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deregulated in cancer cells, p15INK4b, p18INK4c and cyclin
D2 have been implicated less often and in fewer types of
tumour. Whether p107 and p130, cyclin D3, CDK6 and
p19INK4d are involved in tumour formation is less clear.
So, differences in the patterns of expression or activities
of these protein family members must account for their
differential roles in tumorigenesis.

‘Free’ E2F–DP complexes activate gene expression,
but their inhibition by RB-family proteins can either
block the activation of E2F or actively repress transcrip-
tion by recruitment of other negative regulators to E2F-
responsive promoters2,17,18. E2F6 is an anomaly, having
no transactivation domain to which RB-family proteins
bind; when associated with a DP subunit, E2F6 binds to
DNA, presumably competing with other E2F complex-
es at promoter sites. Overexpression of E2Fs 1–3 can
drive entry into S phase20,21 by inducing genes that
encodes S-phase cyclins and cyclin-dependent kinases
(CDKs), DNA polymerase-α, enzymes involved in
nucleotide metabolism, and several proteins that func-
tion at origins of DNA replication2,22. Loss of mouse E2f3
alone inhibits activation of many E2f-regulated genes,
and greatly slows cell proliferation, whereas loss of E2f1
has no such effects23. However, both E2f1 and E2f3 can
trigger apoptosis21,24, which is dependent on p53 (see
below) and the p53-related protein, p73 (REFS 25,26).

RB preferentially interacts with E2Fs 1–3, whereas
p107 and p130 associate with E2F4 and E2F5 (FIG. 2). RB
normally binds to — and therefore inhibits — only a
small fraction of total E2F activity, and, notably, loss of
RB does not completely deregulate the G1–S-phase
transition, so p130 and p107 probably compensate. It is
widely assumed that the role of RB in tumour suppres-
sion depends on the E2Fs, and in the few available
mouse models, tumour phenotypes and apoptosis that
stem from disruption of Rb-family proteins can be sup-
pressed on an E2f1-null or E2f3-null background24,27–29.
Nonetheless, RB associates with many proteins, includ-
ing other transcription factors that probably enable RB
to regulate gene expression in an E2F-independent
manner2,18,30.

One of the key arguments that p16INK4a acts in a lin-
ear RB pathway stemmed from observations that
p16INK4a does not effectively inhibit G1-phase progres-
sion in cells that lack RB31–33. However, we now recog-
nize that the activity of p16INK4a is tied to that of other
CDK inhibitors of the CIP/KIP FAMILY, which oppose the
functions of cyclin E–CDK2 (REF. 34). Mitogen-depen-
dent formation of cyclin-D-dependent kinases during
G1 phase sequesters p27Kip1 and p21Cip1 , preventing
them from inhibiting Cdk2 (FIG. 3). Conversely, INK4
proteins mobilize the bound pool of Cip/Kip proteins
from cyclin D–CDK complexes, resulting in CDK2
inhibition. Because cyclin E–CDK2 cooperates with
cyclin D–CDK4 with the inactivation of RB, one role of
p27Kip1 is to maintain RB in its active hypophosphory-
lated state (FIG. 3). CDK2 phosphorylates other sub-
strates that contribute independently to DNA synthe-
sis34, so it logically follows that expression of the INK4
proteins might affect activities that are unrelated to RB
family functions per se.

example, RB) and proteins (RB), and initial capitals to
indicate the mouse homologues (such as the Rb gene
and Rb protein). FIGS 1, 2 and 4 use the nomenclature
from the mouse, as most of the supporting genetic
studies have been carried out in this species.

Unravelling the RB pathway
There is now overwhelming evidence that p16INK4a acts
ubiquitously as a tumour suppressor in human cancers.
Soon after the gene was discovered3, inactivating muta-
tions in INK4a were mapped in familial melanoma
families15, and this spurred several independent investi-
gations that showed INK4a mutations in many types of
sporadic cancer16. The fact that mutually exclusive
events in tumours result in the loss of either p16INK4a or
RB, or in the overexpression of cyclin D1 or CDK4, pro-
vides the strongest genetic evidence that such a sig-
nalling pathway operates in tumour surveillance.

The simplest model for this is that RB restricts cell-
cycle progression by binding to and restraining E2Fs,
which, when untethered from RB, promote S-phase
entry. However, this is complicated by the fact that three
RB-family proteins (the others being p107 and p130)
regulate the functions of several E2Fs, each a het-
erodimer consisting of one E2F subunit (1–6) with a DP-1

or DP-2 binding partner (FIG. 2)2,17,18. The cyclin D-depen-
dent kinases include six holoenzymes that are assem-
bled from cyclins D1, D2 or D3, and either CDK4 or
CDK6. There are also four distinct INK4 FAMILY members
that, as well as p16INK4a, include p15INK4b, p18INK4c and
p19INK4d (REF. 19). So far, the known targets of INK4 pro-
teins are the cyclin-D-dependent kinases, the only rec-
ognized substrates of which are proteins of the RB fami-
ly. Although p16INK4a, cyclin D1, CDK4 and RB are often

Figure 1 | The Ink4a/Arf locus. a | The two products of the mouse Ink4a/Arf locus, p16Ink4a

and p19Arf (p14ARF in human) indirectly regulate the retinoblastoma protein (Rb) and p53,
respectively. b | Alternative first exons (1α and 1β) that are transcribed from different promoters
(arrows) specify the 5’ ends of the Ink4a and Arf transcripts, respectively. These are spliced to
the same acceptor site in exon 2, which is translated in alternative frames. Ink4a coding
sequences in exons 1α, 2 and 3 are denoted by light shading, and Arf coding sequences in
exons 1β and 2 are indicated by dark blue shading. The regions that are disrupted in the
different knockout (KO) mouse strains are indicated below the figure. The schematic is not
drawn to scale, and in both the human and mouse genomes, exons 1α and 1β are separated
by >15 kb. (b is adapted from REF. 14.)
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End-replication problem:
cells lose 50-200 bp of  telomeric DNA
during each S phase
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