1 DNA Binding Domain . ... ... . 101
4.2 Swib/Cdc10 Repeat Domain . ... ... .. 104
4.3 Association DOmMains .. ... ... 105
4.4 Nuclear Localization . . ... ... ... 108
5 DNA Binding Specificity of the Complexes . ........ ... .. .. . . . ... . . .. ... 108
5.1 SWi4/SWiB COMPIEXES . . . ..t 108
5.2 Mbp1/SWiB ComMPIeXeS . . .. ... 110
5.3 Cdc10 Complexes with Resl and ReS2 .. ... ... ... 112
6 Cell Cycle Regulation of Transcriptional Activity . ............. ... .. .. .. .. ...... 113
6.1 The Role of Cdc28 in Activation .. ... ... .. e e 113
6.2 Cell Cycle Regulated Phosphorylation and Nuclear Localization of Swi6 . ........... 114
6.3 Swi4 Transcription Is Cell Cycle Regulated .. ....... ... ... . ... ... ... ... ...... 116
6.4 Complex Formation Duringthe Cell Cycle . ....... .. ... ... ... . . . . . 117
6.5 Negative Control . .. ... .. 117
7 Importance of Start-Specific Transcription for Cell Cycle Progression . ............. 119
8  CONCIUSION ..o 121
RefErENCES . .. 123

1 Introduction

At the G, to S transition of the budding yeast cell cycle there is burst of
transcription of at least 30 different genes. This may in part be due to the fact that
Saccharomyes cerevisiae often exists as a colonial micro-organism which spends
most of its time in stationary phase (G,). When cells have the opportunity to enter
the mitotic cell cycle, there is a selective advantage for cells that can start dividing
rapidly and efficiently. Thus it is not surprising that they resynthesize enzymes
critical for high-fidelity replication of DNA and replace other components that may
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not have survived extended Gy arrest. Proteins that are responsible for starting the
cell cycle, particularly those that would disrupt the cycle if they were produced at
other stages of the cell cycle, are transcribed specifically at the G,/S transition.
Most of the G, cyclins are expressed specifically at this time, and their activity
determines the timing of the G,/S transition (RicHaRDSON et al. 1989; NasH et al.
1988; Cross 1988).

The regulation of G,/S-specific gene expression is exerted primarily at the
level of transcription initiation. The promoter elements that are known to be
specifically active at the G,/S border are called SCBs and MCBs (see Sect. 2, 3).
Tandem oligomers of SCB and MCB elements are sufficient to confer G,/S-
specific transcription to heterologous genes (Breeben and NasmytH 1987a;
McInTosH et al. 1991; Gorbon and CampBELL 1991). These are the binding sites for
the Swi4/Swi6 and Mbp1/Swi6 complexes (ANDREws and Herskowitz 1989b;
NasmytH and Dirick 1991; Lownbes etal. 1992b: Dirick et al. 1992). Swi4 and
Mbp1 are highly related to each other, especially in their N-terminal DNA binding
domains (ANDREWS and HErskowitz 1989b; KocH et al. 1993). Swi6, Swi4 and Mbp1
also contain five tandem copies of a 33 amino acid repeat which has been referred
to as a Swi6/Cdc10, TPLH, or ankyrin repeat (Breepen and NasmytH 1987b; Bork
1993).

Although many fewer G,/S-specific transcripts have been identified in
S. pombe, their mechanism of regulation has been conserved. MCB elements
are responsible for the periodic transcription of cdc22 in S. pombe (LOwNDES
et al. 1992a), and these sites are bound by proteins structurally related to the
S. cerevisiae gene products (see Fig. 1). Cdc 10 (LownDEs et al. 1992a) associates
with either Res1 (Tanaka et al. 1992; Cauiciurl and BeacH 1993) or Res?2 (ZHu et al.
1994, Mivamorto et al. 1994). The Res proteins confer the DNA binding specificity
to the complex through N-terminal domains which are homologous to those of
Swid and Mbp1. Kluveromyces lactis homologs for Mbp1 and Swi6 have been
identified (KocH et al. 1993), and Absidia zychae, another pathogenic fungus, also
encodes a protein related to Mbp1 (L. Breeden, unpublished).

If we consider other proteins that share only the DNA binding motif found in
the Swi4/6 family, there are five additional members of this group (see Fig. 2):
(a) Phd1 is a protein whose overexpression promotes precocious pseudohyphal
growth of S. cerevisiae (GIMENO and Fink 1994). This is a highly branched, invasive
form of growth that is normally induced by nitrogen starvation. (b) The Efg1
protein of Candida albicans (EMBL X71621) contains a DNA binding domain very
closely related to that of Phd1 and could play an analogous role in this invasive
human pathogen. (c) Sok2 was isolated as a gene whose overexpression partially
suppresses a protein kinase A defect (Warp and GARRETT 1994), which has been
sequenced recently (Ward and Garrett, unpublished). (d) 647 is a putative open
reading frame of unknown function in S. cerevisiae (L. Breeden unpublished).
(e) The StuA protein of Aspergillus nidulans was the first of this group to be
identified. Itis required for the normal development of conidiophores (MiLLER et al.
1991, 1992). These five genes are almost certainly transcription factors, but their
gene targets and regulation are not understood. It will be interesting to determine
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whether there is any cross-talk between these transcription factors and members
of the Swi4/6 family of proteins.

So far all the members of this extended family of proteins are found in fungi.
Itis not clear whether they are unique to fungi or have merely eluded detection in
higher cells. It is possible that the closest functional equivalent of the Swi4/6
family in higher cells is the E2F/DP1 family of transcription complexes (for review
see La THaNGUE 1994, and the other chapters of this volume). There is very little
homology at the sequence level (La THanGuE and Tavior 1993), but many func-
tional parallels can be found between these protein families. Remarkably, the
E2F/DP1 binding site closely resembles the SCB and MCB elements of
S. cerevisiae, and these elements all activate transcription at the beginning of
S phase (Mean etal. 1992; MerriLL etal. 1992). Rb binds and represses the
transcriptional activity of the E2F complexes (Hiesert etal. 1992), and Swi6
appears to be the repressor in the Swi4/6 complex (Breepen and MIKeseLL 1994).
Both the Rb and Swib proteins are phosphorylated in a cell cycle dependent
manner (DeCarrio et al. 1992; Sidorova and Breeden to be published). There is a
family of E2F-related factors (LEes et al. 1993; Ivev-Hovie et al. 1993), and E2F1,
like Swi4, is also cell cycle regulated at the transcription level (SHan et al. 1992).

This review focuses on the Swi4/6 family, which includes Swi4, Swi6, Mbp1,
Cdc10, Res1, and Res2. These transcription factors are responsible for most of
the transcription that occurs at the Start of the cell cycle in S. cerevisiae and
Schizosaccharomyces pombe. The first sections describe how they were identi-
fied, and what is known about their functional domains. Later sections focus on
how they are regulated and explore the significance of this pathway on growth
regulation.

2 ldentification of the SCB Binding Complex

The Swi4/6 binding complex was the first cell cycle regulated transcription
complex to be elucidated in model studies of the HO promoter of S. cerevisiae.
HO encodes the double strand endonuclease that initiates mating type switching
{Kostriken et al. 1983). Early studies of the pattern of mating type switching
suggested that switching is a cell cycle regulated process (STRATHERN and
Herskowitz 1979) and this was shown to be due to the regulated transcription of
HO (NasmytH 1983). Transcripts of the HO gene accumulate only during the late
G,-early S phase of the cell cycle, and promoter fusions to the MATa 1 gene were
used to show that the HO promoter can confer this regulation on a completely
heterologous transcript {NasmyTH 1985a). These results indicate that initiation of
transcription is cell cycle regulated. Deletion analysis of the HO promoter showed
that the cell cycle regulatory element is redundant, and indeed there are eight
copies of the sequence CACGAAA in a 700-bp region of the HO promoter
(NasmyTH 1985b). This sequence, now called an SCB, or Swid/6-dependent cell



98 L. Breeden

cycle box, was shown to be an upstream activation sequence (UAS) sufficient to
confer G,/S-specific transcription to heterologous genes (BReeDeN and NasmyTH
1987a; ANDREWS and HerskowiTz 1989b).

To identify the trans-acting factors responsible for the UAS activity of SCB
elements, a mutant search was carried out with a yeast strain carrying an HO::lacZ
fusion (Breeben and NasmytH 1987a) and a colorimetric filter assays for detecting
LacZ+ colonies (Breepen and NasmytH 1985). Mutants that were LacZ- because
they could not transcribe lacZ from the HO promoter were identified and put into
complementation groups. They were called swi mutants because a subset of
them were allelic with mutants previously isolated for the inability to switch
mating types (Haser and Garvik 1977; STERN et al. 1984). Representatives from
each swicomplementation group were tested for the ability to activate transcrip-
tion from tandem SCB elements, and SWi4 and SWI6 were identified as genes
that are specifically required for SCB activation (Breepen and NasmytH 1987a). The
cloning of SWI6 yielded two different complementing clones encoding the gene
for SWI6 and a suppressor identified as SWi4 (Breepen and NasmytH 1987b). The
discovery that overproduction of Swi4 can suppress the requirement for Swi6 was
the first evidence that Swi4 is the primary activator, and that Swi6 plays an
accessory role in SCB activation.

The sequence of SWI6E revealed homology to the cdc10* gene, which is its
counterpart in S. pombe (BreepeN and NasmyTtH 1987b). cdc70™ mutants were
isolated as temperature sensitive {ts) lethal mutants that arrested cells in G,
(Nursk et al. 1976). When arrested, cdc10™ cells display properties characteristic
of G, cells such as continued growth and mating capacity, yet they are unable to
start the mitotic cell cycle (Nurse and Bissetr 1981). This phenotype is similar to
that observed during the G, arrest conferred by cdc28in S. cerevisiae (Rep and
HarTwELL 1977), and cdc2™ in S. pombe (Nurste and Bissetr 1981). The homology
between SWI6 and cdc10* extends over the latter two-thirds of their coding
sequences over which they are about 30% identical (BrReepeN and NasmyTH
1987b), and several blocks of homology are shown in Figs.2-4. Despite this low
level of homology Swi6 and Cdc10 play related roles in these two highly divergent
yeast. One important difference is that the swi6 deletion is not lethal (BReepen and
NasmyTH 1987b), whereas cdc10* is an essential gene (NURse et al. 1976). Both
gene products activate transcription of essential genes. The difference seems to
lie in the existence of alternative pathways for expression of these essential
genes in S. cerevisiae.

Deletions of swi4 are not lethal in the original strain background that was
tested, but the swi4 swi6 double mutant is lethal, and both single mutants grow
slowly and are abnormally large (Breepen and NasmytH 1987b). Since HO is a
completely nonessential gene, these pleiotropic effects indicate that Swi4 and
Swib are required for the transcription of other genes. swi4 mutants were later
found to be lethal in some strain backgrounds, and the mutants cause a predomi-
nantly G, arrest (OGas et al. 1991). Searches for high copy suppressors of this
lethality (Ocas et al. 1991), and the lethality of the swidts swi6 double mutant
(NasmyTH and Dirick 1991) led to the discovery that ectopic expression of G, cyclins
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[CIn1, CIn2, and Pcl1 (Hes26)] can rescue these mutants. SCB elements were
found in the CLN2 and PCL 1 promoters, and Swi4 and Swi6 were shown to bind
specifically to these elements. Subsequent to these studies a fourth cyclin Pcl2
(OrfD) was identified by its homology to Pcl1. All four of these cyclin transcripts
peak at the G,/S boundary (WiTTENBERG et al. 1990; Tyers et al. 1993; Measpay et al.
1994).

These G, cyclin mRNAs fluctuate in the cell cycle, and peak at the same time
that HO mRNA peaks. G, cyclin transcript levels are lower in swi4 and swi6
mutants, but they are not eliminated as is the case with HO (Breepen and NASMYTH
1987a). This suggests that there are parallel paths for activating the cyclin
promoters. The CLNT promoter contains no good matches to the SCB consensus
(Ocas et al. 1991), but it is clearly regulated in a similar manner (WITTENBERG €t al.
1990). Deletion analysis indicated that another DNA sequence, containing three
MCB-like elements, is responsible for most of the cell cycle regulation conferred
upon this promoter. Surprisingly, the predominant binding activity observed on
that site is a Swi4/Swi6 complex, not the expected Mbp1/Swi6 complex (Partridge
and Breeden, to be published).

G, cyclins are required for the G,/S transition of S. cerevisiae (RicHarDSON et al.
1989; Espinoza et al. 1994). The finding that Swi4/Swi6 complexes are involved in
G, cyclin transcription means that understanding the regulation of Swi4/Swi6
activity is likely to provide new insight into the mechanism of Start, which is the
critical control pointin the S. cerevisiae cell cycle. So far there is no evidence of an
SCB activation pathway in S. pombe, but the MCB activation pathway is con-
served in fission yeast and may play an analogous role.

3 Identification of the MCB Binding Complex

Another large group of genes involved in DNA metabolism are also transcribed
predominantly at the G,/S boundary. The promoters of TMP1, CDCS8, and CDC9
were the first of this group to be characterized (WHite etal. 1987). These
promoters all contain at least one and often multiple Mlul sites {Orp et al. 1988).
ACGCGT (Mlul) sequences are not common sequences in the AT-rich, intergenic
DNA of S. cerevisiae, and further mutation analysis showed that they define a
second regulatory element (McInTosH et al. 1991; GorooN and CampBeELL 1991).
These elements are called Mlul cell cycle boxes, or MCBs, and they are sufficient
to confer cell cycle regulated transcription to heterologous genes (McInTosH et al.
1991; Lownpes et al. 1991). MCB elements were also found upstream from the
cdc22* gene of S. pombe, which is a cell cycle regulated gene whose mRNA
peaks early in the cell cycle (KeLLy et al. 1993). cdc22* transcription is dependent
upon Cdc10 function, and Cdc10 binds to these sites in S. pombe (LOWNDES et al.
1992a).
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Cdc10 has two known binding partners in S. pombe: Res1 and Res2. Semi-
dominant alleles of res 7 were isolated as suppressors of a cdc 10-ts mutant (called
sct1) (Marks et al. 1993; CauGiurl and BeacH 1993). res1* was also isolated as a
high-copy suppressor of the growth arrest and meiosis caused by patTts muta-
tions (MivamoTo et al. 1994). Res1 resembles Swi4 both in structure and function.
Overproduction of Res?* also suppresses temperature sensitive mutants of
cdc10™ and res T~ mutants are lethal in some strain background (CaLGIURI and BEacH
1993, MivamoTo et al. 1994). Res1 complexes with Cde10 and binds to the MCB
elements in the cdc22* promoter (Cauciurl and BeacH 1993; AvTe et al. 1995), but
may bind to a different sequence in the cdt1 promoter (HoFMANN and BeacH 1994).
cdc18 is another periodically expressed gene that is dependent upon Cdc10 and its
promoter contains many MCB-like sequences (KELLy et al. 1993).

Res2 is the most recently identified binding partner of Cdc10. As with ResT,
Res2 can suppress cdc10ts mutations when it is overproduced, but res 2* was
isolated as a high-copy suppressor of res T~ (MivamoTo et al. 1994), and as an MCB
binding partner of Cdc10 (called pct1*) (Zru et al. 1994). res2* is not an essential
gene, but res2” is lethal in combination with either cdc10™ or res1™ mutations.
Thus, Res2 is functionally redundant with Res1 and is dispensible during mitotic
growth. Res1 and Res2 both have roles during meiosis, because both mutants
cause defects in meiosis and spore formation (MivamoTo et al. 1994; ZHu et al.
1994). Res?2 transcription is induced during conjugation (MivamoTo et al. 1994),
which immediately precedes meiosis in S. pombe. The res1” defect in meiosis
can be suppressed by Res2 overproduction or by the normal induction of Res2
upon conjugation (MivamoTo et al. 1994; ZHu et al. 1994). Thus it is believed that
Res1 plays the predominant role during the mitotic cell cycle, and Res2 predomi-
nates during meiosis.

The discovery of the role of Cdc10 in MCB activation led immediately to the
finding that Swi6 binds to MCB sites in S. cerevisiae (LownDEs et al. 1992b; Dirick
etal. 1992). The binding partner of Swi6 at MCB sites was identified by its
homology to Swi4 (KocH et al. 1993). MCB binding protein or Mbp1 is a nonessen-
tial gene, but the mbp1 deletion is lethal in combination with swid mutants (KocH
et al. 1993). This may reflect some redundancy between these MCB and SCB
binding proteins in vivo.

Sequence analysis of many genes including the genes encoding cyto-
chrome ¢, alcohol dehydrogenase, and histones has shown that S. cerevisiae
genes are as different from the corresponding genes of S. pombe as they are from
their human homologs (Sipiczki 1989). This indicates that these two yeasts have
undergone extensive evolutionary divergence. However, the MCB promoter
element, the proteins that bind to it, and its time of activation within the cell cycle
have all been conserved in budding and fission yeast. This is clearly a conserved
pathway of transcriptional regulation and is not necessarily restricted to fungi.
There has been one report that Cdc10 antibodies cross-react with a single human
protein of similar molecular weight (Simanis and Nurse 1989), and the growing list
of fungal homologs should make degenerate PCR an effective way to search for
these genes in higher cells.
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4 Anatomy of the Transcription Complexes

The basic anatomy of the Swi4/6 family of transcription factors is similar, as far as
we know. They are at least heterodimeric complexes, with a very high apparent
molecular weight on mobility shift gels. In this review they are referred to by their
known and assayable components (e.g., Swi4/Swi6, Res1/Cdc10), with the
recognition that they may contain other proteins. They are also referred to in the
context of the specific binding site upon which they were assayed. This is
necessary because we do not know how many different complexes there are, or
what determines their specific binding site preferences (see Sect. b). For exam-
ple, the two known components that bind the SCB elements in the HO promoter
are Swid and Swi6, and this complex has been referred to as SCB binding factor.
However, Swi4 and Swi6 bind to MCB-like sites in the CLNT promoter (Partridge
and Breeden, to be published), and could as easily also be called MCB binding
factor.

4.1 DNA Binding Domain

In S. cerevisiae cells containing a normal level of Swi4 protein, Swi6 is absolutely
required for HO transcription (BReeben and NasmytH 1987a) and for formation of
specific DNA protein complexes in mobility shift assays (ANDREws and HERskowITz
1989a). When Swi4 is overproduced, HO transcription can occur in the absence of
Swi6 (Breepen and NasmyTtH 1987b). This indicates that either Swi4 or an unidenti-
fied component of the Swi4/Swi6 complex must contain the DNA binding domain.
In mobility shift experiments with crude extracts of swi6 cells overproducing
Swi4, Swi4 complexes on SCB elements can be observed, but they are heteroge-
neous in size and probably represent binding of proteolytic fragments of Swi4 to
SCB sites (Siporova and Breepen 1993). Mobility shift experiments using SCB
elements from the CLN2 promoter, and in vitro translated fragments of the Swi4
protein have shown that amino acid residues 36-155 contain a DNA binding
activity specific for SCB and MCB elements (PrimiG et al. 1992). However, there
is no evidence that invitro translated full-length Swi4 can form a discrete
complex on DNA. Only a disperse array of low molecular weight complexes can
be observed. These data are most consistent with the view that Swi4 contains the
DNA binding domain at its amino terminus, but this region is inaccessible in the
full-length Swi4, or it does not have sufficient affinity to bind SCBs until Swi6 is
associated. Purified Swi6 shows no DNA binding specificity (Sipborova and BREEDEN
1993; KocH etal. 1993), but it could contribute to the binding affinity of the
complex.

The DNA binding domain of Swi4 is highly related to the amino-terminal
domains of Mbp1 and Res1 (see Fig. 1), which have also been shown to bind
DNA. Mbp1 binds DNA through its first 124 amino acid residues (Dirick et al.
1992}. The N-terminal fragment of Res1 is also sufficient for DNA binding in vitro
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Fig. 1. Similarities within the
Swid/6 family of transcription
factor. Above, the known asso-
ciations between family mem-
bers from S. cerevisiae and
S. pombe; below, regions of
homology between these fam-
ity members. Shaded boxes,
DNA binding domain homol-
ogy (see also Fig. 2); elipses,
consensus  Swi6/Cdc10 re-
peats (black) and the degene-
rate repeats (gray) that are
aligned in Fig. 3. The carboxy-
terminal homologies (F, A, L,
D, S, and A) are shared among
family members as depicted in
the drawing. These homolo-
gies are aligned in Fig. 4 and
are within the region required
for association

and in vivo (Cauiclurl and BeacH 1993; Ayte et al., to be published). A semi-
dominant allele of res?, which was isolated as a suppressor of cdc10-129, has
been sequenced and shown to carry a mutation in the DNA binding domain that
changes the glutamic acid at position 56 to lysine (E56K; CaLigiuri and BEacH 1993).
Since the E56K mutation suppresses cdc10 mutations under conditions that the
wild-type sequence does not suppress, it was suggested that lysine 56 increases
the affinity for DNAin vivo. This has not yet been confirmed by in vitro studies, and
it is therefore possible that E56K affects a different function of this domain.
Although the original sequence alignments did not indicate this, the position
analogous to E56 in the Swi4/6 family of proteins is always acidic (E or D), and the
mutation converts it to a basic residue, which is what is found at the equivalent
pasitionin Phd1, Efg1, StuA, and Sok2 (see asterisk in Fig. 2). The only exceptions
are ORF 647 and Res2, which do not contain any homology to this section of the
proteins. Since the E to K change in Res1 allows it to bind and activate in the
absence of Cdc10, it will be interesting to determine whether this mutation simply
improves its DNA binding affinity, or whether it affects the regulation of Res1
activity. Res2 has no E56 region and therefore it cannot be essential for DNA
binding.

One striking difference between the S. pombe and S. cerevisiae transcription
complexes is that the N-terminus of Cdc10, unlike that of Swib, also contains
considerable homology to the Swi4 DNA binding domain (see Fig. 2; PrimiG et al.
1992). In vitro translated Cdc10 does not bind DNA, as assayed on mobility shift
gels (ZHu et al. 1994), but it is possible that there are some sites or conditions
under which it can bind DNA. For example, one of Cdc10's binding partners, Res2,
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has a smaller region of homology to the DNA binding domain of its relatives. The
Res2 protein lacks the first 70 residues of homology, including E56. Its homology
begins just before the highly conserved GXWXP motif (see Fig. 2). This could
indicate that the critical residues for DNA binding include only the GXWXP motif
and beyond. However, overproduction of Res2 suppresses cdc10 null mutants
very inefficiently (MivamoTo et al. 1994) if at all (ZHu et al. 1994), and in vitro
translated Res2 does not bind DNA in the absence of Cdc10 (ZHu et al. 1994). Thus
it is possible that the DNA binding domain in Cdc10 is functional and contributes
to the DNA binding affinity of the Res2/Cdc10 complex.

4.2 Swi6/Cdc10 Repeat Domain

The central domain of Swi6 and Cdc10 is the most conserved region and is found
in all the family members. It contains two 33 amino acid repeats which show
significant homology to six tandem repeats in the notch gene of Drosophila
(Breepen and NasmyTH 1987b). This Swi6/Cdc10 repeat has since been found in
over 100 proteins of diverse function (Bork 1993), including membrane proteins,
the cytoskeleton component ankyrin, toxins, other transcription factors, and most
recently in cyclin-dependent kinase inhibitors (EnDiCOTT et al. 1994).

Swid (Anprews and HerskowiTz 1989b) and Mbp1 (KocH et al. 1993) and their
S. pombe (Tanaka et al. 1992; Cauciuri and BeacH 1993; ZHu et al. 1994; MivamoTo
et al. 1994) and K.lactis (KocH et al. 1993) counterparts also contain two consen-
sus repeats. In addition, the existence of two degenerate repeats between the
two consensus repeats, and the N-terminal half of a fifth repeat has been
proposed (Bork 1993). Alignment of the eight members of the Swi4/6 family
suggests that these degenerate repeats have been conserved through evolution
(see Fig. 3). Furthermore, single point mutations have been identified in cdc10
and SWI6 that change conserved residues within each of the five repeats and
result in protein which is temperature sensitive for function (Reymonp et al. 1992;
S.Ewaskow, J.Sidorova and L.Breeden, unpublished). This provides biological
evidence that there are not two, but five functional repeats in these proteins. The
specific sequences that are conserved in each of the repeats differ substantially,
and their individual consensus sequences are shown in Fig. 3. Often the residues
differ but the chemical nature of their R groups are conserved. The sequence
differences between individual repeats in a given protein may reflect variations in
the precise structure or function of each repeat. The fact that many single
substitutions in a single repeat have been found that inactivate the protein
suggests that each repeat is important for protein function or stability. However,
N-terminal truncations of Cdc10 that contain only repeats 4 and 5.can partially
complement the temperature sensitive growth defect of cdc10-129 (Aves et al.
1985). Also, C-terminal truncations that eliminate the fourth and fifth repeat of Res2
still show partial activity (ZHu et al. 1994). Clearly in these cases all five repeats are
not required for function. Thus it is possible that a mutant repeat may be more
disruptive to the structure and/or function of this domain than a deleted repeat.



Start-Specific Transcription in Yeast 105

The role of the repeats in the Swi4/Swi6 family of transcription factors is not
known. They are implicated in protein—protein interaction in other systems
(LaMarco et al. 1991; INOUE et al. 1992), but they do not appear to play arrole in the
interaction between Swi4 and Swib (Siporova and Breepen 1993). Deletion of the
entire domain in Swib does not prevent its interaction with Swi4 (ANDREWS and
Moore 1992b). Six alanine substitutions in the conserved residues of Swi6/Cdc10
repeats 1 and 4 (underlined in Fig. 3) cause loss of function of Swi6 in vivo but do
not impair the ability of Swi4 to coimmunoprecipitate with Swi6 (Siporova and
BreepeN 1993). However, these substitutions perturb the ability of the Swi4/Swi6
complex to bind DNA (Siporova and BReepen 1993). This may indicate a qualitative
change in the association between Swi4 and Swi6 which prevents good contact
with the DNA. Alternatively, the DNA binding complex may include other uniden-
tified protein(s) required for stable binding and detection on mobility shift gels. If
that is the case, the Swi6/Cdc10 repeats may be required for interaction with
those proteins. No other specific activators of SCB elements were identified in
the screen in which many alleles of swi4 and swi6 were identified (BReeoen and
NasmyTH 1987a). However, it is possible that such an activator could play a more
general role in transcription (such as SWI3; BReepen and NasmyTH 1987a: ANDREWS
and HerskowiTz 1989b), or it could be an essential gene. No conditional screens for
SCB activators have ever been performed.

Five different single amino acid substitutions in the Swi6/Cdc10 repeat
domain of Cdc10 have been identified that cause temperature sensitivity. As with
the Swib repeat mutant, these cdc70 mutant proteins persist in cells, but they
show no DNA binding activity (REymonD et al. 1992). It is not yet known whether
these ts Cdc10 proteins are still able to bind Res1 and Res2, but it is likely that
they can associate because this interaction involves the conserved C-terminal
sequences of Cdc10 (see below). If they are able to interact with Res1 and Res2,
these mutants will provide further evidence that the Swi6/Cdc10 repeats contrib-
ute to the DNA binding activity of the complexes. However, Swi6/Cdc10 repeats
are found in many proteins that do not bind DNA, and therefore they are probably
affecting DNA binding indirectly.

4.3 Association Domains

Swi4 and Swi6 can be coimmunoprecipitated from cell extracts (Siporova and
Breenen 1993), and coimmunoprecipitations of in vitro translated Swi4 and Swi6
suggest that this is a direct interaction which requires no other yeast proteins
(AnDREWS and Moore 1992b; Primig et al. 1992). The C-terminal 259 residues of
Swi4 are sufficient for association with Swi6 (Siborova and Breepen 1993). The
C-terminus of Swi6 is also required for interaction with Swi4 because an 89 amino
acid truncation of Swi6 prevents Swi4/Swi6 complex formation (AnDREwS and
Moore 1992b).

The picture is similarin S. pombe, where the C-terminal 188 residues of Res'
are sufficient for association with Cdc10. Loss of either the first 50 or the last
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48 residues from this region prevents association (Ayte et al., to be published).
This suggests either that there is a fairly large domain required for interaction, or
that there are at least two separate domains which are required. Several blocks of
homology have been identified within the C-terminal region that are conserved in
some or all family members. These are shown in Fig. 4. One striking feature is the
inferred propensity to form amphipathic a-helices in this region of the proteins,
including some that contain heptad repeats of leucine (Siporova and BREEDEN
1993). These are characteristic of leucine zippers, which serve as association
domains for many dimeric transcription factors (LanpscHuLz et al. 1988).

4.4 Nuclear Localization

The proteins in this family that have been analyzed are all nuclear localized for at
least part of the cell cycle, but the nuclear localization signal has been defined only
in the Swib protein of S. cerevisiae. Swi6 is a very acidic protein, and one of its only
clusters of basic residues occurs at position 163. This sequence (KKLK) is required
for nuclear localization, and its localization is regulated within the cell cycle by
phosphorylation of the upstream serine (see Sect. 6.2). This signal is located about
150 residues N-terminal to the Swi6/Cdc10 repeat domain, in a region where
there is little or no homology, even between Swi6 and the putative K. /actis Swi6
homolog. Thus, it is unknown whether the nuclear localization signal is located in
a similar position or regulated in a similar way in the other proteins.

5 DNA Binding Specificity of the Complexes

The binding specificity of SCB- and MCB-binding complexes has not been
analyzed in detail. This is partially due to the fact that the binding complexes are
unstable in crude extracts and are likely to be qualitatively different at different
times in the cell cycle. Another complication is that the elements are usually found
in clusters, and in many cases binding has been detected only using probes
containing multiple elements. In vivo a single SCB or MCB element is an ex-
tremely weak UAS (Breeben and NasmyTH 1987a). These factors complicate the
use of site selection (BLackweLL et al. 1993) or mutagenesis to systematically
define a single binding site.

5.1 Swi4/Swi6 Complexes

Specific binding of Swi4 and Swi6 to SCB elements has been demonstrated on
HO, CLNZ2, and PCL1 promoter fragments (ANDREws and Herskowrtz 1989b; Ocas
et al. 1991; NasmytH and Dirick 1991). However oligomers of MCB elements can
compete for this binding in vitro much better than other nonspecific competitors.
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The CLNT promoter was thought to be an SCB-regulated gene, because its
expression is reduced in swi4 and swi6 mutants (Ocas et al. 1991; MoLL et al.
1992). There are no consensus SCBs in this promoter, and a relaxed consensus
CNCGAAA for Swi4/6 binding was thus proposed. This relaxed consensus was
not supported by mutational analysis, which showed that all seven residues are
important (ANDRews and Moore 1992a). Furthermore, mutation of the putative
SCBs in the CLNT promoter has no impact on transcription. There is a cluster of
three MCB-like elements 80 base pairs upstream from the putative SCBs that
provide most of the UAS activity of this promoter. Despite their resemblance to
the MCB consensus, the predominant binding activity in vitro is a complex
containing Swi6 and Swi4. Swi4 antibodies, which do not cross-react with Mbp1,
supershift the complex, and in vivo swi4 mutants show a greater defect in
transcription from these MCB-like elements than mbp T mutants show (Partridge
and Breeden, to be published.). The MCB elements from TMP1, and the SCBs
from the HO promoter both effectively compete for the CLNT binding activity.

It is not clear whether these differences in the binding site preference of the
Swi4/Swib complexes reflect differences in their subunit composition at each
site, or whether flanking DNA sequences or proteins bound to adjacent sites on
the DNA are involved. In vitro translated fragments of the N-terminal domain of
Swi4 can bind both SCB and MCB sequences (PrimiG et al. 1992). Carboxye-
thylation interference indicates that this Swi4 N-terminal fragment binds to a
10-bp stretch in the major groove of the CLNZ2 promoter which includes three
bases (GTA) 5' to the CACGAAA sequence (Primig et al. 1992). These upstream
sequences (see Fig. b) do not conform to the extended consensus originally
proposed based on conservation between sites in the HO promoter (Pur NN Pyr
CACGAAAA; NasmytH 1985b), and they look very similar to the interference
pattern of an MCB binding complex on the TMPT1 promoter (compare boxed
residues in Fig. b). Swi4 and SwiB, translated in vitro in reticulocyte lysates, can
also form a complex on SCB elements from the CLNZ2 promoter, but this complex
migrates slightly faster than the complex isolated from yeast cell extracts (PrimMIG
et al. 1992). This could indicate the presence of other proteins in the complex or
changes in their modification states.

5.2 Mbp1/Swi6é Complexes

MCB binding on a TMP1 promoter fragment occurs over two oppositely oriented
MCB elements, in the major groove of the DNA, and requires two additional A-T
base pairs 3' to the T of the Mlu1 site (MoLL et al. 1992; see Fig. 5). At least one
of these A-T pairs is conserved in most MCB elements (JoHNsTON and LowNDES
1992). This gives these binding sites considerable similarity to the E2F hinding
site of higher cells (Mean et al. 1992) and to the SCB elements of CLN2. The TMP1
binding activity can be competed away by either SCB- or MCB-containing DNA
(MoLL et al. 1992), and the binding activity is reduced in extracts from swi4 cells
(KocH et al. 1993). This suggests that the binding complex observed on the TMP1
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Fig. 5. Similarities between the known cell cycle regulatory promoter elements in yeast and higher
cells. The CLN2 SCB element and TMP1 MCB elements are shown as duplex DNA; boxed residues,
the positions at which carboxyethylation interferes with DNA binding (PRIMIG et al. 1992; MOLL et al.
1992). These binding sites are thought to be bound by Swi4/Swi6 and Mbp1/Swi6, respectively, and
their interference pattern is quite similar. Two adjacent regulatory elements from the CLN1 promoter
are also shown. These sites look more like MCB elements, but they are primarily bound by Swi4/Swi6
complexes (Partridge and Breeden, to be published). Below, for comparison, the E2F/DP1 binding site
which promotes S phase specific transcription in higher cells is shown (MEAN et al. 1992). Shaded
residues represent sequence similarities

elements could be a mixture of Mbp1/Swi6 and Swi4/Swi6 complexes. In vivo the
distal MCB is most critical for transcription activation. Mutations in this site
decrease transcription five-fold (McInTosH et al. 1991), and this drop occurs in both
wild-type and mbp1 deletion strains (KocH et al. 1993). Clearly Mbp1 is not the
only transcription factor that activates transcription from this site, and Swi4 is the
most likely candidate. The similarity of the carboxyethylation interference pattern
on the CLN2 SCB and the MCB elements of TMP1 indicate that the complexes
that form on these two sites have very similar points of DNA contact despite the
differences in the sequences.

The CLB5 promoter is another example where Swi4 and Mbp1 may both be
regulating transcription from MCB elements. CLB5 is a cell cycle regulated cyclin
gene, with five potential MCB elements located upstream from its open reading
frame (EpstEN and Cross 1992; Schwos and NasmytH 1993). Although CLB5
transcription has not yet been shown to be mediated by these MCB elements,
CLB5 mRNA peaks at the G,/S boundary and behaves as TMP1 transcription in
the arrest caused by a G, cyclin deficiency {Amon et al. 1993). This led to the
proposal that CLB5 is an Mbp1/Swi6 regulated gene. However, CLB5 continues
to be cell cycle regulated in both mbp 7 and swi4 mutant strains (EpsTeiN and Cross
1992; Koct et al. 1993). This is most consistent with the view that both the Swi4/
Swi6 and Mbp1/Swi6 complexes can form on the CLB5 promoter and regulate its
transcription. This is in contrast to the HO promoter, which is absolutely depend-
ent upon Swi4 (Breepen and NasmytH 1987a). In the context of the HO promoter
Mbp1 has no compensating activity for Swi4.

All these studies indicate that the preferred binding sites for Swi4/Swi6 and
Mbp1/Swi6 cannot be predicted based on our current understanding of the SCB
and MCB consensus sequences. It is possible that flanking sequences or
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associations with adjacent DNA binding proteins are important for stabilizing
these different complexes. It is also possible that Mbp1 and Swi4 have largely
redundant DNA binding activities, and that there are other associated proteins
which confer the differences between the complexes. There are many genes
that are regulated within the cell cycle such that their transcripts accumulate
specifically in late G,—early S phase and that have MCB elements in their
promoters. In most of these cases the role of MCB elements has not been
determined, nor have the binding proteins been defined. Based upon the
promoters that have been studied in detail, it is perhaps premature if not wholly
incorrect to assume that all these genes are regulated by Mbp1 and Swi6. At this
point it is also premature to view the MCB binding complex and the SCB binding
complex as particularly distinct transcription complexes or to assume that there
are only two such complexes.

5.3 Cdc10 Complexes with Res1 and Res2

Many fewer cell cycle regulated genes have been identified in S. pombe, but the
story is already similar to that described for S. cerevisiae. In the cdc22 promoter an
MCB-like element is bound by Cdc10/Res1 and Cdc10/Res2 complexes (CALIGIURI
and BeacH 1993; Zru et al. 1994). In the cdt7 promoter an apparently unrelated
sequence is bound by Cdc10 (ATAACGATGCAT). Binding to the novel site in the
cdt1 promoter can be competed by MCB sequences but not by mutant MCBs
(Hormann and BeacH 1994). The functional significance of the novel binding site
and Cdc10's binding partner at this site have not been reported. Interestingly, the
cdt1 upstream region also contains a cluster of three MCB-like sequences very
near the putative start site for translation. The position of these MCBs with
respect to the mRNA start site has not been determined, nor has the bona fide
translational start been identified; therefore it is possible that this cluster of MCBs
may contribute to the cell cycle regulation of cdti1. Nevertheless, the binding of
Cdc10 to the novel upstream site may lead to the identification of a new binding
partner for Cdc10, or it may lead to a second consensus sequence for Cdc10/Res1
binding.

Res?2 is the newest member of the S. pombe MCB binding proteins. It is
unigue in that it seems to bind specifically to MCB elements. Its binding to the
cdc18 promoter cannot be competed by the SCB elements from HO or the E2F
binding sites from the adenovirus E2A promoter (ZHu et al. 1994). Interestingly,
Res2 has the most limited homology in the DNA binding domain and the largest
requirement for association with Cdc10 for stable DNA binding activity (ZHu et al.
1994; MivamoTo et al. 1994).
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6 Cell Cycle Regulation of Transcriptional Activity

The subject that has received the most attention with regard to this family of
transcription factors is the cell cycle regulation of their activities, particularly in the
context of G, cyclin transcription. G, cyclins are required for the G, to S transition
(RicHarDsON et al. 1989). Most of the G, cyclins are transcriptionally regulated and
their mRNAs peak at about the time of the G, to S transition. Dominant mutations
that stabilize CLN3 or CLNZ2 speed the transition to S phase (Cross 1988; NasH
et al. 1988), and constitutive overproduction of CLNZ causes premature entry into
S phase and death (Amon et al. 1993). Constitutive overproduction of CLB5, a
putative MCB-regulated cyclin involved in S phase regulation, prevents cell cycle
arrest in response to mating pheromones (Epstein and Cross 1992; ScHwog and
NasmyTH 1993). These results suggest that the level of cyclins expressed in late G,
determines when and whether the G, to S transition occurs. If this is the case, the
machinery that regulate cyclin transcription must respond to both extra- and
intracellular signals to modulate cyclin transcription, and thus control progression
through the cell cycle.

The initial characterization of the G, cyclin promoters CLN1, CLN2 and PCL1
was carried out before the MCB element was identified, and thus only the SCB
and SCB-like sequences were noted as potential regulators (Ocas et al. 1991).
Later, when deletion analysis was carried out, it became clear that MCB-like
elements are also present and active in the CLN7 and CLNZ2 promoters, and that
the SCB-like sequences do not activate CLNT transcription at all. In addition, both
the CLN7 and CLNZ2 promoters contain at least one other cell cycle regulated
element that has not yet been identified (STuarT and WitTengerGg 1994; Cross et al.
1994; Partridge and Breeden, to be published), and there are at least three
independent pathways of trans-activation that contribute to CLN1, CLN2 and HO
transcription (Breepen and MIkeseLL 1994). This makes it clear that regulation of G,
cyclin transcription is much more complicated than originally thought. Neverthe-
less, understanding the cell cycle-specific activation of SCB-and MCB-mediated
transcription is a critical step in determining what controls the G, to S transition in
S. cerevisiae.

6.1 The Role of Cdc28 in Activation

SCB elements are inactive in cells arrested in G, with a cdc28 mutation (BREEDEN
and NasmyTH 1985, 1987a). MCB-regulated transcripts are also reduced in cdc28
arrest (JoHnsToN and THomas 1982). This could reflect a direct activation of the
transcription complex by the Cdc28 kinase, or it could be indirect, owing to the fact
that cdc28 mutants arrest at a stage in the cycle when SCB and MCB elements are
not yet active. Most events in the mitotic cycle follow, and depend upon, the
execution of the Cdc28-dependent step(s) in G,; it is only a question of how many
steps there are between the two events. Nevertheless, activation of SCB- and
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MCB-mediated transcription occurs very shortly after Cdc28 activationin G, and is
likely to be more directly affected than are the later events.

The proposal that SCBs are responsible for G, cyclin transcription led to two
studies (Cross and TiNKELENBERG 1991; Dirick and NasmyTH 1991) that showed that
inactivation of Cdc28, either by using a temperature-sensitive allele of cdc28 or by
elimination of the three G, cyclins known to activate Cdc28, prevent peak
transcription of CLNT and CLN2. This supported the view that SCB's or a similarly
regulated pathway is important for G, cyclin transcription. It also led to the
formulation of the positive feedback loop model (See Fig. 6). The G, cyclins are
required for the maximal transcription of the G, cyclins. Thus by definition there is
a positive feedback mechanism. In its simplest form the proposal is that a
constitutive cyclin, perhaps CIn3 (Tyers et al. 1993), binds and activates Cdc28.
The active Cdc28/CIn3 complex phosphorylates and activates the Swid/Swi6
complex which leads to expression of CLNT and CLNZ2. The CIn1 and CIn2 cyclins
can then bind and activate more Cdc28 which activates more Swi4/Swi6 com-
plexes. This leads to a rapid increase in CLN transcription and peak expression of
many of the gene products involved in DNA synthesis. This is an appealing model
because a positive feedback loop would cause a concerted and irreversible
transition to S phase.

One piece of evidence which supports this model is the finding that reactiva-
tion of a temperature labile Cdc28 induces transcription of several SCB-and MCB-
regulated genes even under conditions that prevent new protein synthesis (MARINI
and Reep 1992). Although it is difficult to assess the magnitude of the induction in
these experiments, they suggest that new protein synthesis is not required for
some MCB and SCB activation. Reactivating the kinase leads either directly, or
through a posttranslational regulatory cascade, to increased transcription of these
cell cycle regulated promoters.

6.2 Cell Cycle Regulated Phosphorylation
and Nuclear Localization of Swi6

The experiments described above led to a detailed analysis of phosphorylation of
Swi6, in which it was found that serine 160 of Swi6 displays cyclic phosphory-
lation (Sidorova and Breeden, to be published). Its phosphorylation peaks before
S phase and remains high for most of the cycle. During late nuclear division the
phosphorylation level declines and remains low throughout most of the next G,
phase. Ser-160 resides within a Cdc28 consensus phosphorylation site (MoRENO
and Nurse 1990) and is followed by lysine residues (SPLKKLK). These lysines are
required for nuclear localization of Swib, and its movement to-the nucleus is
correlated with hypophosphorylation of Ser-160 (Sidorova and Breeden, to be
published.). Swi6 is predominantly cytoplasmic throughout the period of the cell
cycle during which it is phosphorylated. Swi6 is detectable in the nucleus only
very late in mitosis and throughout G, (TAga et al. 1991; Sidorova and Breeden,
to be published), which is coincident with the interval during which Ser-160
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Fig. 6. Start-specific transcription in S. cere-
visiae. The Swid/Swi6 and Mbp1/Swi6 trans-
cription complexes activate transcription of

dozens of genes at the G, to S transition.

They are required for the first wave of cyclin
SWlG SW|6 transcription. These cyclins associate with
@ sSwi4 and activate the Cdc28 kinase, which starts
the mitotic cycle. They are also involved in
CLN2 the transcriptional control of Cdc6, which is a
CLN1 protein required for initiation of DNA synthe-
sis, and which may also be involved in delay-
CLBS5,6 ing mitosis untit S phase is complete

CYCLIN/CDC28
KINASE

phosphorylation is greatly reduced. Substitution of Ser-160 for alanine results in
constitutive nuclear localization. This suggests that phosphorylation of Ser-160
prevents nuclear entry. Aspartic acid substitutions at 160 cause Swi6 to persist
predominantly in the cytoplasm. The simplest explanation of this result is that the
negatively charged aspartic acid phenocopies the negatively charged phosphose-
rine, and also impairs nuclear entry. This sort of phosphorylation-mediated regula-
tion of nuclear localization has been observed in many other proteins (NasmyTH
et al. 1990; Hunter and Karin 1992) and may simply be a matter of masking or
neutralizing the positive charge of adjacent nuclear localization sites.

The kinase responsible for Ser-160 phosphorylation has not been identified,
but Cdc28 (MenpenHALL et al. 1987), Pho85 (Karrman et al. 1994), Kin28 (SivmonN
etal. 1986) and Spk1l (ZHenc etal. 1993) are likely candidates. Ser-160 is
hypophosphorylated in acdc28-13arrest (Sidorova and Breeden, to be published),
but whether this is due to the loss of Cdc28 kinase activity or is the result of halting
the cell cycle during G, (when Ser-160 is normally hypophosphorylated) is not
known. Despite the fact that Swi6 phosphorylation occurs at about the same time
as the pulse of SCB-and MCB-regulated transcription, neither the alanine nor the
aspartic acid substitutions at position 160 in Swi6 have a major impact on the cell
cycle regulation of target genes (Sidorova and Breeden, to be published). Further-
more, alanine substitution at all four of the potential sites for Cdc28 phosphory-
lation has no appreciable impact on transcription in synchronously cycling cells.
Thus, phosphorylation at these sites is not required to activate Swi6 in the SCB or
MCB transcription complex.

It is possible that Swi4 or another unidentified protein in the SCB and MCB
transcription complex is regulated by phosphorylation. Another intriguing possi-
bility is that the phosphorylation is not important at all. Perhaps Swi6 is phos-
phorylated because it is bound to a kinase, but the importance of the kinase
interaction is that its binding to the Swi4/Swi6 complexes serves to localize the
kinase to particular cell cycle regulated promoters. Perhaps the kinase, thus
positioned at these promoters, phosphorylates and activates proteins in the
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general transcription complex and induces transcription. The kin28 (MO15)
kinase can be found associated with the general transcription machinery in yeast
(Feaver et al. 1994) and in higher cells (Roy et al. 1994). Kin28 is related to Cdc28
(SimoN et al. 1986) and is associated with a cyclin-like protein (VaLay et al. 1993).
It phosphorylates the C-terminal domain (CTD) of the largest subunit of RNA
polymerase, which is composed of a heptapeptide repeat with the consensus
sequence of YSPTSPS. The CTD is required for initiation of transcription at nearly
all Polll transcribed genes, and its phosphorylation may play a role in facilitating
elongation of the initiated transcripts (for review see Danmus 1994). The MO15
kinase is also required to activate cyclin-dependent kinases in higher cells (Poon
et al. 1993; FesaueT et al. 1993). If this function is conserved in S. cerevisiae,
then another possibility is that the Swid/Swi6 complex delivers Cdc28 to the
promoter, at which Cdc28 is phosphorylated and activated by Kin28. Cdc28
leaves the complex to phosphorylate other nuclear substrates, and transcription
ensues.

6.3 Swi4 Transcription Is Cell Cycle Regulated

Swid, which is a critical component of the Start-specific transcription machinery is
also cell cycle regulated at the transcription level (BREeDEN and MIkeseLL 1991). The
Swi4 promoter contains a cluster of three MCB-like elements that provide 90% of
the promoter's transcriptional activity. In addition, it contains at least one other
element that confers cell cycle regulation. This novel element activates SWi4
transcription 5-10 min earlier than MCB and SCB-mediated transcription (FoSTER
et al. 1993) and is probably responsible for the earlier timing of SWi4 transcription
compared to SCB or MCB-mediated transcription in wild-type cells. The early
timing of Swi4 transcription is consistent with its role as an activator of CLN
transcription and the activation of this early cell cycle box may play a crucial role
in initiating the regulatory cascade that promotes the G, to S transition.

When SWi4 is expressed throughout the cell cycle, the cell cycle regulation
of Swid's target promoters (HO, CLN1, and CLN2) is reduced but not eliminated
(Breepen and MIKeSELL 1991, 1994). There is a two- to tenfold increase in transcript
accumulation during periods of minimum transcription, but periodicity is still
observed. This indicates that the restricted expression of SW/4 contributes to the
regulation of these promoters, but it is not the only source of control. Something
else must be preventing high level transcription from these promoters, despite
the fact that their primary activator is highly overproduced. Both deletion of Swi6
and overproduction of Swi4 almost eliminates the cell cycle regulation of CLNT
and CLNZ (Breepen and MIkeseLL 1994). This is consistent with the proposal that
Swi6 is both a negative and positive regulator (see Sect. 6.5). However, even
under these conditions, a twofold fluctuation in CLN transcription can still be
observed. There must be a third level of regulation, independent of the presence
of Swib or the periodic expression of Swi4 that also activates transcription of these
promoters during the G,/S interval (BReeben and MIKESELL 1994).
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The Res2 transcript of S. pombe is also slightly induced during G, and S
compared to the rest of the cycle (OBARA-ISHIHARA and Oxavama 1994), but the
significance of this regulation has not been investigated. In contrast, neither Res1
(OBARA-IsHIHARA and Okavama 1994) nor Mbp1 (KocH et al. 1993) are regulated
during the cell cycle at the level of transcription.

6.4 Complex Formation During the Cell Cycle

Despite the fact that Swi6 is concentrated in the nucleus during only a fraction of the
cell cycle, and the transcription of SWi4 is also cell cycle regulated, there is no
evidence from in vitro studies that the association between Swi4 and Swi6 or their
binding to the SCB elements varies within the cell cycle. This may be due to the use
of whole cell extracts in these studies and/or the intrinsic difficulties in obtaining
highly synchronous cultures. One mobility shift change has been observed in the
SCB binding complex during recovery from either a-factor or elutriation, but this
shift is not coincident with Start, or with the interval of HO activation or repression
(Taga et al. 1991). The probe used to observe the novel complex contained two
perfect SCB elements, and therefore it is possible that the observed shift to a larger
size represents the binding of two SCB complexes instead of one.

Several in vitro binding studies carried out with MCB elements and crude
cell extracts indicate that MCB binding varies within the cell cycle, both in
S. cerevisiae and in S. pombe. In vitro binding to three tandem MCB elements
varies in synchronized cell extracts of S. cerevisiae (Lownpes et al. 1991), and this
binding mirrors the timing of Swi6 localization to the nucleus. The Cdc10 protein
of S. pombe s detectable in the nucleus throughout the cell cycle, but the level of
Cdc10 in the nucleus is reduced during anaphase and G, (Revmonp et al. 1993).
This reduction in nuclear localization of Cdc10 also coincides with the reduction of
MCB binding activity, as assayed by binding studies using synchronized cell
extracts and the cdc22 promoter (REymonD et al. 1993). It is interesting to note
that the nuclear localization of both Swi6 and Cdc10 is cell cycle regulated, but the
interval of time during which they are in the nucleus is quite different. Swi6 is
cytoplasmic throughout S and G,/M, and becomes localized to the nucleus very
late in the cell cycle and throughout G,, while Cdc10 shows the opposite pattern
of localization. The significance of this regulated localization is not understood.
Presumably both proteins are predominantly nuclear at the G, to S transition when
they are active as transcription factors, but at least in the case of Swi6, mutations
which cause constitutive nuclear localization have no impact on the regulation of
SCB- or MCB-mediated transcription (see Sect. 6.2).

6.5 Negative Control

Swi6 is the common component of the MCB and SCB complexes. It is thought
to play both a negative and a positive role in MCB transcription because swi6
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mutants express intermediate levels of TMP1, RNR1, CDC9 (Lownpes et al.
1992b; Dirick et al. 1992) and SWi4 (FosTer et al. 1993) constitutively through the
cell cycle. Thus, Swi6 is required for both the full activation of transcription at the
G, to S transition and for full repression during the rest of the cycle. Apparently
there is an independent path of activating MCB elements which is active
throughout the cell cycle. When Swi6 and Mbp1 are present, the other factors
cannot interfere, and normal periodic transcription ensues. When either protein
is absent, MCB-regulated promoters are still transcribed by this alternative
constitutive pathway. This helps to explain why SWI6 and MBP71 are not
essential genes. However, if this is correct, at least some Swi6 must remain in
the nucleus of wild-type cells throughout the cell cycle. Dirick et al. (1992) have
observed complexes on MCB elements throughout cell cycle, and the differ-
ences between these studies and those that demonstrated periodic binding
have not been elucidated.

SwiB may also have a negative role in SCB-mediated transcription because
Swib activity is correlated with the repression of HO transcription. This is
particularly evident during the G, arrest caused by the cdc28-4 mutation (BREEDEN
and MikeseLL 1994). For example, Swi4 overproduction does not eliminate G,
repression; HQO is still repressed in a cdc28 arrest, as it is in wild-type cells.
However, when Swi4 is overproduced in a swi6 mutant strain, HO is deregulated
and expressed at a high level during a cdc28 arrest. The same deregulation
occurs in cells carrying a C-terminal truncation of Swi4. In this case the Swi6-
association domain of Swi4 is absent, and Swi6 is thus not a part of the
complexes that form on SCB elements. These complexes activate transcription
of HO, but it is deregulated and expressed during G,. The simplest explanation of
this is that Swi6 is the target of negative regulation during G;. Its presence in
complexes with Swi4 on target promoters prevents their transcription during G,.
After activation of the Cdc28 kinase the SCB-binding complexes are modified in
some way that lifts repression and allows their transient activation, which is
associated with Start.

Swi4 is the primary activator at SCB elements. Swi4 contains the DNA
binding domain, and when it is overproduced, it can activate transcription of HO,
CLNTand CLNZin the absence of Swi6. Thus, one way to prevent SCB-mediated
transcription would be to sequester or inactivate Swi4. AmoN et al. (1993) have
shown that CLN1, CLN2 and PCL1 transcription remains high in cells that are
arrested in G, due to the loss of four G, cyclins (Clb1-Clb4}. In contrast, the POLT,
CLB5and RNR1promoters, which are thought to be regulated by Mbp1 and Swi6,
turn off in this G, arrest. This observation distinguishes Swi4/Swi6-regulated
transcription from that of Mbp1/Swi6 and gives rise to the hypothesis that the G,
cyclins play a role in inactivating Swid. These authors also found that Swi4 binds
and can be phosphorylated by Clb2/Cdc28 kinase, and suggested that this could
be the mechanism for its inactivation. However, the fact that Swi4/Swi6 com-
plexes on SCBs can be observed throughout the cell cycle (Taa et al. 1991), and
CLN1 and CLN2 transcription is still periodic in a swi4d mutant (STuarRT and
WITTENBERG 1994; CRross et al. 1994; Breenen and MIkeseLL 1994) indicates that the
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binding of Swi4 to Clb2 and its proposed inactivation of Swi4 are not required to
turn off CLN transcription. If this is a source of negative control, it must be
redundant with some other negative control pathway.

7 Importance of Start-Specific Transcription
for Cell Cycle Progression

Cdc28 kinase activity depends upon its association with a cyclin and control of this
kinase activity controls cell cycle progression. Nine of the ten known cyclins of
S. cerevisiae have been shown to be periodically expressed, and in the studies
that have been carried out the control was exerted at the level of transcription
initiation. The wave of regulation that is MCB- and SCB-dependent affects the G,
and S phase specific cyclins and occurs at the G, to S transition, but there are two
other kinetically distinguishable waves of transcription that control Clb3-Clb4 and
ClIb1-CIb2 transcription, respectively (FitcH et al. 1992; RicHarpson et al. 1992). Itis
difficult to imagine that this complex pattern of transcriptional control throughout
the cell cycle serves no purpose. However, the standard experiment to establish
the importance of cell cycle regulated transcription of a gene, constitutively
transcribing it in vivo and monitoring the phenotype, has yielded few compelling
examples of its importance.

CLNZ transcription, driven constitutively by the GAL T promoter, is apparently
lethal to yeast cells (Amon et al. 1993). This indicates that the overproduction and/
or the constitutive expression of CIn2 is deleterious, but the nature of the arrest
has not been fully characterized. When overproduction is involved, it is possible
that the deleterious effect is due to phosphorylation of a protein that would not be
a good substrate under physiological conditions. In contrast, CLN7T can be
constitutively transcribed from the GALT promoter with few apparent effects
(RicHARDSON et al. 1989). This has led to the use of the inducible GAL: CLN1 to
obtain a synchronous start of the cell cycle in CLN-deficient strains in order to
study other cell cycle regulated events. Whether this is a prudent synchronization
strategy, and whether a physiologically relevant cell cycle ensues under these
conditions are questions that await a better understanding of the control of Cin1
activity. Nevertheless, the fact that providing one Cin protein constitutively in a
cin1 ¢cln2 cIn3 mutant background does not disrupt the orderly process of cell
division casts doubt on the importance of the Start-specific pulse of cyclin
transcription. However, this strain (cin1 cin2 cin3 GAL: CLN1) still contains at least
four other cyclins: Pcl1 (Hes26), Pcl2 (OrfD), Clbb, and Clb6, which are specifically
expressed at the G,/S border {Ocas et al. 1991; Tyers et al. 1993; EpsTein and Cross
1992; ScHwoB and NasmyTH 1993), and that are genetically redundant with Cin1 and
CIn2 in some contexts (Epstein and Cross 1992 ; EspiNoza et al. 1994; MEeasDAY et al.
1994). These cyclins would still be providing a pulse of kinase activity, if such a
pulse is required.
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Another complicating factor in discerning the importance of transcriptional
regulation is the possibility of overlapping levels of control. For example, the CLB5
promoter is transcribed specifically at the G, to S transition, and the CIb5 cyclin has
a destruction box, which targets it for degradation (GHiarRA et al. 1991). This should
lead to the transient expression of Clb5 and a pulse of Clb5/Cdc28 kinase activity.
However, in addition to this regulation, there is an inhibitor of the Clb5/Cdc28
kinase, called Sic1 (MEeNDENHALL 1993). Sicl is also transcriptionally regulated
within the cell cycle so that it is present throughout G, (Donovan et al. 1994). At or
around the transition to S phase Sic1 is degraded by the Cdc34-dependent
ubiquitin conjugating pathway and the Clb5/Cdc28 kinase activity is restored
(ScHwos et al. 1994). Thus, there are at least four levels of regulation exerted upon
the activity of the Clbb/Cdc28 kinase, and this is not necessarily a comprehensive
list. In this context it is not surprising that cells that transcribe the CLB5 gene at a
high constitutive level grow well in culture. However, GAL: CLB5 containing cells
cannot arrest their cell cycle in response to the mating pheromone a-factor
(ScHwoB and NasmyTH 1993). This is probably because the Clbs/Cdc28 kinase is not
inhibited by Far1, which is another inhibitor that specifically inhibits the G,
cyclin/Cdc28 complexes (PETER and HERskowITz 1994).

CDCé6is another G,/S-regulated gene whose constitutive overproduction has
a deleterious effect on the cell cycle. CDC6 is not a cyclin. It is one of the many
genes required for DNA synthesis (HarRTweLL 1976) which are regulated, in part, by
MCB elements (ZHou and Jong 1993). However, Cdc6 is unique in that it appears
to have two roles in the cell cycle, one in the initiation of DNA synthesis and the
other in preventing mitosis until S phase is complete. As such it may be the best
example of a pivotal control protein, whose expression must be tightly controlled
for orderly progression through the cell cycle. Cdc6 was identified as an
S. cerevisiae activity that could suppress the lethal, premature entry into M phase
in S. pombe caused by overproduction of Cdc25 or by hyperactivation of Cdc2.
Later it was shown that GAL7-induced transcription of CDC6 also delays mitosis
in wild-type S. cerevisiae cells (Bueno and RusseLL 1992, see Fig. 6). The closest
known relative to Cdc6 in S. pombe is cdc18. Interestingly, itis also transcribed at
the beginning of the cell cycle by Cdc10-containing transcription complexes, and
has similar activities (KeLLy et al. 1993).

The fourth example of a gene that is transcribed during the G./S interval, and
this has a deleterious effect when constitutively overproduced is the Radb3/Spk1/
Mec2/Sad1 kinase. The promoter of this gene is uncharacterized, but it contains
MCB-like elements and is transcribed at the same time as CLN7 (ZHENG et al.
1993). Mutations in this gene cause rapid death in response to UV irradiation,
hydroxyurea (ALLEN et al. 1994), and cdc13 arrest (WEINERT et al. 1994). Since
these mutants do not lose viability during arrests in G, due to o factor (ALLEN et al.
1994) or cdc28 arrest (WEINERT et al. 1994), it is clearly an activity required during
S phase and for the normal arrest in response to DNA damage. Although the
phenotype of the radb3 defect has not been characterized, it is clear that
constitutive overproduction of the Rads3 kinase slows cellular growth (ZHENG
etal. 1993).
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8 Conclusion

The two mostinteresting questions remain unanswered. How are the activities of
the Swid/6 family of transcription factors regulated within the cycle, and what part
does their regulated activity play in controlling the G, to S transition? One
conclusion, which is already evident, is that there is not a simple answer to either
guestion. The complexes have not yet been fully defined, and until they are,
changes in these complexes during the cell cycle cannot be fully examined.
Nevertheless, several levels of variation through the cell cycle have been ob-
served that could be important for cell cycle regulation. However, elimination of
any one source of regulation has little effect on the regulation of the target genes.
This indicates that the cell cycle-dependent changes that have been observed are
either irrelevant, or that their importance is being masked by redundant pathways
of regulation.

Redundant regulatory networks are a prudent strategy for regulating impor-
tant processes, because multiple mutations are required to fully disrupt control.
They are also advantageous because they increase the number of targets amena-
ble to regulation by the intra- and extracellular signals that modulate cell division
and coordinate it with other cellular processes. For a colonial micro-organism,
which spends most of its time in G,, perhaps it makes most sense to have a
default repression system, with multiple ways to activate the cycle in response to
external cues. At least in S. cerevisiae this activation results in the rapid and
transient induction of the transcription of dozens of genes. Perhaps many, if not
most, of these genes could be expressed constitutively without any negative
impact, but some, such as CLN2, CLB5, and CDC6, cannot be continually
expressed without serious repercussions. Yeast cells had to evolve affective
means to repress these transcripts after the cycle is initiated, no matter how they
were activated, or how strong the stimulus. Redundant levels of regulation, or at
least the ability to compensate for hyperactivation at one step is not so surprising
in this context.

Redundancy has been documented at several levels in this system. One of
the primary levels of redundacy is at the promoter level. It is now clear that the
promoters of CLN2 (StuarT and WITTENBERG 1994; Cross et al. 1994), SWi4 (FosTER
et al. 1993), and CLN1 (Partridge and Breeden, to be published) contain multiple
cell cycle regulatory elements, which are activated at about the same time in the
mitotic cycle, but are probably regulated by different mechanisms. After system-
atic elimination of the 13 known cell cycle regulatory elements in these three
promoters, their transcripts continue to be cell cycle regulated by promoter
elements that have not yet been identified. These novel elements must be
located and characterized before the properties of the composite promoters can
be interpreted.

Another level of redundancy that is evident in these regulatory pathways is at
the protein level. Swi4/Swi6 and Mbp1/Swi6 complexes bind to both MCB and
SCB elements in vitro. Mobility shift experiments indicate that a single complex
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predominates on any one site, but if this complex cannot be formed, it is likely that
the other complex will bind instead. In addition, at least one other transcription
factor must exist that can constitutively activate MCB elements when Swi6 is
absent. These redundant activities provide a sound survival strategy for the yeast,
but they make simple interpretation of mutant phenotypes impossible. For
example, exponentially growing Swi6 mutant strains produce high levels of MCB-
regulated transcripts; thus, initially there was no indication that Swi6 was involved
in their transcription. Only after it was shown that the Swi6 protein binds to MCB
elements was it discovered that MCB-regulated transcripts are deregulated
within the cell cycle in Swi6 mutant strains (Lownpes et al. 1992b; Dirick et al.
1992).

For progress to be achieved the complexity of the problem must be reduced.
Initially all the promoter elements will have to be studied in isolation. The
elements most amenable to study are those that are bound by only one
transcription complex, and that are active as single elements. However, the
seguence requirements that specify preferential binding by one complex are not
yet known. HO is the only tightly Swi4- and Swi6-dependent gene known, and
therefore it is the most likely to contain such elements. However, there are at
least eight SCB elements in the HO promoter, and it is not known which of these
are active (NasmyTH 1985b). Single SCB and MCB sites, synthesized based on the
current consensus sequence, show very little UAS activity in vivo in the contexts
in which they have been tested (Breepen and NasmyTH 1987a; Lownpes et al.
1992a). Oligomerization of these elements is one solution, but the behavior of
these artificial constructs may not reflect the behavior of "real" promoters. Only
when all the regulatory components of a single promoter have been identified
will it be possible to study them systematically in their normal contexts and to
make real progress in our understanding of cell cycle regulated transcription.

Redundancies and unknowns also limit our ability to determine the impor-
tance of the G,/S-specific transcription in progression of the mitotic cycle.
Clearly, the artificial environment of the laboratory, where cells are grown in
liquid culture under optimal conditions, has limited the analysis of the fitness,
adaptability, and survival of these strains and has skewed our understanding of
the cell cycle. However, in addition, redundant posttranscriptional regulatory
steps often exist which make changes in transcription regulation phenotypically
subtle.

In the early days of yeast molecular biology, if one deleted a yeast gene and
found it to be a lethal event, the difficulty of studying an essential gene had to be
confronted, but it was reassuring to know that it was an important gene. More
recently, particularly in the field of signal transduction, if an activity is important,
it is likely to be encoded by two genes. In this case the difficulty of lethality is still
confronted with the double mutant, and there is the additional ambiguity over the
extent to which the activities overlap. If the lessons of cell cycle regulation can be
generalized, one would have to say that if an activity really has to be controlled,
there will be at least two independent circuits dedicated to accomplishing that
control.
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1 Unanswered Questions

The decision to proliferate or to enter a non replicating state is one that a cell must
continually reassess. This decision is based in part upon the environmental cues
encountered, such as the levels of growth factors, the presence of chemothera-
peutic drugs, and infection by viruses. Investigations into the molecular mecha-
nisms by which cells control their proliferative response have focused on positive
effectors such as cyclins and viral oncoproteins, negative effectors such as tumor
suppressor proteins, and signal transduction pathways leading to the transcrip-
tional activation of various genes in particular stages of the cell cycle. Each of
these approaches has implicated E2F in the control of cell growth. Although
progress towards understanding the E2F gene family has been rapid, and great
advances have been made in the last several years, guestions concerning the
different family members and their role in cell growth control still remain. Several
specific questions that remain to be addressed are discussed below.

1.1 Do Individual E2F Family Members Have Distinct Functions?

As described by SLansky and FarRnHAM (this volume), it has not been satisfactorily
determined which E2F family member activates which specific cellular promoter.
The differences in expression profiles of the various E2F family membeérs suggest
that they regulate distinct genes. To date no individual preferences for recognition
sequences have been observed; all E2Fs can bind to the consensus site. A
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consideration of the regulation of G,/S phase transcription in yeast highlights the
fact that simple sequence inspection cannot substitute for direct experimentation
in the analysis of transcriptional regulation. For example, the CLN1 promoter in
Saccharomyces cerevisiae is regulated by an MCB element (see BReepeN, this
volume). Although other MCB elements are bound by MBP1/SwiB-protein com-
plexes, the MCB element in the CLN1 promoter is bound by Swi4/Swi6-protein
complexes (which normally bind to SCB elements). This suggests that there are
determinants other than the core seqguence elements that control which G,/S
phase regulator binds to and activates a particular promoter in yeast. Although
most E2F sites show increased binding activity in S phase extracts, the site from
the mammalian insulin-like growth factor type 1 (IGF-1) promoter does not (see
Stansky and FARNHAM, this volume). Perhaps the inability to detect binding to the
E2F site from the IGF-1 promoter in S phase extracts is an example of how flanking
sequences can determine protein binding specificity (Porcu et al. 1994).

All approaches utilized to date to determine which E2F regulates a particular
cellular gene have distinct drawbacks that weaken interpretation of the results.
For example, the use of in vitro systems or reporter-gene assays does not allow
the contribution of chromosomal location and long-range structure of a promoter
to be considered. The importance of chromosomal location is suggested by
studies of the G,/S phase regulation of the HO promoter in yeast. Overexpression
of Swi4, the transcription factor thought to regulate the expression of the HO
gene, does not abolish the periodicity of the transcriptional activity from the HO
promoter. This suggests that another factor may also function to prevent
HO promoter activity in G, cells. If multiple forms of repression exist to keep
proliferation-related promoters off in quiescent mammalian cells, results using
small promoter fragments in reporter assays may not reproduce the response of
the endogenous promoter. For example, as noted by Stansky and FARNHAM (this
volume), activity from a dhfr promoter fragment used in reporter assays is
increased upon expression of E2F1. However, cells stably expressing E2F1 do
not have elevated levels of endogenous dhfrmRNA (J.R. Nevins, personal commu-
nication; SiNgH etal. 1994). Perhaps the endogenous dhfr promoter is also
regulated by quiescent-specific transcriptional repressors whose binding sites lie
outside of the promoter region used in reporter assays. Studies of the mouse
thymidine kinase promoter have shown that although an E2F complex does bind
to the promoter, a nearby element that has a different sequence also displays
serum-regulated changes in binding activity. This element, termed Yi, contains
cyclin D1/cdk2 and a 110-kDa DNA-binding subunit. A cDNA has been cloned that
encodes a protein that can bind to the Yi element. Although this protein has a
different amino acid sequence than E2F, it can bind to bacterially expressed
retinoblastoma (Rb) protein, suggesting that binding of a complex of the 110-kDa
protein and Rb might assist E2F in repressing the thymidine kinase promoter in
G, cells (Dou et al. 1994).

Overexpression of different E2F family members in a cell may give informa-
tion about what family member couldregulate a specific target gene, but does not
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address the question as to what family member does activate that gene under
normal growth conditions. Two alternative approaches towards determining
which E2F family member activates a particular cellular promoter are described
below.

The first approach would be individually to remove or reduce the levels of an
E2F family member in a cell using methods such as antibodies, ribozymes, or
antisense mRNAs. Unchanged levels of a specific cellular mRNA after removal of
an E2F family member would indicate that the particular E2F is not essential for
activation of that promoter. Since the E2F family is thought to be critical in growth
control, an inducible or transient system is required so that removal of a family
member does not impose selective growth conditions on the cells. To date no
studies have injected or transfected family member specific antibodies into cells.
Initial attempts to target cellular E2FT mRNA with ribozymes have not been
successful (J.E. Slansky and P.J. Farnham, unpublished data); perhaps an alterna-
tive approach using selection to find the most active anti-E2F1 ribozyme would be
more effective (LIEBER and STrauss 1995). Expression of a dexamethazone-induc-
ible antisense E2F1 has been shown to greatly reduce the amount of E2F1 protein
in T98G glioblastoma cells (SALa et al. 1994). Although the levels of cellular
mRNAs thought to be regulated by the E2F family were not examined in this
study, the successful reduction of E2F1 protein suggests that this approach may
be the most fruitful. For each of the described methods, it is important to also
investigate the effects of removal of an E2F on the levels of the other family
members. If removal of a single E2F alters the amounts of the other E2Fs, these
experiments may not be instructive.

Another approach towards assigning specific E2F family members to specific
promoters would be based on immunoprecipitation assays. Studies of heat shock
promoters have employed a method in which cells or nuclei are UV-irradiated to
cross-link proteins covalently to the DNA (GiLmour and Lis 1985, 1986; WaLTER
et al. 1994). The DNA is then isolated and digested with restriction enzymes that
cut in known regions of the gene(s) of interest. After immunoprecipitation with
antibodies against the transcription factor, the DNA is cleared of protein and used
in a Southern analysis with probes for specific promoters. Family member
specificity could be ascertained if the DNA from some but not all E2F site
containing promoters were immunopreciptated with antibodies raised against
individual family members.

In summary, no investigations performed to date can clearly demonstrate a
unigue role of an individual E2F family member in the activation of a particular
cellular promoter or in the initiation of a cellular response.

1.2 Is E2F Activity Critical for Cell Proliferation?

As described by Abams and KaELIN (this volume) overexpression of E2F1 or E2F4
can drive certain quiescent cell types into S phase. These experiments suggest
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that the expression of E2F-activated genes can substitute for growth factor
stimulation. Although the products of E2F target genes such as DHFR and DNA
polymerase-o. are obviously required for cell proliferation, it is unlikely that
increased levels of these proteins provide a complete mitogenic signal. How-
ever, other E2F target genes such as b-myb and ¢-myc are transcription factors;
perhaps activation of these genes provides the necessary branching of the E2F-
initiated signal that is required to activate all genes needed for DNA synthesis to
OCCur.

Increased E2F activity is not always sufficient to overcome a cell cycle arrest.
Both Rb and p107 can repress E2F-mediated transcription and they can both
cause SAOS-2 cells to arrest in the G, phase of the cell cycle. However,
overexpression of E2F1 can reverse the Rb-induced cell cycle arrest, but not the
p107-induced arrest (ZHu et al. 1993). This difference could be attributed to the
fact that E2ZF1 preferentially binds to Rb, not p107. Perhaps overexpression of
E2F4, a p107-specific E2F, would relieve the p107 but not the Rb block. Although
this experiment has not yet been performed, a cell cycle arrest induced by a similar
protein, p130, can be relieved by expression of E2F4 (Varo et al. 1995). In fitting
with the preference of E2F4 to bind to p107 or p130 but not Rb, E2F4 cannot
effectively relieve an Rb-induced cell cycle arrest (Valro et al. 1995). It is also
possible that p107 inhibits more than just E2F-mediated transcription so that
overexpression of an E2F would not completely bypass a p107 block. In support
of this hypothesis, a mutant p107 protein that cannot interact with E2F can still
repress growth (Smite and Nevins 1995). It has recently been demonstrated that
p107 can bind to the transactivation domain of the c¢c-Myc protein in vivo
(BEERSBERGEN et al. 1994), and that the binding of p107 to c-Myc causes inhibition
of Myc-mediated transactivation. Furthermore, expression of c-Myc can partially
relieve a p107-, but not an Rb-induced growth arrest. Based on the observations
that E2F and c-Myc may activate different G,/S phase specific promoters
(MILTENBERGER et al. 1995), it would be of interest to determine whether coexpres-
sion of c-Myc plus E2F1 elicits a greater proliferative response.

Although the link between the E2F family and transcriptional regulation of
genes required for DNA replication is strong (see Siansky and FARNHAM, this
volume), the necessity for E2F activity in cell proliferation has not been well
studied. To determine the role of E2F in these processes, it is necessary to
remove the activity of the E2F family members {individually or collectively) from a
cell. Although several groups have begun to use knock-out strategies to make
mice lacking different E2F family members, no results are yet available. Knock-out
strategies, of course, have several drawbacks. If a family member is essential,
removal may be lethal to the developing organism. Alternatively, if family mem-
bers are redundant, the effects of individually removing a particular family member
may be slight. For example, removal of MBP1 or Swi4 activity from a yeast cell
does not produce a lethal phenotype; however, the double mutation is lethal. It is
possible that there is functional redundancy of these two DNA-binding proteins in
cells such that loss of one allows the other to compensate by activating all of the
G,/S phase specific promoters. Perhaps investigators of the E2F gene family may
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find that several (or all?) of the E2F genes need to be mutated before a phenotype
can be observed. As described above, attempts to remove E2F family members
individually using ribozymes have not been successful, and only one study has
been published using antisense E2F mRNA. Expression of a dexamethazone-
inducible antisense E2F1 in T98G glioblastoma cells delays the onset of the first
G, phase after quiescent cells are stimulated to begin proliferation (SaLa et al,
1994). These results suggest that E2F1-mediated transcription is required to
rapidly pass through S phase and are consistent with the G,/S phase expression
pattern of E2F1 and with the idea that genes required for DNA synthesis, such as
dhfr, DNA polymerase-a, and thymidine kinase, are regulated by E2F1. However,
the time points of the experiment were not extended long enough to determine
whether the cells eventually enter G, and M phases, nor were the effects of the
antisense E2F1 examined in growing cells.

Several studies have examined the effects of a general inhibition of E2F
activity on cell proliferation. One set of studies achieved inhibition of E2F activity
by overexpression of Rb or p107. In certain cell types (such as T98G glioblastoma
cells}, overexpression of either Rb or p107 results in reduced E2F-mediated
transcription and a higher percentage of G, cells (Znu et al. 1993). In contrast,
repression of E2F activity in C33A cells by overexpression of Rb does not lead to
an arrest of cell proliferation (ZHu et al. 1993), suggesting that in some tumor cells
E2F-mediated transcription is not required for progression through the cell cycle.
E2F activity has also been inhibited using dominant negative proteins such as a
mutant E2F1 which lacks a transactivation domain. This protein should dimerize
with the normal DP partner, bind to cellular promoters, and block wild-type E2F
from binding to the DNA. This dominant negative E2F1 was shown to inhibit the
ability of E1A to induce DNA synthesis of quiescent BaLs/c 3T3 cells (DoBrRowoLSKI
et al. 1994). Although these results suggest that E2F activity is required for virally
mediated oncogenesis, this hypothesis has not yet been examined directly.

In summary, investigations into the necessity and sufficiency of E2F activity
in the control of normal and neoplastic growth have just begun: all of these studies
have focused on the role of E2F in cell culture systems. Current investigations
suggest that E2F does play a critical role in the G, to S phase transition. Further
studies using transgenic animals and analysis of primary human tumors are
required to determine whether E2F family members play a critical role in control-
ling the proliferative response in whole organisms.

1.3 Is E2F the Only Mediator of G,/S Phase Transcription?

In some cell types, the consequence of overexpression of E2F1 is cell death, not
cell proliferation, suggesting that E2F may not provide a complete mitogenic
signal in these cases. It has been proposed that activation of some, but not all, of
the necessary proliferation pathways leads to conflicting signals that trigger
apoptosis. Are other transcriptional regulators needed in addition to the E2F gene
family for a cell to successfully progress from G, into S phase?
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As described by Breepen (this volume), the transcriptional regulation of genes
required for the G, to S phase progression (i.e., passage through Start) in
S. cerevisiae is controlled by transcription complexes that bind to two different
elements. Start-specific transcription is regulated by two different DNA-binding
proteins, Swi4 or MBP1, each of which forms a heterodimer with a common third
protein, SwiB. The existence of two related, but different proteins that regulate
G,/S phase specific transcription in yeast raises the possibility that transcription
factors related to but distinct from E2F may contribute to G,/S phase transcription
in mammalian cells. Studies of the human thymidine kinase and hamster cad
promoters support this hypothesis.

Analyses of the human thymidine kinase promoter suggest that a protein that
has a DNA-binding specificity similar to but distinct from E2F family members may
bind to and regulate G,/S phase specific transcription. Although mutation of a
element (TCTCCCGC) that is a 7/8 match to a consensus E2F site reduced
regulation, a consensus E2F site was not an efficient competitor for binding to the
human thymidine kinase element (LI etal. 1993). The authors suggest that
perhaps a protein related to E2F regulates human thymidine kinase. Alternatively,
flanking sequences near the thymidine kinase E2F site could specify binding of an
E2F family member that is different than the one that binds to the E2F site tested
as a competitor. However, in support of the hypothesis that a related but distinct
protein activates the thymidine kinase promoter, a new human gene has been
cloned that is homologous to the E2F family of transcription factors (Y. VAISHNAV,
personnal communication). The overall homology of this protein to E2F family
members is quite low (35%); however, a higher homology can be found to the
dimerization (65%) and Rb-binding domain (563%). It remains to be seen whether
this new gene product displays E2F-like activities such as recognition of specific
DNA sequences and transcriptional activation.

Other investigations have shown that sequence elements distinct from E2F
sites can mediate G,/S phase specific transcription. The cad gene encodes the
first three steps in pyrimidine biosynthesis and is thus necessary for DNA
replication. Transcription from the cad promoter is increased in late G,, and the
growth-responsive promoter element has been mapped to a consensus binding
site for the c-Myc oncogene (MILTENBERGER et al. 1995). The c-Myc protein shares
many similarities to the E2F gene family. It encodes a growth-regulated transcrip-
tion factor that heterodimerizes with a constitutively present partner called Max
(Brackwoop et al. 1992). As do the E2F family members, c-Myc also binds to DNA
via a helix-loop-helix protein domain and interacts with pocket proteins such as
p107. Although the Myc/Max heterodimer is a transcriptional activator, other
Max-binding partners (such as Mad or Mxil) have been identified that create
heterodimers that act to repress transcription (Aver and Eisenman 1993; Zervos
etal. 1993). Mad/Max heterodimers may serve to keep proliferation-specific
promoters off in terminally differentiated cells. Although such partners for E2F1
or DP1 have not yet been demonstrated, future investigations may identify such
E2F-related transcriptional repressors that function during differentiation.
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In summary, it is unlikely that the E2F family is the sole regulator of the G, to
S phase transition. The ability of E2F to drive cells into S phase may indicate that
in certain cell culture systems, other signal transduction pathways may already be
constitutively activated. Further analysis of the cooperation of E2F with other
growth-related transcription factors is required before a thorough understanding
of cell growth control is achieved.

2 Concluding Remarks

In less than 10 years we have progressed from a vague understanding that some
cellular promoters are transcriptionally activated at the G,/S phase boundary to the
identification and characterization of seven members of a gene family that are
responsible for at least part of this regulation. The identification of the E2F gene
family has allowed a more complete understanding of how positive and negative
regulators of cell growth function. For example, although it was clear that loss of
(Rb) protein is associated with human neoplasias, it was not clear how this tumor
suppressor protein inhibits cell growth. The discovery that Rb can repress the
activity of E2F-mediated transcription and thus reduce the synthesis of proteins
required for DNA replication provided insight into cell growth control. Although
cyclins were known to be the growth-regulated component of multiple kinase
complexes, it was not known what cellular proteins are targets of these kinases.
The finding that both G, and S phase cyclin/kinase complexes regulate E2F activity
has held to a model for cyclin function. The discovery that viral oncoproteins can
also activate E2F-mediated transcription via release of E2F proteins from inhibitory
complexes has also allowed a greater understanding of viral oncogenesis. Thus,
studies of E2F have allowed an integrated understanding of many aspects of cell
growth control.

If this gene family is of central importance in the control of the decision to
enter S phase and begin DNA replication, it is likely that functional redundancy has
been built into the system. Loss of the ability to make proteins required for DNA
replication would be a lethal event. Perhaps the existence of such a large number
of E2F family members allows a cell to suffer inactivating mutations in several
genes without losing the ability to make proteins required for DNA replication. On
the other hand, it is also essential to have precise regulation over the E2F
transcription factors. Loss of the ability to keep these proteins inactive in quies-
cent or differentiated cells may lead to neoplasia. The best characterized E2F
family member, E2F1, has been shown to regulated via protein-protein interac-
tions (see Cogrinik, this volume), mRNA instability ( R.J. Szakaly and P.J. Farnham,
unpublished data), and transcriptional activation {Hsiao et al. 1994; JoHNSON et al.
1994; NeumaN et al. 1994). Perhaps the existance of redundant control mecha-
nisms allow a cell to suffer loss of one mechanism without loss of cell growth
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control. Based on studies to date, itis clear that the regulatory networks involving
the E2F gene family are quite complicated. Future studies of how this gene family
is regulated and how it regulates cell growth will provide further insight into the
intricacies of cell proliferation.
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