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Cell Cycle Exit: Growth Arrest, Apoptosis, and
Tumor Suppression Revisited
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Studies on regulation of cell growth have mainly
focused on the growth induction machinery and
only recently have they dealt with the complex
pathways involved in cell cycle exit. One of the
reasons for this one-sided focus may have been
the overriding interest in cancer research and
tumor induction, with the hope of unraveling
new growth induction mechanisms. In retro-
spect, however, the majority of the cells in ani-
mals, including those in humans, are growth
arrested and do not divide. Cell turnover may be
controlled by apoptosis, but the reversible or ir-
reversible growth arrest of differentiated cells is
almost complete in the nervous system and mi-
tosis signals are rare in most other tissues and
organs. The molecular machinery controlling the
arrested stage may therefore be even more com-
plex than the growth induction mechanisms. In
accordance with this hypothesis is the observa-
tion that the few bacteria capable of reversible
growth arrest, such as the spores in B. subtilis,
govern the spore-forming events by at least 30
genes in its relatively small genome. A defect in
any one of these genes leads to a defective path-
way, with lower survival under stressed condi-
tions. Likewise, defects in cell cycle exit mecha-
nisms in mammalian cells may cause severe
diseases. The best examples come from the grow-
ing cadre of so-called tumor suppressor genes,
which obviously belong to a category of genes
governing and policing the arrested stage. In this
minireview I will attempt to identify recent
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progress in unraveling the control mechanisms
involved in cell cycle exit and point to the dis-
eases that might be associated with defective
steps in these events.

Arrest at the Transcriptional Level
Every tissue appears to contain a cell type-spe-
cific configuration, allowing only genes relevant
to that cell type to be transcribed. This noise
reduction mechanism reduces the complexity of
the substrate DNA available for the transcription
machinery. On the other hand, when the chro-
matin has been opened, several specific activa-
tors and repressors may recognize the individual
gene and its promoter in order to establish con-
trolled expression of a desirable product. There-
fore, in all eukaryotic cells we would expect at
least a two-tiered level of transcriptional con-
trol-one at the chromatin level and one at the
level of the opened genes.

Chromatin Silencing
Although it has been argued that chromatin si-
lencing may limit genetic complexity (1), little is
known about conserved mechanisms. In the
yeast systems, on the other hand, both genes
close to the telomere and those controlling mat-
ing type are regulated by silencing (2). In these
cases, it appears that both acetylation and
deacetylation of proteins are involved. Silencing
should probably encompass three distinct pro-
cesses: (i) establishment of a switch from active
to silenced chromatin, (ii) maintenance of chro-
matin in the inactive state, and, most important,
(iii) control of inheritance of the inactive state
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Fig. 1. Model of molecular 
functions involving histone 
acetylases and deacetylases. 
p300/CBP can be recruited to 
promoter elements by interac
tion with various sequence
specific transcriptional activa
tors or repressors. P/CAF could 
also be recruited onto the spe
cific promoters through inter
action with p300/CBP, then 
acetylate (A) or deacetylate 

Acetylation of 
Histones 

Deacetylation of 
Histones 

(B) histones in a promoter
specific manner. Targeted his
tone acetylation or deacety
lation could contribute to 
promoter activation or repres
sion by changing the chroma
tin structure. [Remodeled with 
permission from Yang et aI., 
19967 .] 

during chromatin replication (3). It appears that 
different genes are involved in the two well
characterized silencing phenomena, the mating 
type and the telomere in yeast. 

Some insight has recently been offered by 
two yeast genes called ~omething gbout ~ilencing 
(SAS) (4). Both genes seem to share sequences 
with known acetyltransferases from bacteria, 
Tetrahymena, and human cells. The human ho
mologues include the HIV Tat-interacting protein 
60 (TIP60) and MOZ, a gene fused to a transcrip
tional activator (CBP) in a subclass of acute mye
loid leukemia patients characterized by the 
t(8,16) (pll;p13) translocation (5). The CBP 
moiety has previously been identified as a tran
scriptional activator that can bind the CREB 
transcription factor (cyclic AMP element bin d.
ing) upon stimulation with cAMP, but it can also 
work as a coactivator for retinoic acid receptors. 
Another similar coactivator, or adaptor, as they 
have often been called (6), namely p300, is very 
similar to CBP in mammalian cells. A domain has 
been identified in these proteins that is homolo
gous to two yeast genes associated with chroma
tin that can bind histone acetylase activity. like
wise, both p300 and CBP can associate with 
P/CAF, which carries histone acetylase activity, 
in human cells (7). Thus, in both yeast and mam
malian cells, histone acetylase can bind to pro
teins that recognize specific loci through associ
ated transcriptional factors, leading to 
transactivation and histone acetylation. These 
adaptors can obviously bind not only to several 
transcription factors, such as CREB and Jun, but 
also to enzymes leading to opening of the chro
matin through histone acetylation. Whether the 

acetylation causes transcriptional repression or 
activation depends on the transcription factors 
associated with the CBP or p300 and their DNA 
binding domain. Figure 1 shows schematically 
how p300/CBP can both activate or repress tran
scription depending on the factor associated with 
the adaptor. It is of considerable interest that 
defects in this system, as shown in Figure 2, can 
be involved in tumorigenesis. Direct mutations 
in CBP are associated with a heritable develop
mental disorder involving increased incidence of 
some tumors, the Rubinstein-Taybi syndrome 
(8). In other instances, a fusion protein made 
between a silencing acetylase (MOZ) and CBP 
leads to a specific class of acute myeloid leuke
mia. This may be caused by either a different 
specificity for the natural (P/CAF) and the fused 
acetylase or an irreversible acetylation function 
due to the tethered molecules. Proof of the re
versibility of acetylase binding comes from the 
fact that viral oncogenes, such as EIA, can dis
place P/CAF from the CBP (7). 

A true silencing function in mammalian cells 
has recently been revealed during studies of the 
myc oncogene and its homologues in cell culture. 
The Myc proteins, for which humans carry at 
least three genes, are able to form sequence
specific heterodimers with the Max protein, 
which leads to transcriptional activation, cell 
proliferation, and blocking of terminal differen
tiation. A translocation between an immuno
globulin gene and a myc gene in Epstein-Barr 
virus (EBV)-induced lymphomas provided clues 
to the importance of the myc oncogene in tumor 
induction (9). More recently, a gene (MNT) was 
identified that causes feedback inhibition of the 
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Fig. 2. Defects in p300/CBP activation or re-
pression of transcription that result in tumori-
genesis. (A) CBP interaction domains. The KIX
(kinase-inducible interaction) domain mediates in-
teractions with phosphorylated CREB and STATla.
C/H3 is a cysteine-histidine-rich region that mediates
interactions with several factors, including E IA,
STATla and complex of RNA helicase A and RNA
polymerase II. The region in CBP that interacts with
nuclear receptor coactivators is indicated as NCoA.
Numbers above CBP indicate endpoints of CBP dele-
tion mutants. [Redrawn from Kurokawa et al.,
199836.] (B) CBP misfunction and cancer. The tran-
scriptional coactivator CBP responds to numerous
signals in regulating normal cell growth and devel-
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opment. Abrogation of CBP functions is linked to at
least three oncogenic events. CBP normally associ-
ates with the histone acetyltransferase P/CAF. Dis-
placement of P/CAF occurs upon ElA and SV40 T
antigen binding to CBP and this displacement con-
tributes to cellular transformation. Fusion of CBP to
translocated MOZ sequences is associated with spe-
cific subtypes of acute myeloid leukemias, and
mutation of CBP leads to development of
Rubinstein-Taybi syndrome. Substitution or loss of
acetyltransferase activities (*) are now known to be
involved in two of these three instances of CBP-re-
lated oncogenesis. [Adapted with permission from
Roth, 199637.]

transcriptional activation by Myc, competing out
the Myc from the Max-Myc heterodimers (10).
More interesting for chromatin silencing is the
fact that mammals have another set of genes, the
MALD genes, that can also form heterodimers
with Max, leading to silencing instead of activa-
tion (11). The Mad proteins all have a domain
that can bind to so-called paired amphipathic
helix (PAH) motifs in other proteins. Recently, it
was demonstrated that Mad repression involved
binding of two different proteins-one contain-
ing the PAH domains and the other histone
deacetylase activity. The gene coding for the en-

zymatic activity is again the mammalian homo-
logue to similar genes in yeast (1 1). Mad repres-
sion is obviously dependent on interaction with
both of these proteins, which is probably caused
by a condensation of the chromatin through

deacylation of histones. Although we lack a mo-

lecular dissection of all the genes that respond to
the myc system and its repressor functions, this
complex system appears to be controlled at sev-

eral levels.
That both acetylating and deacetylating

events are involved in silencing is supported by
the fact that some of the proteins interacting
with p300/CBP can bind both enzymatic activi-
ties, depending on whether repression or activa-
tion is required. Thus, the deacetylase activity
can function as co-repressor of the YY1 transcrip-
tion factor (12), whereas P(CAF) appears to be
mostly activating. In conclusion, the chromatin
structure-mediated activation and silencing in-
volves several proteins in a complex interaction.
Some of the components, if mutated or translo-
cated, may be involved in tumorigenesis.
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Promoter Control of Cell Cycle Exit

Several transcription factors seem to be able to
cause cell cycle arrest and, in particular, the
group of basic helix-loop-helix (HLH) factors,
which induce muscle differentiation and cause
growth arrest long before induction of muscle
proteins. Careful analysis of the region involved
in cell cycle arrest suggests that the HLH region
by itself can cause cell cycle arrest, even without
the basic region (13). Other transcription factors,
such as the MAD genes, seem to compete with
myc to impose arrest (1 1). In addition, several
tumor suppressor genes might directly activate
transcription, thereby inducing growth arrest,
such as the p53 gene, the classical tumor suppres-
sor gene, which appears to be mutated in 50% of
all human tumors (14). p53 activates transcrip-
tion of p21, a cyclin kinase inhibitor, thereby
arresting the cells late in GI before the S phase.
p53 can also induce apoptosis through a more
elaborate pathway, but mutants have been iso-
lated that can cause growth arrest without sub-
sequent apoptosis (1 5). In fact, in a few cases, p53
controls growth arrest induced by a membrane
protein without the participation of the tran-
scription activation domain (16), which suggests
that p53 can interact with other molecules inside
the cell remote from the transcription machin-
ery.

Recently it has been established that the p53
gene might need additional factors for maximum
stimulation of growth arrest or induction of p21,
like the p33ING gene (17), which appears to bind
to p53 to achieve optimal effects. Among the
Myc-interacting proteins, a new gene called
BIN1 has recently been isolated (18), which is
highly expressed in skeletal muscle and is up-
regulated during myogenic differentiation. The
pathway by which these cell cycle exit genes
exert their effects is not clear, but those that have
a transcription-activating function seem to affect
other growth-inhibitory genes and their expres-
sion, including both the retinoblastoma (Rb) pro-
tein and the cyclin-dependent kinase inhibitors.
A possible route to identification of additional
transcriptional factors that have growth arrest
activities is exemplified by the recent isolation of
the APM-1 gene (19), which obviously resides at
the site for preferential insertion of one of the
papilloma virus oncogenes in a cervical carci-
noma cell line. This transcription factor encodes
a zinc-finger protein with strong growth inhibi-
tory activity. Many of the viral oncogenes, such
as ElA, SV40 large T antigen, and myc, exhibit a

dual effect upon transcription. On the one hand,
they can activate transcription, which earlier was
associated with tumor induction. On the other
hand, a more careful analysis has demonstrated
that it is primarily a repressor function that
causes transformation and tumor induction. This
is clearly the case with both the E A and the
SV40 large T antigen; it has also been shown
recently that a specific region of the myc onco-
gene can repress transcription of a growth arrest
gene called gasl (20). This repressor function acts
directly at the promoter level and demonstrates
that tumor induction may be due to the repres-
sion of growth cycle exit genes removing the cell
from the growth arrest pool.

Arrest Signaling
Signaling of growth arrest can occur at several
levels. Since most of the cells in the body remain
arrested and are rarely induced to grow, there
must be a complex growth arrest maintenance
function. Once growth induction has occurred, a
requirement for checkpoints for DNA damage
and entry into the S phase immediately arises,
and the mechanisms for checkpoint arrest might
differ from those for the maintenance control.
Likewise, early in embryogenesis the cells mul-
tiply freely and signaling for specific differentia-
tion might occur, leading in most cases to arrest
before the differentiation is executed. Finally,
almost all cells in the body must turn over at a
fixed rate, and the process of cell killing is ad-
vantageous during embryogenesis to eliminate
some cells before a differentiation lineage can be
established. This cell killing can occur both at the
maintenance stage and at the checkpoints and
seems to be governed at the transcriptional, sig-
naling level as well as at the receptor-ligand
level. Last but not least, several cells in the body
require reversible growth arrest so that renewal
of cells, although slow, can occur at regular in-
tervals. Some cells, on the other hand, have
reached an irreversible state of differentiation.
When this happens, a stem-cell population must
be available to induce the differentiation path-
way when required. Some of the more recent
findings on these phenomena partially mediated
at the signal transduction level are discussed be-
low. It appears that we need to differentiate be-
tween checkpoint arrest, apoptosis, and arrest at
the quiescent state (probably GO) when discuss-
ing these molecular events.
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Fig. 3. (A) Genomic structure of the p16-
pl9RF locus. Blue boxes denote open reading
frame 1 (ORF 1) constituting the p16 transcript, red
boxes indicate ORF 2 comprising the pl9AR47 mRNA,
and yellow boxes represent p15 exons. The pre-
sumptive promoters for the three transcripts are
marked by arrows. For simplicity, the locus is not
drawn to scale; genomic analysis of the human locus
containing p16 and pi9A'F indicates that it is approx-
imately 30 kb and that exons 1(3 and la are sepa-
rated by -20 kb. (B) Schematic representation of
p16 and postulated pl9"R pathways. The p16

Checkpoint Arrest

The two most frequently inactivated tumor sup-
pressor genes in human cancer, irrespective of
tumor type, site, and patient age, appear to be
p53 and INK4a (21,22). The INK4 locus encodes
p16, which is a specific inhibitor of the cyclin
D-dependent kinases CDK4 and CDK6 (23).
This inhibitor prevents the kinases from phos-
phorylating the Rb proteins, in turn leading to a

block in the GI phase and no exit into the S
phase. Genetic disruption of this pathway is com-
mon in cancer cells and could be brought about
either through inactivation of the tumor sup-
pressors p16 and Rb or by uncontrolled overex-

I CDK Inhibitor

Locus

p16

I

I

I .

pathway is simplified in this diagram. However, al-
terations in p16, CDK4, cyclin D, and pRB appear to
be mutually exclusive within an individual cell, sug-
gesting that they have functionally equivalent conse-
quences. The inability of p19A" to induce cell cycle
arrest in cells lacking p53 suggests a functional path-
way, although the inactivation of p53 in some tu-
mors derived from pi9"r-null mice indicates that
inactivation of these two genes is not functionally
equivalent. The locus containing p16 and pi9ARF has
also been called the INK4a-ARF locus. [Adapted with
permission from Haber, 199738.]

pression of the cyclins and their kinases. If the
p53 is concurrently inactivated, some cells are

prevented from arresting in the Gi phase follow-
ing DNA damage, which ultimately leads to a

decrease in genomic stability and a block in the
apoptosis pathway. As recently shown, the INK4
locus encodes three genes: p15 and p16, both of
which are cyclin-kinase inhibitors, and in an al-
ternative reading frame, p19 [Fig. 3 (24)]. The
latter probably acts upstream of the Rb and p53,
since fibroblasts from the knockout mice cannot
exit the cell cycle or senesce. p19 is therefore
probably dependent on an intact p53. The p19
does not appear to carry a kinase-inhibitor activ-
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ity. The suggestion that all these genes are im-
portant ingredients in a checkpoint arrest has
been borne out by numerous experiments with
knockouts in the p53 and the INK4 loci. Likewise,
another CDK inhibitor, p21, also seems to work
at this stage. This inhibitor is transcriptionally
controlled by p53 and accumulates at the check-
point. The knockout mice lacking p21 undergo
normal development but cultivated fibroblasts
are only defective in the GI checkpoint (25).

More recently, it has been demonstrated that
the p21 kinase inhibitor can control both the
GI/S checkpoint and a checkpoint between G2
and mitosis (G2/M) during cell cycle transition
(26). The latter arrest appears to be independent
of Rb and p53 as well as the binding to the
proliferating-cell nuclear antigen (PCNA) that
has been associated with the GI/S checkpoint.
Yet another kinase inhibitor, p27, which lacks a
PCNA binding domain, can produce both the
GlIS and the G2/M block (26). It appears that
this checkpoint may be mediated through bind-
ing to cyclin A- or B1-CDK complexes (27).

In retrospect, it appears that most of the
isolated so-called tumor suppressors operate at
the GI/S checkpoint, controlling damaged DNA
or stability of the genome before the cells enter
into the S phase. Another checkpoint at the
G2/M border was only recently identified.

Apoptosis
Programmed cell death, a term originally coined
already in 1842, was rediscovered in the second
half of this century and referred to as apoptosis in
1972. There are three major findings that have
led to the conclusion that cell death is an active
process under genetic control. First studies with a
small nematode identified a number of genes
regulating apoptosis (reviewed in ref. 28). Many
of them have mammalian homologues that reg-
ulate cell death. The signal transduction pathway
of apoptosis has identified specific death-signal-
ing molecules, including a completely new fam-
ily of cysteine proteases, the caspases. Many dis-
eases in humans appear to be due to deficient
regulation of the apoptotic program, and in
mammalian cells there is a family of receptors,
ligands, and signaling molecules that mediate
apoptosis in specific cells. In the nematode, es-
sentially three genes, ced-3, ced-4, and ced-9, are
directly involved in executing apoptosis during
development. Several other genes that also affect
apoptotic death are required for recognition of

apoptotic cells by the phagocytes, and in some
cases, specific genes such as ces-1 and ces-2 can
activate the cell death pathway in individual
cells. All of the genes that were originally found
in the nematodes have their counterpart in
mammals: ced-3 corresponds to the caspase-3-
like caspases; ced-4 corresponds to Apaf-1, and the
regulator ced-9, which can turn off or turn on
apoptosis, corresponds to a number of inhibitors
and promoters such as Bcl-2 and Bax, respectively
(29). In mammalian cells, several death receptors
have been identified and the intracellular adap-
tors that provide a signal to the first-level
caspases have been delineated. Molecules with
similar functions have not yet been identified in
the nematodes. It appears that the apoptotic
pathway is much more complex in mammalian
cells, but most of the events are similar and uti-
lize conserved mechanisms to turn over cells in
both nematodes and humans. Table 1 shows
some of the identified molecules in this pathway
in humans and nematodes.

The endpoint in the apoptotic pathway is a
characteristic cleavage of chromatin at internu-
cleosomal sites. The unique caspase-activated
DNase, CAD, and its inhibitor, ICAD, have been
identified. The ICAD is cleaved by the caspase-3-
releasing CAD, which is responsible for the char-
acteristic cleavage at the end stage of apoptosis
(30). Recently it has been demonstrated that ap-
optosis can be very important in several disease
processes. An enhancement of the apoptotic
mechanism seems to occur in thyroiditis, ulcer-
ative colitis, and Wilson's disease. Defects in the
apoptotic pathway might be encountered in au-
toimmune diseases and in some proliferative dis-
eases, including leukemia in the lymphatic sys-
tem. Apoptosis is a very well-controlled
mechanism for cell turnover and for specific kill-
ing of cells during development and differentia-
tion; therefore, it must be under very exact ge-
netic control. When the control disappears, an
accumulation of unwanted cells or cell products
may occur, leading to human diseases.

Reversible or Irreversible Exit from the Cell Cycle
Most of the identified growth arrest genes seem
to operate at the checkpoints in the cell cycle,
preferably at the GI/S border fairly late during
the GI stage. Most cells that reversibly or irre-
versibly exit from the cell cycle are probably
exiting close to the GO arrest stage, which is
closer to mitosis in the GI. The only growth-
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Conclusions
This overview has attempted to point to a defi-
ciency in our accumulated knowledge about the
control of the cell cycle exit occurring during
development, differentiation, and growth arrest.
The main reason for the lack of accumulated data
is that we have focused on the induction path-
way in cell growth and only recently identified
some of the molecular players in checkpoint ar-
rest before transition into the S phase. At this
stage, the cell must control radiation damage and
DNA stability before it can transverse the border.
Most of the growth arrest in the human body
probably occurs earlier in the GI state corre-
sponding to the quiescent state (GO), which also
precedes some of the differentiation pathways. A
much more elaborate approach must therefore
be applied to identify the true growth inhibitors
in the quiescent state and the interplay that
keeps the cells from escaping this control, caus-
ing cancer or other diseases. The apoptosis path-
way delineated during the last 10 years has
clearly shown that apoptosis might occur at the
level of the G1/S checkpoint but not necessarily
in the GO quiescent state prevailing in the organs
in the body. Although apoptosis appears to be an
important cell turnover mechanism, we must
enhance the screen for genes controlling the ex-
pression in truly quiescent cells both in vivo and
in vitro.
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