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INTRODUCTION 
NEGATIVE REGULATORS of cellular proliferation play important 
roles in the suppression of the neoplastic phenotype. Several 
tumour suppressor molecules have been identified to date, 
some of which appear to be closely involved in the regulation of 
progression through the eukaryotic cell cycle. For instance, 
the product of the retinoblastoma susceptibility gene, pRb [I], 
undergoes cell cycle-specific phosphorylation events [2] which 
determine its ability to complex with the E2F family of 
transcription factors, thereby regulating expression of E2F- 
responsive genes [3]. Furthermore, in response to DNA 
damage, the ~53 tumour suppressor protein accumulates in 
the nucleus, eliciting cell cycle arrest in G, and thereby 
allowing DNA repair to take place prior to cell division [4]. 
Thus, cell cycle control is an important feature of oncosup- 
pression, and dysregulation by means of mutation of cell cycle 
inhibitory molecules, overexpression of positive cell cycle 
regulators, or disruption of associated intracellular signalling 
mechanisms is likely to play a critical role in the development 
of malignancy. 

CELL CYCLE PROGRESSION 
Progression of cells through the cell cycle is dependent on 

the formation of specific protein kinase complexes which form 
in a cyclical fashion at particular times during the cell cycle, 
enabling the cell to pass through several regulatory transition 
points [5]. These complexes consist of a cyclin-dependent 
kinase (cdk; the catalytic subunit), a regulatory cyclin mole- 
cule, and proliferating cell nuclear antigen (PCNA) [6], and 
are regulated intrinsically by a series of phosphorylation and 
dephosphorylation events. Activation of specific cdks through 
complex formation with their cyclin partners serves to drive 
cell cycle progression. Indeed, it is well-documented that 
overexpression of cyclins may deregulate cell cycle control 
during oncogenesis in a number of human malignancies, 
including oral squamous cell carcinoma [7-lo], resulting in 
unchecked cell proliferation. Gene amplification and/or over- 
expression of cdks may also contribute to increased progres- 
sion through the cell cycle [ll]. In addition, extracellular 
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signals may also elicit some degree of cell cycle control. For 
example, transforming growth factor p (TGF-P) is growth- 
inhibitory for epithelial cells and halts cell cycle progression 
from G, into S-phase in a number of epithelial cell types 
[ 12-141, whereas epidermal growth factor (EGF) and platelet- 
derived growth factor (PDGF) positively regulate cell pro- 
liferation [ 15, 161. Recently, much work has focused on the 
identification and characterisation of several novel proteins 
which contribute to cell cycle regulation by binding to, and 
inhibiting the activity of, cyclin-cdk complexes. These cyclin 
kinase inhibitors provide an additional level of complexity for 
cell cycle control and represent a new motif for negative 
regulation of cell proliferation and differentiation. Further- 
more, their dysfunction may play a fundamental role in 
tumour progression. 

p21 (WAFl/Cipl/Sdil/CDKN1/Picl/mdal/Cap2O) 
The p21 cyclin kinase inhibitor was identified independ- 

ently by several groups. p21 was detected as a component in 
cdk immunoprecipitates [17], while the use of a yeast two- 
hybrid interactive screen identified p21 as a cdk-associated 
protein with the ability to bind and inhibit the activity of cdk2 
(cdk-interacting protein, Cipl) [ 181. A cDNA encoding the 
same protein was isolated from a subtraction library during a 
search for genes upregulated by wild-type ~53 (wild-type p53- 
activated fragment, WAFl) [19], thus establishing p21 as a 
potential mediator of at least one of the tumour suppressor 
functions of ~53, namely cell cycle arrest in G, Yet another 
group cloned the same gene from senescent fibroblasts (hence 
Senescent cell derived inhibitor, sdil) [20]. ~21, which is 
encoded by a gene on human chromosome 6~21.2 [19], has 
been shown to act as a universal inhibitor of cyclin dependent 
kinases, as it has the ability to form complexes with cdk4- 
cyclin D, cdk2-cyclin E, cdk2-cyclin A and cdc2-cyclin Bl 
(Fig. 1) [17-19, 211. In normal cells, p21 levels have been 
demonstrated to vary in a cell cycle-dependent fashion, 
associating with functional, but not inactive, cyclin-cdk 
complexes, thereby regulating their enzymatic activity [21]. 

The identification ofp21 as a wild-type ~53 responsive gene 
has, as expected, aroused a great deal of interest. It has now 
been demonstrated that p21 mRNA and protein is induced in 
a wild-type p53-dependent manner during p53-mediated G, 
cell cycle arrest, in response to physical or chemical stimuli 
such as ultraviolet or y-irradiation, or treatment with the 
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Fig. 1. Interaction of cell cycle inhibitory molecules with extracellular signals and cell cycle events. Cyclin kinase inhibitors 
integrate signals from cellular and extracellular events to inhibit or activate cyclin-cdk complexes, thus controlling progression 
through the cell cycle. The abundance of each inhibitor during particular phases of the cell cycle is illustrated by size in the 

diagram. 

chemotherapeutic adriamycin, as cells harbouring mutant ~53 
molecules failed to induce p21 or arrest in G, under these 
conditions [22]. Furthermore, by using haematopoeitic cells 
which undergo either G, arrest or apoptosis in response to 
ionizing radiation depending on the presence or absence of 
IL-3, it has been shown that p21 induction occurs during p53- 
dependent apoptosis. However, cells undergoing apoptosis by 
p53-independent mechanisms did not express detectable 
levels ofp21 [22]. In a separate study, the action of p53 and p21 
to elicit cell cycle arrest in G, was bypassed by constitutive 
overexpression of the B-myb oncogene product [23], a 
transcription factor which plays a role in controlling the 
expression of genes crucial for DNA replication and which are 
normally expressed in late G,/S-phase [24]. Thus, oncogenic 
deregulation of cell cycle control by various mechanisms may 
occur through subversion of ~‘21 function, which further 
emphasizes its importance for maintenance of normal growth 
control. 

Although mutation of ~53 characterises many malignancies 
studied to date [25], some tumours have been shown to retain 
and express a normal ~53 gene product. Therefore, if p21 is a 
crucial mediator of ~53 tumour suppression and deregulation 
of ~53 function represents a critical step in oncogenesis, it 
would seem likely that tumours expressing functional ~53 
might harbour mutations in ~21. However, from studies 
performed thus far, it appears that intragenic mutation of p21 

is a rare occurrence. In a study of over 300 human tumours 
consisting of a wide variety of tissue types, no p21 mutations 
were detected, although specific polymorphisms within the 
coding region of the gene were identified [26]. This has since 
been substantiated by subsequent studies of colorectal [27] 
and other malignancies [28], which failed to demonstrate the 
presence of somatic ~21 mutations. These data argue that p21 
may play a fundamental role in cellular growth control and 
development, and that inactivation of normal p21 function 
may be lethal for the cell. One recent study examining 
Burkitt’s lymphomas [29], of which around only one-third 
have undergone p.53 mutation [30], demonstrated a heterozy- 
gous mutation of ~21 in one case, and that the growth- 
suppressive function of the mutant molecule was com- 
promised compared to wild-type ~21. It is notable, though, 
that both normal and mutant molecules were expressed in the 
parental cell line, and that some degree of p21-mediated 
control was likely to be present. It is not yet clear if expression 
of mutant p21 alone would compromise cell viability. 

Although the induction of p21 as a result of the accumu- 
lation of wild-type ~53 is now considered to be of fundamental 
importance for cellular growth regulation, control of p21 
expression by other cellular factors would be expected, if not 
mandatory, in view of the fact that many tumours express no 
functional ~53 and that p21 may be vital for cell survival, as 
discussed above. Thus, it is not surprising that p53-independ- 
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Fig 2. Interplay of p16 and pRb in regulation of cell growth. (A) p16 prevents phosphorylation of pRb by G, cyclin dependent 
kinases, thus pRb remains in a hypophosphorylated, growth suppressive state and sequesters E2F molecules. (B) Absence of 
functional p16 allows active cyclin-cdk complexes to phosphorylate pRb, resulting in release of E2F which binds to consensus 
nucleotide sequences in the promoters of responsive genes, activating transcription. (C)The absence of a functional pRb allows 
constitutive transcriptional activation by EZF, and wild-type p16 is, therefore, unable to modulate the pathway. Active 

components are shown in red. 

ent regulation of p21 expression occurs [31-341. Using 

cultured fibroblasts derived from p-53-nullizygous mice, it has 
been demonstrated that p21 expression is induced in response 
to stimulation of cells with serum, several growth factors, 
including PDGF and fibroblast growth factor (FGF), phorbol 
esters and okadaic acid, although no increase in ~21 mRNA 
was observed upon irradiation of cells (i.e. p53-dependent 
induction was compromised) [31]. The apparent paradox of 
induction of a growth-suppressive molecule by mitogenic 
agents could be explained if p21 were required for the activity 
of cyclin-cdk complexes, and that inhibition of cdk activity 
required the level of p21 bound to exceed a certain critical 

threshold [ 171. 
In addition to its important role as a cyclin kinase inhibitor, 

p21 has also been shown to function as an inhibitor of DNA 
replication in vitro [35]. Using a cell-free model of eukaryotic 
DNA replication, Waga er al. [36] demonstrated an interaction 
between p21 and PCNA in the absence of a cyclin-cdk 
complex. In addition, p21 was able to block PCNA-dependent 
DNA replication by inhibiting the ability of PCNA to activate 

DNA polymerase 6. Furthermore, two independent studies 
subsequently revealed that the interaction of p21 with PCNA 
inhibited only PCNA-dependent DNA replication, but not 
PCNA-dependent nucleotide excision-repair functions [37, 
381. Thus, p53-mediated induction of p21 expression in 
response to DNA damage would have the effect of halting 
DNA replication, while allowing cells to carry out DNA repair 
unhindered, a long-recognised attribute of wild-type ~53 [39]. 

p16 (MTSl/CDK4I/INK4A/CDKNZ) 
The existence of p16 first became apparent from analysis of 

G, cyclin-cdk immunoprecipitates [40], where it was found to 
be associated principally with cyclin D-cdk4. Complexes of 
D-type cyclins with cdk4 and cdk6 have the ability to 
hyperphosphorylate pRb [41], releasing active E2-F mole- 
cules which may then upregulate the expression of genes 
involved in cellular proliferation (Fig. 2) [42]. Therefore, tight 
regulation of the activity of these cyclin D complexes is a 
prerequisite for restraining cell growth. p16 represents an 

Table 1. Relationship between cyclin kinase inhibztors, cyclm dependent 

kinases, cyclins and cancer 

CKI 
Potential involvement 

in carcinogenesis CDK Cyclins 

PI5 (P14) 

~16 

PI8 

P19 

P21 

~27 (~28) 

+ 

+ 
nd 

nd 

+ 

+ 

4, 6 Dl, 2, 3 

4, 6 Dl, 2, 3 

4, 6 Dl, 2, 3 

4, 6 Dl, 2, 3 

1, 2, 3, 4, 5, 6 A, B, D, E 

1, 2, 3, 4, 5, 6 A, B, D, E 

CKI, cyclin dependent kinase inhibitor; nd, not determined. 

additional cyclin kinase inhibitor specific for cdk4 and cdk6 

(Fig. l), and thus is functionally dissimilar to ~21, as well as 
structurally. 

The gene encoding human p 16 has been mapped to the short 
arm of chromosome 9, at 9~21, the site of a major tumour 
suppressor locus in several tumour types, as determined by 
loss of heterozygosity analyses [43-49]. As a negative regulator 
of the cell cycle machinery, p 16 would make a good candidate 
tumour suppressor encoded by this locus, and it was not 

surprising when two studies [50, 511 demonstrated that the 
gene encoding p16 was homozygously deleted in cell lines 
derived from a wide range of human tumours, including lung, 
breast, brain, bone, epidermis, ovary and lymphoreticular 
malignancies. Furthermore, in melanoma cell lines which 
retained one allele, missense and nonsense point mutations or 
frameshifting deletions or insertions characterised the major- 
ity of cases, strongly suggesting that p16 was, indeed, the 
tumour suppressor product whose function was ablated by 
9~21 chromosomal alterations. However, several subsequent 
studies using DNAs obtained from primary tumours failed to 
confirm the high frequency of deletion or mutation previously 
observed in analyses of cultured cells [52-541, and it was 
suggested that the high incidence of mutations previously 
detected in p16 might represent an artefact of in ejitro 
propagation [55], although some workers were able to 
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demonstrate that p16 mutations did occur in &XJ, both by 
direct analysis of oesophageal tumours [56] and by utilising 
cell lines independently derived from individual patients’ 
primary and metastatic oral squamous cell carcinomas to 

confirm the presence of identical mutations [57]. The reason 
for these apparently conflicting results is still unresolved, 
although it may stem, in part, from contamination of tumour 
tissues by surrounding normal or stromal cells coupled with 
the use of ultrasensitive detection methods. Alternatively, it 
may be that tumour cells consist of heterogeneous populations, 
perhaps as a result of field carcinogenesis, in which only a 
proportion of cells have undergone mutation in a particular 

gene ($16, for example). Recent reports of a putative 
senescence gene located at 9~21 [58], together with the 
demonstration of the loss of 9~21 heterozygosity in immortal 
but not senescent cells derived from malignant tumours in viva 
[59], implies that cell lines established from tumours which 

contained both senescent and immortal variants in V&J would 
comprise only of cells which had inactivated the senescence 
gene. Mutation of ~16 in vitro as an explanation for the 
disparity observed between the mutation frequency in cell 
lines and tissues is, however, inconsistent with published work 

]571. 
To date, several independent studies have demonstrated 

inactivation of p16 in tumours of lung [60-621, oesophagus 

[60], liver [60], colon [60], pancreas [60], central nervous 
system [63-651 and head and neck [66]. One study [61] which 
examined a series of lung tumour cell lines demonstrated a 
near-perfect correlation between the presence of wild-type 

pRb and the absence of normal p16 protein. Only 1 l”,, of small 
cell lung cancer cell lines failed to express ~16, all of which 
expressed a functional pRb, whereas pRb was absent or 
aberrant in those cell lines in which p16 was expressed. In 
addition, the majority of non-small cell lung cancer lines, 
which generally express a normal pRb molecule, did not 

express ~16, while p16 expression was maintained in six of 
seven samples with absent or aberrant pRb. These data 
present evidence of a common growth suppressive pathway 
involving p16 and pRb, the inactivation of which may be 
fundamental for deregulation of cellular growth control during 
oncogenesis. Further evidence of a working relationship for 

these two molecules came from a careful comparison of the 
associations formed between D-type cyclins, cdk4, cdk6 and 
p16 in cells expressing or lacking a functional pRb [67]. Again, 
an inverse correlation was found between pRb status and p16 
expression. In addition, it was demonstrated that p16 com- 
petes with D cyclins for binding with cdk4 and cdk6, as in cells 
where pRb function had been compromised neither cdk4 nor 

cdk6 were found to associate with D cyclins, but instead were 
bound to ~16. These data imply that p 16 is one component of a 
feedback mechanism which controls pRb function [67]. Thus, 
in cells where pRb is inactivated through deletion, mutation, 
or binding to viral oncoproteins, there is no selective 
advantage to be gained by inactivating ~16. Hence, inactiva- 
tion of p16 or pRb, or amplification and overexpression of D- 
type cyclins or their cognitive kinases would be predicted to 
result in deregulation of the same growth control pathway 
(summarised in Fig. 2). A further study of p16 protein present 
in normal cells from different lineages demonstrated differen- 
tial expression of ~16, with minimal p16 detected in ductal 
epithelium from breast and no expression in T lymphocytes 
[68]. Although the explanation for this remains unclear, it is 
likely that T cells, which express cdk6, express another related 

cdk inhibitor instead of p16 (such as ~18, see below). These 
authors also demonstrated cell cycle dependent expression of 
p16 in normal cells, with the highest levels occurring during S- 
phase and implying a requirement to inhibit cdk4 activity at 

the G, IS transition. 
The familial melanoma susceptibility locus, MLM, has 

recently been mapped to chromosome 9~21 [69], the location 
of the gene encoding ~16. In order to determine whether the 
MLM gene might be p 16, two studies have now analysed p 16 
coding sequences from familial melanoma kindreds for the 
presence of germline mutations. One group was able to 
demonstrate mutations in 33 of 36 melanoma cases in 9p21- 
linked, but not lp36-linked, melanoma families [70], suggest- 
ing that the ~16 gene is a likely candidate for the MLM 
susceptibility gene. However, a second study [71] reported 
that germline mutations occur with low frequency in familial 

melanoma, implying that either the ~16 gene is not MLM, or 
that mutations occur outside the regions analysed. It may be 
that germline deletion of p16 coding sequences may afford an 
alternative to intragenic mutation as regards susceptibility to 
melanoma, although the data available to date appear contra- 
dictory. However, in a study of pancreatic adenocarcinoma, a 
tumour type also characterised by 9p allelic loss, somatic 

alterations in the ~16 gene were demonstrated to occur with 
high frequency in both primary tumours and xenografts, and 
included deletions, insertions and point mutations [72], 
providing strong evidence that 016 gene mutations play a role 
in tumour development. It is notable that some melanoma 
families show a high incidence of pancreatic adenocarcinoma 

[71], and it may be that mutation ofpl6 sequences contributes 
to carcinogenesis in both these cell types [73]. 

Although the high frequency of deletions and mutations of 
~16 and the correlative data from studies of cells which express 
either functional or non-functional pRb are strongly suggest- 
ive of a role for p16 as a major regulator of normal cell 

proliferation, more direct evidence of the important contribu- 
tion of p16 loss to human tumorigenesis has come from gene 
replacement experiments where exogenous p16 has been 
reintroduced into ~166 cells in vitro. In one such study, 
expression of activated H-ras in Go-arrested rat embryo 
fibroblasts (REFs) stimulated cell proliferation, whereas co- 

expression of p16 was found to block H-ras-induced entry into 
S-phase [74]. In addition, p16 was shown to suppress cellular 
transformation of REF cells transformed by activated H-ras 
and c-nzyc, but was incapable of suppressing transformation of 
cells transfected with H-ras plus adenovirus Ela. These 
results further confirm previous data that p16 and pRb are 
components of the same growth suppressive pathway, as Ela is 
known to bind and sequester cellular pRb and other pRb-like 
molecules [75]. In a separate study, re-introduction of a 
functional p16 into human glioma cells lacking endogenous 
p16 resulted in inhibition of cell growth by up to 90”,, of 
control values, whereas no significant growth-suppressive 
effect was seen when cells expressing endogenous wild-type 
p 16 were transfected [76]. Thus, it would appear that p 16 does 
suppress growth of tumour cells, dependent on the mechanism 
of transformation. However, confirmation of the precise 
contribution of p16 loss to tumour development awaits 
targeted disruption of the gene in viva. 

~15 (INK4B/MTSZ), ~18 and p19 

Analysis of immunoprecipitates of proteins extracted from 
cells radiolabelled in culture revealed that, as well as binding to 
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~16, the G, cyclin kinases cdk4 and cdk6 form associations 

with other small molecules in the 15-20 kDa range [40]. The 
likelihood existed that these represented additional cdk 

inhibitors, and this has now been confirmed by cloning of 
cDNAs encoding three such proteins, p 15 [77] (also known as 

p14 [78]), ~18 [78, 791, and p19 [79, 801, and performing 
functional analyses both in vitro and in viva which demonstrate 
their abilities to bind and inhibit the activity of G, cyclin 
kinases. p 15 is encoded by a gene also situated on chromosome 
9p2 1, proximal to that which encodes p 16 [50], and, therefore, 
represents an additional candidate for a tumour suppressor at 
this locus. Several studies have now presented evidence that 
~15 function is lost in some human tumours and cell lines, 
including non-small cell lung cancer [81], leukaemias and 
lymphomas [82] and glioblastomas [83]. Although a few 
samples harboured intragenic mutations within the ~15 coding 
region [81, 821, homozygous deletion was found to be more 

common. Thus, loss of 9p may represent an efficient method 
through which cells deregulate their growth control mech- 
anisms by deleting both ~16 and ~15 genes in one event. To 
date, no studies have reported mutations ofp18, which maps to 
human chromosome 1~32, a locus which shows structural 
abnormalities in a range of different malignancies [78]; loss of 

heterozygosity at this chromosomal region was noted in one 
lung tumour cell line [81]. ~18 has been shown to associate 
strongly with cyclin D-cdk6 complexes in vitro and in vivo, 

and inhibit phosphorylation of pRb [78]. Furthermore, 
ectopic expression of ~18 is able to suppress growth of cells 
which express a functional pRb, a similar finding to that 
observed for p16 [74]. p19 also inhibits the G, kinases cdk4 and 

cdk6 [79,80]. Expression of p19 was shown to vary at different 
times during the cell cycle, with maximal levels present during 
S-phase, which led the authors to speculate that it might be 
involved in limiting the activity of G, kinases after cells had 

exited from G, [79]. However, it has also been demonstrated 
that constitutive expression of p19 results in cell cycle arrest in 

G, tW. 

p27 (KIPl) 

A p21-related cdk inhibitor, ~27, has been described by 
three independent laboratories [84-861, and the cDNA clone 
isolated by means of a yeast two-hybrid screen [84] and by a 

reverse-genetics approach [85]. Sequence analysis revealed 
44”,, identity with p21 in the N-terminal part of the protein 
[85] (which in p21 contains the motif responsible for inhibition 
of DNA synthesis [87]), and the gene encoding p27 has now 

been mapped to human chromosome 12p12.3-pter [88-901. 
Functional studies have demonstrated inhibition of cyclin 
E-cdk2, cyclin A-cdk2, cyclin Bl-cdc2 (cdkl), cyclin 
Dl-cdk4 and cyclin D2-cdk4 by exogenous p27 [84-861, and, 
therefore, the spectrum of activity appears to be similar to that 
of ~21, and broader than the activities of p 16 family members. 
Unlike p2 1, p27 protein levels do not seem to fluctuate during 
the cell cycle, remaining relatively constant throughout. Thus, 
the activity of p27 may be determined by the availability of, 
and its associations with, other molecules at particular points 
during the cell cycle. At present, no mutations of p27 have 
been described in human tumours or cell lines [88-901. In 
addition, another cdk inhibitor of similar molecular mass, ~28, 
was observed in lovastatin-arrested HeLa cells [91] which was 
also able to inhibit a broad spectrum of cyclin-cdk complexes. 
Whether this is the same protein as ~27, or another similar 
molecule, remains to be determined. 

GROWTH FACTOR-MEDIATED REGULATION OF 

CYCLIN KINASE INHIBITOR ACTIVITY 
Sequentially regulated expression or activation of cyclin 

kinase inhibitors represents an attractive mechanism through 
which extracellular signals might control cell cycle progres- 
sion. Of particular interest are the effects of transforming 
growth factor-b (TGF(I) as a negative regulator of prolifer- 

ation in many cell types and the loss of cellular response to this 
ligand that occurs during oncogenesis in some systems. Recent 
studies from several laboratories have demonstrated cell cycle 
specific effects of TGFB, including a block on S-phase entry 
[ 12-14,921, repression of transcription of cyclin A and cyclin E 
mRNAs [92], and inhibition of cdk4 translation [93,94]. Some 
evidence now exists to suggest that part of the growth- 
suppressive activity of TGFP may be mediated through cyclin 

kinase inhibitors, as ~1.5 mRNA was rapidly induced by 
several-fold in HaCaT keratinocytes following treatment with 
TGFB [77]. Furthermore, p27 was originally isolated from 

cells arrested following exposure to this ligand [85,86], and it 
has been proposed that, upon treatment with TGFB, the 
distribution of ~27 may alter such that cyclin E-cdk2 
complexes are inhibited, resulting in a G, ;S block, and that the 
redistribution of p27 molecules may occur as a result of 

increased cellular levels of p 15 which preferentially bind cdk4 

and cdk6 complexes, displacing p27 [95] (Fig. 1). In murine 
fibroblasts, for which TGFB is mitogenic, treatment with 

TGFP has been shown to downregulate p27 expression and 
activate cyclin E-cdk2 kinase [96], providing further evidence 
of a role for this inhibitor in TGFB signalling. 1~21 may also 
participate in the cellular response to TGFP, as p21 mRNA 
was induced and cyclin E-associated kinase activity inhibited 
in two TGFB-sensitive colon cancer-derived cell lines in 

response to growth factor exposure [97]. Induction of p21 
transcription in fibroblasts in response to mitogens such as 
PDGF and FGF has been discussed above. In addition, A431 
human squamous carcinoma cells are known to overexpress 
the EGF receptor and to proliferate in response to picomolar 
concentrations of EGF, while nanomolar concentrations of 
ligand inhibit cell growth [98]. We have recently demonstrated 
that nanomolar, but not picomolar, concentrations of EGF 

induce p2 1 expression rapidly and to a high level (J. Jakus and 
W. A. Yeudall, manuscript submitted). Furthermore, ~21 
induced by this mechanism associates with cyclin dependent 
kinases and inhibits their activity, providing a molecular 
explanation for the biological responses of these cells to EGF. 

In quiescent T lymphocytes, p27 binds to cdk2 and inhibits its 
kinase activity. However, upon mitogenic stimulation with 
interleukin 2, p27 becomes downregulated and cells enter the 
cell cycle [99]. Thus, both stimulatory and inhibitory extracel- 
lular signals may target cyclin kinase inhibitors. To date, no 
growth factor modulation of p16 expression or activity has 
been described. 

INVOLVEMENT OF CYCLIN KINASE INHIBITORS 
IN CELLULAR DEVELOPMENT AND 

DIFFERENTIATION 
In order for terminal differentiation to occur, dividing cells 

must be removed from the cell cycle into a quiescent state (G,,). 
Inhibition of cyclin kinase activity through interaction with 
inhibitory molecules provides a means through which this can 
be achieved. It is, therefore, not surprising that several groups 
have been able to demonstrate increased expression of cyclin 
kinase inhibitors in terminally differentiating cells [ 100-1021. 
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In skeletal muscle, functional pRb is required for myogenic 
differentiation to occur. As discussed previously, active 
cyclin-cdk complexes phosphorylate and inactivate pRb, 
hence inactivation of cyclin-cdks through the binding of cdk 
inhibitors allows pRb to suppress growth. Induction of p21 
transcription in response to treatment of skeletal muscle cells 

with MyoD results in terminal cell cycle arrest and correlates 
with onset of differentiation [loo, 1011. Furthermore, differ- 
entiation is inhibited by ectopic expression of cyclin D 1, while 
transfection of cells with p21 or p16 expression plasmids 
enhances muscle-specific gene expression [ 1021, thus provid- 

ing additional evidence that active cyclin-cdk complexes 
antagonise differentiation pathways. Overexpression of cyc- 
lins or cdks, or mutation or deletion of cdk inhibitors and their 
partners on the respective growth-suppressive pathways, 
might, therefore, be expected to contribute to the undifferen- 

tiated state of some human tumours. 
In summary, while much knowledge of cell cycle control 

mechanisms has been gained from research in this highly 
active field, many questions remain unanswered. The function 

of cell cycle proteins in mediating extracellular signals, the 
mechanisms of activation of cdk inhibitory proteins and their 

role in differentiation in different tissue types, the contribution 
of dysregulation of cyclin kinases and their associated mole- 
cules to oncogenesis and, indeed, the potential for use of these 
molecules as prognostic and therapeutic tools is only begin- 

ning to be explored. 
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