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Abstract. E2F transcription factors regulate expression of a panel of cellular genes
that control cellular DNA synthesis and proliferation, either by activating or repres-
sing their transcription, largely in a cell cycle-dependent manner. The ability of E2F
proteins to regulate expression of these target genes is, in turn, regulated by other
cellular proteins that are important for normal control of cell cycle progression.
Together, E2F proteins, their target genes, and the proteins that regulate E2F
activity comprise a genetic pathway that is probably the most frequently altered
pathway in human cancer. This review examines this genetic pathway and focuses on
the role of E2F proteins in its function. Specifically, the target genes regulated by
E2F, the likely mechanisms by which activation and repression of target gene
transcription is achieved, and the regulation of E2F activity by other proteins in the
cell, are discussed.

From one perspective, human cancer is a diverse group of diseases affecting many different
cell and tissue types. From another, the genetic perspective, cancer is more homogeneous
since defects in identical genetic pathways can cause development of diverse cancer types.
The appeal of a small number of genetic pathways being responsible for a majority of human
cancers clearly is that diagnostic and therapeutic efforts can be focused in a single direction,
possibly on only a small number of genes.

One excellent set of candidates for genes participating in many human cancers are those
encoding the E2F family of transcription factors (see Farnham 1996 for a collection of
reviews on E2F). The E2F gene family contains five known members (Slansky & Farnham
1996), designated E2F-1 through E2F-5. At the molecular level, E2F proteins heterodimerize
with proteins encoded by another gene family, called DP (La Thangue 1994). Together, the
E2F/DP protein complexes bind to DNA and regulate transcription of a panel of target
genes in the cell. E2F proteins have been shown to be rate-limiting regulators of cell cycle
progression (Johnson et al. 1993, Dobrowolski et al. 1994, Sala et al. 1994, Suda et al. 1994,
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Lukas et al. 1996, Shan, Durfee & Lee 1996) and presumably fulfill this role by regulating
transcription of target genes.

Even though abnormal E2F activity has not yet been conclusively demonstrated in any
human cancer, it is likely that such activity contributes to human malignancy. Why is this?
Within the past few years, E2F transcription factors have emerged as central components of
possibly the most frequently affected genetic pathway in human cancer (Sherr 1996). Many of
the genes that comprise this pathway function to regulate E2F activity and alterations in
these regulators of E2F are found in a majority of human malignancies. Since the genes that
make up this pathway converge on and exert their effects through E2F transcription factors,
it is likely that cancers containing genetic alterations in this pathway result from altered E2F
activity and, consequently, altered expression of E2F target genes.

This review will summarize the current status of E2F transcription factors as rate-limiting
regulators of cellular proliferation. Specifically, the review will discuss the target genes
regulated by E2F, the molecular mechanisms by which target gene regulation is achieved,
and the ways in which E2F activity itself is regulated. The emphasis will be on E2F proteins
as central regulators of a genetic pathway that is frequently associated with human cancer.

TARGET GENES REGULATED BY E2F

As transcription factors, E2F proteins regulate gene expression by binding to specific DNA
sequences within promoter elements of target genes. E2F binds to DNA with the consensus
5'-TTTSSCGC-3’ (S=C or G) sequence (see Slansky & Farnham 1996) and multiple
cellular genes contain this sequence in their promoters.

What can be said about the target genes of E2F transcription factors? As effectors of the
E2F genetic pathway and possible mediators of malignancy, they might be expected to
function as rate-limiting regulators of cellular proliferation. To a large extent, the proteins
encoded by these genes fulfill that role. E2F target genes include cellular oncogenes, tumour-
suppressor genes, and other rate-limiting regulators of DNA synthesis and cell cycle progres-
sion (Table 1). Given the functions of these genes, it is reasonable to expect that their altered
expression could contribute to the development of cancer.

Not only do E2F transcription factors regulate the levels of target gene expression, but
they do so largely in a cell cycle-dependent fashion. For the most part, E2F proteins ensure
that target genes are maximally transcribed in the late G, and early S phases of the cell cycle
(see Slansky & Farnham 1996). Abnormal expression of E2F could alter this pattern of target
gene expression and conceivably contribute to carcinogenesis, not only by changing the
overall expression levels of target genes, but by changing the cell cycle-dependent expression
pattern of these genes as well.

MECHANISMS BY WHICH E2F REGULATES TARGET GENE
TRANSCRIPTION

Experiments have been done in which E2F binding sites in the promoters of target genes
were mutated. These experiments suggest that E2F proteins can act both as activators and
repressors of target gene transcription. Deletion of E2F binding sites in the c-myc promoter,
for example, resulted in reduced transcription from these genes (Thalmeier et al. 1989,
Moberg et al. 1992), suggesting that E2F proteins are transcriptional activators in this
context. Mutations in E2F binding sites in the B-myb promoter, however, caused increased

©1997 Blackwell Science Ltd, Cell Proliferation, 30, 97-105.



E2F and cancer 99

transcription from this gene (Lam & Watson 1993), suggesting that E2F proteins act as
transcriptional repressors here. What determines whether a specific target gene will be
activated or repressed by E2F is not entirely clear. Recent experiments, however, provide
some insights.

Activation of target gene transcription by E2F (Figure 1A) appears to occur as follows. In
early-to-mid G; phase of the cell cycle, as well as in non-cycling G, cells, E2F proteins are
bound by proteins of the retinoblastoma (Rb) tumour-suppressor gene family (i.e. pRb, p107,
or pl130). Binding of E2F proteins by retinoblastoma proteins (pRb) prevents target gene
activation (Figure 1A). To activate target genes, therefore, E2F must be released from
binding by pRb. How does this happen?

As cells approach the late G, phase of the cell cycle, pRb-family proteins are phosphoryl-
ated by cellular kinases that are complexes between cyclins and cyclin-dependent kinases
(CDKs). Cyclin D/ICDKA4, cyclin D/CDK®6 and cyclin E/CDK2 phosphorylate pRb proteins
(Weinberg 1995). Phosphorylation causes pRb proteins to release bound E2F. Whereas E2F
that is bound by pRb cannot activate target genes, unbound or ‘free' E2F can stimulate
target gene transcription by binding to target gene promoters (Figure 1A).

In mid S phase of the cell cycle, after E2F has activated target gene transcription, E2F
activity is inhibited. This occurs when E2F/DP complexes are themselves inactivated by
phosphorylation (Krek et al. 1994). In addition, as cells progress through M phase and into
the next cell cycle, pRb loses phosphorylation (Buchkovich, Duffy & Harlow 1989, Chen et

Table 1. Partial listing of E2F target genes*

Functional category of target gene Specific genes

DNA synthesis/nucleotide metabolism Carbamoyl-phosphate synthase—aspartate
Carbamoyltransferase—dihydroorotase
DNA polymerase o
Deoxycytosine kinase
Dihydrofolate reductase (DHFR)
Proliferating cell nuclear antigen (PCNA)
Thymidine kinase
Thymidylate synthetase
Topoisomerase |
Ribonucleotide reductase subunit M2

Cell cycle progression cdc2
Cyclin A
Cyclin D1
Cyclin E

Proto-oncogenes erb-B
Insulin-like growth factor 1 (IGF-1)
B-myb
c-myb
c-myc
N-myc

Tumour-suppressor genes Rb
p107

Others E2F-1

*The genes in this table were studied either in human, mouse or rat (Farnham, Slansky & Kollmar
1993, DeGregori, Kowalik & Nevins 1995, Slansky & Farnham 1996, Hurford Jr. et al. 1997).
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al. 1989, DeCaprio et al. 1989, Mihara et al. 1989, Ludlow et al. 1990) and again binds and
inactivates E2F.

Although Figure 1A shows the E2F/pRb complex as not binding to DNA in the early-
to-mid G; phase, complex formation does not preclude interaction of E2F with DNA. In fact,
binding of E2F/pRb complexes to some target gene promoters, beginning in late M phase
through mid G, actively represses transcription (Figure 1B; Weintraub et al. 1995, Zwicker
et al. 1996). Here E2F acts as a tether to attach pRb proteins to DNA. pRb, now in close
proximity to DNA, apparently blocks activation of target gene transcription by other required
protein factors and may inhibit the ability of E2F to interact with basal transcription factors
(Hagemeier, Cook & Kouzarides 1993, Weintraub et al. 1995). As in the model for target
gene activation, pRb proteins are phosphorylated by cyclin/CDK kinases as cells approach
the late G, phase and pRb is consequently released from the E2F/pRb complex. In the
absence of the pRb tether, target gene transcription is no longer repressed (Figure 1B).

Could transcription of the same target gene be both repressed, by E2F/pRb binding in
early G,, and activated, by free E2F in late G, and early S? This probably happens (Wells et
al. 1997). However, it is also likely that some target genes are exclusively activated while
other targets are exclusively repressed by E2F.

What determines whether a gene will be activated or repressed by E2F? Recent experi-
ments suggest key structural differences between the promoters of target genes that are
activated and those that are repressed by E2F (Zwicker & Miiller 1997). In the mouse B-myb
gene, a gene known to be repressed by E2F, a DNA sequence located downstream (or 3’) of

Early-mid G, phase Late G,/early S phase
Activation NN\, —> @

(CY

(b) @

—» I

Repression NNNNNNN

—— > mMRNA

Figure 1. Models for E2F activation and repression of target gene transcription. E2F activation (a) and
repression (b) of target gene transcription is shown for both the early-to-mid G, and the late G,/early
S phases of the cell cycle and is described in the text. E2F, pRb and CHR binding proteins (CHRBP)
are shown interacting with the DNA in the promoter region of a target gene. Binding sites on the DNA
for E2F (W) and CHRBP (@) are shown. The ‘P’ attached to pRb represents pRb that has been
phosphorylated by cyclin/CDK kinases. The thick lines with arrows at the right ends represent mRNA
transcribed from the target gene.
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the E2F binding site, called ‘cell cycle genes homology region’ (CHR), was found (Figure
1B). This CHR element, in combination with an unknown cellular protein (designated
CHRBP in Figure 1B) that binds to this sequence, was shown to be necessary for repression
of B-myb transcription by E2F (Liu & Lucibello 1996).

Therefore, it may be that transcription of target genes containing an E2F binding site, but
not a CHR element, are activated by E2F (Figure 1A). Presence of the CHR element
downstream of an E2F binding site, plus a CHR binding protein, may determine that target
genes will be repressed (Figure 1B).

In addition to the mouse B-myb gene, the CHR sequence has been found in the promoters
of both human and mouse E2F-1, two genes also known to be repressed by E2F (see Zwicker
& Miiller 1997). This suggests that these genes may be repressed by a similar mechanism.
CHR elements may also play a role in cell cycle specific regulation of cyclin A and cdc2 gene
transcription (Zwicker et al. 1995), genes that also contain E2F binding sites in their
promoters.

Note that, independent of whether a target gene is activated or repressed by E2F, the
transcription pattern will normally be similar (Figure 1). Transcriptional activation of targets
by free E2F occurs largely in the late G, and early S phases of the cell cycle. Repression by
E2F/pRb complexes occurs in cell cycle phases other than late G, and early S. Repressed
genes normally become transcriptionally derepressed beginning in late G,.

Despite the fact that the expression patterns are similar, the particular mechanism by
which E2F regulates a target should determine the circumstances under which that target
gene can contribute to malignancy. For example, overexpression of E2F would increase
transcription of target genes activated by E2F (due to increased free E2F) and likely
decrease transcription of targets repressed by E2F (due to increased levels of E2F/pRB
complexes). Oncogenes that are activated by free E2F and tumour-suppressor genes that are
repressed by E2F/pRb complexes could contribute to malignancy under these conditions.
Conversely, loss of E2F would decrease transcription of target genes normally activated by
E2F (due to decreased free E2F) and increase transcription of targets repressed by E2F (due
to decreased levels of E2F/pRb complexes). Tumour suppressors that are activated by E2F,
as well as oncogenes that are repressed by E2F could contribute to malignancy when E2F
activity is lost.

REGULATION OF E2F ACTIVITY: THE E2F GENETIC PATHWAY

Because they bind to and directly regulate the ability of E2F proteins to affect target gene
transcription, pRb-family proteins are immediate regulators of E2F activity. Other cellular
proteins regulate the ability of pRb to bind E2F. Still other proteins regulate the proteins
that regulate pRb. All of these proteins comprise a linear genetic pathway (Figure 2) that
ultimately regulates E2F activity. Genetic alterations in most of the genes shown in this
pathway are known to correlate with human malignancy. In fact, the pathway shown in
Figure 2 is likely the most commonly affected genetic pathway in human cancer (Sherr 1996).
E2F proteins appear to be key transcriptional effectors of this pathway.

In which human cancers do alterations in the genes shown in Figure 2 occur and how
might these alterations affect E2F activity? Let us examine this question. First, mutations in
the Rb member of the retinoblastoma gene family are common and are frequently found in
retinoblastomas and small cell lung carcinomas. Rb mutations are also found in non-small
cell lung carcinomas, bladder, breast and prostate carcinomas, leukaemias, malignant
gliomas, and many sarcomas (Paggi et al. 1996). Mutations that inactivate pRb would be
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Cyclins __ n1, o £op . Cell Proliferation,
P53~ CDKIs =4 cpks — R0~ E2F Cancer ?

- - + . +
Figure 2. The E2F genetic pathway. The figure illustrates the pivotal location of E2F proteins,
downstream of proteins that are essential for cell cycle progression, and upstream of target genes (Table
1) necessary for cell proliferation. Interactions between components of this pathway are discussed in the
text. The + and — signs indicate the effects of the indicated component on cell proliferation, the last
component in the pathway. For example, increased cyclin or CDK activity would positively affect cell
proliferation.

expected to result in increased transcription of target genes that are activated by E2F (due
to increased levels of free E2F) as well as target genes that are repressed by E2F (due to
decreased levels of E2F/pRb complexes).

Immediately upstream of the Rb gene in the pathway (Figure 2) are the cyclin and CDK
genes. Alterations in these genes are also common in human cancers. Amplification of the
cyclin D1 gene is frequently associated with head and neck squamous cell carcinomas,
oesophageal carcinomas, bladder cancers, ductal breast cancers and hepatocellular
carcinomas, and less frequently associated with various other cancers (Hall & Peters 1996).
Amplification of the CDK4 gene is common in human sarcomas and gliomas (Hall & Peters
1996).

Since cyclin/CDK kinases phosphorylate pRb-family proteins and, therefore, determine
whether pRb will bind E2F, amplification of either the cyclin D1 or CDK4 genes would be
expected to increase phosphorylation of pRb proteins, thus decreasing their ability to bind
E2F family members. As a result, transcription of target genes activated by E2F (due to
increased levels of free E2F) as well as target genes repressed by E2F (due to decreased
levels of E2F/pRb complexes) would be expected.

Upstream of cyclins and CDKs in the pathway (Figure 2) are proteins called CDK inhibi-
tors (CDKI). These proteins function to directly inhibit cyclin/CDK activity and, therefore,
result in decreased phosphorylation of pRb proteins. p16 is a CDKI that binds and inhibits
CDKs that heterodimerize with D-type cyclins (i.e. CDK4 and CDK®6) and phosphorylate
pRb. Mutations in the p1l6 CDKI gene are probably the second most common mutation in
human cancer (estimated to occur in 20% to 40% of human cancers; Harlow 1996), next to
mutations in the gene encoding the p53 tumour-suppressor protein (Sherr 1996). pl6
mutations are frequently found in leukaemias, anaplastic astrocytomas, mesotheliomas,
biliary tract cancers, nasopharyngeal carcinomas, pancreatic carcinomas, oesophageal
carcinomas, bladder and ovarian carcinomas, and non-small cell lung cancers (Hall & Peters
1996).

Loss of CDKI activity would be expected to increase cyclin/CDK kinase activity, thus
increasing pRb phosphorylation and decreasing E2F binding by pRb. As a result, free E2F
would be expected to increase as would transcription of target genes activated by free E2F.
Levels of E2F/pRb complexes would also likely decrease, resulting in increased transcription
of target genes that are normally repressed by E2F.

Another important CDKI, p21, can inactivate CDK2 (a partner of cyclin E in pRb
phosphorylation), CDK4, CDK®6 and others (Harper et al. 1995). Mutations in the p21 CDKI
gene have not been described in human cancer (Hall & Peters 1996). However, the p53
tumour-suppressor protein is an activator of p21 transcription (Figure 2) and p53 is mutated
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in over 50% of human cancers (Hollstein et al. 1991, Harris & Hollstein 1993). In these
cancers, transcription of the p21 gene should decrease and, since p21 functions to decrease
cyclin/CDK kinase activity, p53 mutations would result in increased activity of these kinases.
The expected result would be increased pRb phosphorylation and, therefore, increased levels
of free E2F. Transcription of target genes activated by E2F would be increased, as would
transcription of target genes repressed by E2F (due to decreased levels of E2F/pRb
complexes).

Finally, although the interactions between components of the pathway shown in Figure 2
are well established, there are additional interactions, particularly involving pRb proteins,
that should be mentioned. pRb proteins appear to bind a number of other cellular transcrip-
tion factors, in addition to E2F, and regulates the activity of some of them (Sanchez &
Dynlacht 1996, Taya 1997). Interestingly, the binding of some of these transcription factors
is, like E2F, also regulated by phosphorylation of pRb (Taya 1997). Given these facts, it
would not be surprising if some of the other transcription factors bound by pRb also play a
role in regulation of cell proliferation and human cancer.

ADDITIONAL DATA IMPLICATING E2F IN HUMAN CANCER

Other evidence suggests that E2F proteins are potentially oncogenic. For example,
overexpression of E2F has been shown to cause phenotypic transformation of cultured cells
(Johnson et al. 1994, Singh, Wong & Hong 1994, Xu, Livingston & Krek 1995, Yang &
Sladek 1995). Transformation in these experiments is dependent on the ability of E2F to
bind DNA and regulate target gene transcription. E2F mutants that do not retain these
properties do not transform (Singh et al. 1994, Xu et al. 1995).

Similar to some other oncogenes, E2F-1 is also able to cause some cultured cells to
undergo apoptosis. Although the original experiments suggested that E2F-mediated
apoptosis was dependent on the presence of wild-type p53 tumour-suppressor protein in cells
(Qin et al. 1994, Wu & Levine 1994, Kowalik et al. 1995), some cells containing wild-type p53
do not undergo apoptosis but instead are transformed by E2F-1 overexpression (Sladek
1996). These data might suggest, therefore, that any contribution E2F makes to human
cancer could occur in the presence of wild-type p53.

Additional evidence implicating E2F genes in cancer comes from experiments with mutant
mice that lack functional E2F-1 (Field et al. 1996, Yamasaki et al. 1996). Such mice have an
increased incidence of tumours. One interpretation of these data is that, in the absence of
E2F, genes that are normally repressed by E2F would become transcriptionally active
(Weinberg 1996). Given that many E2F target genes regulate cell proliferation (Table 1),
derepression of some of these could contribute to tumour formation.

Finally, there are two other reports correlating abnormalities in E2F genes or gene expres-
sion with human cancer. In the first report, amplification and overexpression of the E2F-1
gene was found in human HEL erythroleukaemia cells (Saito et al. 1995). In the second
report, alterations in the E2F-4 gene were detected in colorectal cancers (Yoshitaka et al.
1996).
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