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(G2) followed by rapid degradation at the end of mitosis
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1. Summary
(M phase).
The retinobl family of growth-inhibi

act by binding and mhlbltmg several prolems with
growth-stimulatory activity, the most prominent of which
is the cellular transcription factor E2F. In higher organ-
isms, progression through the cell division cycle is accom-
panied by the cyclical activation of a number of protein
kinases, the cyclin-dependent kinases. Ph ylation of
bl family p by these cyclin-d¢ d
kinases leads to release of the associated growihi-stimula-
tory proteins which in tumn mediate progression through
the cell division cycie.

2. Introduction

Proliferation of normal cells is controlled by multiple
growth-regulatuiy pathways that act together to ensure
proper growth regulation. To evade these controls, tumor
cells have to acquire multiple genetic changes before they
display a fully wansformed phenotype. Cells respond to a
variety of lular signals, i growth faciors,

i g and differentiation-inducing factors.
Together, these factors dictate cellular behavior, including
the decision to grow, differentiate or commit suicide by
apoptosis. Cancer cells ignore many of these growth-regu-
latory signals due to mutations in genes that controi either
the growth-pi ing (proto- ) or growth-inhibi-
tory pathways (tumor-suppressor genes). Although these
mutations appear to affect different classes of genes, it has
become increasingly evident that they are both part of the
same 'y system d d to maintain the integrity
of all tissues. The observation that proteins of both classes
often influence each other’s activity through direct interac-
tions provides further proof of this intertwinement.

3. Gene expression and the cell cycle

The major positive regulators of the cell division cycle
are a group of related proteins, the cyclins, first identified

Apart from the cyclin genes, another group of genes,
collectively known as the immediate early response genes,
play a crucial role in the early phases of the cell cycle.
Growth factors bind to specific cell surface receptors
which trigger signaling des that ly result in
the iption of i diate early genes. The
immediate early mRNAs include c¢-fos. ¢-jun and c-myc
which appear within minutes following mitogenic stimula-
tion. These mRNAs turn over rapidly and conseguently
their encoded proteins appear only transiently. Immediate
early mRNAs even appear when protein synthesis is inhib-
ited, indi that their induction depends solely on the
post translational modification of pre-existing cellular fac-
tors. For c-myc it has been shown that induction of its
mRNA is both necessary and sufficient for the transition
from quiescence to the Gl and S phase of the cell cycle
[5.6). The importance of this group of genes in the initia-
tion of the cell cycle is also highlighted by the fact that
many of the immediate early response genes are deregu-
lated in cancer.

The later transitions in the cell cycle are also marked by
the coordinate expression of yet other groups of genes that
are required for periodically occurring biochemical pro-
cesses. For instance, at the G1/S transition genes required
for DNA synthesis have to be activated. This group of cell
cycle regulated genes include those for dinydrofolate re-
ductase (DHFR), DNA polymerase a, the DNA poly-
merase @ subunit PCNA and thymidine kinase (TK) which
are all induced at the G1/S transition [7]. An |mporuml
aspect of cell cycle regulation is therefore the di
expression of groups of genes that act together during the
specific phases of the cell cycle.

4. G1 cyclins and the G1 /S phase transition
4.1. The restriction point

In the Gl phase of the cell cycle growth-stimulatory

by virtue of their cyclical appearance during the celi cycle
of marine invertebrates [1]. Cyclins are the positive regula-
tory subunits of a class of related protein kinases, named
cyclin-dependent kinases (cdks) [2). The mammalian
genome encodes at least ten different cyclins and seven
cdks that can associate in at least 15 dif%2nt cyclin-cdk
complexes [3.4]. Together. these cyclin-cdk complexes are
the master regulators of the major celi cycle i

and growth-inhibitory signals whether cells
progress through the cell cycle or whether they remain
quiescent. Later preccsses (DNA synthesis and mitosis) are
fargely independent of extracellular signals but rather de-
pend on i larly triggered Is. A critical mo-
ment m lhe cell cycle is the pomt after which the cell is
ir dto the division cycle: the
reslncnon pmm [8]. Before lhr checkpoint growth factors

‘When cells emerge from quiescence (GO phase) and enter
the first phase of the cell cycle (G1), the expression of D
and E type cyclins is induced. At the onset of DNA
synthesis (S phase) cyclin A is first detected followed by
cyclin B during the interval between S phase and mitosis

are required to progress throui. the first phases of the cell
cycle. The actual onset of 1)NA synthesis, the Gl to S
phase iransition, follows one to 3 h after the restriction
point. Both transitions are marked by the appearance of
active kinase complexes of G1 cyclins and their associated
cdks, that phosphorylate key substrates essential for the



R.L. Beijersbergen. R. Bernards / Biochimica er Biophysica Acta 1287 (1996) 103-120 105

execution of the different transitions [2,4]. The timing and
activation of specific kinases indicates that the commii-
ment to enter the cell cycle and the actual onset of S phase
are separately controlled events.

4.2. D-type cyclins

The first group of cyclins that is expressed after cells
are stimulated to enter the cell cycle are the D-type
cyclins. The direct role of the D-type cyclins in the
progression through G1 has been demonsirated in several
ways. First, the D-type cyclins are expressed and form
active kinase complexes in mid- a:d late G1 [4.9]. Second,
enforced expression of cyclin DI earlier in the cell cycle
accelerates entry into S phase {10—12]. Third, the inactiva-
tion of cyclin DI through microinjecrivn of antisense

lasmids or against cyclin DI pre-
venls entry into S phase [10,13-15]. The inactivation of
cyclin D1 before the restriction point blocks progression
into S phase, whereas inactivation at later time points is
without effect. This indicates that the point of cyclin D
action is before the onset of S phase. Taken together, these
data provide strong evidence for a critical role of cyclin
D-cdk complexes in the decision to pass the restriction
point [9,16,17]. However, induction of cyclin D1 alone is
not sufficient to progress from G1 into S phase indicating
that more proteins are involved in this process [12].

There are three different D-type cyclins, cyclin D1, D2
and D3, which are expressed in a cell-finecge speciﬁc
manner. Because there are several D-type cyclins u is
uniikely that any one is | for cell cycle p
Consistent with this, mice nullizygous for cyclin D1 do not
manifest a dramatic phenotype, although they do have
some cell type specific abnormalities [18]. The genes for
the D-type cyclins are induced when cells are mitogeni-
cally stimulated as part of the delayed early response. The
half life of the D-type cyciins is very short (T, ,, < 25 min)
and the withdrawal of growth factors during the G1 phase
of the cell cycle result is a rapid decrease of D-type
cyclins. When macrophages are depnved from colony
stimulating factor 1, cyclin D exp is ly

Tonal antibod:

Deregulated expression of cyclin D has also been
strongly implicated in cancer. Cyclin D1, located at chro-

mosome 11q13, is over- d due to 1! in
id ad and ytic B cell lymph

[22 25] Cyclin D1 amplification has been found in breast-,

gastric-, I- and sqy cell carci [26-

29). Further evidence that cyclin D1 has strong growth-
stimulatory activity is provided by the observation that
cyclin DI can cooperate with a ras oncogene in the
transformation of primary rat embryo fibroblasts and br.oy
rat kidney celis [30,31). Furthermore, cyclin D1 can ceap-
erate with c-myc to induce B cell lymphomas in transge nic
mice [32,33]. Finally, cyclin D1 under the control of the
mouse mamiary tumor virus long terminal repeat causes
y hyperplasia and y carci [341

The D-type cyclins also play an important role in
cellular dif iation. 32D loid cells that picall
express cyclin D2 or D3 are prevented from differen!iation
in the p of granulocyte colony it factor
{351 The expression of cyclin D1 also inhibits the function
of MyoD and therefore the diffe iation of myocytes into
myotubes {36,37]. Together these results indicate that
deregulated expression of cyclin D can dramatically influ-
ence key ces'ular processes such as proliferation and differ-
entiation.

4.3. Cyclin E

After cyclin Dt induction, but well before the onset of
S phase. cyclin E is transcriptionally induced and forms an
active complex with cdk2. Cyclin E expression reaches its
maximum near the G1 /S boundary and is expressed peri-
odically during the following cell cycles [38,39]. Several
lines of evidence support a role for cyclin E in the onset of
DNA synthesis. Entry into S phase of mammalian cells is
blocked by the inhibition of cyclin E and cdk2, either by
antibody jection or by the expression of a i
negative cdk2 mutant [40-43], whereas overexpression of
cyclin E shortens the GI interval in mammalian cells
[11,12]. Like cyclin D1, cyclin E expression only moder-

reduced. As a result, these cells can no longer pass the
restriction point [19]. These data have led to the idea that
D-type cyclins act as growth factor sensors. A prediction
from this would be tliit deregulated expression of cyclin D
would contribute to tumorigenesis by making cells less
dependent on growth factors. Indeed. Resnizky et al. have
shown that overexpression of cyclin D reduces serum
requirement for cell cycle entry [12]. The finding that
cyclin D1 transcription can be stimulated through in-
creased exp of c-myc, provides a p fe connec-
tion between the immediate early genes and cell cycle
control [20,21]. A role for cyclin D1 in cell proliferation is
also suggested by the finding that loss of cyclin DI
function in mice leads to reduced proliferative capacity of
retina and breast epithelium [18].

ately ! entry into S phase. However, when both
cyclin D and cyclin E are over-expressed simultaneously a
further decrease in the time spent in Gl is observed,
dicating thzi D and E-type cyclins regulate different
processes during the G1 1o S phase transition [44]. This
was also suggesied by the fact that cyclin E, but not cyclin
D1. is essential for S phase entry in cells lacking the
product of the retinot tum pp gene, pRb
(see below and [43,44)). Also. in lower organisms, cyclin
E is required for the initiation of S phase since Drosophila
embryos in which cyclin E is homozygously deleted arrest
in the Gl phase of cell cycle 17. the moment when
normally cyclin E expression is induced [45]. Although
cyclin E seems to regulate an important aspect of the
G1 /S transition. no strong evidence is present that deregu-
lated cyclin E expression contributes to human cancer.
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4.4. Cyclin A

Cyclin A is induced shortly after cyclin E and binds and
activates cdk2 in S phase and cdc2 in G2 and M phase.
Although cyclin A has been implicated in the control of
mitosis, it appears that cyclin A is also involved in the
regulation of S phase entry. Inactivation of cyclin A by
‘antibody injection blocks entry into S phase [41.46]. Fur-
h the ion of cyclin A early in G1,
results in the acceleration of S phase entry and the over-ex-
pression of cyclin A in asynchronous cells causes a de-
crease of the number of cells in G1 [47). Together these
results suggest a role for cyclin A in the regulation of S
phase entry Consnslem wnth this is the observzmon that
cyclin A d If is licated in fi In
one h ihe i ion of hepatitis B virus resulted
in the formation of a chimeric cyclin A protein that lacks
the cyclin destruction box. As a result, the half life of the
chimeric protein was prolonged significantly, causing a net
increase in cyclin A protein levels in the virally infected
cells [48]. One observaiion suggests that cyclin A expres-
sion is stimulated by signals from cell surface adhesion
receptors and mediates cell growth control. A stable cell
line of NRK fibroblasts expressing ectopic cyclin A is able
to grow in suspension, whereas the parental cell line is
:mchomge dependenl [49). This could indicate that cyclin
A sy is d in mediating the inde-
pendent growth properties of transformed cells.

5. Mitotic control by cyclin 8

Mitosis is regulated by cyclin B in association with
cdc2 (reviewed in [50,51]). Cyclin B is synthesized in S
phase and accumulates with cdc2 towards M phase and is
rapidly degraded during mitosis. The exit from mlloslb
depends on the abrupt ubiquitil degrad of
cyclin B. In normal cells, unduplicated DNA or DNA
damage prevents the activation of the cyclin B-cdc2 com-
plex with the result that cells arrest in G2. In tumor cells
this checkpoint is often defective, causing cells to become
anaploid by entering M phase regardless of the replication
state of the DNA [52]. The role of cyclin B in mitotic
control was also |IIustraled in Drosophila cells that un-
dergo end li i DNA synthesis with-
out intervening mnosns These cells do not conmm mitotic
cyclin B, thereby skipping M phase and as a
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it has becomne clcar that additional mechanisms exist that
control cdk activity.

6.1. Regulation by phosphorylation

First, the cdk component needs to be phospherylated to
acquire full activation of its kinase activity. The targets of
this phosphoryiation are the residues that block the pro-
tein-substrate binding site in cdks. The phosphorylation of
threonine 160 in cdk2 or 161 in cdc2 makes the catalytic
pocket accessible for the protein substrate [54). The Cdk
Activating Kinase (CAK) responsible for phosphorylation
of these threonine residues is the MO15-cdk7 kinase,
whlch in tum rcqlmes cyclin H for activity {55.56]. CAK
can phosphorylate cyclin-cdk2, cyclin-cdc2 and cyclin D2-
cdk4 complexes. In contrast to cdc2. cdk2 can be phospho-
rylated by CAK in the absence of bound cyclin. This could
represent a cdk2-specific activation pathway, allowing the
formation of phosphorylated inactive monomeric cdk2 ki-
nases. The relevance of this observation under physio-
logical conditions is still unclear. The identification of
CAK as a cyclin-cdk complex which can function as an

of other cyclin-kinase I suggests that
cyclin-cdk cascades may reflect an important regulatory
pathway in cell cycle control. In addition to CAK
phosphorylation, cdks are regulated by a second phospho-
rylation event mediated by the wee-1/mik-1 related pro-
tein kinases [51]. The cdc2 kinase is inactive in S phase
due to the phosphorylations on Tyr-15 and Thr-14. Phos-
phorylation of cdc2 on Thr-161 stabilizes the interaction
with cyclin B and is essential for the activation of cdc2
kinase activity. The cdc25C phosphatase dephosphorylates
Tyr-15 and Thi-14 at the end of G2, thereby activating
cdc2 kinase activity [50].

6.2. Regul.

by specific i

Recently it has been shown that a family of cyclin
dependent kinase inhibitors (cdkls) plays a major role in
the negative regulation of cyclin-cdk activity (for reviews
see [57-59]). These Gl cyclin inhibitors are involved in
the arrest in Gl of cells in response to anti-proliferative
signals. This arrest enables cells to enter processes such as
terminal differentiation, cellular senescence, or to repair
DNA damage. The cdkls can be subdivided into two
calcgones The first class is a group of broadly-acung

progress into G1 with double DNA content [53].

6. Regulation of cdks

As was d above, the of a cdk re-
quires the association with a regulatory subunit, the cyclin.
The cell cycle-dependent expression of these cyclins is one
mechanism by which cdk activity is controlled. However,

that iate with a pl acy-
clin, a cdk and the proliferating cell nuclear antigen
(PCNA) [60.61]. The first cdkl of this class that was
identified is p21P'. A molecute of p21“*' binds to and
inhibits a wide variety of cyclin-cdk complexes including
cyclin D-cdk4, cyclin E-cdk2, cyclin A-cdk2 [62-66).
However, p21°?' is present in most cyclin-cdk complexes
in normal cycling cells. Significantiy, active cyclin-cdk

pl can be i ipitated with p21°P' anti-
bodies, indicating that p2|"’" can be present in active
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cyclin-cdk complexes. Expression of p21°" is induced
when qui fibroblasts and T lymphocytes are mito-
genically stimulated [66-69]. This probablv indicates that
low concentrations of p21°®' are synthesized in growth-
stimulated cells to facilitate the assembly of active cyclin-
cdk compl b higher jons of p21°P*
are inhibitory.

p2I°®! expression is in part under the control of wild
type pS3 [65]. DNA damage results in the increase of pS3
protein levels that in tum induce p21?' synthesis. This
increase in p21?' levels results in a further binding of
p219°! to cyclin-cdk complexes. This inhibits cyclin-cdk
kinase activity, thereby allowing cells time to repair DNA
damage before proceeding into S phase. p21°?! expression

et Biophysica Acta 1287 (1996) 103-120 107

The enforced expression of cdk4 is able to overcome a
TGFB-induced cell cycle block [84). This indicates that a
TGFB-induced growth arrest depends on the efficient inhi-
bition of D-type cyclin-associated kinase activity.

7. Substrates for cyclin-cdk complexes

The direct i of the sequentially activated
cyclin-cdk complexes in cell cycle progression supports a
model in which each successive cyclin-cdk complex phos-
phorylates a anique set of substrates that is essential for
each transition. Thus, S phase cyclin-cdk corplexes phos-
phorylate and activaie proteins esseiitial for ,,‘IA synlhe-

is also increased 10- to 20-fold in ing fibrobl:
coincident with their loss of proliferative capacity [66). In
these cells an accumulation of inactive cyclin E-cdk2 is
observed presumably as the result of p21®* activation
{70).

In addition to a role in cell cycle control and senes-
cence, it is likely that p2i“®' is also involved in regulation
of differentiation. Thus, induction of p2I°*' has been
observed in cultured hematopoetic cell lines undergoing
differentiation and in differentiating myoblasts [71--73].
However, mice lacking a functional p21°"' gene do not
manifest major b ic or muscle at tities [74].
This may indicate that p21°?' is redundant with other
members of this gene family. At the same time, these data
argue against a unique and essential role for p21°? in the
assembly of active cyclin-cdk complexes.

Other members of the p21P' family of cdkls include
p27%¢! and p57%°>. Both appear to have a similar sub-
strate specificity as p21?' but probably allow the celi
respond to different growth-regulatory signals. Thus.
p27%?! is lest from cyclin D-cdk4 complexes following
stimulation of T cells with IL-2, whereas inducers of
cAMP increase p27%?' levels in macrophages [69.75].

A second group of cdks is more restricted in its ability
to inhibit cdk activity. p16™K** was the first member of
this family of cdkls that now consists of at least four
members, including, apart from p16™%*, p15!NK®, p1g,
and p19 [76-80]. These cdkls act as competitive inhibitors
of D-type cyclins by forming specific complexes with the
D-type cyclin partners cdk4 and cdké [76,79,80). When

P d in pRb positive cells, all four members of
this family can cause a Gl arrest, indicating that they are
potent inhibitors of cell cycle progression. Consistent with
this, loss of pl6™*% has been observed in a variety of
human cancers and germ line mutations in p16™*** have
been found in familial melanoma [81-83). In normal cells
these inhibitors probably also act to mediate growth-inhibi-
tory signals to the cell cycle machinery. Thus. treatment of
human keratinocytes with TGFg leads to a rapid inducticn
of p15™¥%, causing the cells to arrest in G1, whereas in a
different cell system, Ewen et al. found that TGFg induces
a GI amest by reducing the expression of cdk4 [80,84).

sis, wh M phase cyclin-cdk ) phorylate
protzins involved in mitosis and cytokmesus "he targets of
the D-type cyclins would then control the proliferation-dif-
fere-tiation switch.

#Jthough many substrates for cyclin-cdk ceinplexes
have been identified in vitro, relatively few proteins are
known whose phosphorylation is relevant to cell cycle

The best come from the study of
cyclm B-cde2 in mitotic events. For example, phosphoryla-
tion of lamins by cyclin B-cdc2 plays a major role in the
di bly of the karyoskeletal system. Similarly, chro-

d i g in M phase, is also ac-
companied by extensive phosphorylation of histone H1 on
cdk sites (reviewed in [€5]).

Recently, major attention has been focused on the phos-
phorylation of growth regulators in the G phase of the
cell cycle. A key substrate for G1 cyclin-cdk complexes is
the product of the retinoblastoma gene, pRb. Over the past
decade it has become increasingly clear that pRb is a
negative growth regulator that acts in the G1 phase of the
cell cycle. In man, inactivation of one allele of RB predis-
poses to retinoblastoma. In these tumors the second allele
is also inactivated, indicating thal the Ioss of RB is an

] step in tumori; i i that
inactivate RB are also found in olher human tumors such
as osteosarcomas, indicating that loss of RB also con-
tributes to other types of human cancer [86). Reintroduc-
tion of a wild type RB gene in centain RB negative tumor
cell lines causes a ion of the fi d ph
supporting the role of pRb in regulation of cell prohfera-
tion [87,88]. pRb acts as a negative regulator in the G1
phase of the cell cycle because over-expression of pRb
arrests most cells in G1 and the introduction of pRb after
the restriction point is without effect [89,90]. Adenovirus
and SV40 can induce quiescent cells to enter S phase, most
likely to enforce the expression of host cellular genes
required for viral DNA replication. The adenovirus E1A,
HPV E7 and SV40 large T proteins bind to pRb and
thereby inactivate pRb’s ability to restrain cell division
[91-93]. For all the viral proteins it was de d
that the region involved in the interaction with pRb is also
required for their transforming activity [94].
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pRb is phosphorylated in a cell cycle-dependent manner
[95-97]. In GO and early G1 phases of the cell cycle pRb
is found in the hypophosphorylated state. During the pro-
gression through G1, pRb undergoes additional phospk
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cdk complexes are primarily responsible for pRb phospho-
rylation, there are indications that other cyclin-cdks can
also ib to pRb pt ylation. When pRb is
over in the <!l line SAOS-2 cells,

rylations resulting in a hyperphosphorylated form that
persists through S, G2 and most of M phase. Several lines
of evidence indicate that the growth-suppressive activity of
pRb is regulated by phosphorylation. First, the phospho-
rylation of pRb is stimulated by signals that favor cell
growth, whereas growth inhibitory signals prevent the
phosphorylation of pRb. Moreover, the transforming T
antigen of SV40 binds and thereby inactivates prefer-
entially the hypophosphorylated form of pRb, suggesting
that only the hypophosphorylated form is active in growth
inhibition. Furthermore, the hypophosphorylated form of
pRb binds several cellular proteins. among which the
transcription factor E2F. pRb phosphorylation or binding
to viral proteins of pRb, results in the release of these
cellular proteins thereby allowing cell cycle progression
(see below). All these data suggest that pRb in its hy-
pophosphorylated state can prevent progression through
the cell cycle. In mid GI1, pRb is phosphorylated and
thereby inactivated as brake on the cell cycle. The lack of
PRb or inactivation by virai proteins will remsve the pRb
constraint on cell cycle contrsi with the consequence of
deregulated cell proliferation.

Accumulating evidence indicaies that phosphorylation
of pRb is controlled by cyclin-cdk complexes. The sites in
the pRb protein that are phosphorylated are cdk consensus
sites [98]. Because of the timing of pRb phosphorylation, it
seems likely that Gi cyclin-cdk complexes mediate these
phosphorylations. The connection between D-type cyclin-
associated kinase activity and pRb phosphorylation is
strengtiiened by a large body of evidence. First, the timing
of pRb phosphorylation coincides with the appearance of
active cyclin D1-cdk4 complexes. Also. when pRb protein
was incubated with lysates of insect Sf9 cells engineered
to express both cyclins and cdks. pRb could be phospho-
rylated by cyclin D1 (and D2 or D3) together with cdk4 or
cyclin D2 or D3 in combination with cdk2 [99.100].
Furthermore. premature induction of D-type cyclin expres-
sion after serum stimulation in fibroblasts results in phos-
phorylation of pRb at an earlier time point [12.44]. Inter-
estingly. cells that lack a functional pRb do not appear to
require cyclin D-associated kinase activity to enter S phase
suggesting that pRb is a critical target of cyclin D-associ-
ated kinase activity [15.101]. Significantly. the ability of
the cdk4 inhibitors. p16™K* and p18. to induce a cell
cycle arrest is also dependent on the presence of a func-
tional pRb [77.102-104]. The interplay between pRb and
cyclin DI is also apparent from studies with tumor cells
lacking pRb function. Loss of pRb fi either through
mutation or viral inactivation, correlates with a decrease in
cyclin D expression. suggesting strongly that cyclin D is
only required in pRb positive cells {15,105,106]. Although
compelling evidence has been obtained that D-type cyclin-

it causes an arrest in the G1 phase of the cell cycle.
Ectopic expression of either cyclin E or cyclin A rescues
the cell amrest and causes phosphorylation of pRb
{99.107.108). Although cyclin A is able 1o release the
pRb-mediated growth arrest. it seems unlikely that cyclin
A-associated kinase activity is responsible for the early
phosphorylation of pRb in mid G!. Rather it would seem
possible that cyclin A-cdk2 contribuies to subsequent addi-
tional phosphorylation of pRb in the S and G2 phases of
the cell cycle.

In contrast. cyclin E expression increases at the time of
PRb phosphorylation [109]. Also, in the cervical carcinoma
cell line C33A, transfected pRb is readily phosphorylated
in the absence of apparent cyclin D-associated kinase
activity [105,107]. Although premature cyclin E expression
in Gl results in a earlier entry into S phase, this is not
accempanied by the eariicr onset of pRb phosphorylation
[44]. It is possible that under normal conditions, phospho-
rylation of pRb by D-type cyclins must occur before it can
function as a substrate for cyclin E-cdk2 complexes.

Apart from pRb, two pRb-related proteins, pl07 and
p130. share many features with pRb. Both p107 and p130
were identified as proteins that bind to the region of E1A
required for transformation and share significant homology
with pRb [110-113}, indicating that pRb belongs to a
small family of structurafly and functionally related pro-
teins. Indeed. like pRb, both p107 and p130 can form
stable complexes with the cellular transcription factor E2F
(see below and [114-117)). The finding that both p107 and
p130 are bound by viral transforming proteins raised the
possibility that pl07 and 130 are also endowed with
growth-inhibitory activity. Indeed, when transiently trans-
fected. both proteins are able to induce a Gl arrest in
certain cell types [118—120]. One idiosyncrasy of p107 and
p130, not shared by pRb, is that they contain a domain
within the region required for viral protein binding. called
the spacer, with which they can form complexes with
cyclin E-cdk2 or cyclin A-cdk2 [113.121,122]. Although
cyclin E-cdk2 and cyclin A-cdk2 are able to phosphorylate
p107 in vitro, it is unlikely that these cyclin-cdk complexes
control the growth-inhibitory acuvity of p107 and p130.
First, the presence of stable higher order complexes be-
tween pl07, E2F and cyclin A-cdk2 or cyclin E-cdk2
indicates that cyclin A or cyclin E do not disrupt the
E2F-p107 complexes. Furthermore, both cyclin A and E
are unable to rescue a p107-induced growth arrest, suggest-
ing that these cyclins are not involved in the functional
inactivation of p107 [107). Rather it seems that p107 may
act to bind and inactivate cyclin A and cyclin E kinase
complexes, in a similar fashion as the p219"! family of
cdkls. Indeed comparison of the structure of pl07 and
p215P! reveals a short region of homology between the
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two proteins that is responsible for the cyclin-cdk interac-
tion. Consistent with a p21<'*'-like role for p107, Zhu et
al. have shown that overexpression of p107 can inhibit
pRb phosphorylation mediated by cyclin E or cyclin A
complexes [123]. Thus, p107 can cause a G| arrest by one
of two mechanisms. One involving the binding and inacti-
vation of cyclin-cdk complexes and another mechanism
involving the binding and inactivating of cellular growth-
promoting factors like E2F {124).

Apart from being able to bind cyclins through the
spacer element, pl07 can interact with D-type cyclins
through the pocket structure. Indeed, Li et al. have demon-
strated that p107 is associated with D-type cyclins in vivo
and a cyclin D-cdk4 complex is able to phosphorylate
p107 in an in vitro kinase assay {I13). pi07 is hypophos-
phorylated in the GO and early G1 phase of the cell cycle.
Phosphorylation of p107 occurs in mid G, coincident with
the appearance of cyclm D expression {125]. in contrasl to
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E-cdk2 complexes [114]. Whether cyclin E-cdk2 can con-
tribute to the subsequent phosphorylation of p130 later in
the cell cycle remains unclear.

8. Targets of pRb and pRb related proteins: Regulation
of the transcription factor E2F

Compeliing evidence has been obtained that pRb regu-
lates the activity of transcnpnon factors that in tum regu-
late the ion of divi p ing factors. Several
lines of evidence indicate that the cellular trarnscription
factor E2F is an important target for pRb-mediated growth
control. First, the interaction between pRb and E2F is
dependent on the pocket region of pRb. Mutations in pRb
found in human tumors frequently involve the pocket
domain and abolish the interaction with E2F [127-129].
Second the binding of viral proteins to pRb prevents the

PRb, hypophosphorylated p107 at the b

of S phase. This may be explained by the observation that
p107 abundance strongly increases at the G1/S wransition.
Most likely. the newly synthesized pl07 cannct be efii-
ciently phosphorylated by the declining cyciin D1-associ-
ated kirase activity, causing the reappearance of hy-
pophosphorylated p107 in early S phase [114,125]. Phos-
phorylation of pl07 in mid Gl can be mimicked by the
expression of cyclin D1 in combination with cdkd4. but not
by cyclin A or E in combination with cdk2. Overexpres-
sion of a kinase-inactive mutant of cdk4 abolishes the
phosphorylation of p107 in vivo, both indicating that in
vivo cyclin D-associated kinase activity is responsible for
pl107 phosphorylation. The functional significance of this
phosphorylation was illustrated by the finding that a p107-
mediated G1 arrest could be overcome by co-expression of
cyclin D1-cdk4, but not by the overexpression of cyclin E
or cyclin A [107,125].

The pRb-related pl130 is also vegulated through
qi cells p130 is in the hy-
pophosphorylated state. With progression through Gi,
phosphorylation of p130 is induced. The moment at which
p130 is phosphoryiated coincides with the phosphorylation
of p107 [126]. Thus, efficient entry into the cell cycle is
accompanied by the phosphorylation of all three pRb
family members. The moment of pi30 phosphorylation
indicates that it is too mediated through the activity of
D-type cyclin associated kinase acuvnty That pl30 is
inactivated by cyclin D-cdk4-medi phorylation is
substantiated by the finding that a p130-induced cell cycle
arrest can be rescued by cyclin D1-cdk4. Wolf et al. show
that the p130 protein can be efficiently phosphorylated by
cdk2 in vitro {119]. However the timing of the phospho-
rylation of p130 during the cell cycle suggests an earlier
time point for the onset of p130 phosphorylation. Also the
existence of higher order complexes containing E2F, p130
and cyclin E/cdk2, as was found for pl07. makes it
unlikely that p130 is functionally inactivated by cyclin

ylation. In

between pRb and E2F [130]. The activation of
the viral E2 promoler region, which cames two E2F DNA
binding sites, ds on the i b EIA and
pRb. The omdmg of pRb by viral proteins results in the
appearance of free £2F that can activate the E2 promoter.
Third, E2F associates only wilh the hypophosphorylated,
growth-inhibitory, species of pRb [95-97,128]. Finally,
E2F binding sites ave present in a number of genes that are

| neanner and the pres-

g J in a cell cycle-depend
encz of these E2F sites contributes to the cell cycle-regu-
lated expression of genes such as c-myc, b-myb. thymidine
kinase, dih d DNA poly a and
E2F itself [131,132]. Together these data suggest a model
in which hypophospharylated pRb inhibits the transcrip-
tion factor E2F through direct binding, thereby preventing
the expression of genes whose products mediate cell cycle
pmgrcssmn The phospnorylatmn of pr by cyclin-cdk

h diated inhibition of E2F indi-
catmg the functional mlerplay between the cell cycle clock
and cell cycl 1 gene exp Loss of pRb
function, either through mutation, viral inactivation or
phosphorylation results in the loss of control of the E2F
transcription factor. Apart from pRb, the related proteins
p107 and p130 are also found in complex with E2F. These
interactions are also disrupted upon viral mfecnon and
phosphorylanon a more ¢ it

in cell cycle control by pocket proteins and E2F.

E2F-1
E2F-2 (< @
DP-1 -
"l @
-— @

Fig. 1. The E2F family of transcription facturs and their pocket protein
partners.
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8.1. E2F complexes in the cell cycle

The complexes between E2F and pRb family of pro-
teins are subject to cell cycle regulation (Fig. 2). At the
G1/S phase transition, an increase in free E2F is ob-
served, whereas quiescent cells contain p ly E2F

lasts hypophosphorylated pi07 is observed in GO cells, it
does not result in complex formation with E2F. It is likely
that the p130 out-competes p107 in early G1 for binding to
E2F indicating that p130 has a higher affinity for E2F-4. In
late G1 pl07 expression is strongly induced and newly

in complex with pocket proteins [117,133,134]. However,
most cycling cells contain these higher order complexes as
well. In general, E2F in complex with pRb is found in the
G1 phase of the cell cycle. Although phosphorylation of
pRb takes place before the Gl to S phase transition, the
E2F-pRb complex persisis well into § and G2 phases of
the cell cycle [117). This probably indicates that the ap-
pearance of free E2F at the Gi /S transition is not primar-
ily due to the dissociation of pre-existing E2F-pRb com-
plexes but rather the resuit of the new synthesis of E2F
[135,136]. This newly synthesized E2F is no longer tound

ynthesized hypophosphorylated pl107 reappears when cy-
clin D-associated kinase activity declines. This results in
the emergence of E2F-pl07 complexes. In contrast, ex-
pression of pi30 does not increase or in some cell types
even decreases in late G1. As a result of this, E2F-p130
complexes are not found in S phase [119,126). Taken
together, the formation of the different E2F complexes
largely depends on the availability and relative affinity of
the different components.

The changes in the multi-protein complexes do not only
occur during the cell cycle, but also following the induc-
tion of diffe iation or For i E2F

by the phosphorylated *free’ pRb. This t allows
the generation of free EZF in the presence of E2F- pr

) d di ic ch during embryo carci-
noma cell dufferenuanon The proportion of free E2F

1 Mouse  fibrobl: that are h
delelerl for the RB gene, appear not to differ m lhelr
compositicn of higher order E2F complexes in the GO state
of the cell cycle [114]. This indi2:es that pRb is not a
major component of higher order E2F complexes in quies-
cent mouse fibroblasts. In mosr quiescent cells, such as
fibroblasts and T lymphocytes, E2F forms a complex with
p130 {114,117.121,137]. However, in certain cell types,
complexes containing E2F-p107 and E2F-pRb can also be
observed in GO cells {114]. That some cell types differ in
the presence of GO E2F complexes could reflect a differ-
ence m lheu capacny to become quiescent. 'l’he E2F p|30
pp when fibrobl are lated to
enter the cell cycle [114,119]. In mouse fibroblasts, the
disappearance of the E2F-p130 complex coincides with the
phosphorylation of p130 by cyclin D-cdk4 [126]. Because
p130 contains a spacer element that can interact with
cyclin-cdk complexes. higher order complexes containing
E2F-p130 and cyclin-cdk complexes are also observed. In
vitro reconstitution experiments have demonstrated that
Pp130-E2F complexes can associate with cyclin E-cdk2 and
cyclin A-cdk2. The E2F-p130 cyclin E-cdk2 pl

declines and the amount of E2F complexes containing
pocket proteins increases [138,139). Similar changes occur
during Xenopus development. Philpot and Friend have
shown that free E2F is present in Xenopus oocytes and
early embryos [140]. E2F-pRb complexes are first detected
in tlie mid-blastula phase and become more prominent at
later stages of develof In ls, E2F pl
can be modulated by a variety of signals, including cv-
tokines [141]. Sti of Burkitt’s ly cells and
myeloblastic cells with either interlcukin-6 or interferon a
or B gave an immediate reductior. of E2F DNA binding
pl This d was d with a d in
¢-myc expression and the induction of a growth arrest,
suggesting that it may reflect an important event in cy-
tokine signaling. The h by which cytokines re-
duce E2F DNA binding is unclear, but the restoration of
E2F binding activity in cell extracts by EDTA suggests
that cytokines regulate DNA binding activity by post-trans-
lational modifications. Finally, upon muscle differentia-
tion, multiple changes in E2F complexes occur [! 42]. The
p130-E2F complex is only present in fully differentiated

have been observed in fibroblasts in the 'ate G1 phase of
the cell cycle [114]).

The complexes between pl07 and E2F also siow a
complex pattern of appearance during the cell cycle. In late
G1, DNA binding complexes have been observed that
contain E2F, p107, cyclin E and cdk2. In S phase cyclin E
is no longer found in these complexes, instead E2F is
found associated with p107, cyclin A and cdk2 [117.121}.

yotubes. The fc of p130-E2F complexes did not
occur in a differeniiation-defcctive myoblacr cell line. al-
though other higher order E2F complexes wers readily
detected. Thus, the formation of the p130-E2F complex
seems & necessary event in the onset of differentiation.

8.2. The E2F familv of transcription factors

The DNA bmdmg complex named E2F is a het-

Upon entry into mitosis the cyclin A p is de-
graded and at the beginning of the subsequent G| phase
E2F is again found in complex with p107 alone. When
quiescent cells are stimulated to enter the cell cycle, the
pl107-E2F plex only b pp in late G1 and
persists in S phase {134]. The late GI complex consists of
E2F-p107 and cyclin E-cdk2. Although in mouse fibrob-

ic isting of an E2F anda
dimerization parlner the DP component. The binding of
the E2F and DP component to DNA is synergistic. Conse-
quently, E2F site-dependent transactivation by E2F and DP
proteins is also highly interdependent [143-146]. The in-
ion with the DP ) is also | for the

high affinity interaction of E2F with pRb and p107 [146-
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148L. The E2F component is encoded by at least five
different genes, E2F-1 through E2F-5. For the DP compo-
nent two different genes have been isolated, DP-1 and
DP-2 [147,149-154]. Ail the different E2Fs are struc-
trally related and have several regions that share a high
degree of homology. These regions include the DNA
binding domain, the DP dimerization domair and the
transactivation/pocket protein binding region [135]. The
two DP proteins share limited homology with the E2Fs
except for the region that corresponds to the DNA binding
and dimcrization region of these proteins [152.155,156].
Although the E2Fs are highly homologous in their pocket
sotein interaction domains, they display specificity for
pocket protein binding [151,157). Of the five known E2Fs
only E2F-i, E2F-2 and E2F-3 are found associated with
pRb in vive [151,152). E2F-4 and E2F-5 appear not to be
under pRb control but rather found associated with the
pocket proteins pl07 and/or pl30 (Fig. 1)
[120.135.147.153,158]. All E2Fs can interact with both
DP-1 and DP-2 in vivo, and each complex is capable of
activating transcription of reporter genes that have an E2F
consensus DNA binding sites in their promotors. This also
suggests that the pocket binding specificity is not deter-
mined by the DP component but is mediated by the EF
subunit [152).The complexity of the multiple E2Fs and
DPs in mammals is not found in Drosophila. At this
moment only a single homologue of E2F, DP and the RB
gene have been identified [159.160] (N. Dyson, pers.
comm.). Significantly. all E2F DNA binding activity in
Drosophila can be accounted for by these three proteins.
indicating that it is unlikely that additional family mem-
bers exist in Drosophila. The functional significance of
the Drosophila E2F t logue dE2F was d ated
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cycle. Vairo et al. have shown that the predominant E2F
present in unstimulated T cells is E2F-4. E2F-4 is ex-
pressed throughout the ceil cycle of re-stimulated quies-
cent fibroblasts and human keratinocytes [120,153]. This in
contrast to the pRb interacting E2F-1 whose expression is
very low or absent in quiescent cells and is induced only
8-10 h after serum stimulation [135,136,150]. The
strictly-timed activation strongly argues for specific func-
tions of the E2F family of transcription factors.

8.3. E2F regulated genes

The regulation of E2F-pocket protein complexes by G1
cyclins and the targeting of these complexes by viral
transforming proteins indicates that E2F is a key regulator
of gune expression during the cell cycle. Indeed, the list of
promoters containing E2F binding sites includes genes that
encode cell cycle regulators such as c-myc, N-myc, cde2,
b-myb, E2F-1 and cyclin A, as well as genes encoding

for cell cycl lated bioct | processes such
as DNA polymerase a, thymidine synthetase, thymidine
kinase and dihydrofolate reductase (DHFR). Many of these
nenes are induced in quiescent cells following DNA tumor
virus infé with the ind of S phase.
‘The ability of these viruses 1o activate these genes is
dependent on their ability to bind and inactivate the
retinoblastoma protein and its relatives. This emphasizes
the important role of E2F in the regulation of these genes.
Recent analyses have indicated that the E2F binding sites
are critical for the growth-regulated activity of these pro-
moters [164.166—168). The DHFR promoter contains two
inverted and overlapping E2F sites located at the transcrip-

tion initiation site. Transcription from a truncated DHFR

by disruption of the single dE2F gene [161]. Embryos
homozygous for null mutations of dE2F can no longer
induce DNA synthesis after cycle 17. when maternally
provided dE2F is no longer present. Mutant embryos also
lack the coordinated transcription of genes essential for
replication. This suggests that dE2F. in most cells. is
essential for the G1 to S phase transition.

The relevance of the existence of many different E2Fs
in higher organisms is still unclear. One possibility is that,
although they can all recognize the same E2F consensus
sequence. they differ subtly in DNA binding specificity.
As a result. they may control different sets of genes.
Consi with this, the p of the thymidine kinase
and b-myb genes contain E2F sites that interact prefer-
entially with E2F-pl07 complexes [162-164]. Further-
more, infection of rat fibrobfasts with a recombinant aden-
ovirus that mediates expression of E2F-1. leads to tran-
scriptional activation of only a subset of E2F-site contain-
ing promoters [165]. In addition. the specific pattern of

gene promoter increases more than 10-fold at the G1/S
phase transition, which was lost following mutation of the
EF sites [169]. Furthermore, introduction of the DHFR-
E2F sites upstream of a heterologous promoter causes a
strong transcriptional increase at the G1 /S boundary [170].
Together these data indicate that the E2F sites are essential
clements for the cell cycle-regulated cxpression of the
i:i1FR gene.

One puzzling aspect of the different genes containing
EJF sites is that their transcriptional activation does not
occur at the same time in the cell cycle. ¢-myc and N-myc
are immediate early penes, whose expression is induced
within minutes after serum stimulation. In contrast, the
genes encoding products involved in DNA replication are
first expressed at the G1/8 transition. Since both appear to
depend on E2F. additional mechanisms must exist tv ac-
count for the distinct expression patterns. One hypothesis
to explain this difference is that other transcription factors
act in concert with E2F to mediate promoter activity.

appearance of the E2F-pocket protein in the
cell cycle indicates that the various E2Fs are active at
different points in the cell cycle. Moreover. the different
E2Fs show a unique pattern of expression during the cell

El that contain binding sites for Spl and CCAAT-
box binding factors have been implicated to cooperate with
E2F in growth-regulaied transcription [136,179]. However,
the existence of different E2Fs. that disp’ay a distinct



pattern of expression and ion with their
mhlbuory pocket pmtcms in the cell cycle, may also allow
diffe g of p that contain E2F sites.

8.4. Regulation of E2F activity

The ability to activate transcription of all five members
of the E2F gene family is strongly inhibited upon binding
of their respective pocket protein partners
[120.147,153,171-175]. Mutant forms of pRb that fail to
bind E2F also fail to inhibit E2F transactivation. Con-
versely. mutants of E2F that can no longer bind pRb, but
still ivate, are resi to pRb inhib [i76].
Furthermore, in vitro, E2F-1 mediated transcription can
also be suppressed by purified pRb [177) It is therefore
most likely that i ition of E2F ion by pocket
proteins is due to direct binding of the pocket proteins to
the E2F transactivation domain. The binding of pRb. p107
and p130 to the transactivation domains of E2Fs, suggest
that these pocket proteins interfere with the interactions of
E2F with the basal transcription machinery. Phosphoryla-
tion of pRb, p107 and p130 decreases the affinity for E2F
and therefore result in the accumulation of “free’ active
E2F transcription factors.

This model may turn out to be an oversimplification as
the presence of cyclin-cdk complexes in the E2F-p107 and
E2F-p130 complexes may modify the activity of these
complexes. In agreement with this view, Li et al. have
shown that the binding of an E2F-p107-cyclin A complex
to the thymidine kinase p! is greatly enhanced when
the cells enter S phase {164]. This coincides with an
increase in thymidine kinase mRNA levels and DNA
replication. These results suggest a mechanism by which
the E2F, p107, cyclin A complex, in association with the
cdk2, can mediate the S phase-activated transcription of
the thy kinase p in growth-stimulated cells.

In addition to pocket protein binding, the activity of
E2F transcription factors is iled by phosphorylation.

R. Bernardy / Biachini
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that E2F is subject to negative regulation by phosphoryla-
tion. In S phase, the E2F-1-DP-1 heterodimer is found in a
quarternary complex with cyclin A and cdk2. Cyclin A-
cdk-2 complexes can directly interact with the amino
terminus of E2F-1 in vivo [181]. The association of E2F-1-
DP-1 dimer with cyclin A-cdk2 leads to ihe phosphoryla-
tion of DP-1 and loss of DNA binding affinity
[177.181,182]. The phosphorylation of DP-1, which can be
observed in late S phase when cyclin A expression peaks,
can only occur when DP-1 is bound to E2F-1 [181]. The
region of E2F-1 involved in the interaction with cyclin
A-cdk2 is conserved between the pRb-interacting E2Fs. In
contrast, the N-terminal cyclin A binding domain is absent
in the p107- and pl130-interacting E2F-4 and E2F-5, sug-
gesting that these E2F subtypes escape this type of nega-
tive control. This is also suggested by the observation that
in S phase DNA binding complexes containing E2F and
p107 and cyclin A are readily observed. Downregulation
of E2F aclivity by cyclin A-cdk2 during S phase may
explaie why many of the genes that are lranscnpuonally
induced at the G1/S ition d in
during S phase. Recent data by Resnitzky et al. cast doubt
on this model. They show that enforced expression of
cyclin A enhaiwwes S phase entry rather than inhibit it by
the presumed down modulation of E2F activity [47].
Recently. yet another level of E2F-1 regulation has
been described. The proto-oncogene MDM2 interacts with
the activation domain of E2F-1, thereby stimulating the
activity of the E2F-1-DP-1 complex [183]).

8.5. Transcriptional repression mediated by E2F com-
plexes

Whereas most E2F sites in ceilular promoters act as
positive elements that confer cell cycle-regulated activa-
tion. in some cases E2F sites have been shown tc act
primarily as negative elements. For instance, the b-myb

Mudryj et al. showed that in the c-myc promoter, an
increase in E2F DNA binding activity is observed within 4
h after serum stimulatwon. This increase does not result
from the disappearance of higher order complexes and also
occurs in the absence of protein synthesis [178). This
would suggest that E2F DNA binding affinity is increased
rather than an increase in E2F expression or the release of
E2F from pocket proteins. Furthermore, adenovirus E1A
can stimulate E2F DNA binding activity in cell extracts by
an ATP-dependent process [179). Phosphorylation of E2F
can also contribute to the activation of E2F-mediated
transcription. E2F-1 can be phosphorylated on two serines
(amino acids 332 and 337) in late G1. These phosphoryla-
tions occur at the time that cyclin E-associated kinase
activity is induced [180]. The phosphorylation of E2F-1
inhibits the interaction with pRb, thereby relieving its
inhibition by pRb.

In addition to positive regulation. evidence also exists

d in GO and Gl by binding of an
E2F -p107 complex to an upstream E2F site. Mutation of
this E2F site was sufficient to relieve trdnscnpllonal rc—
in GO, Iting in a [ with ¢ ly
high activity that was equal lo the G1/8 levels seen with
the wild type promoter [162]. This indicates that p107-E2F
complexes can act as active transcriptional repressors in
GO and early Gi. The disruption of these complexes in
mid to late G1 leads to de-repression and activation by
other regulatory elements in the same promoter. Similar
mechanisms have been observed for the promoter of the
insulin-like growth factor-1 (IGF-1), cdc-2. c-myc and
E2F-1 genes [136,171,172,184,185]. Consistent with this.
Weintraub et al. siiowed that a synthetic promoter con-
struct in which E2F sites were placed upstream of a strong
promoter, the E2F sites act as negative elements [186]. The
transcriptional repression is most likely caused by lhe
recruitment of pRb to the p because co

of EIA (that disrupts E2F -pRb complexes) relieves this
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repression. Furthermore, the E2F sites did not act as
negative elements in pRb™/~ cells, suggesting that only
E2F-pRb comp were active rep plexcs [186).
When fused to a DNA binding domain of GAL 4, both
PR or p107 repress transcription of promoters that contain
GAL 4 DNA binding sites, indicating that transcriptional
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rat embryo fibroblasts [147,194]. Furthermore, a chimeric
E2F-1 protein in which the transactivation domain is re-
placed by the activation domain of herpes virus VP16

hibits i ion ability. This suggests that
the activation of E2F target genes is involved in the
observed transfonnauon [194). The role of DP-1 and DP-2

repression is a universal property of the retinobl
protein family [187,188].

Recerily Weintranb et al. have suggested a mechanism
for the active transcriptional repression by pRb [189]. They
suggest that pRb is recruited o promoters through E2F,
where pRb binds and inactivates neighboring transciiption
factors. Tie promoter-localized pRb is able to repress
transactivators like Elf-1, PU-1 and c-Myc, but has no
effect on VP-16, SP-1 and CTF. One explanation for this
difference is the observation that promotor localized pRb
binds to Elf-1, PU-1 and c-Myc but not to the insensitive
transcription factors like VP-15, SP-1 and CTF [189].
Furthermore, in vitro data suggest that the binding of these

ivators by pRb pi their i with the
transcriptional machinery [189].

The in vivo significancz of pocket protein-mediated
trans-repression remains unknown. Obviously, it would
provide a mechanism to silence S phase-specific gene
expression in other periods of the cell cycle. In addition,
transrepression m|ghl be reqmred for the induction of
differentiation. In d d cells the predomil E2F
complex is E2F-p130. It is therefore well possible that the
E2F-p130 complcx in these cells functions to actively
d genes.

8.6. E2F and cell biology

The results discussed above plice the different E2Fs in
a central position in a regulatory network that controls
growth and diiferentiation. The observation that E2Fs are
under the control of the retinoblastoma family of growth-
inhibitory proteins suggests that the inactivation of E2Fs
plays an imponant role in the cell cycle arrest imposed on

p in ion is still unclear. Although these
proteins cooperate with an activated ras oncogene in the
transformation of rat embryo fibroblasts, this does not
seem to depend on the interaction with E2F. This suggests
an E2F-independent effector function for the DP proteins
in cell growth control [195].

The expression of the viral EIA protein in quiescent
cells can induce S phase entry. This effect is mediated by
the binding of pRb and pRb-related proteins p107 and
p130. That the major consequence of this binding, release
of E2F transcription factors, is essential in S phase entry
was shown by the co-expression of an E2F dominant
negative mutant. This mutant was able to block El1A-in-
duced cell cycle p indicating that activation of
E2F is essential for E1A-induced cell cycle progression
[196]. The hypothesis that members of the pocket protein
family can induce a cell arrest by inhibition of E2Fs was
further substantiated by the observation that pocket pro-
tein-induced cell cycle blocks could be overcome by over-
expression of their E2F partners. The pRb-induced cell
cycle block could be rescued by the overexpression of
E2F-1 and to a much lesser extend by E2F-4 [107,120,191].
In contrast. a p107- or p130-mediated growth arrest could
efficiently be rescued by overcxpression of E2F-4 and not
by E2F-1 [118,120]. The observation that both cyclin A
and cyclin E are transcriptionally induced by E2F-1, sug-
gest a potential inactivation of pRb through E2F-1-media-
ted transcriptional activation [165]. Together these results
indicate that the different E2Fs are involved in cell cycle
control and that the different pocket proteins regulate cell
cycle prog via distinct pathways involving different

cells by the pocket proteins. That E2F indeed plays an
important role in the control of the transition from G1 to S
is suggested by several observations. Ectopic expression of
E2F-1 can prevent cells from entering quiescence and can
induce S phase entry in quiescent fibroblasts in the ab-
sence of serum [190,191]. These effects depend on the
ability of E2F-1 to bind DNA and activate transcription.
The ability to cell cycle prog: is not lim-
ited to the pRb-i of E2F-4

E2Fs. Introd
together with its dimerization partner DP-1 in the osteosar-
coma cell line SAOS-2, reduces the number of cells in G1,
indicating that E2F-4 activation stimulates cell cycle pro-

ion {147]. . most of the E2F gene
family, including E2F-1, 2, 3, 4 and DP-1 proteins, are
able to cells. D lated exp of E2F-1.2
or 3 can lead to transformation of a rat embryo fibrobiast
cell line [192.193]. whereas the ovescapression of £2F-! or
E2F-4 10gether with activated ras can transform primary

bers of the E2F factor family.
8.7. E2F and apoptosis

Overexpression of E2F-1 can induce S phase entry in
the absence of serum. However. these cells do not com-
plete a cell cycle but rather undergo programmed cell
death [197-200}. Also the generation of stable cell lines
that overexoress E2Fs has been unsuccessful in several
differem cell types, indicating that high leveis of E2F are
not tolerated in most celis (R. Kerkhoven and R.L.B,
unpublished data). One explanation for the induction of
apoptosis by EZF is that E2F stimulates the expression of
proteins that are able to induce apoptosis. For example an
E2F target such as <-myc has been shown to induce
apoptosis [201]. It is also possible that the untimely entry
into S phase is responsible for apoptosis after the ind
of E2F in low serum. The ability of E2F to induce
apoplosi> provides an explanation for the induction of
apoptosis by the functional inactivation of pRb, either by
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viral inactivation or mutation. White et al. have shown that
E1A expression can induce apoptosis in primary cells
[202]. Furthermore, the loss of toth pRb alleles in mice
causes degeneration of a number of tissues, most likely
due to apoptosis {203-205}. Recent data have implicated
p53 in the E2F-induced apoptosis. E2F-1-mediated apopto-
sis is suppressed by co-expression of pRb or a transdomi-
nant negative mutant of pS3 [198,200]. It has also been
demonstrated that p53 is important in the apoptosis that
resuits from loss of pRb function. In the absence of p53,
loss of pRb results in uncontrolled proliferation and the
inactivation of one RB allele in a p53 nullizygous mouse
gives rise to a higher tumor incidence [206]. Taken to-
gether, this could indicate that the loss of pRb results in
the activation of E2F that causes p53-dependent apoptosis.
Although E2F-1 mediated apoptosis appears to be p53-de-
pendent, the inability to stable E2F p
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proteins c-Abl, BRG-1, MDM2 and UBF have been re-
ported that scem to play different roles in the pRb-media-
ted cell cycle arrest. The nuclear tyrosine kinase c-Abl is
found associated with pRb in vivo. Only the hypophospho-
rylated form binds to the catalytic domain of c-Abl thereby
inactivating the kinase activity of c-Abl. Although
phosphorylation of pRb regulates the interaction with c-
Abl, its binding to pRb is not mediated by the E2F binding
domam of pRb. Welch and Wang have suggested that the
bly of ip ining both E2F,

pRb and c-Abl are essential 10 control of the activity of a
number of genes involved in cell cycle proliferation
[213,214]. pRb also associates with BRG] and hBRMI
[215.216). Both BRG! and hBRM1 share extensive se-
quence similarity to the Drosophila gene Brahma. an
of t ic gene exp and the yeast tran-

1 acti SNF2/SWI2. Brahma does not bind

ing cell lines that lack p53 function, indicates that p53-de-
pendent and p53-independ h are involved.

to spemflc DNA sequences but seems to function by

8.8. Other targets of pRb family members

Apart from the E2Fs, the pocket proteins regulate a
number of other pathways involved in cell cycle regula-
tion. pRb influences the activities of other transcriptional
regulators by direct interaction, including Elf-1, MyoD.
ATF-2, PU-1, UBF, BRG-1, MDM2 and c-Abl [207-210].
Elf-1 is a member of the ETS family of transcription
factors that regulates gene expression during T cell devel-
opment. ‘The mechanism by which pRb regulates Elf-1 is

logous to E2F: hypophosphorylated pRb i with
the transcriptional activation domain of Elf-1 and thereby
inactivating EIf-1 in resting T-cells. Activation of T cells
results in phosphorylation of pRb and activation of tran-
scription mediated by Elf-1. In addition to the repression
of transcription, it is possible that pRb activates genes that
are involved in suppression of cell growth. Indeed positive
regulation of transcription by pRb has been reported in the
case of the ATF-2 P factor, which the
activation of the TGFB2 promoter by pRb [207). The
TGFB proteins induce a Gi arrest in many cell types, so
that the activation of expression of these factors provides a
means to constrain cell proliferation. Although a direct
interaction between ATF-2 and pRb has been demon-
strated in vitro, the exavi iechiaiiain Ly pRb affects
ATF-2 dependent transcription is still unclear. Transcrip-
tional activation can also be mediated through the pRb
control element (RCE). This element is preseut in the
promoters of TGFB1, and c-Jun. The pRb-specific effect
on RCEs is probably mediated by SP1. The SP1 protein
can bind 1o the RCE element and pRb can eahance both
the DNA binding and transactivational activity of SP1
[211,212). This activation is most likely mediated by the
sequestering of an inhibitor of SP1 by pRb, named SPI-1.
which in the absence of pRb prevents SP1 from binding to
DNA and to activate transcription [212],

Recently, interactions between pRb and the cellular

in Dunaief et al.
show that BRG! associates with the hypophosphorylated
form of pRb and binding is abolished in pocket mutant
pRb from human tumor cell lines [215). Viral oncoproteins
block the pRb-BRG-1 interactions and BRG-1 cooperates
with pRb in the formation of flat, growth-arrested cells.
Interestingly. the cervical carcinoma cell line C33A has no
detectable level of BRG-1 exp and is not
to a pRb-induced cell cycle arrest, suggosting that BRG-1
and pRb may cooperate to induce growth arvest [107]. This
is also substantiated by the finding that the BRG-1 homo-
logue hBRM cooperates with pRb in flat cell induction in
SAOS-2 cells [215]). The interaction of pRb and hBRM1 is
involved in the lation of ipti The
of both proteins upregulates the gl
m«.dm(ed lranscnptmn, pointing to hBRMI asa targel for
pr-mednated transcnpuonal activation [206].

an b pRb and MDM2 has
also been described [202]. The cellular onccprotein MDM2
was originally identified as a protein that is amplified in
cenain tumors. MDM2 also binds to and inhibits transacti-
vation by the p53 tumor suppressor gene. Xiao et al. show
that MDM2 interacts with pRb and, as with p53, inhibits
pRb growth-inhibitory function [210). MDM?2 binds to the
C-terminus of pRb. but binding of MDM2 appears to block
the interaction with E2F, thus providing a possible expla-
nation for the observed rescue by MDM2 of pRb growth
suppressive activity. On the other hand, Martin et al. have
demonstrated that MDM2 can also directly bind to and
activate L2F-1 [183). Together these results indicate that
MDM2 can stimulate E2F mediated via two
ways, first by releasing pRb and second through the activa-
tion of E2F itself.

The interaction between pRb and the RNA polymerase |
transcription factor UBF gives another dimension to the
role of pRb in the mgulauon of |ranscnpuon Acuvely
growing cells require the ongoing of ri
RNA, Cavanaugh et al. show that the pocket of pRb is
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d for the i b pRb and UBF in cell
extracts {217]. The activity of UBF is inhibited by the
addition of pRb in vitro. The nature of this interaction
would suggest a general role for pRb in the modulation of
gene expression.

The myogenic helix-loop-helix protein MyoD promotes
skeletal muscle specific gene expression and induces a cell
cycle arrest. The b t

1 role in the withd 1 of

that pl07 and p130 share the ability to interact with E2F-4
and cyclin A or E-cdk complexes.

Several lines of evidence indicate that pRb is more
important in growth inhibition than p107 and p130. For
instance, p16, which prevents phosphorylation of all three
members of the pRb family, requires only the presence of
a functional pRb to induce a G1 amest [77,102-104}.
Furthermore, cyclin D-associated kinase activity is only

of the reti gene
family appear to play an
the cell cycle and phenotypic differentiution. Although an
interaction between myoD and pRb has been observed
[208], the mechanism by whicii myoD induces differentia-
tion is still unclear. Recent data indicate that myoD may
induce terminal cell cycle arrest by increasing the expres-
sion of the cdk inhibitor p21 [73). As a result of this pRb
remains in the hypophospiiorylated state and is able to
induce a GO arrest. Consistent with a role for pRb in
myogenesis, inactivation of pRb by mutation or binding to
viral proteins interferes with myogenesis. In contrast, myo-
genic differentiation in pRb-deficient mice seems normal.
One expl for this app di y is the obser-
vation that muscle differentiation in pRb™/~ cells corre-
lates with the increased expression of p107 [218]. How-
ever, the phenotype of these differentiated muscle cells is
different from their wild type counterparts because they
are able to re-enter the cell cycle after serum stimuiation.
Apparently, pl07 is not able to fully replace pRb in the
induction of myocyte differentiation.

Apart from the interaction with E2F-4, we and others
have shown that pl07 forms a complex with the c-Myc
oncoprotein {219,220}, p107 interacts with the transactiva-
tion domain of c-Myc resulting in the inhibition of c-Myc-
mediated transactivation. This interaction is of particular
interest because of the interaction between a proto-onco-
gene and a growth-inhibitory protein could reflect a direct
communication between proteins that regulate cell growth
and differentiation. Furthermore, naturally occurring mu-
tants of the c-myc proto oncogene ihat are found in
Burkitt's lymphoma, escape the pl07-mediated suppres-
sion, providing a possible explanation for the increased
growth rate of these cells [220}. It will be worthwhile to
investigate whether similar mutations, that allow the es-
cape from pocket protein inhibition. are also present in
E2F genes in human tumors.

9. Functional differences between pRb family s

d for cell cycle prog in pRb positive ceils. At
first glance, this may seem surprising, as the downstream
sargets of pl07 and p130 (E2F-4 and c-Myc) have strong
growth-promoting activity [147.219]. That p107 and p130,
in addition to pRb, contribute to cell cycle control is
substantiated by several observations. First, all three pocket
proteins are phosphorylated and inactivated at mid G1 by
D-type cyclin-associated kinase activity. Second, the trans-
forming proteins of several DNA tumor viruses bind to
and inactivate all three members of the pRb family. This
may indicate that for the efficient induction of S phas, all
three family members have to be inactivated. Consisient
with this view, effi cient induction of a cell cycle block by
X-ray irradiati the of ali three pRb
family members [222] The Ioss of pocket function is
tolerated by most cell types with respect to their capacity
to complete cell division. It is therefore unlikely that
pocket proteins are an integral component of the cell cycle
clock. Rather, it would seem more likely that the primary
role of pRb family proteins is in the regalation of differen-
tiation. In agreement with this, the functional inactivation
of both RB alleles in mice leads to embryonic lethality
between day 13 and 15 of gestation as a result of defects in
poiesis and neural develop [204,205]). On the
other hand, many important differentiation and prolifera-
tion decisions can be taken in the developing embryo in
the absence of pRb. It is well possible that in these
pRb™/" embryo’s pi07 and p130 can compensate for loss
of pRb. As was discussed above, in differentiating my-
oblasts, pl07 can indeed partially replace pRb as a cofac-
tor in differentiation. Conversely, loss of p107 or p130
may be compensated by pRb. That this is indeed the case
is supported by the recent finding that mice that carry only
one functional RB allele and two inactivated pl07 alleles
have reduced body weight and viability, whescas both
pRb™/* and pl07~/~ mice show no major developmental
abnormalities (M-H Lee, personal communication).

ery

Although pRb, p107 and p130 all have strong growth
suppressive activity, only pRb has been found mutated in
human cancer. Furthermore. only loss of one allele of RB
in mice leads to prcdlcpommn to cancer ([203-205.221].
D. Cobrinik, i ). It is possible that
p107 and p130 are functionally redundant and that only
loss of both genes in the same cell causes growth deregula-
tion. In support of this redundancy argument is the fact

10. Conclud

All of our knowledge concerning the mechanl
action of the bl family of growth-i
proteins stems from the last decade [223] Although many.
if not most. of the basics of pRb action are now understood
in some detail. several issues remain to be clarified. In
particular, the recent finding that the fruit fly carries only
one E2F-like gene and one pRb-like gene, whereas the
mammalian genome carry at lcast 5 E2F genes and en-

remarks

o
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+

codes three retinobl family is intriguing. It
most likely indicates that for proper differentiation and
growth control of the multitude of specialized cell types in
the mammalian body, the network of growth stimulatory
and growth-inhibitory p had to be ded. Indeed,
the mmal studies using mice that carry targeted disruptions
of these genes seems to support the notion that the three
pRb family members differ subtly in their role in differen-
tiation and proliferation. At the same time this would
suggest that the five E2Fs also differ with respect to their
ability 1o control proliferation and differentiation. It will
probably be a lot less than ten years before we get the
answers to these questions.
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