Current Topics in
Microbiology
227 and Immunology

Editors

R.W. Compans, Atlanta/Georgia

M. Cooper, Birmingham/Alabama

J.M. Hogle, Boston/Massachusetts - Y. Ito, Kyoto

H. Koprowski, Philadelphia/Pennsylvania - F. Melchers, Basel
M. Oldstone, La Jolla/California - S. Olsnes, Oslo

M. Potter, Bethesda/Maryland - H. Saedler, Cologne

P.K. Vogt, La Jolla/California - H. Wagner, Munich



Springer
Berlin
Heidelberg
New York
Barcelona
Budapest
Hong Kong
London
Milan

Paris

Santa Clara
Singapore
Tokyo



Cyclin Dependent Kinase
(CDK) Inhibitors

Edited by P.K. Vogt and S.I. Reed

With 15 Figures and 7 Tables

Springer



Professor Peter K. VogT, Ph.D.

Division of Oncovirology

Department of Molecular and Experimental Medicine
The Scripps Research Institute

SBR7, Rm. SR311

10550 North Torrey Pines Road

La Jolla, CA 92037

USA

Professor Steven 1. REED, Ph.D.

Department of Molecular Medicine, MB-7
The Scripps Research Institute

10550 North Torrey Pines Road

La Jolla, CA 92037

USA

Cover Illustration: p27 nullizygous mouse, with wild-type control
for comparison. Gigantism is one of the phenotypes conferred by
germline mutation of p27 (see Kiyokawa and Koff, this volume).

Cover Design: design & production GmbH, Heidelberg

ISSN 0070-217X
ISBN-13:978-3-642-71943-1 €-1SBN-13:978-3-642-71941-7
DOTI: 10.1007/978-3-642-71941-7

This work is subject to copyright. All rights are reserved, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilm or in any other way,
and storage in data banks. Duplication of this publication or parts thereof is permitted
only under the provisions of the German Copyright Law of September 9, 1965, in its
current version, and permission for use must always be obtained from Springer-Verlag.
Violations are liable for prosecution under the German Copyright Law.

(© Springer-Verlag Berlin Heidelberg 1998
Softcover reprint of the Ist edition 1998

Library of Congress Catalog Card Number 15-12910

The use of general descriptive names, registered names, trademarks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names
are exempt from the relevant protective laws and regulations and therefore free for
general use.

Product liability: The publishers cannot guarantee the accuracy of any information
about dosage and application contained in this book. In every individual case the user
must check such information by consulting other relevant literature.

Typesetting: Scientific Publishing Services (P) Ltd, Madras
SPIN: 10629157 27/3020 — 54 3 2 1 0 — Printed on acid-frec paper



Preface

More than 10 years ago, the discovery of cyclin-dependent ki-
nases (Cdks) ushered in a new era in the understanding of cell
proliferation and its control. Not only were both of the known
cell cycle transitions, from G1 to S phase and G2 to M phase,
found to be dependent on these protein kinases, but the reg-
ulatory assumption intrinsic to cyclin-dependent kinases, a stable
inactive catalytic subunit (the Cdk) and an unstable requisite
positive regulatory activating subunit (the cyclin), led to a simple
model for cell cycle control. Modulation of cyclin accumulation,
and thereby Cdk activation, was proposed to be the overarching
principle governing the passage through cell cycle phases. An-
other reality to emerge from the discovery of Cdks was the ex-
ceptional degree of evolutionary conservation maintained in the
machinery and organization of proliferation control. Not only
were Cdks shown to be structurally conserved between yeast and
man, but mammalian Cdks could substitute functionally for the
endogenous enzymes in a yeast cell. The problem of cell cycle
control was thought to have been virtually solved.

The ensuing years have provided a much more complex view
of cell cycle control and the role and regulation of Cdks. The
uncritical enthusiasm with which many of the ideas were em-
braced has required tempering. For example, -although Cdks
appear to be highly conserved phylogenetically, cyclins are much
less so. Classes of cyclins that are critical for cell cycle control in
yeast apparently do not exist in mammalian cells and vice versa.
More significantly, modulation of cyclin accumulation is not the
all-encompassing regulatory principle initially envisioned. Cer-
tainly, in some specialized cell cycles, such as the cleavage divi-
sions of early amphibian embryos, the accumulation and
degradation of cyclins appears to be the driving force behind cell
cycle progression. However, in most situations, whereas cyclin
accumulation is essential, it is not rate-limiting for progression
from one cell cycle phase to the next. Intense investigation into
the structure and function of Cdks since their discovery has re-
vealed several additional regulatory modes superimposed on the
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basic: Cdk-cyclin motif. Regulatory phosphorylation of Cdks
appears to be a conserved and pervasive mechanism for many cell
types. This volume, however, deals with a second ubiquitous
mode of Cdk regulation, that by Cdk regulation, that by Cdk
inhibitory proteins.

Although Cdk inhibitory proteins, known also as CKls, have
emerged relatively recently (within the past 3-5 years) in the
arena of cell cycle control, they now constitute one of the prin-
cipal foci of intellectual and experimental activity in the cell cycle
field. Interest in CKIs has been further stimulated by the de-
monstration that at least one them is an important tumor sup-
pressor, and that mutations in the corresponding gene are
associated with human malignancy. Surprisingly, there have been
relatively few comprehensive review articles and, as far as we
know, no complete volumes dedicated to this subject. We felt
that, with the volume of information accumulated and the im-
portance of the subject matter to a broad spectrum of biomedical
scientists, the time was right for assembling a comprehensive
collection of reviews on CKls by experts in the relevant sub-
disciplines. The first chapter (Mendenhall) discusses the roles of
CKIs where they were first discovered and are best understood, in
yeast. Even though the yeast CKIs are not close structural re-
latives of mammalian CKIs, the precision of genetic analysis in
yeast allows insights that are likely to be useful in conceptualizing
the roles and regulation of mammalian CKIs. The two next
chapters comprise general reviews describing the properties of
members of the two known families of mammalian CKls.
Members of the Cip/Kip family (Hengst and Reed) are general
inhibitors targeted to a broad spectrum of Cdks, whereas mem-
bers of the INK4 family (Carnero and Hannon) are specific for a
specialized Cdk subfamily composed of Cdk4 and Cdk6. The
ensuing chapters deal with more specific aspects of CKI biology.
Chellappan et al. discuss the role of CKIs and concomitant Cdk
regulation in the context of cellular differentiation and orga-
nismic development. Kiyokawa and Koff approach this same
topic specifically through the technique of gene disruption in
mice. These studies continue to be the most revealing concerning
CKI function in vivo and, at the same time, to provide the most
unexpected results. The next two chapters deal with the issues of
genome integrity and malignancy. Although many CKIs have
clearly demonstrable roles in controlling cell proliferation, few
appear to be implicated in malignancy. Kamb summarizes the
current data linking loss of CKI function with human malig-
nancy. El-Deiry addresses the special relationship of the CKI p21
to the tumor suppressor p53, strongly implicated in maintenance
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of genome integrity and prevention of malignancy. Finally, the
last chapter by Walker looks at Cdk inhibition from an entirely
different perspective: as a potential therapeutic target. If en-
dogenous protein inhibitors of Cdks can have potent effects on
cell proliferation and survival, it follows that small molecule Cdk
inhibitors may be unique tools to effect these processes in a
clinical context.

The biology of CKls is a young field still in a high state of
flux and accommodates many conflicting opinions. The fact that
several of the chapters deal with overlapping subjects but from
different experimental and personal perspectives ensures that
most, if not all, of the current views are represented. It is hoped
that this book will serve as a dispassionate source of information
for both experts and non-experts. We would, in particular, like to
thank the authors for their efforts in preparing up-to-date reviews
in the context of an extremely rapidly moving field and a large
volume of sometimes conflicting data. It is our sincere hope that
this work will help stimulate interest and investigation in the cell
cycle field and ultimately, by so doing, advance the causes of
human knowledge and human health.

La Jolla, California Steven 1. Reed
November, 1997 Peter K. Vogt
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1 Introduction

The yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe have been
favored organisms for the study of the basic biology, genetics, and biochemistry of
the mitotic cycle. Much of what we understand about eukaryotic cell division
derives from studies in these organisms. Cyclin-dependent protein kinase (CDK)
inhibitors (CK1), the focus of this volume, were first described in yeast, and yeast is
still the best system for dissecting out the complex in vivo relationships between the
CKI and other cell cycle components. This article summarizes the current state of

'Department of Biochemistry, University of Kentucky, Lexington, KY 40536-0096, USA
’L.P. Markey Cancer Center, University of Kentucky, 800 Rose St., Lexington, KY 50536-0096, USA
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the literature on four CKI — Pho85, Sicl, Farl, and Ruml (Table 1) — with a
particular emphasis on placing their activities in the perspective of larger cellular
processes.

Despite the common biochemical activity linking these four proteins, each goes
about its business in a unique way. Pho85 and Farl link signal transduction
pathways to specific cellular responses, i.e., nutritional limitation to gene tran-
scription and pheromone detection to cell cycle arrest, respectively. In addition to
being a CKI, both of these proteins have non-CKI functions. Pho85 works directly
with a transcriptional activator and a cyclin (without a CDK) to control gene
transcription. Far! has a role in determining the cell surface site at which polarized
growth will occur. Sicl and Ruml are intrinsic cell division cycle regulators re-
sponsible for ensuring the proper coordination of critical mitotic events. Both Sicl
and Ruml are G, phase-expressed proteins, but have interactions with multiple
CDK-—cyclin partners (interactions that are not always inhibitory) that affect events
in all parts of the cell cycle.

2 Pho81

Saccharomyces cerevisiae requires inorganic phosphate (P;) for growth and division.
When the extracellular concentration of P; becomes limiting, genes encoding se-
creted phosphatases are derepressed. The phosphatases cleave P; from organic
phosphates, making the P; available to the cell (for a review, sce OsHiMA 1982).
Pho81 encodes a CKI involved in the transcriptional regulation of the secreted
phosphatases.

2.1 Pho81 Biochemistry

Pho81 can claim to be the first CKI, as it was identified as a genetic entity involved
in the regulation of phosphate metabolism in 1973 (Ton-E et al. 1973), although the
realization that it is a CKI was much more recent (K.R. SCHNEIDER et al. 1994).
With 1117 amino acid residues and a molecular mass of 134 kDa, Pho81 (GenBank

Table 1. The yeast CKI and the CDK and
cyclins they inhibit

CKI CDK Cyclin
Pho81 Pho85 Pho80

Farl Cdc28 Clnl, CIn2
Sicl Cdc28 Clb2, Clb5
Rumtl Cdc2 Cdc13, Cig2

CDK. cyclin-dependent kinase; CKI, CDK
inhibitor.
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X87941) is the largest of the known CKI but, with six ankyrin repeats (residues 424-
656), it has homology to the smallest class of mammalian CK1 (OGawa et al. 1993;
K.R. ScHNEIDER et al. 1994). Pho81 is an effective inhibitor of the Pho85/Pho80
CDK/cyclin complex, with a reported ICso of 1 nM (K.R. SCHNEIDER et al. 1994), a
value comparable to that obtained with CKI in other systems (MENDENHALL 1993;
HARPER et al. 1995). The effect of Pho8! on other CDK/cyclin complexes has not
been reported.

Pho81 is not an ATPase, nor does it have phosphatase or protease activity on
Pho85-Pho80 substrates (K.R. SCHNEIDER et al. 1994), but acts primarily through
its physical interaction with Pho85-Pho80 complexes. Surprisingly, given its se-
quence homology with p15™%* and p16'™K* which bind to the protein kinase
domain of their CDK—cyclin target (HALL et al. 1995), Pho81 recognizes only the
Pho80 cyclin component. In both co-immunoprecipitation and two-hybrid assays,
Pho81 forms complexes with Pho80 in cells deleted for Pho85 and forms complexes
with the Pho85 protein kinase only when Pho80 is also present (HIrsST et al. 1994;
K.R. SCHNEIDER et al. 1994).

The ankyrin repeat domain possesses at least some of the Pho81 CKI activity.
When purified from a bacterial expression system, Pho81 residues 400-720 are able
to inhibit Pho85-Pho80, but with a 60-fold higher 1Cs, than the whole protein
purified from yeast (K.R. SCHNEIDER et al. 1994). In vivo, expression of only the
fifth and sixth ankyrin repeats (residues 584-724) confers substantial, though again
incomplete, activity (OGawa et al. 1995). Deletion analysis of Pho81 has indicated
that the amino terminal domain has a negative effect on Pho81 inhibitory activity,
while the carboxy-terminal domain antagonizes this negative effect even when
supplied in rrans (OGAawaA et al. 1995).

2.2 PHOS81 Genetics

The early identification of PHOS8/ came in studies of the mechanisms governing the
response of S. cerevisiae to limiting extracellular concentrations of P;. Under these
conditions, genes encoding a high-affinity P; transporter (PHOS84), an alkaline
phosphatase (PHOS), and three acid phosphatase isozymes (PHOS5, PHO10, and
PHOI1) are expressed (Ton-E et al. 1973, 1976; Bun-YA et al. 1991; Ocawa et al.
1995). Addition of P; to the growth medium represses transcription of all these
genes, a response controlled by two positive factors, PHOS8! and PHO4, and two
negative factors, PHO80 and PHOS8S. The genetic properties of the regulatory
genes and the epistasis relationships between them provided the basis for the model
proposed by OsHima (1982) and shown in Fig. 1.

DNA sequence analyses of these genes and the subsequent biochemical studies
prompted by the sequence data revealed that PHOS85 encoded a CDK (Ugsono
et al. 1987; Ton-E et al. 1988) and that PHOS80 encoded its activating cyclin
(KAFFMAN et al. 1994). Pho4 is a transcription factor that binds the Pho5 promoter
through a basic helix—loop—helix motif (VoGEL et al. 1989; F. FisHER et al. 1991)
and is also the favored substrate for the Pho85-Pho80 protein kinase (KAFFMAN
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P, ——i Pho8l

g
e inactive
high rler;izt;::d active ptl‘;:g;;’:g’;fit:d repressed
. active
low tra?;tcl;,ileaed inactive deph(:lsur::lllgglated transcribed
Fig. 1. Regulatory circuitry centering on Pho81. 4rrows indicate a positive interaction, | indicates a

negative interaction, solid lines indicate regulatory events at the protein level, and dotred lines indicate
regulatory events at the transcriptional level. The depicted interactions are not necessarily direct. P;
inorganic phosphate. Pho81 is a cyclin-dependent kinase (CDK) inhibitor (CK1); Pho80 is a cyclin; Pho85
is a CDK; Pho4 is a transcriptional activator; Pho5, Phol0, and Pho 11 are acid phosphatase isozymes;
Pho8 is alkaline phosphatase; and Pho84 is a high-affinity P; transporter. At the botrom, the states of the
various components in either high or low [P] are indicated. Experimental observations are discussed in
the text and references cited therein

et al. 1994). The phosphorylation of Pho4 by Pho85-Pho80 is presumably an im-
portant aspect of the regulation of Pho4 transcription activation activity, but it is
still a matter of debate as to just how important it is (HirsT et al. 1994; O’NEILL
et al. 1996).

Genetic experiments identified Pho81 as the primary negative regulator of the
Pho85-Pho80 complex. Strains carrying recessive mutations in pho8/ do not ex-
press PHOS under low- or high-P; conditions, but strains carrying pho81 pho80 and
pho81 pho85 double mutations constitutively express PHOS5 in a Pj-independent
manner similar to strains carrying pho80 or pho85 single mutations (TOH-E et al.
1973; UEDA et al. 1975). These results indicate that Pho81 is a positive regulator of
PHOS transcription which acts by negatively regulating Pho80 or Pho85 activity
and that Pho81 activity is, in turn, negatively regulated by P;.

For the most part, the predictions made by this model have been confirmed by
the identification of Pho81 as a CKI for Pho80-Pho85 complexes, but it is not yet
understood how P; regulates this system. Pho85-Pho80 activity from cells grown in
high P; medium was five times that of cells grown in limiting P;. Cells lacking pho81
had high Pho85-Pho80 activity regardless of whether they were grown in high- or
in low-P; conditions, strengthening the case that Pho81 is a mediator of P; re-
pression (K.R. SCHNEIDER et al. 1994). Artificial overexpression of Pho81 led to a
reduction in measurable Pho85-Pho80 activity. Since PHOS1, like the repressible
phosphatase genes, is under PHO4 transcriptional control (YosHIDA et al. 1989), a
model for PHO gene control involving a positive feedback loop that would increase
Pho81 protein levels in response to low-P; conditions seemed reasonable.

Numerous observations have accumulated to make this simple model unten-
able. LEMIRE et al. (1985) found that derepression of PHOS5 occurs when protein
synthesis is inhibited by cycloheximide, suggesting that increased Pho81 tran-
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scription is not important. In agreement with this observation, K.R. SCHNEIDER
et al. (1994) found that the amount of Pho81 present in Pho85-Pho80 complexes is
unchanged whether cells are grown in low or high phosphate media. This suggested
that the activity of Pho81 might be altered by the different growth conditions, but
no intrinsic differences in inhibitory activity were found when Pho81 was prepared
from cells grown in low- versus high-P; conditions (K.R. SCHNEIDER et al. 1994).
Pho81 activity could be regulated by labile modifications, weak protein—protein
interactions, or alterations in cellular localization; at present, however it is not clear
whether and, if so, how P; alters PhoS81.

Another series of results indicated that inhibition of Pho85-Pho80 kinase ac-
tivity may be a relatively minor role of Pho81. Deletion of PHOSS results in a
constitutive level of acid phosphatase transcription that is only 15% of the level
obtained when PHOS80 is deleted, indicating that the cyclin component is more
important than the kinase component for maintaining repression of PHOS5 (LEMIRE
et al. 1985). Consistent with this, a mutant allele of PHO4 that lacks all of
the Pho85-Pho80-dependent phosphorylation sites and, therefore, should be
independent of Pho85-Pho80 activity expresses only 15% of the fully induced levels
of acid phosphatase activity and is still responsive to extracellular P; levels (O’NEILL
et al. 1996). Furthermore, overexpression of PHOS80 established full repression of
acid phosphatase in a strain that was deleted for PHOSS5, indicating that the kinase
component was not necessary for repression of Pho4 activity (MADDEN et al.
1990). In this latter case, it could be argued that high levels of Pho80 could
activate another CDK that could then phosphorylate Pho4, but the relative
unimportance of Pho85-Pho80 phosphorylation in the control of Pho4 activity
seems clear.

" A possible alternative activity for Pho81 was indicated by the two-hybrid
results obtained by Hirst et al. (1994). They reported evidence for a physical
interaction between Pho81 and residues 1-73 of Pho4. This interaction did
not require the presence of Pho80, but Pho80 did enhance the Pho81-Pho4
interaction signal. Pho80-Pho4, Pho81-Pho4, and Pho81-Pho80 interactions were
seen in high-P; (repressing) conditions, but only Pho81-Pho80 interactions were
detected in low-P; (inducing)- conditions. Unfortunately, these two-hybrid
results could not be confirmed by co-immunoprecipitation of Pho4 and PhoS8l1.
Nevertheless, a role for Pho80 as a direct inhibitor (not requiring the kinase
subunit) of the Pho4 transcription factor with Pho81 acting to antagonize Pho80 is
suggested.

3 Sicl

Major events in the S. cerevisiae cell cycle are controlled by the activity of the
Cdc28 protein kinase in association with at least nine different cyclins. With the
exception of CLN3, the cyclin genes come in homologous pairs, and each pair has a
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Fig. 2. Regulatory circuitry centering on Sicl. Conventions are as for Fig. 1. SPB, spindle pole body;
APC, anaphase-promoting complex. Clnl, CIn2, CIn3, Clbl, CIb2, CIb5, and Clb6 are cyclins; Sicl is a
cyclin-dependent kinase (CDK) inhibitor (CKI; P-Sicl is the phosphorylated form and ubi-P-Sicl is the
ubiquitinated form); SBF and MBF are transcription factors; APC and a putative complex consisting of
Cdc34/Cdc4/CdcS3 are ubiquitinating factors active at anaphase and at Start, respectively. The cyclins
are active when combined with the Cde28 CDK, which is not shown. Note the overlap with Fig. 3.
Experimental observations are discussed in the text and references cited therein

characteristic cell cycle interval during which it is transcribed and in which it ac-
tivates Cde28 to carry out specific functions. CLN3 has the primary responsibility
of determining whether the cell has grown large enough for a new mitotic cycle and
whether the extracellular environment will support a new mitotic cycle. CLNI,
CLN2, CLB5, and CLB6 appear in late G, phase. CLNI and CLN2 have a primary
role in bud initiation and spindle pole duplication. CLB5 and CLB6 initiate S phase
and reshape the bud growth. CLB3 and CLB4 appear next and have a role in late
S-phase events. CLBI and CLB2 appear last and are responsible for initiating
mitotic chromosome segregation (LEw and REep 1993; ScHwoB and NASMYTH
1993; Dirick et al. 1995; BrReepeEN 1996). An elaborate network of regulatory
relationships among these genes and their gene products ensures that these events
proceed in an orderly process (see Fig. 2). Sicl is a CKI that ensures that the
Cde28-ClInl,2 complexes are activated before the Cdc28-Clb5,6 complexes.

3.1 General Properties

Sicl (GenBank U01300) is the first CKI to have its inhibitory activity demonstrated
biochemically (MENDENHALL 1993). It is a 32-kDa protein composed of 284 amino
acids and was originally discovered as a Cdc28 substrate that co-immunoprecipi-
tated with Cdc28 (REeD et al. 1985). At that time it was called p40 due to its
apparent molecular weight on (sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE). The name SIC/ is derived from the observation that p40
is both a substrate and an inhibitor of Cdc28 (NUGROHO and MENDENHALL 1994).
Using its ability to be phosphorylated by Cdc28-Clb2 complexes as an assay, the
Sicl protein was purified (MENDENHALL 1993) and its gene cloned using oligonu-
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cleotides predicted from the protein sequence (NUGROHO and MENDENHALL 1994).
Whether purified from yeast or from a bacterial expression system, Sicl is a potent
inhibitor of Cdc28-Clb complexes with a K; of less than | nM (MENDENHALL
1993; ScHwos et al. 1994; MENDENHALL et al. 1995). It is not an inhibitor of Cdc28—
Cln complexes (Scuwos et al. 1994). It was also shown not to be a histone H,
phosphatase or protease or an ATPase (MENDENHALL 1993).

Sicl is only found in G-phase cells (MENDENHALL et al. 1987; DoNovaAN et al.
1994). This phase specificity is a reflection of periodic SICI transcription,
which rises in late mitosis and declines during G, phase (DonNovaN et al. 1994;
Schwos et al. 1994). Periodicity at the protein level also implies that Sicl turnover
is rapid, something which, as it turns out, is under separate cell cycle control
(see below).

3.2 G;/M-Phase Transition

The G,-phase specificity of Sicl expression and its specificity for Clb cyclins sug-
gested that it would function as an inhibitor of Cdc28-Clbl and Cdc28-Clb2
complexes in the completion of M phase or that it would act to delay S-phase
initiation by inhibiting Cdc28-ClbS and Cdc28-Clb6 complexes. Some of the
phenotypes of the sic/ deletion are consistent with a role in mitosis; sic/-A cultures
accumulate large numbers of cells arrested in medial nuclear division, although the
majority of the cells grow and divide relatively normally. Flow cytometry indicates
that G,-phase cells are virtually absent, consistent with a mitotic block (NuGrRoOHO
and MENDENHALL 1994).

In support of this interpretation, DoNovan et al. (1994) independently isolated
SICI as SDB25, a high copy suppressor of dhf2" mutations. Dbf2 is a protein
kinase with complex genetics (JoOHNSTON et al. 1990; ToyN et al. 1991) that indicate
a probable, but as yet undefined role in late nuclear division (JoHNsTON et al. 1990;
Kitapa et al. 1993; ToyN and JoHNSTON 1994; MoRisHITA et al. 1995). It is peri-
odically expressed in the cell cycle 15 min prior to the expression of SICI (JOHN-
sTON et al. 1990; DonovaN et al. 1994). In addition to S/C/, other high copy
suppressors of dhf2" include the protein kinases CDC5 and CDC/5. Cdc5 and its
homologues from Drosophila (polo) and human (Plk1) have been implicated in the
anaphase to telophase transition (PRINGLE and HARTWELL 1981; CLAY et al. 1993;
FenToN and GLOVER 1993). Perhaps more enlightening, Cdcl5 has been implicated
in the destruction of the CIb2 cyclin at anaphase (SURANA et al. 1993). The common
thread among all these dbf2" suppressors is that, directly or indirectly, they reduce
the activity of the Cdc28—CIb2 kinase. As far as SIC/ is concerned, this activity
might be artifactual, since the high copy suppression may have removed the normal
temporal controls over SIC/ expression, allowing it to carry out an activity that it
normally would not have carried out. Arguing against this interpretation is the
observation that deletions of sic/ and dbf2 are synthetically lethal (despite the
recessive temperature-sensitive lethality of dbf2"® mutations, deletions of dbf2 are
viable) (DoNOVAN et al. 1994).



8 M.D. Mendenhall
3.3 G,;/S-Phase Transition

Mutations in dbf2 also display a delay in S-phase initiation (JoHNsTON et al. 1990)
that may be part of a newly described checkpoint acting in late G, phase to prevent
premature mitosis (TovyN et al. 1995). The interaction between SI/C/ and DBF2
described in the previous paragraph may therefore result from a role for Sicl in late
G, phase, a role for which there is abundant support.

In their studies of the role of the Cdc28—ClbS kinase, Schwos et al. (1994)
found that, although CIb5 and ClIn2 were transcribed at the same time, Cdc28-Clb5
protein kinase activity was delayed relative to that of Cdc28~Cln2. This delay was
abolished in a sic/-A strain, indicating that Sicl was the cause of the delay. Fur-
thermore, by deleting all six CLB genes, they were able to show that CLB gene
expression was required for S-phase initiation. In normal cycling cells, CLB5 and
CLB6 are the only CLB genes expressed at the G,/S-phase border (EpsTEIN and
CRross 1992; KUHNE and LiNDER 1993; ScHiwoB and NasmyTH 1993). These results
indicate a role for Sicl in the delay of S-phase initiation. Consistent with this, sic/-A
strains replicate DNA much earlier than SICI™ strains (ScHwos et al. 1994; B.L.
SCHNEIDER et al. 1996).

3.4 Regulation of Sicl Levels

For S phase to proceed, the inhibition of Cdc28—Clb activity conferred by Sicl
would need to be reversed. Since SIC/ is periodically transcribed and encodes an
unstable protein (MENDENHALL 1993; DonovaN et al. 1994; Scuwos et al. 1994), it
seemed possible that transcriptional controls are all that are needed. However,
constitutively expressed SIC/ was unable to cause permanent cell cycle arrest
(NuGrono and MEeNDENHALL 1994), suggesting the existence of an additional
mechanism affecting Sicl inhibitory ability. An important clue to this mechanism
came from the phenotype of the strain carrying the deletions in all six CLB genes.
Despite being unable to initiate DNA synthesis, the Ac/b strain budded repeatedly,
producing mononucleate cells with multiple attached buds (Scuwos et al. 1994).
Cells with this morphology were occasionally observed in strains constitutively
overproducing SIC! (NuGroHO and MENDENHALL 1994), indicating a link between
high Sicl activity and low Clb activity.

This multibudded morphology is also displayed by c¢dc34" mutations (PRINGLE
and HArRTWELL 1981). CD(C34 encodes a ubiquitin transferase of the E2 class (Go-
EBL et al. 1988) and is involved in the degradation of many G, phase-limited proteins
(DEsHAIES et al. 1995; YaGLom et al. 1995; LANKER et al. 1996). If Cdc34 were
required for the degradation of Sicl, an event needed for the release of Cdc28-Clb
kinase activity, the multibudded morphology of the Aclb and cdc34" strains would
have a common basis. That this was true was dramatically demonstrated by showing
that a cdc34" sicl-A strain no longer had the multibudded morphology and was
able to replicate its DNA (Scuwor et al. 1994; MENDENHALL et al. 1995).
Furthermore, the Sicl protein became hyperstabilized in a cde34" background at
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the restrictive temperature (SCHwos et al. 1994). These results imply not only that
Sicl degradation is mediated by Cdc34-dependent ubiquitination, but that Sicl is
the only substrate whose degradation is required for S-phase entry. Two other genes,
CDC4 and CDC53, have the same multibudded morphology, which is similarly
suppressed by the sic/-A mutation, indicating a role for these genes in this process as
well.

Other instances of Cdc34-mediated ubiquitination seem to require prior
phosphorylation by Cdc28-Cln complexes (DesHAIEs et al. 1995; YaGLom et al.
1995; LANKER et al. 1996). Sicl does not seem to be an exception. Sicl is phos-
phorylated by Cdc28-CIn2 complexes in vitro (ScHwoB et al. 1994) and is known to
be a phosphoprotein in vivo (DoNovan et al. 1994). Furthermore, using a system
which can be switched from a Cln* Cdc34™ state to a Cln~ Cdc34™ state, B.L.
ScHNEIDER et al. (1996) showed that Sicl accumulates in a hyperphosphorylated
state when Cln activity is high and Cdc34 activity low and rapidly becomes
hypophosphorylated and stable when Cln activity is low and Cdc34 activity
high. Incidentally, reciprocal shift experiments with this strain indicated that the
Cln and Cdc34 activities were interdependent, which was not expected on the basis
of earlier experiments done using ¢dc28 and cde4 mutants (HEREFORD and HART-
WELL 1974).

Deletion of sic/ surprisingly restored the ability of cdc34" strains to replicate
their DNA, indicating that the sole cause of the DNA replication defect of cdc34
mutant strains was their inability to degrade Sicl. Even more surprising is the
observation that deletion of sic/ restores viability to a strain lacking all three
G -phase cyclins. EpsTEIN and Cross (1994, personal communication) found that
all 12 mutations that they had isolated allowing a c¢/nl-A c¢In2-A c¢ln3-A triple mu-
tation to survive mapped to a single locus that was tightly linked to SIC/. The
phenotypic properties conferred by the mutation, which they named BYCI, re-
sembled those of a sicI-A strain. A directed deletion of SIC/ in a ¢Inl-A cin2-A cln3-
A background confirmed the result (B.L. ScHNEIDER et al. 1996; TYErs 1996). This
finding indicates that the only essential function of the CLN genes is to participate
in the degradation of Sicl protein. This is not to say that this is the only function.
The ¢ini-A cin2-A cln3-A sicl-A strain has a highly abnormal morphology, con-
sistent with an important role for the CLN genes in the proper initiation of the
nascent bud (LEw and Reep 1993).

3.5 Consequences of a sicl Deletion

The preferential inhibition by Sicl of Cdc28-Clb complexes relative to Cdc28-Cln
complexes and the linkage of Sicl degradation to Cdc28-Cln-dependent phos-
phorylation creates a condition in which Sicl delays the activation of Cdc28-Clb
complexes relative to Cdc28-Cln complexes. The consequences of the loss of this
delay are quite severe. sic/-A strains are viable, but have a plating efficiency that is
only 60% of wild-type cells (EpsTEIN and Cross 1994; NUGRoHO and MENDENHALL
1994). The subpopulation that was incapable of further cell division arrested with
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large buds and an undivided G,-phase nucleus that had migrated to the mother-
daughter junction, but had not separated its chromatin (medial nuclear division; see
PriNGLE and HARTWELL 1981). One possible interpretation of this phenotype
consistent with the role for Sicl in G,/M phase (see above) was that these cells
required Sicl function to complete mitosis. An alternative hypothesis, consistent
with the role in G;/S phase just outlined is that premature activation of Cdc28-Clb
complexes in G, phase leads to the frequent occurrence of a later cellular condition
that cannot be resolved, resulting in permanent cell cycle arrest. For example, it
may be necessary to complete events associated with nascent bud formation or with
spindle pole body duplication (events that are initiated by Cdc28-Cln complexes)
before DNA synthesis is initiated in order to ensure faithful DNA replication and
chromosome separation. Alternatively, early activation of Cdc28-CIb6, which in-
hibits the activity of Cdc28—Cln complexes (Basco et al. 1995), may prevent Cdc28—
Cln complexes from carrying out important fidelity-ensuring events in the late G,
phase.

One curious feature of the low plating efficiency seen in the sic/-A strain that
deserves mention is that the inviable subpopulation is restricted to daughter cells,
cells that had not previously produced a bud (NuGRoOHO and MENDENHALL 1994).
No satisfactory explanation for this phenotype has been reported, but it suggests
that SIC! may have a function in setting up or monitoring the polarity of a critical
cell cycle event. Another consequence of more general interest is the finding that
sicl-A cells have highly elevated rates of chromosome breakage and loss. These
chromosomal effects, usually associated with events in G»/M phase, are apparently
derived from the mistiming of events late in Gy phase, although a direct role for
SIC1 in late mitosis has not yet been ruled out. This connection between the timing
of a major cell cycle event and later downstream effects on chromosomal integrity
has important implications, because many of the events leading to tumorigenesis
involve chromosomal rearrangements and because defects in cell cycle genes are
increasingly implicated in tumorigenesis.

4 Farl

Haploid S. cerevisiae cells exist in two mating types, MATa and MATa. When in
contact, two cells of opposite mating types will fuse to form diploids in an elabo-
rately controlled process (Fig. 3; for recent reviews, see BARDWELL et al. 1994;
Herskowitz 1995). The process is initiated by the exchange of peptide pheromones
a-factor and a-factor, which bind to cell surface receptors on the opposite partner
and activate a signal transduction pathway leading ultimately to diploid formation.
An intermediate step in the process requires that the cell cycles of the two mating
partners be synchronized. This is done by arresting cell division late in G, phase at
Start, the yeast equivalent of the mammalian restriction point, by inactivating the
Cdc28—Cln complexes. Farl is the CKI responsible for this inactivation.



Cyclin-Dependent Kinase Inhibitors of Suaccharomyces cerevisiae 11

Fig. 3. Regulatory circuitry centering
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4.1 Regulation of CDK Activity

Farl is the first CKI to be genetically identified as a CKI (CHANG and HERSKOWITZ
1990). The gene encoding Farl (GenBank Z49432) was originally isolated in a
screen for mutations that would allow S. cerevisiae cells to grow in the presence of
mating pheromone, but would not affect the mating pheromone-induced tran-
scriptional response. The acronym FARI stands for factor arrest resistant. Like
Pho81, Farl is a large CKI. It is composed of 830 amino acids and has a molecular
mass of 95 000 kDa. Originally reported to be 780 amino acids in length (CHANG
and Herskowitz 1990), the DNA sequence was recently corrected (McKINNEY and
Cross 1995) and 50 residues were added to the amino terminus of the open reading
frame. The amino acid positions discussed in the early literature have been cor-
rected in this review to fit the new data. The minimal region of Farl necessary for
CKI activity has not been defined systematically, but it lies in the amino terminal
third and does not require the first 50 amino acids (CHANG and HerskowiTz 1990,
1992; ELioN et al. 1993; PeTER et al. 1993; McKINNEY and Cross 1995; VALTZ et al.
1995). Deletion of the amino terminus may affect Farl specificity (McKINNEY and
Cross 1995).

The isolation of FARI as a gene required for mating pheromone-mediated
arrest at Start immediately focused attention on Farl interactions with the
G -phase cyclins — Clnl, CIn2, and CIn3 — and the CDK that they activate, Cdc28.
Farl associated with Clnl, CIn2, and Cdc28 in co-immunoprecipitation experi-
ments from yeast cell extracts (PETER et al. 1993; TyeErs and FuTcHER 1993). Farl—
Cdc28-Cln association was enhanced by prior treatment of the cells with mating
pheromone. The association also required the activity of a mitogen-activated
protein (MAP) kinase homologue called Fus3 known to be required for the mating
pheromone response. Through the use of Farl mutations and by varying mating
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pheromone dosage, it was shown that the ability of Farl to associate with Cdc28—
Cln2 correlated with the ability of Farl to cause cell cycle arrest (PETER et al. 1993;
Tvyers and FutcHErR 1993). Farl also associates with Cdc28-ClIn3 in a mating
pheromone dependent fashion (TYErs and FurcHir 1993). The kinetics of this
association are quite different, however. Farl-Cdc28-CIn3 complexes are only
observed after an hour of mating pheromone treatment, whereas Far1-Cdc28-ClIn2
complexes are seen in less than 5 min. The function of Farl-Cdc28-ClIn3 associ-
ation is not understood. It has been speculated that it could be involved in either
the maintenance of or the recovery from mating pheromone arrest.

As Cdc28-Cln activity is normally required for passage through Start, it was
proposed that Farl is an inhibitor of Cdc28-Cln activity (CHANG and HERSKOWITZ
1990). This supposition was confirmed by PETER and Herskowitz (1994), who
showed that hexahistidine-tagged Farl purified from mating pheromone-treated
yeast and GST-tagged Farl-22 (from a constitutively active, mutant allele of FAR/)
purified from bacteria was able to inhibit Cdc28—CIn2 protein kinase activity
in vitro. Furthermore, Cdc28-CIn2 immunoprecipitated from cells treated with
mating pheromone had only one fifth to one third of the activity of exponentially
growing control cells. Stringent washing of the immunoprecipitates removed as-
sociated Farl protein, restoring full protein kinase activity, and immunoprecipi-
tations from cells lacking the FARI gene (Afarl) had uninhibited levels of Cdc28-
ClIn2 activity. In these experiments, Farl did not affect the levels of Cln2 protein,
the association of Cln2 with Cdc28, or the phosphorylation on Thr-18 or Tyr-19 of
Cdc28.

Initially, it was thought that only Cdc28-ClIn2 complexes would be targeted by
Farl, because a CLNI" ¢ln2-A CLN3™ farl-A (wild type for the CLNI and CLN3
genes and deleted for the CLN2 and FARI genes) arrested in response to phero-
mone. Any strain containing a wild-type CLN2 gene and a far/ deletion would not
arrest, however, no matter what combination of inactivating alleles of CLN/ or
CLN3 were used (CHANG and HErRskowITZ 1990). It was proposed that the activity
of ClInl and CIn3 would be reduced by other means. Deletion of CLN2 does not
restore wild-type levels of pheromone sensitivity of far/-A strains, however, indi-
cating that Farl has some effect on Clnl and/or ClIn3 activity as well (CHANG and
Herskowitz 1990; Tyers and FurcHerR 1993). Genetic experiments have been
interpreted to suggest that Farl is active against Clnl, and not CIn3 (CHANG and
HEerskowiTz 1992; VALDIVIESO et al. 1993) or against CIn3, and not Clnl (CHANG
and HErskowItz 1990). Activity assays against Cdc28—Clnl complexes have not
been reported, but immunoprecipitated Farl-Cdc28-ClIn3 complexes appear to
retain full protein kinase activity (TYERs and FuTcHer 1993), suggesting that Cln3
is not a target. Additional in vitro experiments are needed to clarify these issues.

McKinNEY and Cross (1995) have presented evidence that Farl weakly in-
hibits cell cycle progression in G, phase. Exposure of cells expressing a proteo-
lytically stabilized allele of Farl (FARI-A" ) to high concentrations of pheromone
(100 nM) immediately after Start causes the cells to arrest with large buds and
single nuclei containing replicated DNA. This evidence has been interpreted to
suggest that the G-phase cyclins may have a post-Start role, but could also indicate
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that Farl has weak anti-Clb—Cdc28 kinase activity. PETER and HErskowITZ (1994)
did not see any effect of Farl on Cdc28-Clib2 and Cdc28-Clb5 complexes in their
in vitro experiments, however. It is not clear whether these observations by
McKinnEY and Cross (1995) have in vivo relevance in normal cells.

4.2 Regulation of Farl Levels

The transcription of the FARI gene is enhanced four- to fivehold induced by
mating pheromone and, like other mating pheromone-induced genes, FAR/ re-
quires the Ste12 DNA-binding protein for its induction (CHANG and HERSKOWITZ
1990). Sequences matching the pheromone response element bound by Stel2 have
been noted at positions —215, =192, —4, and + 68 relative to the Farl transiation
initiation site (CHANG and HerskowiTz 1990; Kuo and GRAYHACK 1994). FARI is
expressed in haploid cells, but not in diploids, which do not undergo the mating
pheromone response. FAR/ is also periodically expressed during the cell cycle with
mRNA levels high from early G, through M phase to Start and low from Start to
S phase (McKInNEY et al. 1993). Its uninduced expression correlates inversely with
the expression pattern of CLNI and CLN2, the genes encoding its primary targets
for inhibition. The Mcm! transcription regulator has high-affinity binding sites at
positions. +189 and + 211, and a third site at =262 has also been noted (Kvo and
GRAYHACK 1994). Mcml is known to be required for periodic transcriptional
regulation of genes expressed late in G, and in M phase (LypaLL et al. 1991;
ALTHOEFER et al. 1995; MAHER et al. 1995) and is also known to interact with Stel2
in the regulation of pheromone-inducible transcripts (ERREDE and AMMERER 1989;
KirRkMAN-CEREIA et al. 1993).

The levels of Farl protein also oscillate periodically with the cell cycle, but with
a pattern distinct from that of its mRNA (McKINNEY et al. 1993). Farl is only seen
in pre-Start G-phase cells, a pattern that is not changed when the normal Farl
promoter is replaced by the upstream activating sequence of C'YCI which drives
constitutive transcription. Additionally, cells arrested in mitosis with the microtu-
bule inhibitor nocodazole accumulate high levels of F4 R/ mRNA and have normal
bulk protein synthetic rates, but have low amounts of Farl protein.

The discrepancy between the periodicities in Farl protein levels and mRNA
levels is best explained by cyclical Farl proteolysis. MCKINNEY and Cross (1995)
found that Farl is stable in G, phase, but must be resynthesized after S-phase entry
to allow arrest. Ubiquitin-mediated proteolysis has been implicated in Farl sta-
bility, since Farl accumulates at the restrictive temperature in cde34"™ strains
(McKINNEY et al. 1993). Consistent with the putative requirement for Cdc28-Cln
phosphorylation on Cdc34-dependent ubiquitination, Farl levels are also high in
cells lacking all three CLN genes or in cdc28" strains at the restrictive temperature.
The Farl that accumulates in cdc34" is hyperphosphorylated (McKINNEY et al.
1993).

At least one determinant of Farl stability resides in the first 30 residues of the
protein, since deletions of this segment increase Farl half-life (McKinNEY and
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Cross 1995). This segment contains an epitope that is cell cycle regulated: an
antibody raised against residues 10-24 does not recognize hyperphosphorylated
Farl soon after Start. The first 30 residues of Farl are not just simply a degradation
conferring sequence, however, since deletion of the first 40 amino acids decreases
Farl stability, and a B-galactosidase fusion with the first 50 amino acids of Farl
does not confer instability to the heterologous protein. Given these properties, this
should be a valuable system for the exploration of cell cycle-associated proteolysis.

4.3 Regulation of Farl Activity

Expression of FARI-A'° (which encodes a stabilized form of Farl lacking the first
50 amino acids) using the powerful GALI in a farl-deficient (farl-A) background
results in higher levels of Farl protein than can be obtained with pheromone
induction, yet cell division arrest is not observed unless the cells are also exposed to
mating pheromone (CHANG and HerskowiTz 1992). These results suggest that Farl
needs to be activated in some way before it can inhibit Cdc28-Cln complexes.
Supporting this interpretation are results implied, but not explicitly discussed, by
PeTER and HErskowiTz (1994). In their in vitro demonstration of Farl CKI ac-
tivity, they used Farl isolated from pheromone-treated yeast cells, and not from
untreated cells, and from bacteria expressing a constitutively active form of Farl
(Far1-22), and not from wild-type Farl. The implication is that unmodified Farl
did not inhibit Cdc28-Cln complexes.

Prior results suggest that phosphorylation by the MAP kinase homologue Fus3
may be needed for Farl inhibitory activity. As stated earlier, Farl association with
Cdc28-Cln2 is greatly enhanced by Fus3 activity (PETER et al. 1993; Tyers and
FurcHer 1993). In vitro, Fus3 immunoprecipitated from mating pheromone-
treated cells, but not from untreated controls or from strains expressing a kinase-
dead allele of Fus3, phosphorylates Farl (ELioN et al. 1993; PeTER et al. 1993).
In vivo, Farl is a phosphoprotein in untreated cells, but is hyperphosphorylated
after treatment with mating pheromone. This hyperphosphorylation is not seen in
fus3 mutants. A subset of tryptic phosphopeptides of Farl phosphorylated in vitro
by Fus3 is found to be phosphorylated in vivo in mating pheromone-treated cells
(PETER et al. 1993). Given these results, it is attractive to speculate that Farl
phosphorylation by Fus3 is needed for Farl inhibitory activity. On the other hand,
Cdc28-Cln2 is also able to phosphorylate Farl (PETER et al. 1993; Tyers and
FurtcHER 1993), so Fus3-dependent hyperphosphorylation may be a result of in-
creased Farl-Cdc28-Cln2 association, and not the direct result of a Fus3—Farl
kinase-substrate interaction. A definitive experiment showing that only Fus3-—
phosphorylated Farl is an effective Cdc28-CIn2 inhibitor has not yet been re-
ported.

A second MAP kinase homologue called Kssl acts in concert with Fus3 in the
mating pheromone response (COURCHESNE et al. 1989). Both Fus3 and Kssl are
activated by Ste7, a MAP kinase kinase homologue, and both Fus3 and Kssl
activate Stel2, a DNA binding protein that regulates the transcriptional response
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to mating pheromone (ELION et al. 1991b; SonG et al. 1991; GARTNER et al. 1992).
Unlike Fus3, however, Kssl does not arrest cell cycle progression when activated
(ELION et al. 1991a) and has no role in the activation of Farl (ELioN et al. 1993;
PETER et al. 1993). This pathway provides an interesting example of homologous
genes carrying out partial, but not wholly redundant functions.

4.4 A Non-CKI Role for FARI

As might be expected from the discussion above, far/-A mutants have reduced
mating efficiency (4% of wild type), a defect that is far more severe when both
parents are farl-A (3 X 1077 of wild type; CHANG and HerskowiTz 1990). Despite
being able to continue cell division, fari-A cells still respond to the presence of
mating pheromone by inducing specific transcripts and displaying an altered
morphology. The cells produce large lobes connected by narrow tubes and have
multiple nuclei. Diploids homozygous for mating type arise at frequent intervals
due to apparent nuclear fusion events in multinucleate cells. These latter pheno-
types have been ascribed to the induction of mating specific transcripts in the still
cycling cell, but the mating failure itself is due to more subtle defect not related to
the inability to arrest in G, phase.

This additional function of FARI in mating was suspected from the early
genetic analysis of farl mutants (CHANG and HerskowiTz 1990). The most dra-
matic of this early evidence was the existence of farl alleles with transposon in-
sertions in the 3’ two thirds of the gene, which inefficient maters but still possessed
the ability to arrest the cell cycle in response to pheromone (the Mating™ Arrest "
phenotype). CHENEVERT et al. (1994) isolated additional point mutations in FAR/
displaying the Mating™ Arrest” phenotype (the farl-s alleles) in a screen for mu-
tants defective in pheromone-induced cell polarization. The far/-s mutants had
normal induction of mating-specific gene transcription (including that of farl),
were still defective in their ability to mate when forced to arrest at Start through the
use of a c¢de28" mutation, and had a morphological response to pheromone ex-
posure that appeared normal. The far/-s mutants, however, were unable to orient
their growth toward a source of pheromone (DORER et al. 1995; VaLTz et al. 1995).
This is an important behavior for mating yeast cells, since oriented growth (not
division) is the only means that nonmotile yeast cells have to make contact with a
potential mate that is not in direct physical contact (JacksoN and HArRTwWELL 1990;
SeEGALL 1993).

Although the directed cellular growth induced by mating pheromone was not
oriented towards the mating partner in the far/-s mutants, it was not randomly
oriented either (Dorgr et al. 1995; VaLTz et al. 1995). Careful mapping of the
growth direction in farl-s cells after exposure to pheromone indicated that the
growth initiated from a cell surface site adjacent to the previous site of bud
emergence (VALTZ et al. 1995). Normally, haploid yeast cells bud in an axial
fashion, i.e., successive buds appear adjacent to the previous bud. Brief exposure to
pheromone erases this axial pattern, allowing cells to reset their growth direction
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toward the mating partner (MADDEN and SNyDErR 1992). The farl-s mutants
continued to initiate cell growth at the cell surface location where the bud would
have appeared (VALTZ et al. 1995) and did not randomize bud sites when briefly
exposed to pheromone (DoORER et al. 1995). These results indicate that Farl nor-
mally functions to help the cell “forget™ its normal growth site, so that growth can
be redirected towards a mating partner. This function of Farl is separable from its
CKI function, in that mutants defective in growth arrest can complement orien-
tation-defective mutants in trans. Four of the five sequenced far/-s mutations map
to the carboxy terminus (residues 646, 665, 671, and 756; VALTz et al. 1995), a
region previously found to be dispensible for CKI function (CHANG and HERrsKoO-
wiTz 1990). The remaining far/-s mutation is in the CKI domain in a residue (205)
that is part of a conserved LIM (domain common to lin-11, IsL-1 and mec-3)
domain. LIM domains are involved in protein—protein interactions (SCHMEICHEL
and BeckerLE 1994). The LIM domain in Farl may function to bind it to the
machinery controlling the initiation of a new bud.

4.5 FARI and the Cell Cycle

The interaction between Farl and the G,-phase cyclins has been intensely studied.
It 1s clear that, in addition to the direct affects on Cdc28-Cln kinase activity, there
are also indirect effects on CLN transcription (VALDIVIESO et al. 1993) which can, in
turn, feed back to affect Farl expression and activity. An attempt to summarize the
important relationships among these components is shown in Fig. 3, which con-
tains a large amount of information, but at the same time loses its ability to inform.
Obviously, these genes and their gene products exist in a complex web of physical
and transcriptional interactions that does not yield well to linear description. It
must also be kept in mind that this web is extremely dynamic and will be affected by
pheromone concentrations, length of pheromone exposure (not depicted is the
pheromone adaptive mechanism, which is not as well understood), cell cycle po-
sition, nutritional status of the cell, cell size, and a host of other factors. We are
reaching the point at which mathematical modeling of these interactions will be
necessary to interpret the consequences of future genetic manipulations (Tyson
et al. 1996).

Two additional findings are worth mentioning because they are not evident in
Fig. 3 or from the preceeding discussion. First, Farl appears to have a role in cell
cycle progression in normal cycling cells not exposed to pheromone. A farl-A strain
has a reduced G, phase relative to wild-type cells (McKiNNEY and Cross 1995).
Consistent with this, cells overexpressing FARI have a significant G, delay and are
175% larger than wild-type cells. Interestingly, cells overexpressing the FARI-A"°
allele also were larger than wild-type cells (by 150%) but had fewer G -phase cells.
The amino-terminal domain seems to contain an important determinant specifying
G-phase arrest.

The second finding is that strains lacking all three G,-phase cyclins can still
respond to mating pheromone. A clni-A c¢ln2-A cln3-A strain can be kept alive if the
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cells are also defective in the SICI/BYCI gene (EpsTEIN and Cross 1994; B.L.
ScHNEIDER et al. 1996; Tyers 1996). Cell division in these cells is still responsive to
mating pheromone arrest, even when FAR/ is deleted (Tygrs 1996). It seems that
another layer to the circuitry depicted in Fig. 3 remains to be described.

5 Ruml

Schizosaccharomyces pombe appears to be able to control its cell cycle with con-
siderably fewer components than are used by S. cerevisiae. Like S. cerevisiae,
S. pombe relies on a single CDK, Cdc2, to coordinate its mitotic cell cycle events.
Only four cyclins — Cdcl3, Cigl, Cig2, and Pucl — have been described. Of these,
only Cdcl3 is essential, and it appears that all essential cell cycle events can be
carried out with only Cdcl3 present (FOrRsSBURG and Nurse 1994; FisHErR and
NuURSE 1996). Since fission and budding yeast lifestyles are not considerably dif-
ferent, S. pombe must make efficient use of its fewer components. This is particu-
larly evident in the way that the only known S. pombe CKI, Ruml, is used to
prevent premature mitosis, promote S phase, and establish G1 phase (summarized
in Fig. 4).

5.1 Inhibitor of Mitosis

Ruml (GenBank X77730) is the most recently discovered fungal CKI and the only
one known in S. pombe. With a molecular mass of 25 kDa, it is also the smallest
yeast CKI. It was isolated in a screen for genes that, when overproduced, would
induce extra rounds of DNA replication (MorENO and NURSE 1994). The over-
replication can be extensive, with cells having more than 16 times the normal
complement of DNA, thus earning rum/ " its name (replication uncoupled from
mitosis). Replication is not random, but occurs in discrete rounds. Short periods of
ruml* overexpression can be used to generate cells with multiple, but complete
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Cdcl3 are cyclins; Cdcl0 is a transcription

\ / factor; Cdcl8 is a putative component of DNA

Cig2 Ruml licensing factor; and Ruml is a cyclin-depen-

dent kinase (CDK) inhibitor (CKI). The cyclins
are active when combined with the Cdc2 CDK,
which for the sake of clarity is not shown

Cdcl0---+ > Cdcl8 Cdcl13 — M

AN

Cigl



18 M.D. Mendenhall

genomic complements. Apparently high expression of rum/ " redirects cells from
G, back into G| phase.

Earlier studies showed that heat-shocking cdc2" alleles would induce Gy-phase
cells to reenter S phase, apparently resetting the cells from G, to G; phase and
implicating cdc2™ in the process by which cells “‘remember” what phase of the cell
cycle they are in (Broek et al. 1991). The same type of extensive overreplication
seen in ruml ™ overexpressors can also be generated by deletion or inactivation of
cdel3”, the gene encoding the major mitotic cyclin (HavLes et al. 1994; FisHER and
Nurse 1996). These studies suggested a role for Ruml as an inhibitor of Cdc2-
Cdc13 complexes. Consistent with this, the protein kinase activity of Cdc2-Cdcl3
complexes in rum!” overexpressors was lower than in wild-type cells (MorENO and
NuRrse 1994), but was higher in rumi-A strains arrested in G, phase (CORREA-
Borpes and Nurse 1995). Direct in vitro assays have now demonstrated that
Ruml in nanomolar concentrations is an effective inhibitor of Cdc2-Cdc13 activity
(CorrEA-BorDES and NURSE 1995; JALLEPALLI and KELLY 1996; MARTIN-CASTE-
LLANOS et al. 1996).

Additional studies support an antimitotic activity for Ruml. Ruml accumu-
lates in cells arrested in G, phase, where it is found associated with Cdc2-Cdc13
complexes. No Rum| protein is seen in G,-phase cells (CoRREA-BOrRDES and NURSE
1995). More strikingly, rumi-A ¢dcl0® or rumlI-A cdel8-K46" double mutants di-
vide at the restrictive temperature without DNA replication, producing anucleate
cells or cells with improperly divided chromatin (the cut phenotype) (MorENO and
Nurse 1994; JaLLeparrl and KeLLy 1996). At the restrictive temperature, cdcl0
and cdcl18-K46% mutants alone do not initiate S phase or mitosis. These experi-
ments indicates that rum/ ™ can act in late G, or early S phase to prevent premature
mitosis.

5.2 Promoter of S Phase

The antimitotic activity explained why ruml™ overexpressors failed to mitose
following S phase, but it did not explain the failure of the controls that prevented
S phase from occurring without previous mitosis. JALLEPALLI and KELLY (1996)
provided a key piece of evidence suggesting that the effect of Ruml on Cdcl8 may
explain the multiple S-phase initiations. Cdc18 is required for the initiation of DNA
synthesis and for a checkpoint mechanism that prevents mitosis when DNA syn-
thesis is blocked (KELLY et al. 1993). It is a labile protein that is synthesized prior to
S phase and then disappears (NisHITaNt and NURse 1995; Muzi-FALCoNI et al.
1996). Overexpression of ruml ", however, triggered dramatic increases in the level
of Cdcl18 protein (JaLLEPALLI and KELLY 1996). On SDS-PAGE gels, the increased
Cdcl18 accumulated in a slightly faster migrating band that may have been a hy-
pophosphorylated form. In vitro Cdc2-Cdcl3 complexes phosphorylated the
Cdc18 amino terminus, a phosphorylation that was inhibited by Ruml. These
results are consistent with a model in which phosphorylation of Cdcl8 by Cdc2-
Cdc13 complexes induces Cdcl8 proteolysis in a manner analogous to that de-
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scribed for Farl, Sicl, and the Cln in S. cerevisiae. By inhibiting Cdc2-Cdcl3,
Rum! would not only prevent mitosis, but would stabilize Cdcl8 and promote
S-phase initiation. This is an exciting development that clearly requires more ex-
amination.

5.3 Establishment of Pre-Start G, Phase

The periodicity of Ruml has not been adequately documented, but the existing
data suggests that it is primarily found in Gj-phase cells (CoRREA-BORDES and
NuRrse 1995), where it has an important role in establishing the pre-Start phase of
the cell cycle. Deletion of ruml results in cells with a very short G,-phase interval,
and ruml overexpression delays the appearance of S phase (MORENO and NURSE
1994). The cells do not arrest when starved of a nitrogen source and are unable to
mate, indicating a lack of normal G,-phase controls. In a rumli-A strain, cdc2"
alleles that normally arrest in both G; and G, phase leak out of G, and arrest in
G phase, indicating that the inhibitory effects of Ruml1 predominate in G, phase
(LaBiB et al. 1995).

Part of the function of Ruml in establishing G| phase comes as a result of its
inhibition of the low levels of Cdc2-Cdcl3 protein kinase activity found in G,
phase with the consequences described above. It is also necessary for depressing the
synthesis or enhancing the turnover of Cdc13 protein during the G,-phase interval.
The mechanism by which this is accomplished is unknown, but it does not involve
alterations in c¢dcl3 transcription (CORREA-BORDES and NURSE 1995).

In addition to its interaction with Cdc2-Cdc13, Ruml is also an inhibitor of
Cdc2-Cig2 (Correa-Borpes and Nurse 1995). Unlike Cdcl3, which has peak
protein levels in G,/M phase, Cig?2 is expressed primarily in G phase and therefore
appears to be a classical Gy-phase cyclin (MARTiN-CASTELLANOS et al. 1996). Ruml
is not as effective on Cdc2-Cig2 as it is on Cdc2-Cdcl3 complexes, but the higher
level of Ruml expression apparent during G; phase may compensate (CORREA-
BorpEs and Nurse 1995).

Genetic analyses clearly indicate that cig2 is important for G, phase and that
ruml plays a part in this regulation. Deletion of cig2 restores fertility to rumi-A,
although not to wild-type levels (CORREA-BORDES and NURSE 1995). cig2-A strains
are hyperfertile (ConnoLLy and BeacH 1994; OBARA-ISHIHARA and OKAYAMA
1994), so the double mutant result indicates that Cig2 has a major role in repressing
mating and that rwml has a critical role in relieving this repression. The epistasis is
probably not 100%, because deletion of rum! also releases Cdc2-Cdcl3 activity,
which could also repress mating, either directly or indirectly, by promoting mitosis.

Studies of the rereplication phenotype also support a role for rum/ in G,-phase
events. When rereplication is caused by loss of ¢dcl3, a severe delay in the onset of
rereplication is observed when cig2 is also deleted (FisHER and NuURse 1996). When
rereplication is caused by overexpression of rum! ™, however, deletion of cig2 re-
sults in no change in rereplication kinetics (MARTIN-CASTELLANOS et al. 1996).
These results indicate that Cig2 is normally needed for S-phase initiation and that
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Rum1 will inhibit this activity of Cig2. These experiments also demonstrated a role
for cigl™ in G, phase. Cigl is expressed similarly to Cdcl3 (G»/M phase). When
ruml™ was overexpressed in a cig/ deletion, there was transient G,-phase arrest
and rereplication was delayed. No such effect was seen when rereplication was
induced in the cdcl3-A strain (Fisner and Nurse 1996), indicating that the role for
Cigl in G, phase is redundant with Cdc13. Since Cdc13 and Cig2, but not Cigl, are
inhibited by Ruml, there may be natural events causing high Ruml expression
during which Cigl function could be important.

6 Conclusions

An obvious function for a CKI would be to link cell cycle checkpoints to the CDK,
so it is surprising that no such link has yet been found in yeast cells. This suggests
that more CKI remain to be found. Sequence homology to other CKI would be the
easiest route to discovery, but with the sequence of the S. cerevisiae genome almost
complete and the S. pombe genome not too far behind. no obvious homologues to
CKI other than Pho85 have become apparent. The Pho85 “homologues™ are
limited to proteins containing the ankyrin repeat domain, which, although shared
with some of the mammalian CKI, is a structural unit used widely for protein—
protein interactions, and not merely interactions with CDK or cyclins. It is not yet
clear whether any of these have CKI activity. The other CKI — Sicl, Farl, and
Rum! — are unique at the primary sequence level. Other unique-sequence CKI can
-be expected to be found. Whether any of these have mammalian homologues is still
an open question.
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1. Introduction

Although cyclin-dependent kinase inhibitors of the Cip/Kip family were the first to
be discovered in mammalian cells, and they are the best characterized to date,
fundamental mysteries remain concerning their biological roles and their regula-
tion. The family, consisting so far of three members, is characterized by a
C-terminal Cdk-inhibitory domain with a shared core homology and unrelated
C-terminal domains of varying size (LEE et al. 1995; MATsuoka et al. 1995). To
date, a function has been ascribed to the C-terminal domain of only one member of
the family. The C terminus of the p21 has been shown to be able to bind and
inactivate the function of the DNA polymerase-8 processivity factor, PCNA
(J. CHEeN et al. 1995, 1996a, b; GousIN and Ducommun 1995; Luo et al. 1995;
NAKANISHI et al. 1995b; WARBRICK et al. 1995; WaGa et al. 1994).

Biochemical studies have revealed that the Cdk-inhibitory domain is essential
and sufficient for inhibiting cyclin-dependent kinase activities and that interactions
with both the Cdk and cyclin moieties are essential for strong binding (HALL et al.
1995; HARPER et al. 1995; Luo et al. 1995; PoLyAk et al. 1995b). Determination of
the three-dimensional structure of the kinase-inhibitory domain of one of the Cip/
Kip inhibitors, p27%%’, bound to cyclin A-Cdk2 has provided a rational basis for
these findings in that the inhibitor interacts with both cyclin and Cdk (Russo et al.
1996). In vitro studies have been used to claim that not all Cdk—cyclin combina-
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tiobns are inhibited with equal efficiency (HARPER et al. 1995). However, these
conclusions need to be considered cautiously due to the semi-quantitative nature of
the experiments. In addition, studies with recombinant cyclin-dependent kinases
must be extrapolated to in vivo situations with care, since other proteins could
potentially modify the potency and specificity of these inhibitors.

It has been shown that Cip/Kip-type inhibitors accumulate and inhibit Cdk
activities in response to a broad range of antiproliferative stimuli. Nevertheless,
mice nullizygous for at least two of the inhibitors are viable without gross defects
(see Chap 5, this volume; DENG et al. 1995; FEro et al. 1996; Kivokawa et al. 1996;
NAKAYAMA et al. 1996). Furthermore, to date there is no evidence that members of
the Cip/Kip family (or their lack) have a role in human malignancy, as has been
shown for p16, a member of the INK4 family of CDK inhibitors (for a review, see
Chap 3, this volume; HiraMA and KOEFFLER 1996; PoLLoCK et al. 1996). There is,
therefore, some doubt concerning the prominence of the role these molecules play
in mediating important cell cycle-regulatory functions. In this chapter, we hope to
present both the established facts concerning the biological and biochemical
properties of Cip/Kip inhibitors as well as some outstanding issues that remain
controversial. The final judgment concerning the function or functions and
importance of these inhibitors remains to be made.

2 pZICipl [Wafl1/Sdil

p21Cipl1/Waf1/Sdil, henceforth referred to as p21, is the founding member of the
Cip/Kip family. Ironically, this protein was identified almost simultaneously by a
number of investigators pursuing diverse research objectives. The p21 cDNA was
cloned functionally both from a senescent cell-derived library and a p53-induced
library based on ability to inhibit cell proliferation (Nopa et al. 1994; EL-DEirY
et al. 1993). At the same time, p21 was identified in the context of the yeast two-
hybrid screen as a CDK2-interactive protein and found to be a CDK inhibitor
(Harper et al. 1993). Several other investigators purified a 21-kDa protein initially
observed in **S-labeled cyclin-CDK immune complexes, showed that it was a CDK
inhibitor, and went on to again clone the p21 cDNA (Gu et al. 1993; XioNG et al.
1992, 1993a, b; ZHANG et al. 1993). Finally, a p53-dependent CDK inhibitor was
found to accumulate in cells subjected to ionizing radiation and shown to be p21
(DuLic et al. 1994). Subsequently, p21 has been identified in a large number of
cellular contexts, and numerous cellular functions have been attributed to it.
Nevertheless, the actual biological role of p21 and its mechanism of action are
issues that remain to be resolved.

The most convincing evidence for p21 function is in the context of the response
of cells to DNA damage. p21 was observed to accumulate and associate with Cdk
complexes in a pS3-dependent manner in response both to ionizing and ultraviolet
(UV) radiation (ArTUSO et al. 1995; BAE et al. 1995; BRuGAROLAS et al. 1995;
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DuLic et al. 1994; EL-DEirY et al. 1994; Liu and PELLING 1995; MACLEOD et al.
1995; McDonNALD et al. 1996; MEDRANO et al. 1995; PETROCELLI et al. 1996). The
fact that pS53-negative cells do not arrest in G; phase in response to genotoxic
damage and do not accumulate p21 led to the hypothesis that p21 was the effector
of p53-mediated Gj-phase arrest (EL-DEIRY et al. 1993; HARPER et al. 1993).
However, this view needs to be moderated in view of recent results with nullizygous
mice. Fibroblasts cultured from p53-nullizygous embryos are completely lacking in
the G|-phase response to DNA damage, as expected (BATES and VouspeN 1996;
DENG et al. 1995; KASTAN et al. 1992), whereas p21-nullizygous fibroblasts still
maintain an ability, albeit impaired, to arrest in G, phase in response to DNA
damage (BRUGAROLAS et al. 1995; DENG et al. 1995). Therefore, it appears that
induction of p21 mediates a major component, but not all of the p53-dependent
response. A similar behavior in response to irradiation was observed in human p21-
deficient cells (WALDMAN et al. 1995). In addition, these cells lack the G,-phase
DNA-damage checkpoint when exposed to the DNA-damaging agent adriamycin,
establishing p21 as the critical mediator in this p53-dependent response (WALDMAN
et al. 1995). In addition, another p53-dependent response, G-phase arrest in re-
sponse to depletion of nucleotide pools, is completely lacking in p21-nullizygous
mouse embryo fibroblasts. Such fibroblasts behave similarly to pS53-nullizygous
fibroblasts when treated with n-phospho-n-acetyl-L-aspartate (PALA), an inhibitor
of pyrimidine biosynthesis (DENG et al. 1995).

Another p53-mediated function, the maintenance of genome stability, does not
appear to be dependent on p21: p21l-nullizygous mouse embryo fibroblasts appear
to maintain a stable karyotype in contrast to p53-nullizygous fibroblasts (DENG
et al. 1995). This finding is consistent with the fact that, whereas the p53 gene is an
important locus associated with human malignancy (HOLLSTEIN et al. 1991; LEVINE
et al. 1991), the p21 gene apparently does not map within a tumor suppressor locus
and p21-nullizygous mice do not appear to be prone to cancer (DENG et al. 1995).
Thus, although p21 is a component of the response to DNA damage, this response
is not critical for the maintenance of genome stability. Although a p21 polymor-
phism (codon 31, Ser — Arg) exists in humans (BHATIA et al. 1995; Sun et al.
1995), no mutant alleles of p21 have been recovered from human tumors
(BARBOULE et al. 1995; SHIOHARA et al. 1994; VIDAL et al. 1995; WATANABE et al.
1995), except for truncation mutations in the amino terminus of the protein, which
are expected to be loss of function alleles, obtained from a subset of prostate
cancers (Gao et al. 1995), and a single but heterozygous mutant allele isolated from
a Burkitt’s lymphoma, where both the wild-type and the mutated p21 mRNA were
expressed (BHATIA et al. 1995).

Because expression of p21 is highly modulated during the course of develop-
ment, it has been proposed that exit from the cell cycle during terminal differen-
tiation is mediated in some tissues by p21 (MACLEOD et al. 1995; PARKER et al.
1995). Consistent with this, the patterns of p21 expression in wild-type and p53-
nullizygous embryos are identical, indicating that p21 is under alternative control
during development (PARKER et al. 1995). Furthermore, it has been shown in a
tissue culture model of myogenesis that p2]1 accumulates in a p53-independent
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manner as myocytes exit the cell cycle and fuse to form myotubes (Guo et al. 1995;
HALEvVY et al. 1995; PARKER et al. 1995; SkaPek et al. 1995). Consistent with this
expression pattern, the p21 promoter region was shown to contain elements known
to respond to myogenic transcription factors, such as MyoD (Guo et al. 1995;
HALEvY et al. 1995). Similar observations have been made for other differentiation
models. It has been shown recently, for example, that p21 expression promoted
monocyte/macrophage specific differentiation in myelomonocytic U937 cells, sug-
gesting that inhibition of CDK is sufficient to induce cells into a specific differen-
tiation program (Liu et al. 1996). However, the fact that the p21-nullizygous mice
develop normally excludes any critical, non-redundant role for p21 during the
course of development and suggests that experiments with tumor cell-derived
models need to be interpreted with caution. It is, of course, possible that such mice
adjust to the lack of one regulator early in development by utilizing another in a
mode not occurring in normal animals. Alternatively, redundant mechanisms are
employed to mediate exit from the cell cycle in the context of terminal differenti-
ation in intact organisms.

p21 has also been shown to accumulate as cell cultures age and approach
senescence (Nopa et al. 1994). However, the biological relevance of this is not clear,
since there is no evidence that cells from p21-nullizygous mice become immortal
more easily than controls. This is in contrast to fibroblasts from mice nullizygous
for the INK4 family inhibitor, p16, which appear to be immortal at the population
level when isolated from embryos (SERRANO et al. 1996). The correspondence be-
tween loss of pl6 expression and susceptibility to malignancy and lack of such a
correlation with loss of p21 is consistent with these observations and with uncer-
tainty concerning a role for p21 in cellular senescence.

Although the role of p21 in the response to DNA damage is clear, the biology
and biochemistry of p21 function remains unresolved. Numerous in vitro muta-
genesis experiments have revealed that only the amino-terminal half of the p2l
molecule is required for Cdk inhibition (J. CHeN et al. 1995, 1996a, c; FOTEDAR
et al. 1996; Gousin and DucoMMUN 1995; HARPER et al. 1995; Luo et al. 1995;
NAaKANIsHI et al. 1995a). This region contains all of the conserved motifs found in
other members of the Cip/Kip family. In vitro studies have revealed that the amino-
terminal region of conserved sequence is responsible for cyclin binding, whereas the
more carboxy-terminal conserved domain is involved in Cdk interaction (CHEN
et al. 1996¢c; FOTEDAR et al. 1996). Thus production of a high-affinity complex
requires interaction with both the Cdk and cyclin moieties of the target cyclin-
dependent kinase (HaLL et al. 1995; HarPER et al. 1995). This conclusion has been
confirmed by the determination of the three-dimensional structure of the related
inhibitor, p27, by X-ray diffraction crystallography (Russo et al. 1996). One
mystery that remains to be solved is how p21 (and other Cip/Kip family members)
maintains a broad target spectrum. In particular, p21 is an efficient inhibitor of
cyclin D-Cdk4 complexes as well as of cyclin A—Cdk?2, cyclin E-Cdk2, and possibly
cyclinB-Cdk1 (A.B. Niculescu and S.I. Reed, unpublished). This is remarkable
because there is only limited primary structure homology between these various
cyclins and particularly the Cdk. Cdk2 and Cdk4 are quite divergent. Therefore, it
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is mysterious that a single small domain can form high-affinity complexes with a
spectrum of nonconserved targets. One possible explanation derives from an un-
usual structural feature of the p21 Cdk-inhibitory domain, as revealed from spec-
troscopic studies (Kiwacki et al. 1996). In the absence of a Cdk or cyclin, this
domain shows no significant fixed secondary structure. However, a defined struc-
ture is assumed when it is bound to Cdk2, suggesting that the fold conforms to the
shape of the target molecule.

Another aspect of p21 biology that remains to be resolved is that of the role of
interaction with proliferating cell nuclear antigen (PCNA). The carboxy terminus
of p21 contains a high-affinity binding site for PCNA, which is a subunit of DNA
polymerase-8, essential for both replicative and repair DNA synthesis (J. CHEN et al.
1995; CHEN et al. 1996a, b; GouBiN and DucoMmMun 1995; Luo et al. 1995; Nak-
ANISHI et al. 1995b; WaGa et al. 1994). The molar ratio of p21 to PCNA in human
fibroblasts is close to 1:1 (L1 et al. 1996), and binding of a p21 peptide to each
PCNA molecule in the homotrimeric ring of PCNA occurs without interfering with
the central hole involved in DNA interaction, as determined by X-ray crystallo-
graphic analysis (GuLBIs et al. 1996). Furthermore, it has been shown in in vitro
model systems that, by binding PCNA, p21 can inhibit replicative DNA synthesis,
whereas the inhibition of repair synthesis by p21 needs further clarification (L1 et al.
1994; PaN et al. 1995; Popusrt et al. 1995; SHiv et al. 1994). Immunofluorescence
studies of cells responding to UV irradiation have shown that excision repair is
possible under high nuclear p21 concentrations, whereas DNA replicaction is in-
hibited (L1 et al. 1996). However, it is not yet clear what role the anti-PCNA
activity of p21 plays in the cell cycle response to DNA damage. Overexpression of
the C-terminal domain of p21 in mammalian cells was sufficient to inhibit DNA
replication (J. CHEN et al. 1995; Gousin and Ducommun 1995; Luo et al. 1995;
WaRrBrIcK et al. 1995), while transfection of the PCNA-binding domain into
fibroblasts did not appear to confer cell cycle arrest (NAKANiSHI et al. 1995).
However, it is possible that mobilization of the anti-PCNA activity of p21 in vivo
requires concomitant activation of other responses to DNA damage not initiated
when p21 is simply ectopically expressed.

A final outstanding issue is that of the stoichiometry of p21 function. It has
been reported, based on in vitro experiments, that a ratio of two p21 molecules per
Cdk is required for inhibition, whereas a single molecule had no inhibitory effect
(HARrPER et al. 1995; ZHANG et al. 1994a, b). Furthermore, in extracts of fibroblasts,
the vast majority of the cyclin—-Cdk2 complexes could be immunodepleted with
anti-p21 antibodies (HARPER et al. 1995). These studies led to the proposal and
broad acceptance of a model in which Cdk complexes are primed in a noninhibitory
state through the cell cycle with single molecules of p21, and increase of p2l
stoichiometry through induction of p21 expression promotes conversion to the
inhibitory state. The possible advantage of having Cdk complexes primed with p21
has, however, never been convincingly articulated. It has been proposed that p21 in
the noninhibitory state might have other functions, such as serving as an assembly
or targeting factor. However, several observations put the original hypothesis in
doubt. First, p21 in cycling cells is not detected in the nucleus during S phase and
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most of G phase (V. Dulic and S.I. Reed, unpublished). This precludes constitutive
association with Cdk complexes known to localize to the nucleus during S phase
and/or G, phase, such as cyclin E-Cdk2 and cyclin A-Cdk2. Furthermore, in vitro
inhibition studies performed more recently by other investigators suggest that
binding of a single molecule of p21 to active Cdk complexes is inhibitory, in conflict
with the initial reports (L. Hengst and S.1. Reed, unpublished). Certainly, it is clear
by extrapolation from the structural determination of p27 bound to cyclin A-Cdk2
that one Cip/Kip inhibitor molecule should be sufficient for inhibition of a kinase
molecule. These issues therefore need to be resolved before a comprehensive
understanding of p21 function can be attained.

3. p275ir!

Cdk-inhibitory activity of p27%%/ (kinase-inhibitory protein), subsequently referred
to as p27, was originally detected in mink lung epithelial cells undergoing trans-
forming growth factor (TGF)-B-mediated or cell-cell contact-induced growth
arrest (PoLyak et al. 1994a; SLINGERLAND et al. 1994) and in HeLa cells during
G -phase progression and drug-mediated growth arrest by lovastatin (HENGST et al.
1994). A cDNA encoding p27 was isolated using two different approaches: (1) by a
yeast interaction screen using cyclin D1-Cdk4 as bait (ToyosHiMA and HUNTER
1994), and (2) using protein sequence information obtained by protein purification
from contact-inhibited mink lung epithelial cells or from lovastatin-arrested HeLa
‘cells (HengsT and Reep 1996; PoLyAk et al. 1994b). Cloning of the p27 genomic
sequences revealed that the gene is interrupted by two introns, one of them being
located at position 474 of the coding region of the cDNA. The position of this
intron is conserved in the human p2l1 and p27 genes (FERRANDO et al. 1995;
KawaMaTa et al. 1995; PiETENPOL et al. 1995), and the second is located in the 3’-
noncoding region. A polymorphism in the human sequence was discovered at co-
don 109, resulting in a nonconservative amino acid substitution that changes a
valine to glycine at a population frequency of 10%-20% (KAWAMATA et al. 1995;
PieTENPOL et al. 1995).

As negative regulators of Cdk kinase activity, Cdk inhibitors might be expected
to correspond to tumor suppressors. However, attempts to link p27 to cancer have
been unsuccessful. The p27 gene was mapped to the short arm of chromosome 12,
at the 12p12-12p13 boundary, a region that has been reported to harbor deletions
and rearrangements in various tumors (BULLRICH et al. 1995; PIETENPOL et al. 1995;
PoONCE et al. 1995; TAKEUCHI et al. 1996). However, in all human cancers analyzed
to date, the p27 gene seems not to be the tumor suppressor gene implicated at this
locus, since no alterations were found in the p27 coding region (BULLRICH et al.
1995; FERRANDO et al. 1995; KAWAMATA et al. 1995, 1996; PIETENPOL et al. 1995;
Ponce et al. 1995; TAkKEucHI et al. 1996). Moreover, p27-deficient mice are not
predisposed to a general increase in tumor frequency. However, similar to mice
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with'Rb mutations, these mice exhibit a high frequency of pituitary tumors (FERO
et al. 1996; Kivyokawa et al. 1996; NAKAYAMA et al. 1996). Recently, it has been
reported that p27 can act as a tumor suppressor when overexpressed in a human
astrocytoma cell line, preventing DNA rereplication in asynchronously growing or
nocodazole-arrested celis and tumor formation in nude mice (CHEN et al. 1996d).
Since the adenovirus-based expression system used in this study led to an ectopic
overproduction of p27, these phenotypes are likely to reflect a gain of function and
do not prove that p27 normally acts as a tumor suppressor.

Like p21, p27 is heat stable and remains active even after prolonged incubation
at 100 °C. This property has been valuable for the purification of this inhibitor
(Hencst and REeD, 1996; PoLyak et al. 1994b).

In vitro, p27 interacts with and efficiently inhibits a broad range of Cdk—cyclin
complexes, including Cdk 1, Cdk2, Cdk4, and Cdk6 (HARpER et al. 1995; HENGsT et al.
1994; PoLyak et al. 1994a, b; ToyosHiMa and Hunter 1994). However, while p27
binds to Cdk5—cyclin D, complexes, the same Cdk subunit in complex with the brain-
specific activator p35 does not associate with p27 in vivo or in vitro (LEE et al. 1996).
Similarly, the Cdk-activating kinase Cdk7—cyclin H is not bound by p27. However,
association of p27 with the Cdk substrates of Cdk7—cyclin H leads to inhibition of
their activating phosphorylation (APRELIKOVA et al. 1995; KaTo et al. 1994).

A high resolution picture of the interaction of p27 with cyclin—Cdk complexes
recently became available through the X-ray crystallographic analysis of a ternary
Cdk—cyclin—p27 complex. A single 69-amino acid fragment of p27 including the
inhibitory domain contacis both subunits of the phosphorylated cyclin A-Cdk2
complex. This dual interaction is likely to be initiated with the cyclin, since bio-
chemical studies indicate that inhibitor—cyclin complexes are formed much more
readily than inhibitor-Cdk complexes (HALL et al. 1995). The amino terminus of
p27 binds to the cyclin subunit at a groove formed by the conserved cyclin box
L-helices. The lack of interaction of p27 with both Cdk5-p35 and Cdk7—cyclin H
complexes may thus be due to the absence of the p27-interacting amino acids in p35
and cyclin H (Russo et al. 1996). Whereas p27 association leaves the cyclin
structure unchanged, the binding of the inhibitor to the amino-terminal lobe of
Cdk?2 leads to a rearrangement of this domain of the kinase subunit. The C-ter-
minal portion of the inhibitory domain inserts into the catalytic cleft of Cdk2,
bringing a tyrosine of the inhibitor to the purine-binding pocket of the kinase,
thereby occupying the ATP-binding site and accounting for inhibition of kinase
activity (Russo et al. 1996). The structure thus supports an interpretation that one
p27 molecule per Cdk—cyclin complex is sufficient to inhibit kinase activity.

However, this interpretation has been a matter of controversy, as it has been
reported that more than one molecule of the p27 homologue p21 is needed to
inactivate Cdk complexes (HARPER et al. 1995; ZHANG et al. 1994a, b). As the
primary structure of the Cdk- and cyclin-binding region (Russo et al. 1996) and
most biochemical properties concerning Cdk—cyclin-binding and association of p21
and p27 are very similar (HALL et al. 1995; HARPER et al. 1995; LEE et al. 1996), it
would be surprising if their mode of inhibition were significantly different. Bio-
chemical analysis of the inhibition of cyclinA—Cdk?2 kinase activity by p27 strongly
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supports the interpretation that only one p27 molecule is required for inhibition
(L. Hengst and S.I. Reed, unpublished data).

Whereas the N terminus of p27 is involved in and sufficient for kinase inac-
tivation (ToyosHiMA and HUNTER 1994), much less is known about the C-terminal
domain of the protein. This region might contain an additional cyclin-interaction
site, since it has been reported to bind cyclin D alone (TovosHiMA and HUNTER
1994). In addition, p27 is targeted by the adenovirus E1A oncoprotein via a strong
interaction with the carboxy-terminal region of p27 as well as a weaker interaction
with its amino-terminal half (MAL et al. 1996). The binding of E1A to p27 blocks
the inhibitory activity of the protein. This interaction is believed to contribute to
the ability of E1A to overcome the growth-inhibitory effect of TGF-B in mink lung
epithelial cells, since these cells regain cyclin E kinase activity in vivo and since E1A
can activate p27-inhibited cyclin E kinase in vitro (MAL et al. 1996).

p27 protein levels have been shown to increase under conditions in which cells
are growth arrested in response to antimitogenic or differentiation signals (outlined
below). However, as these arrests result in cell cycle synchronization, it remains to
be determined whether p27 induction observed under these circumstances con-
tributes to the arrest or is a consequence of it. Induction of p27 protein levels has
been observed in a number of tissue culture differentiation systems (HENGST and
REED 1996; KRANENBURG et al. 1995; Liu et al. 1996; WANG et al. 1996). Evidence
for an active role of p27 in promoting differentiation comes from the observation
that ectopically expressed p27 induces cyclin D; expression and characteristic
morphological changes observed in neuronal differentiation in mouse neuroblas-
toma cells (KRANENBURG et al. 1995). Moreover, myelomonocytic U937 cells in-
duce monocyte/macrophage-specific markers when p27 (or p2l) is expressed
ectopically (Liu et al. 1996).

Based on tissue culture models, p27 has also been implicated as a mediator
of various antimitogenic signals, including TGF-B (PoLyAak et al. 1994a;
REYNISDOTTIR et al. 1995; SLINGERLAND et al. 1994), rapamycin (NOURSE et al. 1994),
cyclic adenosine monophosphate (cCAMP; Kato et al. 1994), contact inhibition
(HENGsT et al. 1994; HENGST and REED 1996; PoLyak et al. 1994a; SLINGERLAND
et al. 1994), growth factor deprivation (AGRAWAL et al. 1996; Coars et al. 1996;
Poon et al. 1995; ScHULZE et al. 1996; WinsSTON et al. 1996), anti-IgM (EZHEVSKY
et al. 1996), or loss of cell anchorage (FANG et al. 1996; ScHULZE et al. 1996; ZHU
et al. 1996). Association of p27 with the majority of cyclin A-Cdk2 and cyclin E~
Cdk2 complexes could be demonstrated in cells arrested with anti-IgM (EzHEVSKY
et al. 1996) or fibroblasts deprived of mitogens (CoATs et al. 1996), suggesting that
the kinase inactivation observed under these conditions is a consequence of inhi-
bition by p27. If p27 were the only factor responsible for kinase inactivation under
these circumstances, inhibition of p27 function should prevent the cell cycle arrest.
In fact, antisense inhibition of p27 expression in murine fibroblast cell lines pre-
vented cell cycle arrest in response to mitogen depletion (CoATs et al. 1996).

Paradoxically, mouse embryonic fibroblasts obtained from p27-nullizygous
animals were able to undergo growth arrest upon serum starvation or contact
inhibition (NAkAYAMA et al. 1996). In addition, T lymphocytes obtained from p27-
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nullizygous animals were responsive to TGF-§ and rapamycin (NAKAYAMA et al.
1996), suggesting that p27 is not essential for growth arrest in p27'" animals. Tt
remains to be determined whether and, if so, how Cdk kinase activity in cells from
p27-nullizygous animals is regulated under the various arrest conditions discussed
above. It is possible, for example, that other Cdk inhibitors are induced to
compensate for the lack of p27 inhibition. Alternatively, other mechanisms of Cdk
inactivation, for example increased inhibitory Cdk phosphorylation, might be in-
volved in kinase inhibition in p27 nullizygous cells.

During the cell cycle, the inhibitory activity of p27 fluctuates, reaching maxi-
mal levels in G; phase. This activity correlates well with the levels of p27 protein,
indicating that p27 activity is regulated primarily by protein abundance and not by
protein modification. Maximal levels of p27 were reached during early G, phase
and declined as cells entered S phase. This pattern of p27 protein abundance was
observed in HeLa cells, HL60 human promyelocytic leukemia cells, and normal
human diploid fibroblasts (HS68), suggesting that G,/S phase-specific periodic
accumulation of p27 protein is characteristic of a broad range of cell lines (HENGST
and REeD 1996). In contrast, it has been reported that Swiss 3T3 cells and MANCA
human Burkitt’s lymphoma cells show little variation of p27 protein levels during
the cell cycle (PooN et al. 1995; Soos et al. 1996; ToyosHiMa and HUNTER 1994). It
remains to be seen whether these cells have become defective in regulatory mech-
anisms that control p27 levels.

Two functions for p27 during G,-phase progression have been proposed. Early
in G, phase, p27 might act as a physiological buffer to prevent premature activation
of cyclin—-Cdk complexes, until the kinase protein level exceeds that of p27 or until
p27 levels decrease (HenGsT et al. 1994; HENGST and Reep 1996; PoLvak et al.
1994a). This idea is supported by the observation that the kinase activity associated
with ectopically overexpressed cyclins A or E is strongly inhibited early in G, phase
and increases as cells approach S phase. The level of cyclin A-Cdk inhibition is
paralleled by levels of p27 associated with the kinase complex (REsNITZKY et al.
1995; T. Herzinger and S.I. Reed, unpublished observation). In addition, fibro-
blasts depleted for p27 protein have a shortened G, phase (Coarts et al. 1996),
supporting the hypothesis that p27 serves to prevent premature kinase activity that
would otherwise accelerate G,-phase progression.

In contrast to p21, p27 is generally not controlled by transcriptional mecha-
nisms (but see below). p27 mRNA levels remain unchanged under diverse condi-
tions in which protein induction has been observed (AGRAWAL et al. 1996; HALEvVY
et al. 1995; Hengst and REED 1996; PoLvAk et al. 1994a). p27 abundance is
regulated translationally under a variety of conditions, including upregulation of
p27 levels by lovastatin or by density-mediated growth arrest or repression of p27
expression by platelet-derived growth factor (PDGF) (AGrRawaL et al. 1996;
Hencst and Reep 1996). It remains to be determined whether regulation of p27
translation efficiency is achieved at the level of nuclear cytoplasmic export of p27
mRNA or at the level of translational initiation.

In addition to translational control, regulation at the level of degradation by
the ubiquitin/proteasome pathway plays a key role in establishing p27 levels.
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Compared with proliferating cells, the level of p27 ubiquitination is decreased in
quiescent cells (PAGANO et al. 1995), accounting for an observed increase in half-life
(Henast and REED 1996; PagaNo et al. 1995). Similarly, p27 in nonadherent
NIH3T3 cells has an increased half-life compared to the protein of adherent cells,
and extracts of these cells degrade p27 at a higher rate (ScHULZE et al. 1996). It has
been demonstrated in vitro that the ubiquitinating enzymes Ubc3 and Ubc2 are
capable of p27 ubiquitination (PAGANO et al. 1995).

While the level of p27 mRNA remains unchanged under various conditions in
most cell types investigated, a strong increase in p27 mRNA has been described
during vitamin Ds-mediated differentiation of U937 promyelocytic leukemia cells
(L1u et al. 1996). Whereas the induction of p27 mRNA levels reached maximal
levels within 4-8 h after induction, an increase in protein was only observed afier
roughly 40 h, at a time when p27 mRNA levels had already declined, consistent
with a critical role for post-transcriptional regulation (Liu et al. 1996). In addition,
in another promyelocytic leukemia cell line (HL60), vitamin D5 promotes elevated
p27 protein levels without changes in p27 mRNA levels (HEnGsT and REED 1996).

4. p575iP?

A protein closely related structurally to p21<7/"¢ HSAT and p27%%!, named
p57%P2 was isolated by two different approaches: (1) as the product of a mouse
c¢DNA detected using a DNA hybridization approach with p21 cDNA as probe
(LEE et al. 1995) and (2) as a mouse protein interacting with cyclin D, in the yeast
two-hybrid screen (MATsUOKA et al. 1995). Three different mouse p57 cDNA were
isolated and represent likely products of alternative splicing. Two of these splice
variants lead to a truncated protein that lacks 13 amino-terminal amino acids (LEg
et al. 1995). Using the mouse p57 cDNA as hybridization probe, two human p57
cDNA have been isolated which also appear to be splice variants. The shorter
c¢DNA encodes a truncated protein that consists primarily of the inhibitory do-
main, whereas the other cDNA encodes a protein similar in length to the mouse
protein (MATsuOKA et al. 1995).

The amino-terminal region of p57, including the Cdk-inhibitory domain, has
the greatest primary structure conservation relative to p21 and p27. No sequence
homology with p21 or p27 is found in a region between amino acids 140 and 310,
whereas the carboxy-terminal 40 amino acids shown to contain a nuclear local-
ization signal share some sequence homology (LEE et al. 1995). A more extended
homology region with only p27 is found at the very carboxy terminus of the protein
in a domain containing a Cdk phosphorylation consensus site. Comparing the
longer human protein and the mouse p57 protein, the amino- and carboxy-terminal
sequences are highly conserved, whereas the intervening sequence shows a low
degree of sequence identity. p57 has been shown to bind Cdk2, Cdk3, and Cdk4 in
a cyclin dependent manner and is able to inhibit the activities of these kinases.
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Overproduction of p57 leads to cell cycle arrest in G| phase in SAOS-2 and R-1B/
L17 cells (LEE et al. 1995; MATsUOKA et al. 1995). The mRNA is expressed in a
tissue-specific manner, with highest levels in the placenta (LEg et al. 1995;
Matsuoka et al. 1995). However, the biological function of p57 remains to be
elucidated.

The p57 gene is interrupted by one intron in codon 275 and by another in-
tervening sequence in the 3’-untranslated region and is localized to chromosome
11p15.5 (MATsuoka et al. 1995, 1996; REID et al. 1996). Even though this region of
the genome is linked to Wilms tumor (WT2) and Beckwith-Weidemann syndrome,
no indications of an involvement of p57 in human tumorgenesis have been obtained
(OrLow et al. 1996; REID et al. 1996). However, both diseases show evidence of the
involvement of imprinting, with a loss of heterozygosity or translocations of only
the maternal allele. Interestingly, p57 from humans or from mouse is subject to
imprinting, with preferential expression of the maternal allele (HATADA and
Mukal, 1995; Konpo et al. 1996; MATSUOKA et al. 1996).

5. Xenopus Kip Proteins

Two inhibitors in the Kip/Cip family, p27%*! and p28*™*!  have been identified in
Xenopus, using sequence homology to p21 and p27 and polymerase chain reaction
(PCR) approaches (SHou and DunpHY 1996; Su et al. 1995). The frog proteins
share over 90% sequence identity and interact and inhibit Cdk-cyclin complexes.
In addition, both proteins bind PCNA, but they do so with a substantially lower
affinity than human p21 (SHou and DunpHY 1996). The proteins seem to share
roughly equal degrees of sequence conservation with the mammalian p21 and p27
proteins, having a C terminus characteristic of p27 and an imperfectly conserved
region homologous to the PCNA-binding domain of p2l. In frog oocytes, the
protein concentration of p28 is low (approximately 2 nM), but increases about 100-
fold during development between stages 12 and 13. The high level of p28 persists
later in development and in somatic cells (SHou and DunpHY 1996).

6. Conclusions

Despite the intense experimental scrutiny received by members of the Cip/Kip
family Cdk inhibitors over the past several years, these proteins remain enigmatic
and present the biological research community with several important challenges.
The most critical of these to determe the role of the various members of this family
in the control of proliferation and tumorigenesis. Although, based both on infer-
ences from in vitro studies and on tissue culture-based experiments, p21 and p27
might be expected to be tumor suppressors, analysis of human malignancies and
nullizygous mouse models do not appear to bear this out. For p57, which maps
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near a locus associated with human malignancy and for which a nullizygous mouse
remains to be described, the issue has not yet been resolved. Similarly, the expec-
tation of critical roles for p21 and p27 in control of proliferation and development
based on tissue culture models has had to be tempered in the face of experiments
with nullizygous mice. Although both p21- and p27-nullizygous mice exhibit ab-
normalities, they develop, for the most part, normally. More critically, whereas
cells from p21-nullizygous mice show a partial defect in their ability to arrest in G,
phase in response to DNA damage, they do not exhibit genetic instability, as do
p53-nullizygous mice. Similarly, although p27-nullizygous mice are large and show
specific tissue hyperplasias, cells from these animals appear to respond appropri-
ately to antimitogenic signals. These results suggest functional redundancy, in-
volving possibly different members of the Cip/Kip family, or entirely distinct
parallel regulatory systems. Clearly, there is much more to be learned about the
functions of these proteins.

The second major challenge concerns the issue of targets and stoichiometry.
Although studies with recombinant proteins have suggested a hierarchy of sensi-
tivity to Cip/Kip inhibitors, the validity of these conclusions and their relevance to
in vivo function is not yet clear. The issue has been further unsettled by determi-
nation of the co-crystal structure of p27 bound to Cdk2—cyclin A. In particular, it is
not clear why Cdkl-cyclin B complexes should be less effectively inhibited than
Cdk2—cyclin A complexes, as inferred from in vitro inhibition studies, since the
regions of the respective proteins involved in the interactions are highly conserved.
The co-crystal structure is also relevant in the matter of stoichiometry, which re-
mains controversial. Whereas it has been proposed that p21, in particular, requires
a stoichiometry of two inhibitor molecules to one Cdk complex for inhibition, the
structure of p27 bound to Cdk2—cyclin A suggests that one molecule should be
sufficient. Although a structure of p21 has not yet been reported, the high degree of
conservation in the inhibitory domains of these two molecules, particularly in
motifs important for inhibition, indicates that there will not be a significant dif-
ference between them. Nevertheless, the idea of 2:1 stoichiometry has gained vir-
tually universal acceptance in the cell cycle field. Clearly, a rigorous reexamination
of this issue is in order.
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1 Introduction

Decisions concerning the fate of a cell are intimately linked to the proliferative state
of that cell. Proliferation of certain cell populations is required to maintain or
repair tissues in an aging organism. However, this proliferation must be tightly
regulated. Failure to control proliferation may interfere with differentiation,
causing a cell to fail to achieve its fully determined state. Potentially more severe
consequences could also ensue from uncontrolled cell division. When this is ac-
companied by a failure of programmed cell death, a cancerous tumor can result.

The proliferative state of a cell is ultimately translated into control of a group
of related protein kinases known as the cyclin-dependent kinases (CDKs). These, in
partnership with essential positive regulatory subunits, cyclins, control progress
through the cell division cycle by phosphorylation of key substrates. Although
CDKs are clearly central, other mechanisms control cell cycle pathways that op-
erate independently of the nuclear division cycle (Lu and HuNTER 1995).

The cell cycle can be operationally divided into two parts, one in which the
decision to proliferate is made and another in which the decision to proliferate is
executed. During the decisive portion of the cycle, information concerning the
extracellular environment and intracellular state of a cell is integrated through a
number of regulatory pathways which can cause a cell either to cease growth or to
enter the division cycle. Once a cell has entered the division cycle, it generally

' Cold Spring Harbor Laboratory. P.O. BOX 100, Cold Spring Harbor, NY 11724, USA
2 Present address: Institute of Child Health, 30 Guilford Street, London WCIN 1EH, UK
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becomes insensitive to extracellular signals but can still arrest response to intra-
cellular checkpoints which assess the integrity of the division process.

It has long been known that the decision to proliferate is made during the Gl
phase of the division cycle. This choice is controlled by two classes of cyclin/CDK
enzymes: cyclin D/CDK4(6) and cyclin E/CDK2. Of these, the cyclin D/CDK4
enzyme acts first and is generally thought to be the key downstream recipient of
positive and negative extracellular signals (see SHERR 1993). However, mounting
evidence suggests that some extracellular signals (such as those which insure ap-
propriate cell-matrix contacts) may operate through the regulation of cyclin
E/CDK2 (FANG et al. 1996; Znu et al. 1996).

Although cyclin D/CDK4 may modify numerous substrates, only one is crit-
ical to the ability of the enzyme to control proliferation of cells in culture (SHERR
1993, 1994). This is the product of the retinoblastoma susceptibility gene (pRb).
Throughout early G1 phase, Rb exists in a hypophosphorylated state that inhibits
the entry of a cell into the division cycle (see WEINBERG 1995). Rb may accomplish
this through a variety of mechanisms but prominent among these is inhibition of
the expression of gene products required for the execution of subsequent cell cycle
phases. Phosphorylation of Rb and its conversion into a non-inhibitory form re-
quires both the cyclin D/CDK4 and cyclin E/CDK2 enzymes (WEINBERG 1995).

Cells that lack Rb do not require the activity of cyclin D-associated kinases for
growth, suggesting that Rb is the only critical substrate for these enzymes in cells in
tissue -culture (SHERR and RoBERTS 1995). In vivo, the situation may be more
complex. Rb has two closely related family members, p107 and p130, which have
properties that are grossly similar to those of Rb (WEINBERG 1995). It is as yet
unclear whether these relatives may be critical substrates for CDKs in some cell
types. Cells that lack Rb do, however, still require the activity of cyclin E/CDK2 for
growth (SHERR 1993, 1994). Thus the role of the cyclin E-associated enzyme is
clearly more broad than that of the cyclin D-containing complexes.

The activity of the cyclin D-CDK4 and cyclin D-CDK6 enzymes 1s tightly
controlled by a number of regulatory mechanisms. First, the activity of the kinase is
regulated by the availability of the cyclin subunit. CDK4 and the closely related
kinase, CDK6, associate exclusively with D-type cyclins (D1, D2, and D3). Ex-
pression of D-cyclin is not obviously cell cycle-dependent but is instead controlled
primarily by extracellular signals (SHERR 1993). Once cyclin D and CDK4 subunits
are available, their association appears to require an assembly factor whose activity
may also respond to extracellular growth stimuli (MATSUSHIME et al. 1994). Once
assembled, complexes are subject to both the necessity for activating phosphory-
lation by CDK-activating kinase (CAK) and potential inhibitory phosphorylation
of a tyrosine residue in the ATP binding site (DRAETTA 1990). While CAK phos-
phorylation appears to be constitutive, inhibitory phosphorylation may constitute a
regulatory mechanism (as has been amply demonstrated for other CDK enzymes)
(KING et al. 1994). Finally, the cyclin D-CDK4 enzyme can be regulated by asso-
ciation with stoichiometric inhibitors of either of two families: the CIP/KIP family
or the INK4 family.
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The CIP/KIP family are general CDK inhibitors that are discussed in detail
elsewhere in this volume. The focus of this review is the INK4 family of CDK
regulators. The INK4 family consists currently of four related proteins, pl6 INK4a,
pl5 INK4b, p18 INK4c, and p19 INK4d (SERRANO et al. 1993; HANNON and BEACH
1994; CHAN et al. 1995; Hiral et al. 1995; Guan et al. 1994). These four proteins
specifically bind to and inactivate CDK4 and CDKG6 kinases. Although these four
proteins are indistinguishable at the biochemical level, the more detailed discussion
of each in the following sections should indicate that each member of the INK4
family is used by a cell to control proliferative choices under specific circumstances.

2 pl16INK4a

The p16 protein was first noted in a study that was targeted at identifying differ-
ences in the cell cycle regulators of normal and transformed cells. In SV40-trans-
formed fibroblasts, the G1-regulatory kinase, CDK4, was not found in association
with cyclin D, but was instead bound to a protein with an apparent M; of 16 kDa.
The gene encoding p16 was cloned by a two-hybrid approach in which CDK4 was
used as the interaction target. Biochemical experiments suggested that pl6 was an
inhibitor of CDK4 kinase, and it was thus dubbed p16 INK4 (inhibitor of CDK4).
This was an unexpected result since pl6 was complexed with a cell cycle regulatory
kinase in highly proliferative, transformed cells. However, this paradox was re-
solved by the fact that cells expressing SV40 T-antigen no longer require the activity
of ‘CDK4 for cell cycle progression.

The pl6 gene encodes a polypeptide of 167 amino acids in mouse and 156
amino acids in humans (QUELLE et al. 1995a). The most striking feature of the pl16
sequence is that it is composed almost entirely of four ankyrin repeat units, sug-
gesting that the protein might be folded from helix-B-turn-helix motifs (KALUs et al.
1997). p16 proteins bind specifically to CDK4 and CDK6 with a 1:1 stoichiometry
(SERRANO et al. 1993; HANNON et al. 1994). The result of this binding is loss of
CDK4 kinase activity toward its physiological substrate, Rb. p16 binds CDK4 and
CDKG6 in the absence of cyclin D, and purified pl6 protein can promote dissoci-
ation of the CDK4-cyclin D1 complex (HALL et al. 1995; SERRANO et al. 1993). It is
as yet unclear whether displacement of the cyclin is the primary mechanism by
which pl6 inhibits CDK4 and CDKG6 kinases, or whether destabilization of the
cyclin—CDK interaction is a secondary consequence of allosteric changes in the
structure of the CDK enzyme. Although the ankyrin repeat motif is the predom-
inant structural feature of pl6, not all proteins containing ankyrin motifs can
effectively inhibit CDK4/6 enzymes. For instance, mouse inhibitor of NF-xB (IxB)
or a subdomain of the protein containing only ankyrin repeats is a much less
efficient inhibitor of CDK4/6 than is p16 (Hirar et al. 1995).

Cyclin D, but not cyclin A or cyclin E, can bind directly to pRb, targeting
CDKA4/6 to its substrate (SHERR 1994; Pings 1996). Hypophosphorylated Rb binds
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to E2F-DP1 heterodimers, preventing this complex from activating the transcrip-
tion of genes needed for the transition from Gl into S-phase (WEINBERG 1995).
Phosphorylation of pRb by CDK4/6 and by cyclin E/CDK2 negates the growth-
suppressive effects of Rb via release of E2F and consequent activation of genes
required for DNA replication. As predicted by the forgoing model, ectopic ex-
pression of pl6 in cell lines that have an intact Rb gene arrests cells in G1 and
prevents growth. However, pRb-deficient cells are insensitive to the inhibitory ef-
fects of pl6 overexpression (Guan et al. 1994; SErRrANO et al. 1995; MEDEMA et al.
1995; Lukas et al. 1995). These findings are consistent with the observation that the
microinjection of anti-cyclin D1 antibodies or cyclin D1 antisense plasmids causes
G1 arrest in normal fibroblasts but has no effect in cells lacking functional pRb
(TaM et al. 1994).

Several lines of evidence suggested that p16 might be a tumor suppressor. First,
as an inhibitor of CDK4, pl16 is also a growth suppressor, and the key target of
CDK4, Rb, is a tumor suppressor in its own right (WEINBERG 1995). Thus, pl6isa
negative regulator of a protein that functions to inactivate a tumor/growth sup-
pressor in proliferating cells. Also, cyclin D, an activator of CDK4, is a demon-
strated oncogene (SHERR 1993, 1994; HunTeR and Pines 1994). The hypothesis that
pl6 acts as a tumor suppressor was supporied by isolation of the gene encoding p16
through a cytogenetic approach which was designed to identify the tumor sup-
pressor that had been mapped to 9p21 (Kams et al. 1994). Following this revela-
tion, a great deal of effort was directed at determining the relevance of plé
inactivation to tumors. This is discussed in detail elsewhere in this volume; how-
ever, it is of use to summarize some of the information here since it was largely
information from tumors and tumor cells that led to the first insights into the
biological function of pi6.

The pl6 gene is altered in a high percentage of human tumors of many different
varieties. pl6 can be inactivated by a variety of mechanisms including deletion,
point mutation, and silencing by methylation (see the chapter by A. Kams, this
volume). However, the final confirmation that p16 was indeed a tumor suppressor
came from the generation of pl6-null mice. p16 INK4a proved non-essential for
viability or for proper development (SERRANO et al. 1996). INK4a null mice did
show some abnormal features that might indicate a role for pl6 in the development
of some specific cell types. For example, pl16-null mice have features consistent with
abnormal extramedullary hematapoeisis, suggesting that pl6 might regulate the
proliferation of some hematapoeitic lineages or their progenitors. This role in he-
matopoeisis is not unexpected since pRb null mice are severely impaired in the
production of mature erythrocytes and have increased numbers of megakaryocytes
and myeloid cells in liver (LEE et al. 1992; JAcks et al. 1992; CLARKE et al. 1992). As
predicted by studies of human tumors, INK4a null mice develop spontaneous
tumors (mostly soft tissue sarcomas and B-cell lymphomas) at an accelerated rate.
Furthermore, pl6-null mice are highly susceptible to the development of tumors
following carcinogenic treatments [dimethylbenzanthracene/ultraviolet (DMBA/
UV) or DMBA alone] (SERRANO et al. 1996).
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Interpretation of the results from pl6-null mice was complicated by the dis-
covery of a second growth regulatory protein that is also encoded from within the
pl6 locus (QUELLE et al. 1995b). p19 ARF is encoded by an alternatively spliced
mRNA in which an alternative first exon (E1b) is appended to exon 2 of the pl6
mRNA. The protein from this mRNA is translated from an alternative reading
frame and thus shows no homology at the protein level with the INK4 family of
cyclin-dependent kinase inhibitors. pl9 ARF has the ability to induce growth arrest
upon enforced expression; however, in contrast to pl6, pl9 arrested cells distribute
between G1 and G2 phases. Although the mechanism by which p19 regulates cell
proliferation is not known, it does not seem to involve direct inhibition of cyclin/
CDK enzymes.

The question of whether tumor suppression is mediated by p16 INK4, by p19
ARF, or by a combination of both is settled by an examination of the point
mutations that are found in human tumors. Altered p16 proteins that contain point
mutations are impaired in their ability to bind and to inhibit the CDK4 enzyme
(Kon et al. 1995). A number of these mutations do not affect the reading frame
which gives rise to the ARF protein. Further confirmation that tumor suppression
by the p16 locus occurs via p16 INK4 comes from the isolation of a mutant CDK4
from a number of melanomas (WoLFEL et al. 1995). This allele is competent in its
ability to bind cyclin D and to phosphorylate Rb; however, the CDK4 mutant
shows a greatly reduced sensitivity to inhibition by p16 INK4. The CDK4 mutant,
however, is still sensitive to inhibition by the CIP/KIP family of proteins (WOLFEL
et al. 1995).

The fact that pl6 was highly expressed in some tumors was the first hint
towards the mechanism by which pl6 might function as a tumor suppressor. Ini-
tially, p16 overexpression in Rb-negative tumor cells suggested a feedback loop in
which Rb might act as a suppressor of p16 expression, much as it acted to suppress
the expression of S-phase specific genes during G1. However, two observations
argued against this model. Firstly, expression of plé was not obviously cell-cycle
dependent (HARA et al. 1996). Secondly, mouse embryo fibroblasts from animals
that lacked Rb genes did not show an obviously elevated p16 level (MEDEMA et al.
1995). These counter-indications spawned the hypothesis that p16 induction might
occur as a consequence of some aspect of the transformation process itself. This
hypothesis was supported by observations made with fibroblasts derived from pl6-
null embryos.

At the cellular level, pl6/pl9ARF-deficient cells displayed altered growth
properties. pl6/pl9ARF-deficient MEFs proliferate rapidly and show a high col-
ony formation efficiency when plated at low density (SERRANO et al. 1996). Fur-
thermore, cultures of p16-null cells did not display a lag in growth characteristic of
the M1 senescence control in primary mouse cells. Finally, pl6 abundance in-
creased during senescence in human cells. Considered together, these results sug-
gested that pl6 might play a role in creating the senescent phenotype. In this model,
cells lacking pl6 might acquire an extended life span that could promote immor-
talization. By extension, pl6-null embryo fibroblasts might be predisposed to im-
mortalization or be essentially immortal without further mutation.
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The activated ras oncogene is a potent transforming stimulus in immortal cells.
Its effect on normal cells, however, is quite different. Expression of activated ras in
primary human or mouse fibroblasts induces growth arrest (SERRANO et al. 1997).
This arrest is indistinguishable from cellular senescence based upon a number of
well-established senescence markers. In contrast, introduction of oncogenic ras into
primary embryo fibroblasts derived from pl6-null mice causes transformation. A
similar response 18 seen in p53-null cells.

ras-induced senescence of normal cells suggests that these cells possess a
“gatekeeper” mechanism which senses inappropriate mitogenic stimuli. This
mechanism may then trigger cellular pathways that irreversibly withdraw that cell
from the division cycle and place the cell in a senescent state. Accordingly, acti-
vation of ras should provoke activation of the p53 and pl6 pathways since inac-
tivation of these pathways correlated with loss of ras-induced senescence. Indeed,
upon introduction of activated ras into normal human or mouse fibroblast cells,
pl6 levels increased (SErRrANO et al. 1997). Elevation of p21, a p53 target that
mediates growth arrest, has also been observed.

The foregoing observations lead to a model in which oncogenic stimuli, such as
constitutive ras activation, trigger a p16 response which arrests cell proliferation by
preventing Rb phosphorylation. Transformed cells may overcome this block
through a number of mechanisms. In the majority of cases, p16 1s inactivated by
deletion, mutation, or methylation. In other cases, Rb function may be lost by
deletion, mutation or by expression of a viral oncoprotein. Cells may also increase
expression of cyclin D which could compete with pl16 for binding to CDK4 kinase.
Finally, several cases have been reported in which tumor cells posses CDK4 alleles
that resist inhibition by INK4 family members (WoOLFEL et al. 1995). Although
activation of the ras pathway is common in human tumors, the paramount im-
portance of the pl16 pathway in tumor suppression predicts that this pathway may
also respond to a broader range of oncogenic stimuli.

Although the role of p16 in tumor suppression is clear, pl16 may not be limited
to this function. Induction of p16 has been observed during terminal differentiation
of a teratocarcinoma cell line, NT2, into post-mitotic neurons and during the
transition from fetal to adult brain (Lois et al. 1995). Some oncogenes, particularly
ras, can provoke terminal differentiation in some cell lines. Enforced ras expression
promotes conversion of PC12 rat pheochromocytoma to a ‘“‘neural” phenotype
(BAR-SAGI and FeraMisco 1985) and causes differentiation of 3T3-L1 fibroblasts
into adipocytes (BEniTO et al. 1991). The signal transduction pathways activated by
oncogenic ras during the differentiation process clearly resemble the ras-induced
pathway leading to fibroblast proliferation. It is therefore possible that ras-pro-
voked induction of pl6 is also a feature of the differentiation process, contributing
to the withdrawal of differentiated cells from the division cycle. This is consistent
with the fact that pl6 expression can cause differentiation of myoblasts into my-
ocytes (SKAPEK et al. 1995; WANG et al. 1996). In cells that are not appropriately
primed to differentiate, p16 expression may have the default effect of pushing cells
down the senescence pathway. However, circumstantial evidence for the role of p16
in terminal differentiation is countered by the fact that mice lacking pl6 are
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substantially normal (SERRANO et al. 1996). Thus, any role of pi6 in this process
must be redundant with other pathways.

3 p15 INK4b

The gene encoding pl5 INK4b was first noted by Kams et al. during their cytoge-
netically-based cloning of p16 INK4a. While the coding sequence of p16 was clearly
altered in tumor cell lines, a closely linked genomic segment that showed high ho-
mology to pl6 exon 2 was unaltered. Furthermore, this orphan exon was not linked
to a genomic segment with obvious homology to p16 exon 1. Thus, the manuscript
that described the gene encoding pl6 as the tumor suppressor at 9p21 implied that
the orphan exon 2 homolog was a probable pseudogene (Kams et al. 1994). This
later proved untrue as other groups demonstrated that a close pl6 relative, pl5
INKA4b, was also encoded in the 9p21 locus (HANNON and BEacH 1994; JEN et al. 1994).

The p15 INK4b ¢cDNA was isolated following a series of experiments designed
to identify the point at which a growth inhibitory cytokine, transforming growth
factor (TGF)-B, impacted the cell-cycle regulatory machinery (HANNON and BEacH
1994). Treatment of a human keratinocyte cell line, HACAT, with TGF-J causes cell
cycle arrest in the G1 phase. This is accompanied by a rearrangement of the multi-
protein complexes that contain the G1l-regulatory kinases, CDK4 and CDK6. Upon
TGF-B treatment, a small (approximately 15 kDa) protein became associated with
CDK4 and CDK6 concomitant with loss of CDK4 and CDXK6 activity. This protein
was initially thought to be p16; however, V8 protease mapping demonstrated that
pl5 was distinct. pl5 was, however, recognized weakly by the pl6 antiserum
prompting the cloning of pl5 via a low-stringency hybridization approach.

As it happened, low stringency was unnecessary as pl5 and pl16 share a high
degree of identity in their C-terminal segments. The N-terminal portions of these
proteins are much more diverged; however, the four-ankyrin repeat structure that is
characteristic of the INK4 family is maintained. pl5 and pl6 are biochemically
indistinguishable in vitro. Both bind to and inhibit CDK4 and CDXK6 kinases with
similar affinities. The genes encoding these proteins are closely linked on chro-
mosome 9 at p21, suggesting that these homologs arose from a gene duplication
event. This event preceded divergence of mice and humans since the genomic or-
ganization of p15 and pl16 is preserved in humans and rodents.

Despite their close linkage and functional conservation at the biochemical
level, p15 and pl6 play vastly different biological roles. The abundance of pl5 is
dramatically altered upon treatment of a variety of different cells with TGF-B. Such
cells include mouse and human keratinocytes, mink lung, and human mammary
epithelial cells (HANNON and BEacH 1994; REYNISDOTTIR et al. 1995). Induction of
pl5 occurs at both the post-transcriptional and transcriptional levels, and TGF-f
responsiveness has been mapped in the pl5 promoter to an SP1 element (L1 et al.
1995). TGF-B is a multi-functional cytokine that can act as a growth factor, a
differentiation factor, or a growth inhibitor (see MAsSAGUE and PoLyak 1995). In
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all cell types in which TGF-B has been shown to inhibit growth, TGF- treatment
also causes induction of p135. Following induction, p15 accumulates in CDK4 and
CDK6 complexes and renders them catalytically inactive (SANDHU et al. 1997).

Because of the requirement for CDK4 and CDKG6 kinase activity during the G1
phase, induction of p15 and consequent inhibition of CDKs is sufficient to explain
growth inhibition by TGF-B. However, recent data suggest that the situation may be
more complex. pl15 was not the only CDK inhibitor that was identified based upon a
connection to TGF-B-mediated growth inhibition. p27KIP1, a member of the p21
family of CDK inhibitors, was purified based upon its increased activity in lysates
from TGF-B-arrested cells (PoLyAk et al. 1994). Although the abundance of p27
protein is not altered in response to TGF-f, the proteins with which p27 associates
are changed (REYNISDOTTIR et al. 1995). Upon TGF-f treatment, p27 appears to
relocate from cyclin D-CDK4/6 complexes to cyclin E-CDK?2 complexes. Studies
both in vitro and in vivo support the idea that this alteration probably occurs as a
consequence of p27 displacement by pl15 INK4b (ReyNisDOTTIR and MASSAGUE
1997). In this way, the transcriptional activation of a CDX4/6 specific inhibitor can
achieve inhibition of both CDK4/6 and CDK2 kinases.

The displacement model seemed to provide a coherent explanation for the
ability of TGF-B to enforce growth arrest by regulation of two critical classes of
cyclin-dependent kinases. However, a cell line lacking the pl15 gene can still arrest
following treatment with TGF-B (IAvARONE and MassaGue 1997). This points to
the existence of additional, possibly redundant, pathways by which TGF-p can
regulate proliferation. One candidate for such a pathway is the loss of cdc25 protein
that can occur following TGF-f treatment (IAvARONE and MASSAGUE 1997) as a
downstream consequence of loss of myc expression (GALAKTIONOV et al. 1996).

Despite the plethora of possibilities, no one has provided a definitive model for
the mechanism by which TGF-p causes growth arrest. This effort is complicated by
the redundancy that is rife in mammalian growth control pathways and also by the
fact that TGF-B negatively affects the growth of many different cell types. Further
muddling the situation is the fact that TGF-p can also promote either growth or
differentiation. Thus, it is possible that individual targets (e.g., pl5) might be
critical in some cell types, whereas in others alternative mechanisms (e.g., myc) may
predominate. This is of interest in light of the fact that loss of TGF-f sensitivity is a
common characteristic of human tumor cells and that loss of the p15 gene is also a
common cytogenetic event in transformed cells. While this may obviously occur as
a bystander-effect of deletion of pl6, preferential loss of the p15 gene is observed in
a limited, but coherent, subset of tumor types (JEN et al. 1994; ZHou and LiNDER
1996; KAWAMATA et al. 1995; ZHANG et al. 1996; ZARIwALA et al. 1996).

4 p18INK4c and p19 INK4d

The pl8 and pl9 genes were first isolated in yeast two-hybrid screens that were
designed to search for proteins that interact with CDK4 (Hiral et al. 1995) or
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CDK:6 (GuaN et al. 1994). p19 was also cloned through its interaction in yeast with
Nur 77, an orphan steroid receptor that shows no link to cell cycle control (CHAN
et al. 1995). p18 and p19 are approximately 40% identical and have similar degrees
of protein homology with p16 and p15. As is characteristic of the INK4 family, p18
and p19 are composed of four tandem ankyrin motifs, each about 32 amino acids in
length.

p18 and pl9 specifically bind to the cyclin D-dependent catalytic subunits,
CDK4 and CDK6, and are unable to interact with other CDKs or directly with
D-cyclins (Hiral et al. 1995). In vitro, GST-p18 and GST-p19 bind with the same
affinity to CDK4 and CDK6 (Hiral et al. 1995). However, in immunoprecipita-
tions of CDK complexes, both pl8 and pl9 show a preferential association with
CDK6 (Hiral et al. 1995; GUAN ¢t al. 1994). In contrast with other members of the
INK4, pl18 and pl9 do not displace cyclin D from CDK4 and CDK6é. In vitro
reconstitution of the complexes demonstrates that recombinant pl8 and pl9 pro-
teins can bind to CDK4—cyclin D complexes without displacing the cyclin (Hiral
et al. 1995). However, in vivo, p18 or p19 do not co-immunoprecipitate with cyclin
D. This suggests that p18 and pl9 also prevent the binding of cyclin D to the
catalytic subunit in vivo.

As with p15 and pl6, the result of pl8 or pl19 binding to CDKs or CDK-
cyclin D complexes is the inhibition of CDK. However, none of these proteins
inhibit the pRb kinase activity of cyclin E-CDK?2 complexes (Hiral et al. 1995).
Despite evidence of inhibition of CDK4/6 by cyclin D displacement, another
mechanism for the inhibition of CDKs by pl8 has also been proposed. pl8 can
efficiently block CDK6 phosphorylation by CAK but has no effect on the phos-
phorylation and activation of CDK?2 (APRELIKOVA et al. 1995). Since p18 can not
bind directly to CDK7 or cyclin H (CAK subunits), it has been suggested that p18
blocks CDK6 activation by rendering this protein inaccessible to CAK.

As predicted from the forgoing biochemical experiments, overexpression of
pl8 or pl9 in cells that contain functional pRb significantly reduces the ability of
these cells to form colonies in tissue culture (GUAN et al. 1994; Hiral et al. 1995).
However, overexpression of p18 has no effect on the growth of cells that lack Rb
(GuaN et al. 1994).

p19 gene is ubiquitously expressed as a single 1.4-kb mRNA transcript with the
highest levels in thymus, spleen, peripheral blood leukocytes, fetal liver, brain, and
testes (Hiral et al. 1995; CHAN et al. 1995; Okupa et al. 1995). In mouse fibroblasts
and macrophages, p19 is expressed at very low levels during the G1 phase, but is
rapidly induced at the G1/S transition and remains at high levels during the re-
mainder of the cell cycle (OxupA et al. 1995).

p18 expression patterns are more complex. There are at least three different p18
transcripts of 2.5, 1.9, and 1.1 kb. These are differentially expressed in various
tissues (Hiral et al. 1995). During entry of cells into the cell cycle, p18 mRNA is
induced with kinetics similar to those of p19. CSF-1 starved macrophages expressed
the 1.1-kb transcript, and only the 1.9-kb transcript is induced at the G1/S tran-
sition (HirAI et al. 1995). In Daudi cells (a hematapoeitic cell line) the ratio between
the 2.5-kb and the 1.9-kb transcripts are changed after treatment with a growth
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irhibitory cytokine, interferon (IFN)a. Treatment provoked a decrease in the 2.5-
kb transcript and an increase in the 1.9-kb transcript (SANGFELT et al. 1997).
However, the consequences of these changes are unknown and no variations in the
levels of the pl8 transcripts are observed after IFNw treatment of other hemato-
poietic cell lines. IFNa does not affect the levels of pl19 in these cell lines; however,
treatment of the murine myeloid leukemia cell line, M1, with interleukin (IL)-6
specifically induces p19. In these cells induction correlates with the inhibition of
CDK4 and CDK6 activities and with the induction of G1 arrest (K. Dai and
D. BeacH, unpublished data). IL-6 also induces pl8 expression in I1gG-bearing
lymphoblastoid cells and this correlates with cell cycle arrest and terminal differ-
entiation into B-cells (MoRsE et al. 1997). pl8 is also highly induced during my-
ogenic differentiation, potentially mediating accompanying growth arrest via
inhibition of CDK6 and CDK4 (FrRANKLIN and X10NG 1996). Considered together,
these results suggest that p18 and p19 may play a role in the differentiation of some
cell types. Whether these roles are critical awaits reports of p18 and p19-null mice.

pl9 maps to 19p13.2, and this locus has been found as a translocation
breakpoint [(1;19)(q23;p13)] in some cases of pediatric acute lymphoblastic leuke-
mia. pl8 maps to 1p32, a region that is frequently rearranged in neuroblastomas.
However, neither homozygous deletion nor intragenic mutations of pl18 and pl19
genes have been found in cell lines or in primary tumors (LAPOINTE et al. 1996;
ZARIWALA and XIoNG 1996; KAwAMATA et al. 1995; Oxkamoro et al. 1995; SIEBERT
et al. 1996; OTsuki et al. 1996; SCHWALLER et al. 1997). Therefore, the INK4 family
may be divided into two groups. One includes p15 and pl6; in this group, genetic
and epigenetic alterations might contribute to the development of human cancers.
The other group includes pl18 and pl9 which may not play a role in tumor sup-
pression since somatic mutation of these genes is uncommon.
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1 Introduction

The proliferation of normal cells is regulated by a combination of stimulatory and
inhibitory factors that can respond to external signals in a coordinated manner
(MAcLAcHLAN et al. 1995; GraNA and REDDY 1995; PaGai et al. 1996). Various
mitogens, growth factors, cytokines, and a host of other agents can perturb the cell
cycle machinery eliciting proliferation, differentiation, or apoptosis (REED et al.
1994; Reppy 1994). Any permanent alteration of the cell cycle-regulatory mecha-
nisms can lead to abnormal proliferation, resulting in neoplasia (BisHop 1987, 1991;
MoRGaN 1992). Such a situation can result following the inactivation of various
tumor suppressor proteins, such as Rb and its family members and p53 (MARSHALL
1991; CoBriNIK et al. 1992; HOLLINGSWORTH et al. 1993; EweN 1994; Hooprer 1994;
PicksLEy and LANE 1994; WEINBERG 1995; GlorDANO and KAISER 1996), or by the
dominant activation of positive-acting components of the cell cycle machinery, such
as the cyclins and cyclin-dependent kinases (CDK) or proto-oncogenes (PiNES
1995a, b; Kams 1995; BATEs and PETERS 1995).

Normal quiescent cells are maintained in the Gg phase of the cell cycle and can
progress through the cell cycle upon receiving the appropriate mitogenic stimuli
(Fig. 1; for a review, see SHERR 1994). These cells are constrained from proliferating
in the absence of such stimuli by the tumor suppressor proteins, which prevent the
transition from Gj to S phase of the cell cycle (SANG et al. 1995; WHyTE 1995;
MassaGUE and PoLyak 1995). Once the cells have passed the G,/S-phase boun-
dary, they can complete the cell cycle since there are no other major barriers
preventing this transition (REED et al. 1994; SHERR 1994). Studies over the past few
years have provided new insights on how the positive-acting components of the cell
cycle, the cyclins and the CDK, can inactivate the tumor suppressor proteins and
overcome the cell cycle block (PINES 1995b; PaGai et al. 1996).

The major cyclins that function in G| phase of the cell cycle are cyclins D and
E, although cyclin A and associated activity appear at the end of G; phase (Table 1,
Fig. 1). Since their cloning and characterization just a few years ago, the D-type
cyclins have attracted considerable attention, since they were found to be the first
cyclins to function upon mitogen stimulation (for reviews, see SHERR 1993, 1995;
MaTtsusHIME et al. 1994). The importance of D-type cyclins and their associated
kinases, i.e., cdk4 and cdk6, was confirmed when it was found that it was mainly
through their activity that phosphorylation and inactivation of the Rb protein
occurs (EweN et al. 1993; KaTo et al. 1993). Even though cyclin E—cdk2 activity can
phosphorylate Rb subsequent to the phosphorylation by D-type cyclins and cdk4/
cdk®6, it is fairly well established that the major inactivating phosphorylation of Rb
is by the latter molecule (see WEINBERG 1995). Further, it has become evident that
the only known substrate of D-type cyclins and associated kinases is the Rb pro-
tein, and the phosphorylation and inactivation of Rb by cdk4/cdk6 are essential for
the cells to progress through the cell cycle (Ewen et al. 1993; KaTo et al. 1993).

The CDK activities are mandatory for cell cycle progression and are probably
the most important positive-acting molecules involved in its regulation (Fig. 1; fora
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Fig. 1. Proteins involved in regulating and controlling cell cycle, including recent data indicating a
possible role of PISSLRE in G, or G»/M phases of the cell cycle, as a dominant negative mutant form of
PISSLRE significantly increases the number of cells in G, phase in a manner similar to the cdc2 kinase
TGF, transforming growth factor; CAK, cyclin-dependent kinase-activating kinase. (From Li et al. 1995)

review, see MORGAN 1995). Given their significant role in cell cycle progression, the
activity of CDK must be regulated very precisely by multiple mechanisms. First,
they have to associate with cyclins for kinase activity (PINES 1995b; PooN and
HUNTER 1995; MORGAN 1995). Since the levels of CDK remain relatively constant
through out the cell cycle, it is the relative abundance of the cyclins that to a great
extent determines the amount of CDK activity. Studies have shown that association
with cyclins is not the only major positive determinant of CDK activity, but that
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specific phosphorylation on a conserved threonine residue (T160) is also a major
determinant of CDK function (Y. Gu et al. 1992; MorGaN and DEBoNDT 1994;
Desal et al. 1995). Surprisingly, it has been established that the CDK-activating
kinase (CAK) that is involved in the phosphorylation of CDK is itself a distinct
cyclin-CDK complex, cyclin H-cdk7 (Poon et al. 1993; Kato et al. 1994b;
M. MATSUOKA et al. 1994; FisHER and MorGaN 1994). The CAK is apparently a
multifunctional kinase; it has been implicated in the excision—repair pathway of
DNA and has been shown to be a component of the basal transcription factor
TFIIH (SHEIKHATTAR et al. 1995). Its function in the repair pathway is not clear,
but its presence in the TFIIH complex has led to the speculation that it is the major
kinase involved in the phosphorylation of the C terminus of the large subunit of
RNA polymerase 11, a step that is required for promoter clearance and elongation.

In addition to activation by phosphorylation on Thr-160, the CDK must be
dephosphorylated at other residues to elicit appropriate function. Studies on yeast
and on mammalian cdk2 have shown that dephosphorylation of Thr-14 and Tyr-15
is required for full CDK activity (for a revew, see MORGAN 1995). These two
residues reside in the ATP-binding domain of the CDK, and removal of the
phosphate appears to be necessary for proper kinase activity. The phosphatases
involved in this activation process have not been identified, but it has been pos-
tulated that in mammals the cdc25 protein might be involved. This fits very well
with the kinetics of cdc25 activation, which precedes the activation of CDK
(GAuTIER et al. 1991; JinNoO et al. 1994; GALAKTIONOV et al. 1995).

A new class of proteins identified and cloned in 1993 turned out to be the first
known negative regulators of CDK activity. Such proteins, termed CDK inhibitors
(CDI), have been shown to be as important as cyclins in regulating CDXK function
and hence appear to play a major role in cell cycle regulation (for reviews, see
SHERR and RoOBERTS 1995; MAcLLACHLAN et al. 1995). Because of their function at a
key regulatory point of the cell cycle, CDI have been implicated in the regulation of
many cellular processes, such as differentiation, senescence, and apoptosis (JIANG
and FisHer 1993; Noba et al. 1994; Missero and Dotrto 1996; WALSH et al. 1994;
WANG and WALSH 1996; JIANG et al. 1996a; ROBETORYE et al. 1996; Liu et al. 1996).
All the CDI cloned to date function by inducing growth arrest at the G,/S-phase
boundary very much like the known tumor suppressor genes (Fig. 1). Indeed,
inactivation of many of the CDI have been detected in human tumors, suggesting
that they can function as true tumor suppressors (BicGs and Krart 1995; KamB
1995).

Two major classes of CDI have been identified. The first consists of p21/Wafl/
Cipl/Sdil/mda-6, p27Kipl, and p57Kip2 (Table 1; for a review, see SHERR and
RoBERTs 1995), which can act on most of the cyclin-CDK complexes and even on
kinases unrelated to CDK. These molecules interact with cyclin—-CDK complexes,
leading to an inactivation of the kinase activity. The second family of CDI consists
of the INK4 family of inhibitors, i.e., pl6INK4a, pISINK4b, p18INK4c, and
p19INK4d. The naming of these genes reflects the fact that they preferentially
inhibit CDK4 kinase activity. Their mode of action is different from the p21 family
in that they bind to the CDK and prevent binding to the cyclins (HALL et al. 1995).
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As anticipated, the CDK play a major role in the processes of cell cycle reg-
ulation, differentiation, and development, and this review will attempt to provide
an overview of the literature in this rapidly expanding field. The relative role of each
CDI in differentiation and development will also be reviewed.

2 Cyclin-Dependent Kinase Inhibitor p21

2.1 Identification and Cloning

The orderly transit of cells through the cell cycle is critical for the maintenance of
homeostasis in both prokaryotic and eukaryotic organisms (for a review, see SHERR
1993; HARTWELL and KaAstaN 1994; HunTER and Pings 1994; ELLEDGE and
HARPER 1994; SANG et al. 1995; PiNgEs 1995¢; CLURMAN and Bruns 1995; BiGgas
and KRrRAFT 1995; MAcLAcCHLAN et al. 1995; SHERR and RoBERTs 1995). In specific
contexts, such as terminal cell differentiation and cellular senescence, a permanent
exit from the cell cycle is mandatory (GoLbDSTEIN 1990; Noba et al. 1994; JIANG
et al. 1994a, 1996a; RoOBETORYE et al. 1996; SMiTH and PEREIRA-SMITH 1996). Fi-
delity of cell cycle control contributes directly to preservation of a normal cellular
phenotype, whereas abnormalities in this process link cell cycle and cancer
(HArTWELL and KASTAN 1994; JIANG et al. 1994a; SANG et al. 1995; CLURMAN and
Bruns 1995; Biggs and KRAFT 1995; MacLAcCHLAN et al. 1995).

_ Cell cycle progression results from the coordinated expression and interaction
of positive-regulatory proteins, including cyclins and their associated CDK, and
negative-regulating proteins, CDI (for a review, see SHERR 1993; HuUNTER and
PinNgEs 1994; Biggs and KrRArFT 1995; SHERR and ROBERTS 1995). The CDI first
identified and most extensively studied is p21, also referred to as CAP20, Cipl,
PIC1, mda-6, SDI1, and WAF1 (Xi1oNG et al. 1993a; HARPER et al. 1993; EL-DEIRY
et al. 1993; W. Gu et al. 1993; JiaNG and FisHer 1993; Nopa et al. 1994; JIANG et al.
1994a, 1995b, 1996a). The importance of p21 in a wide range of cellular activities is
reflected by the diversity of approaches that led to the identification and cloning of
this gene. HARPER et al. (1993) detected and cloned p21 as a CDK2-interacting
protein, Cipl, using the yeast two-hybrid system. Biochemical purification ap-
proaches resulted in the cloning of p21 (XIONG et al. 1993a) and CAP20 (W. Gu
et al. 1993) as a protein interacting with CDK?2. JiIANG and FisHER (1993) identified
and cloned p21 as a melanoma differentiation-associated gene, mda-6, that is up-
regulated as a consequence of growth suppression and induction of terminal cell
differentiation in human melanoma cells. EL-DeIry et al. (1993) identified p21
using human glioblastoma cells containing an inducible wild-type p53 tumor sup-
pressor gene and subtraction hybridization, referred to as wild-type p53-activated
fragment 1 (WAF1). An expression screening method to identify and isolate cDNA
coding for inhibitors of DNA synthesis from senescent human diploid fibroblasts
resulted in the cloning of p21 as senescent-derived inhibitor-1, SDI1 (Noba et al.
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1994). A number of recent studies support an involvement of p21 in numerous
important cellular processes, including DNA replication, mitogenesis, DNA repair,
differentiation, and development (for a review, see in HunTER and PiNes 1994;
ELLEDGE and HARPER 1994; SANG et al. 1995; PinEs 1995¢c; MACLACHLAN et al.
1995; SHERR and ROBERTS 1995; XIONG et al. 1992).

2.2 Cellular Differentiation

2.2.1 Human Melanoma Differentiation

The first demonstration of an association between cellular differentiation and p21
came from studies using human melanoma cells (IANG and FisHer 1993; JiaNG
et al. 1994a). When exposed to the combination of recombinant human fibroblast
interferon (IFN-B) and the antileukemic compound mezerein (MEZ), human
melanoma cells lose proliferative ability and terminally differentiate (P.B. FISHER
et al. 1985; JianG et al. 1993). To elucidate the mechanism by which IFN-
 + MEZ alters cell growth and induce terminal differentiation in human mela-
noma cells, JiaANG and FisHer (1993) used a sensitive and efficient subtraction
hybridization procedure. cDNA libraries were constructed from HO-1 cells treated
with IFN-B + MEZ for 2, 4, 8, 12, and 24 h (Ind™; tester library) and from
logarithmically growing HO-1 cells (Ind"; driver library). The Ind™ and Ind cDNA
libraries were directionally cloned into the A Uni-ZAP phage vector. Subtraction
hybridization was then conducted between double-stranded tester DNA and single-
stranded driver DNA prepared by mass excision of the libraries. The subtracted
¢DNA were subsequently cloned into & Uni-ZAP phage vector and used to screen
northern blots containing total RNA isolated from untreated HO-1 cells (control)
or HO-1 celis treated for 24 h with IFN-f, MEZ, or IFN- + MEZ. This approach
led to the identification of mda cDNA displaying elevated expression as a function
of treatment with the different inducing agents (JiANG and FisHgr 1993). The mda-6
c¢DNA is the CDI p21 (JIANG et al. 1994a, 1995b).

Treatment of human melanoma cells with IFN-f + MEZ for 24 h results in
the induction or enhanced expression of mda-6 (p21) RNA and protein (JIANG et al.
1995b). In terminally differentiated melanoma cells, the levels of mda-6 (p21) re-
main elevated, suggesting that this gene product may be a component of the growth
arrest and terminal differentiation process. Induction of mda-6 (p21) in human
melanoma cells is not restricted to differentiation, since growth to high saturation
densities, treatment with DNA-damaging agents (such as methyl methanesulfo-
nate), or incubation in medium lacking serum elevates mda-6 (p21) RNA levels
(J1ANG et al. 1995b). The process of augmented mda-6 (p21) expression is rapid and
occurs in the absence of protein synthesis (presence of cycloheximide), suggesting
that p21 induction is an immediate-early response to agents inducing growth arrest,
DNA damage, and differentiation.

Although initially considered to be dependent on wild-type p53 for induction
(EL-DEIRY et al. 1993), it is now apparent that p21 induction can occur by both
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p53-dependent and p53-independent mechanisms (JIANG et al. 1994b; STEINMAN
et al. 1994; MicHitLI et al. 1994; MAcJoHNsON et al. 1994; ELBENDARY et al. 1994;
SHEIKH et al. 1994; PARKER et al. 1995; ZHANG et al. 1995; DiGruseppE et al. 1995;
MacLeop et al. 1995; DeNG et al. 1995). Although mutations in pS3 are the most
common genetic alteration in most human cancers (HOLLENSTEIN et al. 1991), this
does not apply to human melanoma (VOLKENANDT et al. 1991; CASTRESANA et al.
1993; GREENBLATT et al. 1994; MonTANoO et al. 1994; JiaNG et al. 1995b). In fact,
evidence is now accumulating that many human melanomas contain immunolog-
ically wild-type p53 (VOLKENANDT et al. 1991; CAsTRESANA et al. 1993; LoGANZO
et al. 1994; GreeNBLATT et al. 1994; MonTANO et al. 1994; JIANG et al. 1995b).
These findings represent an interesting paradox, suggesting that melanomas may be
unique among cancers since they can coexist and evolve to more aggressive stages
even in the presence of elevated levels of nuclear-localized wild-type pS3 protein.
Alternatively, the wild-type p53 protein in metastatic melanoma may be func-
tionally inactivated by interacting with cellular proteins. It is also possible that the
wild-type p53 in metastatic melanoma may not be able to transcriptionally modify
specific target genes necessary for inhibiting cancer progression or that the down-
stream wild-type p53 target genes themselves are defective in metastatic human
melanoma (LoGanzo et al. 1994; JIANG et al. 1995b).

Experiments have evaluated p53 and p21 (mda-6) expression during the pro-
cesses of growth arrest and terminal differentiation in human melanoma cells
(JiaNG et al. 1995b, ¢). When HO-1 human melanoma cells are induced to reversibly
differentiate (MEZ treatment) or terminally differentiate (IFN-f + MEZ treat-
ment), p53 mRNA and protein levels decrease while mda-6 (p21) mRNA and
protein levels increase (JIANG et al. 1995b, c). These experiments demonstrate an
inverse relationship between p53 and p21 (mda-6) expression in the process of
growth arrest and terminal differentiation in HO-1 cells. The high levels of pre-
sumably wild-type p53 in human melanoma cells with the corresponding low levels
of p21 (mda-6) clearly indicate a lack of dependence on wild-type p53 expression for
p21 induction in human melanoma cells. This may occur because wild-type p53
induces downstream genes that may actually function as inhibitors of p21 (mda-6)
expression in melanoma cells. Alternatively, the wild-type pS3 may be inactive, or
downstream pathways responsive to wild-type pS53 may be defective in human
melanoma cells. It is also possible that melanocytes, nevi, and early-stage primary
melanomas contain reduced levels of a functional wild-type p53 that mediates p21
(mda-6) expression, whereas the presence of predominantly inactive wild-type p53
in melanomas prevents p21 (mda-6) expression. When metastatic melanoma cells
differentiate after exposure to MEZ or IFN-f + MEZ, the predominantly inactive
wild-type p53 may be reduced, thereby paradoxically resulting in restoration of
wild-type p53 function, elevated p21 levels, and growth arrest.

Studies employing human melanoma indicate that mda-6 (p21) may function
as a negative regulator of melanoma progression (JIANG et al. 1995b, 1996a).
Malignant melanoma, with the exception of nodular-type melanoma, is a pro-
gressive disease characterized by temporally defined stages, including melanocyte,
nevus, dysplastic nevus, radial growth-phase (RGP) primary melanoma, vertical
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growth-phase (VGP) primary melanoma, and metastatic melanoma (CLARK 1991;
KEerBEL 1990, HERLYN 1990; Lu and KEerBEL 1994; JianG et al. 1994a). The
mechanism controlling melanoma progression is not currently known. One scheme
proposed to explain this process, the aberrant differentiation/modified gene expres-
sion model, suggests that metastatic melanoma cells develop as a consequence of
anomalous patterns of gene expression resulting in abnormal differentiation (JIANG
et al. 1994a, 1996a). Metastatic melanomas fail to express specific genes normally
involved in controlling cell proliferation and expression of differentiated properties
(JiaNG et al. 1994a, 1996a). In contrast, the appropriate growth- and differentia-
tion-regulating genes are expressed in melanocytes, nevi, RGP primary melanomas,
and/or VGP primary melanomas (JIANG et al. 1994a, 1996a). When exposed to
IFN-B + MEZ, irreversible growth arrest and terminal differentiation result in
metastatic melanoma, presumably because the appropriate genes negatively regu-
lating growth and the cancer phenotype are activated.

If the aberrant differentiation/modified gene expression hypothesis is correct,
human melanocytes and terminally differentiated human melanoma cells should
express specific genes not expressed or expressed at reduced levels in actively pro-
liferating metastatic melanomas. This possibility is supported by the cloning of
mda-6 (p21), and the novel gene mda-7, by subtraction hybridization from a dif-
ferentiation inducer (IFN-f + MEZ)-treated HO-1 human melanoma library
(Jiang and FisHErR 1993; JIANG et al. 1994a, 1995a, b, 1996a). Several lines of
evidence suggest that mda-6 (p21) and mda-7 may function as negative regulators of
growth and progression in human melanomas. Treatment of metastatic human
melanoma cells with IFN-B + MEZ results in a loss of proliferative potential and
terminal differentiation in human melanoma cells (P.B. FisHER et al. 1985; JiaNG
‘et al. 1993). This process correlates with a rapid and persistent elevation in the
levels of both mda-6 (p21) and mda-7 mRNA and protein (JIANG et al. 1995a, b). In
contrast, the levels of mda-6 (p21) and mda-7 mRNA are higher in melanocytes
than in actively proliferating primary and metastatic human melanomas (JIANG
et al. 1995a, b, 1996a). The higher levels of these mda genes in melanocytes may
mediate the slower growth rate exhibited by these cells versus melanoma cells. In
this context, loss of regulation of mda-6 (p21) and/or mda-7 may directly mediate
enhanced growth potential, a loss of differentiated properties, and cancer pro-
gression.

Recent studies suggest that it may be possible to spontanecously progress early-
stage, nontumorigenic, or poorly tumorigenic (in nude mice) primary human
melanoma cells to a more progressed tumorigenic phenotype by injecting cells into
nude mice in combination with Matrigel (basement membrane matrix) (MAc-
DouacaLL et al. 1993; KoBAyasHi et al. 1994). Using this model system, the levels of
mda-6 (p21) and mda-7 decrease as a function of progression. A direct test of the
effect of mda-6 (p21) and mda-7 on progression will mandate a functional analysis
of the effect of either elevating or inhibiting expression of these mda genes on
cellular phenotype. When ectopically expressed in human melanoma cells, mda-6
(p21) and mda-7 suppress growth and the transformed phenotype (JIANG et al.
1995a, b, 1996b; Yang et al. 1995). Using an adenoviral vector expressing p21,
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YANG et al. (1995) demonstrated the induction of a more differentiated phenotype,
an accumulation of cells in Go/G, phase, a suppression in malignant growth in vivo,
and an inhibition in the growth of preexisting tumors. These studies do not dem-
onstrate that the mechanism involved in melanoma growth suppression is directly
mediated by induction of terminal differentiation. Moreover, when an mda-6 (p21)
expression construct is transfected into HO-1 human melanoma cells, growth is
suppressed and differentiation is augmented, but the majority of these cells do not
terminally differentiate. It is possible that the expression of multiple mda genes is
necessary to induce terminal differentiation in human melanoma cells. This hy-
pothesis is currently being tested.

The final stage of cancer progression is acquisition of metastatic potential by
the evolving tumor cells (L1oTTA et al. 1991; Su et al. 1993, 1995). In progressing or
late-stage cutaneous malignant melanoma, structural alterations in chromosome 6
are a common occurrence (PATHAK et al. 1983; FounTaiIN et al. 1990; KACKER et al.
1990; TrReENT 1991; DracoroLl et al. 1992; X. GuaN et al. 1992). Chromosome
transfer studies in human melanoma provide direct functional evidence for tumor
and metastasis suppressor genes on chromosome 6 (TRENT et al. 1990; WELCH et al.
1994; JiIaANG et al. 1995b; MIELE et al. 1996; WELcH and RieBer 1996). When a
normal chromosome 6 is transferred into the human melanoma cell lines UACC-
903 and UACC-091, tumorigenicity is suppressed (TRENT et al. 1990). In contrast,
insertion of a normal chromosome 6 into the tumorigenic and metastatic C8161
human cell line (WELcH et al. 1991) results in an extinction of the metastatic
phenotype with retention of tumorigenic potential (WELCH et al. 1994; JIANG et al.
1995b; MIELE et al. 1996). Similarly, transfer of chromosome 6 into the tumorigenic
and metastatic MelJuso human melanoma cell line results in suppression of only
the metastatic properties of these tumor cells (MIELE et al. 1996). These observa-
tions support the idea that chromosome 6 contains a suppressor gene that is ca-
pable of suppressing metastasis and reverting C8161 and MelJuSo cells to a less
progressed stage in melanoma evolution. If mda-6 (p21) expression is associated
with the progression phenotype, it would be predicted that the level of this mda
gene would increase in C8161 and MelJuSo cells containing chromosome 6. This
possibility has been directly tested and confirms an increase in mda-6 (p21) ex-
pression in tumorigenic, but non-metastatic C8161 and MelJuSo cells containing
chromosome 6 (JIANG et al. 1995b; MIELE et al. 1996). Moreover, when treated with
IFN-B + MEZ, growth is suppressed and the levels of mda-6 (p21) increase in both
C8161 and in C8161 clones containing chromosome 6 (JIANG et al. 1995b). These
studies provide compelling evidence for the presence of melanoma metastasis-
suppressing elements on chromosome 6 (WELCH et al. 1994; JIANG et al. 1995b;
WEeLcH and RIEBER 1996; MIELE et al. 1996). Previous studies indicate that p21 is
encoded on chromosome 6p21.2 (EL-DEIRY et al. 1993). It is possible that mda-6
(p21), by itself or in combination with additional genes present on chromosome 6,
prevents metastatic progression in human melanoma. Alternatively, p21 (mda-6)
may not be the critical metastasis suppressor gene on chromosome 6, and the
changes in p2l (mda-6) expression may be associated with, rather than being the
cause of, metastasis suppression. Further functional studies are necessary to
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definitively prove that p21 (mda-6) is the genetic element on chromosome 6 that is
defective in human metastatic melanoma and that controls the metastatic proper-
ties of human melanoma cells.

2.2.2 Hematopoietic Cell Differentiation

The HL-60 human promyelocytic leukemia cell line can be induced to differentiate
along the granulocyte or the macrophage/monocyte pathway by treatment with
appropriate agents (CoLLINS 1987). Exposure to phorbol ester tumor promoters,
such as 12-0-tetradecanoyl phorbol-13-acetate (TPA) or 1,25-dihydroxyvitamin D3
(Vit D3), induces macrophage/monocyte differentiation (HuBerMAN and CALLA-
HaM 1979; LoteM and SacHs 1979; Rovera et al. 1979; Mivaura et al. 1981;
McCArTHY et al. 1983; MANGELSDORF et al. 1984). In contrast, exposure to retinoic
acid (RA) or dimethylsulfoxide (DMSO) induces HL-60 cells to differentiate into
granulocytes (CoLLIns et al. 1978; BrReiTMAN et al. 1980). This cell line lacks en-
dogenous p53 genes (WoLr and RoTTER 1985). In these contexts, the HL-60 cell
culture system represents a useful model for defining gene expression changes as-
sociated with macrophage/monocyte or granulocyte differentiation that occur in-
dependently of wild-type p53 expression.

After cloning mda-6 from a human melanoma differentiation inducer-treated
subtracted cDNA library, the expression pattern of this gene was determined in
additional differentiating cell culture model systems. This analysis indicates that
mda-6, subsequently shown to be p21 (WAFI1/CIP]), is an immediate-early re-
sponse gene induced during differentiation of HL-60 cells along granulocyte or
macrophage/monocyte pathways (JIANG et al. 1994b). Treatment of HL-60 cells
with TPA and Vit Ds, which induce macrophage/monocyte differentiation, or RA
and DMSO, which induce granulocyte differentiation, induces p2] mRNA ex-
pression within 1-3 h (JiaNG et al. 1994b). This early induction of p2l is not
apparent in HL-60 variants resistant to growth suppression and differentiation
induction (JIANG et al. 1994b). Immunoprecipitation analysis with p21-specific
antibody confirms that the increase in mRNA expression in HL-60 cells resulting
from TPA, DMSO, or RA treatment corresponds with a temporal increase in p21
protein levels (JIANG et al. 1994b). STEINMAN et al. (1994) also demonstrated a rapid
increase in p21 mRNA in HL-60 cells treated with butyrate, TPA, DMSO, and RA.
In both studies, induction of p21 in HL-60 cells was shown not to depend on
continuing protein synthesis, since it occurs in the presence of cycloheximide. These
results document that p21 induction can occur independent of p53 and that this
response is an immediate-early response to induction of both macrophage/mono-
cyte and granulocyte differentiation in HL-60 cells. The ability of p21 to be induced
in a p53-independent manner during induction of differentiation in other systems
and during development is now well established (BRuGaRroLAs et al. 1995; DeENG
et al. 1995; HALEvY et al. 1995; MacLEoD et al. 1995; C. Missero et al. 1995;
PARKER et al. 1995; ZHANG et al. 1995; Liu et al. 1996).

Induction of p21 is also apparent after induction of differentiation in addi-
tional p53-negative hematopoietic cell lines (STEINMAN et al. 1994; MAcLEoD et al.
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1995; ZHANG et al. 1995; Liu et al. 1996). These include an elevation in the levels of
p2! after 24-h treatment of K562 cells with TPA resulting in megakaryocytic dif-
ferentiation, of U937 cells with butyrate resulting in monocyte differentiation, and
of M1 murine myeloid leukemia cells with interleukin (IL)-6 resulting in macro-
phage differentiation (STEINMAN et al. 1994). A potential role for p21 in normal
bone marrow is also suggested by the induction of p21 following commitment to
differentiation by treatment with granulocyte colony-stimulating factor (G-CSF)
(STEINMAN et al. 1994). In contrast, treatment of HL-60 cells with G-CSF, which
does not induce differentiation of HL-60 cells, does not induce p21 (STEINMAN et al.
1994). )

An important question is whether induction of p21 is a consequence of growth
suppression, or whether this gene expression change is a primary mediator of dif-
ferentiation in leukemia cells. In mutant p53 murine erythroleukemia (MEL) cells,
induction of p21 appears to correlate with induction of growth suppression that
precedes terminal differentiation rather than maintenance of the growth-arrested
phenotype (MAcLEOD et al. 1995). p21 mRNA and protein levels increase 2 h after
treatment with heamethylene bisacetamide (HMBA), whereas no significant change
in p21 mRNA is apparent at later times following HMBA treatment when cells are
terminally differentiated. A comparison of p21 mRNA (enhanced approximately
two- to threefold) and protein levels (enhanced approximately tenfold) in HMBA-
treated MEL cells suggests that p21 may also be regulated post-transcriptionally
during HMBA-induced differentiation of MEL cells. Enhanced mRNA stability
may also contribute to p21 upregulation during differentiation in human leukemia
cells (Schwaller et al. 1995).

Variants of HL-60 cells displaying resistance to TPA-induced growth sup-
pression and differentiation provide valuable experimental models to evaluate the
potential involvement of p21 in growth arrest and terminal differentiation (MUrAG
et al. 1983; P.B. FisHER et al. 1984; JIANG et al. 1994b). Using HL-60 cells resistant
to TPA-induced growth arrest and differentiation (HL-525 cells), a direct correla-
tion is observed between the early induction of p21 and TPA- and RA-induced
growth arrest and differentiation (JIANG et al. 1994b). In contrast, the effects of Vit
D5 on growth suppression and induction of differentiation are not directly corre-
lated processes in HL-525 cells, whereas growth suppression and induction of
differentiation are related changes in Vit Ds-treated HL-60 parental cells (JIANG
et al. 1994b). In the HL-525 variant, growth is unaffected by treatment with
400 nM Vit D;, whereas differentiation as monitored by the percentage of OKM1-
positive cells is increased to a similar degree as in Vit Ds-treated, growth-arrested
HL-60 cells. These results suggest that, in specific programs of differentiation in
HL-525 cells, i.e., macrophage/monocyte differentiation induced by Vit D5, p21
expression correlates directly with induction of differentiation in the absence of
growth suppression. However, in most instances both differentiation and growth
suppression occur simultaneously during differentiation in HL-60 and HL-525
variant cells.

To identify genes upregulated by Vit D3, a cDNA library prepared from U937
cells was probed with RNA from either control or Vit Ds-treated cells (Liu et al.
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1996). This differential screening strategy resulted in the identification and cloning
of p21 (Liu et al. 1996). When U937 cells are treated with Vit D; for 4 h, expression
of p21 and of additional INK4 CDI, including pl15, pl6, and pl8, is upregulated.
Evidence is presented that p2! is transcriptionally induced in U937 cells by Vit D,
in a Vit D5 receptor-dependent, but not p53-dependent manner. When transiently
overexpressed in U937 cells, both p21 and p27 induce morphologic and antigenic
markers of monocyte/macrophage differentiation in the absence of Vit Ds. In
contrast, antigenic changes are not observed when amino-terminal deletions of p21
and p27, which remove the CDK-inhibitory activity of both proteins, are tran-
siently expressed in U937 cells. These results suggest a potential causative role for
inhibition of CDI, such as p21 and p27, in controlling terminal differentiation
programs in U937 cells.

The studies briefly discussed above provide additional support for the wild-
type pS3-independent induction of p21 during the processes of growth arrest and
differentiation. Furthermore, in specific cellular contexts, such as U937 cells,
transiently expressing elevated levels of CDI, such as p21 and p27 can directly
induce antigenic markers of monocyte/macrophage maturation and terminal dif-
ferentiation in the absence of the cognate inducer Vit Ds. In contrast, in MEL cells
elevated p21 expression does not correlate with the terminally differentiated state,
and in HL-525 cells p21 expression correlates with Vit Ds-induced differentiation
even in the absence of growth suppression. These experimental results indicate that
p2l may play distinct and different roles in specific programs of hematopoietic
growth and differentiation that are dependent upon undefined factors regulated in a
cell-type dependent manner.

To directly define a possible role of p21 in the induction of differentiation and
drug-mediated apoptosis in HL-60 cells, FREEMERMAN et al. {1996) used an anti-
sense approach. HL-60 cells were produced that stably express p21 antisense, and
these cells were compared with parental HL-60 cells with respect to their responses
to differentiating and cytotoxic agents. Antisense-expressing HL-60 cells treated for
24 h with TPA displayed an attenuated induction of p21 compared with vector-
transfected parental HL-60 cells. The modified response of the antisense p21-ex-
pressing HL-60 cells included a reduction in the percentage of cells undergoing
G -phase arrest and expressing the monocytic maturation marker CD11b and an
attenuation of the inhibition of cdc2 activity following TPA treatment. In contrast,
no differences were observed in the phosphorylation status of Rb, in E2F complex
formation, or in p27 induction following TPA treatment. However, TPA did reduce
the cloning efficiency of vector control cells to a greater extent than it did that of
antisense expressing-HL-60 cells. In contrast, treatment of the two cell types with
the antimetabolite 1-B-p-arabinofuranosylcytosine (ara-C) resulted in an equal
susceptibility to G -phase arrest, apoptosis, and inhibition of clonogenicity, pro-
cesses that are not associated with p21 and p27 induction or Rb phsophorylation in
HL-60 cells. These findings demonstrate that dysregulation of p21 in p53-null HL-
60 cells interferes with TPA-related G,-phase arrest, CDK-2 inhibition, differen-
tiation, and loss of clonogenic survival in the absence of obvious changes in Rb
phsophorylation status or E2F complex formation. This data also documents that
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p21 induction does not appear to be necessary for ara-C-induced apoptosis, G-
phase arrest, or the resulting reduction in the self-renewal capacity of HL-60 cells.

2.2.3 Muscle Cell Differentiation

Cell culture model systems are providing important insights into the biochemical
and molecular determinants of terminal skeletal muscle differentiation (WEINTRAUB
1993; Lassar et al. 1994; Orson and KLEIN 1994; WaLsH et al. 1996). When grown
in medium lacking serum, cultured myoblasts fuse to form multinucleated myo-
tubes, activate specific programs of gene expression, and exit irreversibly from the
cell cycle (WEINTRAUB 1993; Lassar et al. 1994; OrsoN and KLEIN 1994; WALSH
et al. 1996). Induction of differentiation results from the expression of the myogenic
basic helix—loop—helix (bHLH) transcription factors, including the myogenic de-
termination proteins MyoD and Myf-5 (WEINTRAUB 1993; Lassar et al. 1994;
Ovrson and KLEIN 1994; WaLsH et al. 1996). Although myoblasts are predetermined
to the muscle lineage, they are prevented from completing differentiation by the
presence of Id, a dominant-negative HLH factor that inhibits the activity of the
bHLH factors (BENEzZRA et al. 1990). Id can form complexes with MyoD and
Myf-5, nullifying their ability to bind to and activate downstream genes involved in
mediating differentiation (BENEzZRA et al. 1990). Growing myoblasts in medium
devoid of mitogens decreases the levels of Id, thereby allowing the interaction of
myogenic bHLH factors with the abundant E12 and E47 proteins. Formation of
these complexes results in the formation of myotubes that cannot undergo mitosis.
An important regulator of myoblast differentiation is the Rb tumor suppressor
gene product (CoppoLa et al. 1990; Y. Gu et al. 1993; Caruso et al. 1993). In
differentiated skeletal muscle, Rb is present predominantly in the hypophosphor-
ylated (active) form, and loss of Rb resulting from gene inactivation blocks the
normal Gy-phase arrest found in differentiated skeletal muscle (SCHNEIDER et al.
1995). In the hypophosphorylated state, Rb suppresses the transcriptional activity
of E2F that is needed for the expression of S-phase genes involved in cell cycle
progression (NEVINS 1992; SHERR 1993; HARTWELL and KAsSTAN 1994; HUNTER and
PiNEs 1994; CHELLAPPAN 1994; HorowiTz and UbpvADIA 1995; WEINBERG 1995).
A number of recent studies demonstrate a relationship between p21 expression
and muscle terminal differentiation (Guo et al. 1995; HALEvyY et al. 1995; C.
Missero et al. 1995; PARKER et al. 1995; Skapex et al. 1995). During skeletal
muscle differentiation, p21 expression is markedly induced, resulting in increased
p21 mRNA and protein (Guo et al. 1995; HALEvY et al. 1995; PARKER et al. 1995;
SkaPexk et al. 1995; WanG and WaALsH 1996). p21 is found in immunoprecipitable
complexes with the CDK in myotubes, and this CDK-inhibitory activity persists
when myotubes are recultured in mitogen-rich medium (Guo et al. 1995; ANDRES
and WALsH 1996). In this context, the high levels of p2l expression in myotubes
may directly contribute to the irreversibility of the differentiated state in fused
myoblasts. Overexpression of cyclin Dy, but not cyclins A, B, D,, D3, or E, can
inhibit myogenesis as monitored by the ability of MyoD to transcriptionally acti-
vate the muscle-specific creatine kinase (MCK) promoter and muscle-specific genes
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(RAo et al. 1994; SkaPEK et al. 1995). Transfection of myoblasts with p21 and p16
reverses cyclin Dy inhibition of MyoD and augments muscle-specific gene expres-
sion in cells maintained in high concentrations of serum (Skapexk et al. 1995). These
results suggest that active cyclin—-CDK complexes suppress MyoD function in
proliferating cells. When MyoD is transfected into either murine myocytes or
nonmyogenic cells, including mouse 10T1/2, monkey CV1, and human osteosarc-
oma U20S, p21 is induced (HALEvY et al. 1995; PARKER et al. 1995). In addition,
MyoD induces p21 in p53-deficient mouse embryo fibroblasts and myogenic cells
lacking MyoD and myogenin, suggesting that these factors are not required for p21
induction (HALEvY et al. 1995; PARKER et al. 1995). Moreover, the expression of
mouse p2l correlates with terminal differentiation of multiple cell lineages, in-
cluding skeletal muscle, cartilage, skin, and nasal epithelium in a p53-independent
manner. Taken together, these results suggest that p21 may function as an inducible
growth inhibitor during development and that this protein may be part of a pos-
itive-regulatory loop that functions to promote the differentiated state in skeletal
muscle (PARKER et al. 1995; WALsH et al. 1996).

Recent studies suggest that the CDI p21 and p16 may provide a protective role
in muscle differentiation by preventing apoptosis (WANG and WALSH 1996). When
proliferating murine C2C12 myoblasts undergo mitogen deprivation, they can ei-
ther terminally differentiate or undergo programmed cell death (apoptosis). Dif-
ferentiated myotubes are resistant and myoblasts are sensitive to mitogen
withdrawal-induced apoptosis. Ectopic expression of p21 or pl6 blocks apoptosis
during myocyie differentiation. These results suggest that the induction of specific
CDI may function to prevent differentiating myocytes from undergoing pro-
grammed cell death and may contribute to establishment of the postmitotic state
(WANG and WALsH 1996). Further studies are necessary to determine whether this
phenomenon is restricted to muscle differentiation or whether it represents a gen-
eral mechanism by which CDI function in terminal differentiation in other cell
lineages.

2.2.4 Keratinocyte Differentiation

Keratinocyte differentiation represents a well-characterized model system for an-
alyzing the process of differentiation and cellular maturation as cells migrate to-
ward the outermost layer of the epidermis and ultimately exfoliate (HENNINGS et al.
1980; FiLvarorF et al. 1990; Dover and WRriGHT 1991; CarauTt et al. 1995; C.
Missero et al. 1995; Missero and Dotto 1996). The addition of calcium to mouse
primary keratinocytes induces growth arrest and a terminal differentiation program
that reflects the process normally observed in the external layers of the skin
(HeEnNINGS et al. 1980). In contrast, growth of mouse primary keratinocytes in
transforming growth factor (TGF)-B inhibits growth without inducing markers of
differentiation (C. Missero et al. 1995). In these experimental situations, p21 is
induced by 4 h after removal of calcium and progressively increases up to 18-24 h,
whereas no consistent induction of p21 is apparent during the same period when
primary mouse keratinocytes are treated with TGF-B.
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As observed in human melanoma cells induced to terminally- differentiate by
treatment with IFN-f + MEZ (J1anG et al. 1995b, 1996a), pS3 protein levels de-
crease in primary keratinocytes induced to differentiate with calcium (C. MISSERO
et al. 1995; Missero and DaTro 1996). Using primary mouse keratinocytes derived
from p53-null mice, induction of differentiation by the addition of calcium increases
p21 mRNA levels (C. Missero et al. 1995). Moreover, transfection of normal and
p53-null mouse keratinocytes with a 2.4-kb DNA fragment of the p21 promoter
linked to a luciferase gene, with or without the p53 recognition motif at its 5'-end,
results in enhanced expression upon induction of differentiation (C. Missgro et al.
1995). These findings demonstrate that induction of keratinocyte differentiation by
calcium correlates with an increase in p21 promoter activity that is independent of
pS53 expression.

A potential relationship between expression of the adenovirus E1A-associated
p300 protein and a differentiation signal linked to growth arrest has been provided
using the mouse keratinocyte model (C. MIsSERO et al. 1995; Missero and DoTTO
1996). In this system, the E1A protein inhibits the activity of the p21 promoter
following calcium addition. However, when a wild-type p300 or a mutated form of
p300 lacking the E1A-binding region is added in combination with EI1A, sup-
pression of the calcium responsiveness of the p21 promoter does not occur (C.
Missero et al. 1995). Further support for an association between p300 expression
and keratinocyte differentiation is provided using the involucrin promoter, which is
necessary for keratinocyte differentiation and requires p300 for induction. More-
over, the human p300 has been found to bind both in vivo and in vitro to MyoD
and to potentiate MyoD-dependent transactivation (YUAN et al. 1996). Additional
studies are necessary to determine whether p300 also contributes to other programs
of differentiation.

2.2.5 Development

Important questions relate to the role of p21 in normal development and cancer. To
address this issue, DENG et al. (1995) produced p21-null (p21~7) mice by homol-
ogous recombination, and BruGaroLas et al. (1995) developed chimeric mice
composed partly of p21~/~ and partly of p21*/" cells. On the basis of p21 in-
duction by wild-type p53 (EL-DEIRY et al. 1993), it was assumed that altering p21
levels would directly impact on specific phenotypes normally regulated by wild-type
p53, such as cell cycle progression, differentiation, development, growth properties,
tumorigenesis, apoptosis, and mitotic spindle checkpoint. An important function of
wild-type p53 is maintenance of cell cycle progression by the control of specific
checkpoints (HARTWELL and Kastan 1994). Checkpoints are also important in
maintaining cellular DNA integrity and regulating normal cell cycle transitions.
When the DNA of cells containing wild-type p53 are damaged, a coordinate arrest
of cell cycle occurs and genes assisting in and mediating DNA repair are induced.
In this manner, cells are arrested in G; phase, permitting repair of the DNA
damage and preventing replication and propagation of defective chromosomes. In
mice embryo fibroblasts deficient in p53, no Gj-phase, checkpoint is evident,
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whereas this checkpoint is apparent in mice embryo fibroblasts containing wild-
type p53. Analysis of this phenomenon in p21~'~ mouse embryo fibroblasts indi-
cates a significant impairment in the Gj-phase response to DNA damage and
nucleotide pool alterations (DENG et al. 1995; Brugarolas et al. 1995). These find-
ings directly establish a role for p21 in the G;-phase checkpoint.

In contrast to the predictable effect of the absence of p21 on cell cycle pro-
gression following DNA damage, many of the anticipated aberrations in p217/~
mice are not apparent. For example, in contrast to p53_/_ mice that acquire
spontaneous malignancies by 6 months of age (DONEHOWER et al. 1992; HARVEY
et al. 1994; JAcks et al. 1994; WiLLiaMS et al. 1994b), p21~/~ mice develop normally
and do not show signs of early tumor development (DENG et al. 1995). Although
p21 appears to directly contribute to differentiation in several cell culture and
in vivo model systems, tissue development and differentiation are normal in p217/~
mice and the migration-associated differentiation of the four epithelial adult lin-
eages in adult small intestine are unaltered in p21~~ and p21*/* chimeric mice
(BRUGAROLAS et al. 1995). Moreover, p2l is not required for the p53-dependent
mitotic spindle checkpoint or for p53-dependent apoptosis (DENG et al. 1995;
BrUGAROLAS et al. 1995). These findings suggest that p21 may be redundant for
normal development and terminal differentiation. Moreover, wild-type p53 may
induce additional downstream genes that are necessary to mediate specific pro-
grams of p53-dependent cellular responses.

An alternate methodology to evaluate the functional role of p21 in vivo is to
use tissue-specific expression in transgenic animals (Wu et al. 1996). Targeted ex-
pression of p21 in hepatocytes in transgenic mice results in an inhibition in he-
patocyte proliferation. A consequence of this disturbance is a decrease in the total
number of mature hepatocytes, resulting in abnormal tissue organization, runted
liver, suppressed body growth, and elevated mortality. The transgenic p21 is found
predominantly associated with cyclin D;-CDK4 in liver, emphasizing the potential
importance of this interaction in normal liver development. Evidence is provided
that p2l may also cause growth arrest in G, phase of the cell cycle in specific
hepatocytes. In contrast to normal animals, partial hepatectomy fails to induce
hepatocyte growth in p21 transgenic animals. These studies indicate that alterations
in p21 in specific target organs can affect normal development. Further studies are
necessary to determine whether elevated p21 targeted to other tissues in transgenic
animals will affect their developmental program.

2.2.6 Mode of Action

Most of the CDK in normal fibroblasts are organized into quaternary complexes
consisting of a CDK, a cyclin, proliferating cell nuclear antigen (PCNA), and p21
(X10NG et al. 1992; ZHANG et al. 1993). In nontransformed cells, p21 binds directly
to several CDK, including cdc2 (cdk1), cdk2, and cdk4 (HARPER et al. 1993; XiOoNG
et al. 1993a, b; ZHANG et al. 1993; DuLic et al. 1994). In these cells, the CDK
coprecipitate forming enzymatically active complexes with several cyclins, including
cyclins A, B, D, and E (X10NG et al. 1993b; ZHANG et al. 1993, 1994). A number of
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studies document that p21 is a universal inhibitor of CDK enzyme activity with the
ability to induce cell cycle arrest in G| phase of the cell cycle (EL-DEIrY et al. 1993;
Y. Gu et al. 1993; HARPER et al. 1993; XioNG et al. 1993a; Nopa et al. 1994).

The presence of p21 in enzymatically active quaternary complexes in normal
proliferating fibroblast cells represents a paradox. Similarly, the induction of p21 in
quiescent fibroblasts and T lymphocytes induced to proliferate by mitogenic factors
(Firpro et al. 1994; Y. Li et al. 1994a; Noba et al. 1994; SHEIKH et al. 1994) is at
odds with the suggestion that p21 is a universal inhibitor of CDK. This conundrum
is resolved by the demonstration that cyclin kinases containing p21 can exist in
both enzymatically active and inactive states depending on the concentration of p21
(ZHANG et al. 1994). Evidence is presented that enzymes containing p21 can change
between active and inactive states, probably through changes in the stoichiometry
of the p21 subunits (ZHANG et al. 1994). When the complex contains a single p21
molecule, it is enzymatically active, whereas inactive complexes contain multiple
p21 subunits.

The presence of PCNA in the quaternary complex with p21 suggests a po-
tential relationship between p21 expression and the processes of DNA replication
and/or DNA damage repair. PCNA is essential for DNA replication and nucleo-
tide-excision repair. p21 can directly bind to PCNA and inhibit the in vitro repli-
cation of simian virus 40 (SV40) DNA, whereas it does not inhibit PCNA-
dependent nucleotide-excision repair (WAGA et al. 1994; R. L1 et al. 1994; SHivi
et al. 1994). The capacity of p21 to directly inhibit PCNA-dependent DNA repli-
cation, but not alter DNA repair, is compatible with the hypothesis that genetic
damage can lead to inactivation of chromosomal replication while allowing dam-
age-responsive repair (R. Li et al. 1994).

The p21 protein can directly inhibit the cyclin—-CDK famlly of kinases and cell
growth and can bind to PCNA, resulting in an inhibition of in vitro PCNA-de-
pendent DNA replication (EL-DEIRY et al. 1993; WaaGa et al. 1994; FLorES-RozAS
et al. 1994). These results suggest that the p2l protein may display multiple
properties that could occur as a result of binding of these different molecules to the
same region of this protein or as a consequence of differential binding to distinct
domains in this protein. This question has been addressed using biochemical and
molecular approaches indicating that the growth- and CDI-inhibitory domains of
p21 reside in the amino-terminal domain of this protein, whereas the PCNA-
binding and -inhibitory activities reside in the carboxy-terminal domain (Luo et al.
1995; Zakut and Givol, 1995; J. CHEN et al. 1995b). These experiments indicate
that the domains of the p21 protein that mediate cyclin-CDK and PCNA inter-
actions are distinct, supporting the idea that p21 has dual target molecules and
multiple functions in cells.

Experiments have also been performed to define the regions of p21 responsible
for inducing growth arrest and for inhibiting DNA replication in vivo. In studies
employing Xenopus extracts, evidence is presented that p21 inhibits replication of
double-stranded DNA through its CDK-inhibitory domain by selectively targeting
cyclin E-cdk2 complexes as opposed to PCNA (X. CHEN et al. 1995a). When
transfected into p53-negative Saos-2 cells, only the C-terminal domain of p21
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inhibited colony formation (X. CHEN et al. 1995a). In contrast, using transient
transfection assays with constructs permitting nuclear localization (SV40 nuclear
localization signal), both N- and C-terminal domains of p21 suppressed cellular
DNA synthesis in mink lung epithelial cells (R-1B/1.17), with the N-terminal do-
main being somewhat more efficient than the C-terminal domain (Luo et al. 1995).
In p53-negative human fibroblasts, deletion of amino acids 66-71 from the
N-terminal region of p21 eliminates cdk2-inhibitory activity in vitro with a reten-
tion of DNA synthesis-inhibitory activity (NAKANISHI et al. 1995). These studies
indicate that, although it is less effective, the PCNA-binding domain of p21 is
growth inhibitory and the ability of p21 (N- or C-terminal regions) to block cell
cycle progression is concentration dependent.

A potential role for cyclin D in p2l-mediated growth suppression is also
indicated (X. CHEN et al. 1995a; DEL SAL et al. 1996). Increases in wild-type p53
protein levels result in increased p21 and cyclin D expression. In addition, in-
duction of cyclin D, can also be mediated by p21 (X. CHEN et al. 1995a). The
elevated levels of cyclin D, in murine cells containing a temperature-sensitive wild-
type p53 gene are a consequence of both post-transcriptional and post-translational
regulatory mechanisms (DEL SAL et al. 1996). Using an antisense cyclin D; cDNA
strategy, evidence is presented that cyclin D, levels contribute to wild-type p53 G-
phase arrest in murine cells (DEL SAL et al. 1996). Although antisense suppression
of either cyclin Dy or p2l can retard the onset of p53-induced growth arrest,
elimination of either of these gene products does not override a preexisting p53-
induced G;-phase block in murine cells. These studies implicate both cyclin D and
p21 in p53-induced growth arrest in specific target cells. A potential involvement of
cyclin D in myogenesis has been demonstrated (Rao et al. 1994; SkAPexk et al.
1995). It remains to be determined whether cyclin D is also a major contributor to
additional programs of differentiation.

Recent studies by HERMEKING et al. (1995) present evidence for an interesting
and novel mechanism of cell cycle regulation involving a putative inhibitor of CDI.
c-myc can inhibit p53-induced G,-phase arrest in mouse fibroblast cells containing
a temperature-sensitive p53 gene (p53**''*%) without increasing the expression of
CDK or cyclins normally involved in G,/S-phase transition. This blocking of G-
phase arrest by c-myc occurs because this proto-oncogene inhibits the action of p21
on the CDK-cyclin complexes by inducing a heat-labile inhibitor of p21. Further
studies are required to determine whether the same or a similar inhibitor contrib-
utes to cellular differentiation.

3 Cyclin-Dependent Kinase Inhibitor p27%™!

p27 was first identified as an activity that was capable of mediating TGF-B, and
contact inhibition induced growth arrest in mink epithelial cells (PoLyak et al.
1994a). Current evidence suggests that TGF-B arrests cell proliferation by
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preventing progression at the late G, phase of the cell cycle (LawHo et al. 1990).
Following release of Mv 1 Lu mink lung epithelial cells from serum starvation,
cultures progress through the cell cycle normally. and phosphorylated forms of Rb
protein appear after 12 h. When TGF-p is added to the growth medium 6 h after
serum stimulation, the cells are arrested in late G|-phase and the Rb protein re-
mains in an unphosphorylated state (Korr et al. 1993). This lead to the hypothesis
that TGF-B blocks a G;-phase CDK activity by an unknown mechanism (Fig. 1).
Further studies revealed that, although TGF-B-treated cells have comparable
amounts of cyclin E and cdk?2 as untreated cells, there is no kinase activity asso-
ciated with these molecules. This raised the possibility that TGF-f either prevents
formation of cyclin E~cdk2 complexes or inhibits the kinase activity of the asso-
ciated complexes. Extracts prepared from cells treated with TGF-B prevent the
activation of endogenous CDK by exogenously added cyclins, suggesting that these
extracts may contain an inhibitor preventing activation (PoLYAK et al. 1994a).

The notion of an inhibitor of cyclin activity in TGF-B-treated cells was con-
firmed by the observation that addition of cyclin E to an extract from proliferating
cells produces a linear increase in cyclin E-associated activity, whereas addition of
as much as three times the physiological concentration of cyclin E to TGF-f-
treated cells results in no increase in immunoprecipitable cyclin E-associated his-
tone H; kinase activity (KoFF et al. 1993). Addition of a large excess of cyclin E
results in detectable amounts of cyclin E-associated kinase activity. This finding,
along with the fact that the levels of cyclin E and CDK2 are similar in the TGF-6-
treated and untreated extracts, suggests that there is indeed a titratable inhibitor of
cyclin E, associated kinase activity in these extracts (KorF et al. 1993). The in-
hibitor of the cyclin E associated kinase activity associates with cyclin E-CDK?2
complexes and cannot be detected with either protein alone. The inhibitor is able to
bind to a mutant cdk?2 lacking kinase activity, and reversal of the inhibition by the
addition of cyclin E—cdk2 does not involve the phosphorylation of the inhibitor,
but rather a direct titration of this factor. The inhibitory activity can also be
removed from the extracts following incubation with cyclin D2-CDK4, suggesting
that this inhibitor is capable of targeting different G -phase cyclins and associated
kinases (PoLyAk et al. 1994a). Attempts were made to purify the inhibitory activity
using cyclin E-CDK?2 affinity columns, resuiting in the identification of a 27-ka
protein present in extracts from TGF-f-treated cells, but absent in cells in late G,
phase. This activity is surprisingly heat stable, and brief heat treatment at 100°C
does not abolish the ability of p27 to bind to cyclin E-cdk?2 or alter its inhibitory
activity (PoLYAK et al. 1994a).

p27 was cloned by two groups using different approaches (PoLyAxk et al. 1994b;
TovosHiMa and HUNTER 1994). In one approach, p27 was affinity purified on a
cyclin E—cdk2 column and microsequenced, and the partial sequence was used to
screen a mink Mv 1 Lu library to obtain the full-length clone (PoLyAK et al. 1994b).
p27 was also identified using a yeast two-hybrid system, with cyclin D—cdk4 as the
bait (ToyosHiMA and HUNTER 1994). The genes obtained by the different methods
were identical, and the protein was found to be similar to the p21 protein, indi-
cating the existence of a family of CDI proteins. The predicted human, mouse, and



78 S.P. Chellappan et al.

mink p27 proteins are highly related, showing approximately 90% identity. There is
44% identity to the p21 protein, but it is mainly confined to a 60-amino acid region
in the amino-terminal portion of the protein. The p27 protein contains a bipartite
nuclear localization signal and a consensus cdk2 phosphorylation site at the C-
terminal end (PoLyak et al. 1994b). Chromosome mapping studies indicate that
p27 is located on chromosome 12ql3. Chronic lymphoid leukemia is frequently
associated with chromosomal abnormalities at chromosome 12. Although no ge-
nomic alterations of p27 have been identified to date, the potential role of this CDI
gene in leukemogenesis is under active investigation (BULLRICH et al. 1995; Pie-
TENPOL et al. 1995; PONCE-CASTANEDA et al. 1995).

The region of p27 involved in inhibiting kinase activity resides at the amino
terminus between residues 28 and 79, a region with extensive similarity to the p21
protein (PoLyAK et al. 1994b). A recombinant peptide corresponding to this region
was able to inhibit phosphorylation of Rb by cyclin A—cdk2, cyclin E—cdk2, and
cyclin D2-cdk4, although the latter two were less susceptible to inhibition by the
peptide than the full-length protein. Deletion of three amino acids at the amino
terminus of the peptide reduces its effectiveness, and deletion of seven amino acids
completely abolishes its inhibitory activity (PoLyAk et al. 1994b).

The ability of p27 to bind to different cyclin-CDK complexes has been in-
vestigated. In one study, p27 inhibited cyclin E-cdk2 with maximum efficiency; an
eightfold higher concentration was required to inhibit cyclin A—cdk2 to a similar
extent, and this concentration was not sufficient to block cyclin B-cdc2 (PoLyak
et al. 1994b). In a related set of experiments, the binding of p27 to various cyclins
and CDK was assessed by glutathione S-transferase (GST)-affinity chromatogra-
phy (Tovosnima and HunTER 1994). In these studies, it was found that the murine
p27 bound with maximum affinity to cyclins Dy, D,, and Dj;. In contrast, cyclin E
bound only weakly, and cyclin A did not bind at all. A co-immunoprecipitation
assay on mouse 3T3 extracts indicates that cyclin D, is detectable in p27-immune
precipitates; approximately 50% of the cellular cyclin D, is estimated to be asso-
ciated with p27. Surprisingly, in these extracts, other cyclins are not detected in p27-
immune precipitates (ToyosHIMA and HUNTER 1994).

The efficacy of p27 in arresting cell proliferation was assessed by transfection
assays using two cell lines, Mv 1 Lu and Saos-2. In Mv 1 Lu cells, transfection of
p27 results in a decrease in the percentage of cells in S phase from 35% to 7%
(PoLYAK et al. 1994b). This correlates with a substantial reduction in '*’I-labeled
deoxyuridine incorporation in the transfected cells. Similar results are obtained
with Saos-2 cells; the percentage of cells in the S phase drops from 32.7% to 11.5%
(TovosHiMa and HUNTER 1994). There is a corresponding increase in the per-
centage of cells in G| phase, from 46.2% to 76%. Both groups have convincingly
demonstrated that overexpression of p27 can lead to a block in the cell cycle,
preventing progression from G to S phase.

The expression pattern of p27 in human tissues reveals a 2.5-kb message that is
present in comparable amounts in most tissues (PoLyak et al. 1994b; ToyosHIMA
and HuNTeR 1994). Surprisingly, there are no major changes in the levels of p27
message in growth-arrested, dividing, or TGF-B-treated mink epithelial cells.
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Similarly, the levels of p27 protein remain constant in 3T3 cells after serum star-
vation and stimulation or release from a nocodazole block (ToyvosHiMA and
HunteR 1994). These results suggest that p27 is functionally regulated at a post-
translational level by mechanisms that are not yet clear.

3.1 Regulation of p27 Levels in Cells

Recent studies suggest that the accumulation of p27 during the cell cycle is regu-
lated, at least in many instances, at the level of translation. Arrest of HeLa cells by
ellovastatin leads to a modest increase in the levels of p27 protein, whereas the
levels of the message remain constant (HENGST and RegD 1996). More profound
changes are observed when human fibroblasts are starved of serum and then re-
leased from starvation. When HIL-60 cells are treated with Vit D3 for 72-120 h,
there is a considerable accumulation of p27 protein, but the mRNA levels remain
unchanged (HEnGST and REeED 1996). Pulse-chase experiments indicate that the
half-life of the protein can also vary, and the protein is more stable in growth-
arrested cells. It is possible that a rapid increase in the translation of p27 may
contribute to the negative regulation of G, phase, and altered protein half-life may
be important for maintenance of the growth-arrested state.

Post-translational control of p27 is also suggested by the observation that the
level of this CDI is regulated by proteolysis through the ubiquitin proteasome
pathway (PAGaNo et al. 1995). Addition of inhibitors of the chymotryptic site of the
proteasome causes p27 to be ubiquitinated. p27 is also ubiquitinated in vitro,
suggesting that this may be an important level of p27 regulation. The human
ubiquitin-conjugating enzymes Ubc2 and Ubc3 are specifically involved in the
ubiquitination of p27 (PAGANO et al. 1995). Interestingly, quiescent cells have lower
amounts of ubiquitinating activity compared to proliferating cells, suggesting that
this could contribute, at least in part, to the longer half-life of p27 in quiescent cells.
Therefore, it appears that the relative abundance of p27 is modulated by a com-
bination of translational and post-translational mechanisms. It is likely that a
combination of these two modes of regulation leads to the maintenance of a precise
balance between the relative amounts of p27 and cyclin—CDK; this could be altered
in favor of growth arrest or proliferation upon receiving the appropriate mitogenic/
inhibitory signals (PAGANO et al. 1995).

3.2 Role in Proliferation and Differentiation

As a CDI inhibitor, it was anticipated that p27 would be a key component in cell
cycle control, a prediction that has been validated by recent studies (Fig. 1).
Control of the G|/S-phase restriction point requires p27 (CoATs et al. 1996). The
appearance of p27 message following mitogen stimulation coincides with the in-
activation of cyclin-CDK complexes, and a downregulation of p27 is necessary for
mitogens to effect cell cycle progression. Depletion of p27 by antisense
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oligonucleotides abrogates the ability of cells to undergo growth arrest following
mitogen depletion (CoaTs et al. 1996).

The p27 protein is implicated in growth arrest mediated by TGF-f, cyclic
adenosine monophosphate (CAMP), and rapamycin. As described above, studies on
growth arrest induced by TGF-f resulted in the characterization and cloning of
p27. A similar relationship between p27 levels and cAMP-mediated growth arrest
of macrophages has been demonstrated (KaTto et al. 1994a). Macrophages growing
in complete growth medium distribute through the different phases of the cell cycle
in a similar manner as cell lines maintained in culture. Treatment with CSF-1 in
combination with analogues or inducers of cAMP arrest macrophages predomi-
nantly in G; phase and the cells remain arrested in G, phase. Macrophages de-
prived of CSF-1 are arrested in early G phase, and addition of CSF-1 allows them
to reenter the cell cycle (MATSUSHIME et al. 1991). Addition of rapamycin or 8Br-
cAMP within 5 h of CSF-1 addition prevents cells from entering S phase, sug-
gesting that the cells are arrested in mid-G, phase, prior to the late G;-phase
restriction point. This time point corresponds to the first appearance of cyclin
D-associated kinase activity (MATSUSHIME et al. 1991). Both 8Br-cAMP and rapa-
mycin repress cyclin D-mediated phosphorylation of the Rb protein, preventing the
cells from progressing to S -phase. The levels of cdk4 and cyclin D remain un-
changed in cells treated with CSF-1 plus 8Br-cAMP, Bt2cAMP, or rapamycin,
suggesting that each compound inhibits the phosphorylation of Rb by blocking the
kinase activity of the assembled holoenzyme.

Experiments to evaluate whether any of the three known inhibitors of cdk4
activity, i.e., p21, p16, or p27, are involved in the cAMP-mediated repression reveal
that p27 is most probably responsible for the inhibition (KaTo et al 1994a). This
conclusion is based on the fact that the p16 gene is deleted in the BAC1.2F5A cell
line used for the study, and three- to fourfold more p27 is detected in cyclin
D-immune precipitates obtained from 8Br-cAMP-treated cells than from those
treated with CSF-1 alone. No increase is detected in cells treated with rapamycin.
p27 inhibits cyclin D—cdk4 activity by binding to the holoenzyme and preventing
the activating phosphorylation of threonine-172 by the CAK (Gu et al. 1992).
Immunodepletion of p27 from cAMP-treated cell extracts can reverse the inhibition
of cyclin D—cdk4 activity, accompanied by an increase in CAK-mediated phos-
phorylation of cdk4 (KATo et al. 1994a).

Since p27 acts stoichiometrically, the two possible ways that p27 can inhibit
cyclin D—cdk4 activity include a reduction in the levels of cyclin D—cdk4 protein or
an increase in the amount of p27. The latter mechanism appears correct, since there
is a two- to threefold increase in the levels of p27 in quiescent cells treated with
CSF-1 plus 8Br-cAMP compared to cells treated with CSF-1 alone (KATO et al.
1994a). This suggests that cAMP addition raises the p27 threshold, resulting in
increased binding to cyclin D—cdk4, inhibition of CAK-mediated activation, and
concomitant inhibition of cyclin D—cdk4 kinase activity.

A similar role for p27 is suggested in T cell mitogenesis. During T cell mito-
genesis, antigen receptor signaling promotes synthesis of cyclin E and cdk2, and
IL-2 promotes cyclin E-cdk2-associated kinase activity (Firpo et al. 1994). IL-2
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promotes the activation of cyclin E—cdk2 by causing the elimination of p27 protein,
and this inhibition is reversed by rapamycin, a strong immunosuppressant. This
conclusion is supported by the observation that cyclin E-cdk2 complexes in cells
treated with IL-2 have lower amounts of p27 associated with them than in cells
treated with 1L-2 plus rapamycin (NOURSE et al. 1994). Antibodies specific for p27
eliminate the inhibitory activity in IL-2-starved and rapamycin-treated cells, sug-
gesting that elevated levels of p27 account for all of the inhibitory activity detected
in growth-arrested celis. Immunoblotting of whole-cell extracts demonstrates that
IL-2 induction gradually reduces the amount of p27, and rapamycin prevents the
removal of p27 (NouRrsE et al. 1994). A low level of p27 is detectable in cells treated
with IL-2, and they progress through S phase. This finding suggests that p27 levels
function at a threshold and that this threshold level can be modulated by IL-2 or
rapamycin to bring about the observed effects on proliferation. This study did not
provide any evidence for p27 blocking the activation of cdk2 by CAK (NOURSE
et al. 1994), as in the case of cdk4 (KaTo et al. 1994a; AppreELIKOVA et al. 1995).
This conclusion is based on the fact that the Thr-160-phosphorylated form of cdk2
is present in comparable amounts in rapamycin-blocked or proliferating cells. This
observation suggests that p27 blocks the activity of cyclin E~cdk2 that has already
been phosphorylated by the CAK enzyme. It is also clear that repression of p27 in
T lymphocytes by extracellular mitogens is not restricted to this agent, since serum
growth factors can elicit the same effect.

p27 redistributes itself between different cyclin-CDK complexes during the cell
cycle and following growth arrest by lovastatin, UV irradiation, or growth factor
deprivation (PooN et al. 1995). In cells arrested by growth factor depletion, most of
the p27 occurs in monomers; however, after entering G, phase, most of the p27 is
associated with cyclin D-cdk4 complexes. As the cells progress to S phase, p27 is
redistributed to cyclin A—cdk2 complexes. In most experiments, the interaction of
p27 with cyclin E-cdk2 complexes has not been determined. It is hypothesized that
cyclin D1-cdk4 acts as a reservoir for p27 and that p27 is redistributed to cyclin A—
cdk?2 complexes when the cells enter S phase, or even when cells are growth arrested
by growth factor depletion, lovastatin treatment, UV irradiation, or by other means
(Poon et al. 1995). Of note is the observation that the adenovirus E1A protein,
which can reverse TGF-B-mediated growth arrest, targets p27 (MaL et al. 1996).
E1A can bind to p27 and inhibit its function, providing the first example of a viral
oncoprotein targeting a CDI (MaL et al. 1996). This situation is similar to that
observed with the adenovirus E1A and similar oncoproteins that inactivate the Rb
family of tumor suppressors, which are also important negative regulators of the
cell cycle.

The suggestion that there is a redistribution of p27 between different cyclin—
CDK complexes has been confirmed by elegant experiments on TGF-B-mediated
growth arrest of Mv 1 Lu cells (REYNISDOTTIR et al. 1995). Proliferating Mv 1 Lu
cells and human keratinocytes contain high levels of p27, distributed in complexes
of cyclins with cdk2, cdk4, and cdk6. Treatment of cells with TGF-B induces
p15INK4B expression, which is specific for cdk4/cdk6, and this induction coincides
with a release of p27 from cyclin D-cdk4/cdk6 complexes (REYNISDOTTIR et al.
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1995). This leads to an increased association of p27 with complexes containing
cdk?2. Furthermore, recombinant pl5 inhibits the binding of p27 to cyclin D—cdk4/
cdk6 complexes, which supports the suggestion that elevated levels of p15 cause the
release of p27 from cdk4/cdk6 complexes upon TGF-pB treatment. Even though
TGF-p also induces p21, it does not cause the release of p27 from cdk4/cdk6
complexes. These findings suggest that TGF-P causes a G|-phase arrest by inducing
the expression of p15 as well as p21, and that pl5 induction causes an inhibition of
cyclin D—cdk4/cdké6 activities (REYNISDOTTIR et al. 1995). Even the kinase activities
of complexes containing cdk?2 are inhibited due to the release of p27 from cdk4/
cdk6 kinase as well as the induction of p2l. It appears that TGF-B-mediated
growth arrest is regulated by multiple CDI.

p27 can affect brain-specific cdk5 depending on the activator associated with
cdk5 (M.H. LEE et al. 1996). The levels of p27 are quite high in post-mitotic
neurons compared to their progenitor neuroblasts, and p27 inhibits cdk2 in post
mitotic neurons. Surprisingly, cdk5, which predominantly associates with the non-
cyclin activator p35 in neurons, is resistant to inhibition by p27. cdk5 can be
inhibited by p27 when it is associated with cyclin D2. p27 can recognize, bind, and
inhibit only the cyclin D2—cdk5 complex in vitro and in vivo, but not a p35-cdk5
complex (M.H. LEE et al. 1996). It is possible that cdk5 remains active in post-
mitotic neurons in spite of high amounts of p27 by virtue of the ability of cdkS5 to
associate and function in conjunction with p35, thus precluding inhibition.

3.3 Role in Development

The CDK and molecules that affect their function play a major role in cell pro-
liferation, differentiation, and development. It has previously been demonstrated
that molecules involved in cell cycle regulation, such as the Rb, pl07, and p130
proteins, play major roles in embryogenesis and development. Attempts have been
made to unravel the role of these proteins during development by establishing
whether any particular proteins are important for the successful completion of
specific developmental pathways. A commonly used strategy to define these rela-
tionships is to construct mutant mice with a homozygous deletion of the gene of
interest.

The role of p27 in murine development has been assessed by three groups by
generating mice lacking both alleles of the p27 gene (NAkAYAMA et al. 1996; FErO
et al. 1996; Kivokawa et al. 1996). Two groups engineered the deletion of the
complete coding sequence of p27 from the mice (NAKAYAMA et al. 1996; Fero et al.
1996), and another group replaced the functional p27 gene in the mouse genome
with a nonfunctional N-terminal deletion mutant (Kivokawa et al. 1996). The
most notable phenotype is an increased overall size of the resulting mice, which
indicates a potential role for p27 in restricting cell proliferation during the course of
development. This finding is in agreement with the known function of p27 in cell

cycle arrest. The major phenotypic characteristics of the p27 null mice are described
below.
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3.3.1 General Phenotype of p27-Null Mice

Mating of heterozygous mice lacking one allele of the wild-type p27 gene produced
mice that were wild type, heterozygous, and nullizygous for the p27 gene in ap-
proximately mendelian proportions. This suggests that there is no embryonic le-
thality associated with p27 knockout, and early developmental pathways are not
greatly impaired. At birth, the homozygotes are indistinguishable by size or other
phenotypic features from their wild-type and heterozygote littermates (NAKAYAMA
et al. 1996; Kivokawa et al. 1996; FEro et al. 1996).

The majority of mice lacking both copies of the p27 gene gained weight faster
and grew larger than their normal littermates. Despite the increased size, the body
was of comparable proportions to normal p27-containing mice, and no major
abnormalities were evident. The increase in weight was not due to obesity, since all
the organs weighed more or less proportionately more than that of comparable
normal littermates. Thymus, spleen, and the pituitary were the most significantly
enlarged, and the difference in the size of the thymus and spleen was evident by 4
weeks of age. The possibility of an endocrine contribution to the increased size of
p27-null mice was also ruled out, since the mean serum levels of growth hormone
(GH), insulin-like growth factor (IGF)-1, and IGF-1-binding protein were not
significantly different from normal mice (Kivyokawa et al. 1996). This suggests that
the observed increase in size of organs is a result of increased numbers of cells that
probably arose due to the absence of p27 to limit their proliferation.

3.3.2 Abnormalities of the Thymus in p27-Null Mice

The thymus of p27-null mice is grossly enlarged and sometimes covers the heart. In
spite of the increased size of the thymus, the profiles of CD4/CD8 and aff T cell
receptor are normal in the knockout mice. Furthermore, histopathological exam-
ination of the thymus reveals relatively normal architecture (NAKAYAMA et al.
1996), ruling out lymphoid malignancy as the reason for the increase in size. All
populations of thymocytes are found to expand proportionately in the p27-null
mice. One group detected an increase in the percentage of thymocytes in S phase of
the cell cycle from a mean of 10% in normal mice to about 26% in p27-null mice
(Kivokawa et al. 1996). No differences are apparent in the sensitivity of thymo-
cytes from p27-null mice to spontaneous, y-irradiation or dexamethasone-induced
apoptosis. Taken together, these data suggest that the increased numbers of thy-
mocytes in p27~/~ mice are due to increased cell proliferation rather than decreased
cell death (FERrO et al. 1996).

Previous studies indicated that IL-2 treatment reduces the levels of p27 in
peripheral T cells, suggesting that p27 affects the proliferation of T cells (NOURSE
et al. 1994). When T cells from the lymph nodes of p27 /=, p27*/~, and p27*/*
mice were tested for proliferation by anti-CD3 antibodies in the presence or ab-
sence of IL-2, all responded similarly. The absence of p27 does not augment the
response of the p27™/~ cells to mitogens, suggesting that either p27 exercises only a
minor restraint in these cells or that another CDI is functioning in these cells in lieu
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of p27. Similarly, TGF- treatment of T cells from the p27 '~ mice results in an
inhibition of proliferation, comparable in magnitude to the cells from normal mice
(NakAavama et al. 1996). The result is unexpected, since it had been fairly well
established that TGF-f-mediated inhibition of cell proliferation is mediated mainly
by p27. A possible interpretation of these results is that another CDI is functioning
in place of p27, probably as a result of adaptation to the missing p27.

In spite of the grossly enlarged structure of the thymus, there are no striking
abnormalities in the peripheral lymphoid organs. A few of the mice had approxi-
mately twofold more T cells in their spleen and lymph nodes, but the levels of B
cells were unchanged (FEro et al. 1996). It is notable that the majority of the
lymphocytes in the spleen and the lymph nodes remained in Gy phase, suggesting
that p27 was not necessary for maintaining these cells in the growth-arrested state
(Fero et al. 1996). It is possible that the increase in the numbers of lymphocytes is a
result of the increased number of cycles the precursors go through before exiting the
cell cycle, since p27 is absent to apply the necessary constraint in growth.

Although the peripheral blood counts of erythrocytes, neutrophils, monocytes,
and platelets of p27~'~ mice are comparable to normal mice, there are considerably
more hematopoietic progenitors of all types (FEro et al. 1996). There are increased
amounts of granulocyte—macrophage, erythroid, and megakaryotic progenitors in
both bone marrow and spleen. The increases are more pronounced in the spleen
than in the marrow. These observations suggest an increase in splenic cellularity
and may be indicative of a role for p27 in early stages of cell lineage determination.

3.3.3 Pituitary Hyperplasia in P27~ Mice

"Adenomas of the pituitary gland are observed in p27 null mice along with general
hyperplasia (Nakayama et al. 1996; Kivokawa et al. 1996; Fero et al. 1996). The
pituitaries of the null mice weigh twice that of normal mice at 4 weeks of age. In one
set of mice, the intermediary lobes of the pituitary were found to be highly
hyperplastic, while the anterior and posterior lobes were relatively normal
(NAKAYAMA et al. 1996). About half of the p27-null mice in one set of experiments
developed pituitary adenomas originating from the intermediary lobes. There were
a large number of atypical cells in the intermediary lobe that showed irregularly
shaped nuclei and increased staining of the chromatin. Such atypical cells tended to
form cysts with extensive hemorrhage, sometimes leading to the formation of
hematoma. These features led to the diagnosis of these lesions as benign pituitary
adenoma (NAkAvyama et al. 1996). There were no signs of invasion or metastasis
even at 7 months of age.

Closer examination of the adenoma by electron microscopy confirmed the
finding that all the cells in the adenoma were derived from the intermediary lobe
(FERroO et al. 1996). The nuclei appeared to have more condensed chromatin than in
normal cells. The abnormal tissue stained positively for a-melanocyte-stimulating
hormone, B-endorphin, and adrenocorticotropic hormone, all products of the pars
intermedia. No staining was observed for hormones produced by the anterior lobe
of the pituitary in the adenomas (FErO et al. 1996; Kivyokawa et al. 1996).
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It is worth noting that mice heterozygous for the Rb gene also develop pitu-
itary tumors (Jacks et al. 1992; E.Y.-H. LEeE et al. 1992; WiLLiaMs et al. 1994a, b).
This could imply that Rb and p27 may be functioning in the same pathways of cell
cycle regulation, and their regulation is mandatory in specific tissues such as the
pituitary.

3.3.4 Reproductive System Abnormalities in p27~/~ Mice

p27~'~ mice have testes and ovaries twice the size of normal mice (NAKAYAMA et al.
1996). The testes have a normal architecture despite the considerable hyperplasia.
The males are fertile and were able to impregnate control females, suggesting that
normal development and function of spermatids occurs in the testes.

The female p27~'~ mice had prolonged estrous cycles, were infertile, and could
not carry pregnancy to term (NAKAYAMA et al. 1996; Kivokawa et al. 1996; FEro
et al. 1996). This occurs despite the fact that these mice are capable of mating, as
indicated by the appearance of vaginal plugs. Mice killed 3.5 days after the for-
mation of the plug were found to have morula-stage embryos; these embryos de-
veloped normally when transferred to pseudopregnant normal mice. This result
suggests that ovulation and fertilization do occur in p27~/" mice and that these
processes do not require p27 (Kivokawa et al. 1996).

Defects in normal hormonal responses are suspected to cause the inability of
the p27~/~ mice to carry pregnancy to full term. Since corpus luteum formation
plays a major role in secreting progesterone and other hormones required for
normal pregnancy, its status was evaluated (Kivokawa et al. 1996). In normal
mice, granulosa cells differentiate into progesterone-secreting luteal cells, and
progesterone can be detected in the corpus luteum but not in the granulosa cells. In
contrast, ovaries of p27_/7 mice have defective formation of the corpus luteum,
strongly suggesting that the transition of proliferating granulosa cells into differ-
entiated and growth-arrested luteal cells requires p27 (Kivokawa et al. 1996).

3.3.5 Effects of p27 Knockout on the Retinal Structure

The retinas of p27 '~ mice display a significant disorganization of the cellular layer
pattern in the neural retina (NAKAYAMA et al. 1996). The outer granular layer,
which consists of nuclei of photoreceptor cells, invaded the layer of rods and cones
beyond the outer limiting membrane. To elucidate the cause of this highly focused
abnormality, the expression pattern of p27 in the retina was examined immuno-
histochemically. Specific expression of the p27 was detected in the photoreceptor
cells of normal mice. This lends support to the notion that the absence of p27 leads
to the disorganization of the cellular layer of the retina (NAKAYAMA et al. 1996).

The finding that p27~'" mice have defective retinas is striking in the context of
normal Rb function, since Rb inactivation leads to retinoblastomas reminiscent of
the type seen in p27 '~ mice (JAcks et al. 1992; E.Y.-H. LeE et al. 1992). This
supports the hypothesis that, at least in some tissues, p27 and Rb regulate cell
proliferation via the same pathway.
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3.3.6 Growth Arrest Is Normal in p27_/ ~ Fibroblasts

Mouse embryo fibroblasts prepared from normal or p27~/~ mice grow normally
and at comparable rates (NAKAYAMA et al. 1996). GG-phase arrest occurs in both
cell types following contact inhibition, serum deprivation, y-irradiation, and
chemical inhibition of the cell cycle. These observations, although surprising,
suggest that growth arrest by these treatments does not require p27 or that, in these
cells, another CDK inhibitor is performing the inhibitory function normally per-
formed by p27.

3.3.7 Mechanism of Cyclin-Dependent Kinase Inhibition by p27

It 1s well established that p21 and p27 bind to cyclin—~CDK complexes and inhibit
their activity, unlike the INK4 family inhibitors, which prevent CDK from binding
to cyclins. Resolution of the crystal structure of the amino-terminal 69 amino acids
of p27 bound to the cyclin A—p27 complex has provided important mechanistic
insights into the physical basis of p27 action (Russo et al. 1996). It is apparent that
the peptide is draped across the top of the two subunits in an extended confor-
mation. The furthest amino-terminal region that contains a conserved LFG motif
interacts with a binding pocket of cyclin A (Russo et al. 1996; MoRGAN 1996). The
carboxy-terminal region of the p27 peptide disrupts the configuration of the cdk2
kinase and binds to the catalytic cleft, preventing the binding of ATP. It appears
that the binding of p27 to cyclin—cdk2 completely alters the configuration of the
kinase and ensures the complete inhibition of function by multiple interactions
(Russo et al. 1996).

4 Cyclin-Dependent Kinase Inhibitor pS7KIP2

pS7KIP2 is a structurally distinct member of the p21/p27 family cloned using two
different approaches (M.H.J. LgE et al. 1995; MATsuoka et al. 1995). Low-strin-
gency screening of a mouse cDNA library using a p21 probe yielded a mouse
c¢DNA that was distinct from p21 and p27 (M.H.J. LEE et al. 1995). A modified
yeast two-hybrid system was also used to identify mouse proteins that interact with
cyclin Dy, resulting in the isolation of the p57KIP2 clone (MATSUOKA et al. 1995).
This clone was then used to screen a human cDNA library to obtain the corre-
sponding human gene, which has structural features different from the mouse
protein.

The mouse p57 protein has a predicted length of 348 amino acids and has four
distinct amino acid sequence domains (M.H.J. LEE et al. 1995). The amino-terminal
domain has the maximum amount of sequence homology to p2l and p27 in a
region that has been shown to be necessary and sufficient to inhibit CDK activity.
This is followed by a proline-rich region that has a series of alternating prolines.
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The third domain is highly acidic, and every fourth residue is glutamic or aspartic
acid. A carboxy-terminal domain is also evident that has homology to the C ter-
minus of p27 and contains a QT box (M.H.J. LEE et al. 1995).

The human p57KIP2 homologue is 316 amino acids long and shares the
amino- and carboxy-terminal domains with the mouse protein (MATSUOKA et al.
1995). In the place of the two internal domains, there is an alternating repeat of
proline-alanine residues, termed the PAPA repeat, the function of which is un-
known. A differentially spliced form of human p57 is also observed that has amino
acid residues 1-96 corresponding to the CDK-binding domain (MATSUOKA et al.
1995). It is possible that different spliced forms of human and mouse p57 messages
exist, but it is not clear whether they differ in function. p57 is a nuclear protein and
contains a putative nuclear localization signal toward the C-terminal region of the
protein.

p57KIP2 can bind to cyclin-CDK complexes in a cyclin-dependent manner
(MATsuoKaA et al. 1995). Tt can efficiently bind cdk2, cdk3, and cdk4, but binds
weakly to the cdk6-cyclin D, complex. There is no detectable binding to cyclin H-
cdk7 (MAaTsuokaA et al. 1995). p57 inhibits the kinase activity of cyclin E—cdk2,
cyclin A-cdk2, cyclin E—cdk3, and cyclin Dy-cdk4 complexes (M.H.J. LEE et al.
1995; MATSUOKA et al. 1995). The inhibitory effects on cyclin B—cde2 and cyclin
D,—cdké6 complexes are marginal. Consistent with the inhibition of CDK activities,
overexpression of pS7KIP2 leads to an arrest of the cell cycle in the G, phase
(M.H.J. LEE et al. 1995; MaTsuokaA et al. 1995). Unlike p21, there is no induction
of p57 by the p53 protein (MATSUOKA et al. 1995).

4.1 Differentiation and Development

p57 displays tissue-specific expression patterns and is not ubiquitously expressed
like p21 and p27 (M.H.J. LgE et al. 1995; MaTtsuoka et al. 1995). This gene is
expressed in heart, brain, lung, skeletal muscle, kidney, pancreas, and testis, as
determined by northern blot analysis of human RNA. The maximum level of
expression is in the placenta, with low to undetectable RNA levels in liver and
spleen. The major transcript is approximately 1.5-1.7 kb long, but a 6- to 7-kb
transcript is also apparent in certain tissues. The relevance of this larger transcript
is not known, since it cannot be detected when a probe for the CDK-binding
domain is used (M.H.J. LEE et al. 1995).

The in vivo expression of p57 message has been examined during mouse em-
bryogenesis (MATSUOKA et al. 1995). p57 is expressed in brain, lens epithelium,
Rathke’s pouch, and the otocyst. Expression is also abundant in the dermamyo-
tome and later in skeletal muscles and cartilage of the cervical region and forelimbs.
The expression pattern of p57 appears to loosely correspond with that of p21,
although in tissues such as brain, epidermis, hair follicles, and eyes there is no
overlapping expression. These results indicate a good correlation between p57 ex-
pression and the differentiated state of cells during development (MATsuoka et al.
1995). It is reasonable to conclude that p57 does indeed play a role in the exit of
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cells from the cell cycle and contributes to the process of terminal differentiation
during mouse development.

5 INK4 Family of Cyclin-Dependent Kinase Inhibitors

The first member of the INK4 family of CDI was cloned using a yeast two-hybrid
system with cdk4 as the bait and turned out to be a gene coding for an 148-amino
acid polypeptide referred to as p16 (SERRANO et al. 1993). The most striking feature
of this protein is the presence of four tandemly repeated ankyrin repeats, each
approximately 32 amino acids in length. p16 has been shown to be a strong in-
hibitor of cyclin D—cdk4 kinase and bound the respective CDK directly (SERRANO
et al. 1993). There is no binding to cdk? when examined by co-immunoprecipita-~
tion. This finding was confirmed by performing a yeast two-hybrid analysis, which
indicates that p16 can bind efficiently to cdk4, but cannot bind to cdk2, cdkS5, edc2,
or PCNA. Further experimentation demonstrated that pl6 can bind to cdké,
thereby inhibiting its activity. Three additional members of this family have been
cloned and characterized (p15INK4B, p18INK4C, and p19INKA4D), all possessing
the characteristic ankyrin repeats (HANNON and BEacH 1994; K. GuAN et al. 1994;
CHAN et al. 1995; Hirai et al. 1995).

pl16INK4A and pI5INK4B are tandemly linked on chromosome 9p21 (HAN-
NoN and BeacH 1994), a region that sustains loss of heterozygosity and homozy-
gous deletions in multiple human tumors (KAMB et al. 1994; Nogori et al. 1994,
Okowmorto et al. 1994). The pl6 locus gives rise to two distinct transcripts from two
different promoters. Both transcripts possess a distinet 5’-exon, Ela or Elb, which
is spliced on to two common exons, E2 and E3 (Duro et al. 1995; StonE et al. 1995;
QuELLE et al. 1995a, b). The Ela-containing transcript encodes pl6INK4A, and the
E1B-containing transcript encodes pl9ARF (alternate reading frame). pl9ARF
appears to arrest cell cycle both at G,/S and at G,/M phase, probably through
mechanisms distinct from cdk4 inhibition (QUELLE et al. 1995).

pl5 expression is induced about 30-fold by TGF-f in human keratinocytes,
suggesting that it may play a role in TGF-fB-mediated growth arrest (HANNON and
BeacH 1994). p135 appears to be as specific as pl6 in its ability to target cyclin D-
cdk4/cdk6 kinase activities. Thus it appears that different INK4 proteins may
function to induce cell cycle arrest, but may do so under different physiologic
conditions in response to different signals. pI§INK4C and p19INK4D are located
at different loci, 1p32 and 19p13, respectively (Guan et al. 1994; Cuan et al. 1995).

pl6 is mutated in the majority of cultured human tumor cell lines, but the role
of p16 inactivation in the genesis of human cancer has been questioned. It has now
been confirmed that pl6 is inactivated by deletions, rearrangements, or point
mutations in many primary tumor types, especially acute lymphocytic leukemia
(ALL) and melanomas (Duro et al. 1996; Okupa et al. 1995b; HEBERT et al. 1994).
Inactivation of pl6 by chromosome translocations has been observed in certain
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cases (Duro et al. 1996), and there is evidence suggesting that p16 is inactivated by
methylation of a CpG island spanning exon 1 and part of exon 2 in colon cancer
(GonNzALEZ-ZULUETA et al. 1995).

Early studies indicate that the p16 gene is overexpressed in tumor cell lines that
lack a functional Rb gene (SERrRANO et al. 1993; Parry et al. 1995; Uski et al.
1996). Since p16 can inhibit only cdk4 and cdk6, and its only known substrate is the
RD protein, it is proposed that the major function of pl6 in the cell is to maintain
Rb in a functional state. This could explain the abundance of pl6 in cells lacking
Rb; since there is no Rb to be inactivated, there might not be any need for cdk4/
cdk6 activity to be present in the cell, and the excess p16 functions to maintain cdk4
in an inactive state (for a review, see in SHERR and RoBERTS 1995). Support for this
idea comes from the observation that pl6-mediated inhibition of cell cycle pro-
gression is completely dependent on the presence of a functional Rb protein (LUKAS
et al. 1995). This was demonstrated by microinjection of a wild-type or mutant p16
into human fibroblasts, resulting in an enrichment of cells in G; phase in the
presence of wild-type pl16. In contrast, transfection of p16 has no effect on Saos-2
cells that lack a functional Rb gene, but there is a significant increase in Gy-phase
cells when transfected into SKLMS-1 and U20S cells (Lukas et al. 1995; Tam et al.
1995). Similar results have been obtained using mouse cell lines, in which p16 can
inhibit 3T3 cells or mouse embryo fibroblasts from dividing, but cannot induce a
G,-phase arrest of fibroblasts derived from RB™™ mice.

Consistent with the idea that pl6 contributes primarily to maintenance of Rb
in a functional state, the pl6 and Rb genes are mutated in different subsets of
tumors, and their inactivation is totally mutually exclusive. Since the main function
of p16 appears to be to maintain Rb in a functional state, it can be envisioned that
there is no need for mutating two genes that function in the same pathway to
control cell cycle. Alternatively, mutating the p16 gene will lead to an inactivation
of Rb by cdk4/cdk6, which would be equivalent to a mutation of the RB gene.
Similarly, if the Rb gene is mutated in a cell, the presence of functional cdk4 would
be superfluous, and hence an inactivation of p16 would not be necessary.

The role of pl6 in tumor suppression became more apparent when it was
shown that tumor-derived mutant p16 alleles are defective in cell cycle inhibition
(Kon et al. 1995). Out of nine different alleles derived from tumors, four were
completely impaired in their ability to induce cell cycle arrest; two were similar to
the wild-type allele, and three had intermediate activities. Two of the mutants with
the intermediate levels of growth suppression were completely effective in inhibiting
cdk4 kinase activity; the third had no apparent effect on cdk3 activity, but could
bring about intermediate levels of growth suppression (Kon et al. 1995). These
observations might indicate that, although the ability of p16 to inhibit cdk4 activity
is primarily responsible for effecting growth suppression, additional steps or
pathways are also necessary for pl6 to exert complete inhibition of cell prolifera-
tion.

pl6 has a profound inhibitory effect on Ras-induced proliferation and trans-
formation of REF-52 cells. Microinjection of a plasmid encoding activated Ha-ras
(V12 Ras) induces S-phase entry and DNA synthesis effectively in REF-52 cells, but
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this response can be effectively blocked by a p16 expression vector (SERRANO et al.
1995). An antisense pl6 vector cannot block the S-phase entry. The specificity of
the inhibition of V12 Ras-induced proliferation by pl6 was tested by including a
catalytically inactive cdk4, cdk4-K35M. This mutant cdk4 binds p16 efficiently, but
cannot phosphorylate Rb. Microinjection of this mutant along with pl6 signifi-
cantly relieves pl6-induced repression of cell proliferation, suggesting that pl6
functions mainly by targeting cyclin D—cdk4 kinase (SERRANO et al. 1995). An
interesting observation in this study is that p16 can effectively block transformation
by c-myc plus V12 Ras, but has no effect on transformation induced by adenovirus
El1A plus V12 Ras. These results provide further evidence that Rb is the major
functional target of pl6, and once Rb is inactivated by E1A, p16 has no effect as a
growth suppressor (SERRANO et al. 1995). Thus multiple lines of evidence place pl16
as a growth suppressor that functions upstream of Rb in the same pathway.

5.1 p16 and Cellular Differentiation

CDK and CDI play important roles in myogenic differentiation. Studies carried out
in Andrew Lassar’s laboratory indicate that cyclin D-CDK complexes can phos-
phorylate and inactivate MyoD (SkAPEk et al. 1995). Although MyoD is present in
myoblasts at all stages of the cell cycle, its differentiation-inducing effects are re-
stricted to G, phase of the cell cycle. Transient transfection of cyclin Dy, but not
cyclins A, By, B, or E, inhibits the ability of MyoD to induce muscle-specific genes
as well as a myogenic phenotype. Ectopic expression of pl6 or p21 can reverse
cyclin D-mediated inhibition of MyoD function as well as differentiation (SKAPEK
et al. 1995). These results suggest that cyclin D inhibits MyoD function by a CDK-
dependent mechanism and that inhibitors of this kinase may play a role in facili-
tating the process of differentiation. However, it is worth noting that earlier studies
indicate a definitive role for Rb and Rb family members in myogenic differentia-
tion; it is therefore possible that the effects of cyclin D and pl6 occur via the Rb
pathway (Caruso et al. 1993; Y. Gu et al. 1993; SCHNEIDER et al. 1995).

5.2 Role of p16 in Development

To define the role of p16 during murine development, mice were engineered with a
targeted deletion of the pl6 gene (SERRANO et al. 1996). These mice lack both pl6
and the pl9ARF products, since exons 2 and 3 are deleted. Surprisingly, the ho-
mozygous null mice are viable and fertile, and there are no gross phenotypic
changes. The pl6-null mice have a slightly lighter coat color, but it is not clear
whether the pl6 gene contributes to this phenotype. Organs from pl6~/~ mice are
normal, although there appears to be a slight proliferative expansion of the white
pulp of the spleen, and there are megakaryocytes and lymphoblasts in the red pulp
(SERRANO et al. 1996). These features are consistent with abnormal extramedullary
hematopoiesis in the spleen of young mice. It is possible that pl16 can negatively
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regulate the proliferation of some hematopoietic progenitors or their lineages.
Other than this, there appears to be no abnormalities in the development of the p16
null mice.

5.3 Tumor Susceptibility of p16-Null Mice

The role of pl6 in tumor suppression was ascertained by exposing heterozygous
intercrosses to different carcinogens and comparing their susceptibility to that of
wild-type, heterozygote, and null mice (SERRANO et al. 1996). Over 500 mice,
ranging in age from 1 to 10 months and representing all three genotypes, were
monitored for tumor development after exposure to 9,10-dimethyl-1,2-benzan-
thracene (DMBA), irradiation with UVB, or a combination of both treatments.
Ninety percent of pl6~/~ mice exposed to the combined carcinogen treatment
showed obvious tumors or compromised health. In comparison, only 13% of the
heterozygotes and none of the wild-type littermates exhibited signs of tumors or
disease. The average latency for confirmed tumors in the p16™/~ mice was 9 weeks,
whereas the pl6™/~ mice showed a latency of about 15 weeks. In the group of
animals treated with DMBA alone, the survival rate was better than in those
exposed to DMBA and UVB; those exposed to UVB alone behaved similarly to
wild-type mice (SERRANO et al. 1996).

Although the p16~/~ mice develop a wide spectrum of tumors, they are dom-
inated by two categories of tumors. One type develops in the subcutis and invades
the underlying musculature; it consists of anaplastic spindle cells and is probably a
form of fibrosarcomas. The second category of tumors exhibits a more general
distribution and is lymphoid in nature. The architecture of the affected lymph
nodes is effaced by small, round cells with hyperchromatic nuclei and displays
positive staining with CD45 and B220 markers. Since these cells do not react with
anti-CD?3, the tumors appear to be B cell lymphomas. The spectrum of tumors in
p16™/~ mice exposed to carcinogens is same as those in mice not exposed to car-
cinogens. Carcinogen exposure does not alter the spectrum of tumors, but renders
the mice more susceptible to carcinogenesis.

5.4 Properties of p16"/ ~ Mouse Embryo Fibroblasts

Cultures of mouse embryo fibroblasts from pl16™'~ mice are indistinguishable from
p16*/" mouse embryo fibroblasts, except that they grow faster and achieve higher
saturation densities (SERRANO et al. 1996). Analyses of the different cell cycle stages
of the pl6™/~ fibroblasts indicate a moderate increase in the S-phase population
accompanied by a corresponding decrease in the Go/G; cells. It is also apparent
that p16 /™ early-passage fibroblasts form colonies more efficiently that wild-type
ones, suggesting that p16™~ cells can overcome senescence more easily than wild-
type mouse embryo fibroblasts. This conclusion is supported by the observation
that, unlike normal mouse embryo fibroblasts, pl6~/~ cultures maintained a rapid
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and constant growth rate, and a slow-growing senescent stage was not reached even
after 25 passages.

Studies were performed to evaluate the susceptibility of pl6™~~ fibroblasts to
oncogenic transformation. Normal primary cell lines require two separate onco-
genes to cooperate and induce transformation. Transfection of Ha-Ras or myc into
early-passage pl6*/" or "/~ cells does not produce any morphologically trans-
formed foci. Surprisingly, introduction of Ha-Ras alone into the p16™ cells in-
duces the formation of foci. In contrast, the c-myc gene is unable to induce foci
formation by itself in p16™/~ fibroblasts. Further evidence that a single oncogene
can induce foci formation was provided using activated Raf-1 (Raf-1 BXB), which
is as efficient as Ha-Ras in foci formation. Raf-1 BXB cannot generate foci for-
mation in normal mouse embryo fibroblasts. These findings suggest that pl6 in-
activation can cooperate with activated Ha-Ras to induce transformation and that
loss of p16 may represent an immortalization event. On the whole, the studies using
pl6-null mice confirm the hypothesis that pl6 is a major regulator of cell prolif-

eration and that it can function as a true tumor suppressor gene (SERRANO et al.
1996).

6 pISINK4C

pI8INK4C was first cloned using a yeast two-hybrid system to identify proteins
that interact with cdk6 (K. Guan et al. 1994). A gene corresponding to an
18 116-kDa protein was isolated using this strategy and displays 38% sequence
homology to pl6 over a 152-amino acid region and 42% identity to pl5 over a 129-
amino acid span. The p18 gene has homology to the human Notch family of genes,
especially TAN-1, in the ankyrin repeat region. It is not clear whether the ankyrin
repeat of pl8 is functionally distinct in any fashion from those of other INK4
proteins. Like p16, p18 can associate with cdk4 and c¢dk6 in vitro and in vivo and
can inhibit their kinase activity (HIrAI et al. 1995). Northern blot analysis indicates
five distinct p18 transcripts, whose tissue distribution varies considerably (K. Guan
et al. 1994). The significance of this observation is presently unclear. p18 induces a
G -phase arrest similar to pl6, and its growth-inhibitory effects depend on the
presence of a functional Rb gene. The role of p18 in differentiation and develop-
ment remains to be elucidated.

7 p19INK4D

An orphan steroid receptor Nur 77 has been identified that induces T cell receptor-
mediated G-phase arrest and apoptosis (CHAN et al. 1995). Attempts to clone
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proteins that interact with Nur 77 using a yeast two-hybrid screen lead to the
cloning of a gene with considerable similarity to pl6INK4A, termred pl9INK4D.
The human and mouse pl9 genes are highly homologous and show 81% identity
(CHAN et al. 1995). The deduced sequence of human pl19 has 48% identity with p16
over a stretch of 130 amino acids; sequence comparisons with other INK4 proteins
strongly suggest that p19 is indeed part of the INK gene family. Its association with
the Nur77 protein and the functional consequence of such an interaction is still a
mystery (CHAN et al. 1995).

p19 can associate with cdk4 in vitro, but not with cdk2, cdc2, or cyclins A, B,
D, and E. It can inhibit cyclin D—cdk4 activity, but not cyclin E—cdk2, and can
associate with cdk4 and cdk6 in vivo. Ectopic expression of pl19 can induce a G-
phase arrest (Hiral et al. 1995). The dependence of p19 on Rb protein for inducing
growth arrest is not clear. Cell cycle analysis of pl9 expression in cultured mac-
rophages and fibroblasts indicates that the p19 protein is induced during S phase.
Since p16 is not significantly modulated during the cell cycle and cannot be detected
in many mouse tissues, it has been suggested that pl9, rather than pl6, may
function to regulate the cell cycle in specific mouse tissues (Hiral et al. 1995; CHAN
et al. 1995). The role of p19 in cellular differentiation and development is currently
unknown.

8 Future Outlook

The identification of CDI provides a mechanistic framework for examining how
CDK are functionally inactivated without cyclin degradation. The activation of
CDI occurs when a cell is induced to stop its normal cycling and growth arrest,
such as p21 induction as a function of DNA damage and differentiation, p27
induction following cell-cell contact, and elevated pl5 expression in T cells exposed
to TGF-B. The absence of these important negative cell cycle regulators can be
envisioned to induce numerous adverse consequences for a cell, including increased
potential for generating mutations and fostering genomic instability, uncontrolled
cell division leading to cancer progression, possibly culminating in metastasis, and
lack of growth control resulting in altered programs of differentiation.

The development of eukaryotic organisms is contingent upon the appropriate
temporal formation of functionally differentiated tissues. For most tissue types, the
molecular and biochemical mediators of cell lineage determination that are re-
sponsible for terminal differentiation and development are not known. In the case
of specific differentiation programs, such as skeletal myogenesis and adipogenesis,
genes that can function as direct inducers of the differentiated phenotype have been
identified, cloned, and characterized. A property shared by all terminally differ-
entiated cells is an inability to reenter the cell cycle, even in the presence of mito-
genic stimuli. Regulation of cell cycle progression is controlled at multiple levels,
including the quantity and status of phosphorylation and dephosphorylation of



94 S.P. Chellappan et al.

CDK and the concentration of specific CDI. In this review, we have attempted to
survey those studies leading to the conclusion that CDI are important molecules in
the differentiation process of specific target cells and in development. What is most
apparent from the various studies, particularly those involving null phenotype
mice, is that the various CDI may have redundant and overlapping properties in
regulating and maintaining cell differentiation and development.

Specific CDI can directly suppress the growth of cancer cells. In this context,
these molecules may prove useful for the targeted therapy of specific malignancies.
This strategy has been used with some preliminary success by incorporating CDI,
such as p21, in adenovirus vectors. Infection of human cancer cells, including breast
and lung carcinoma and melanoma cells, with p21-expressing replication-defective
adenoviruses (Ad.p21) results in the loss of tumorigenic potential. Moreover, in-
jection of Ad.p21 directly into tumors or peritumorally can induce a suppression in
established human tumor xenografts in nude mice. By using specifically engineered
CDI and tissue-specific expression vectors, it may also be possible in the future to’
specifically target CDI for defined therapeutic applications. In addition, CDI may
prove useful as markers for the induction of a chemotherapeutic response in cancer
cells and as diagnostic indicators for induction of specific differentiation programs.

An understanding of cell cycle on a molecular and biochemical level will
provide new opportunities for comprehending cancer and may identify important
new target molecules for preventing tumor development and progression. The
combination of this information and the continued improvement in gene-based
therapies and small-molecule approaches for cancer therapy should result in
valuable methodologies for improving the negative prognosis associated with many
human malignancies.
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1 Introduction

In the field of molecular genetics, analysis of mutant organisms has long been a
powerful tool to understand the physiological function of a gene. Owing to the
development of sophisticated vector systems, in combination with the establish-
ment of mouse embryonic stem (ES) cells, targeted mutagenesis of a mouse gene is
now widely used to “knock out™ any gene of interest to obtain knowledge of its
function. This review focuses on the approaches using knockout mice to under-
stand the physiological function of the cyclin-dependent kinase (CDK) inhibitors.

2 Creation of Knockout Mice

Two of the most important conditions to successfully generate a knockout mouse
strain are the establishment of an ES cell culture from mouse embryos and the
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appropriate choice of recombination vector. ES cells are derived from mouse em-
bryos 3.5-days postcoitum and arise from the inner cell mass of the blastocyst
(ABBONDANZO et al. 1993). The ability to culture ES cells for many passages without
loss of totipotentiality allows these cells to contribute to virtually all the tissues of
an animal when injected back into a host blastocyst. In addition, the appropriate
choice of vector for homologous recombination can reduce the time required to
screen for ES clones carrying the mutation of interest. The technique of positive/
negative selection, pioneered by Cappecchi and colleagues (MANSOUR et al. 1988),
has gained wide acceptance, while other strategies such as “promoter-less’ vectors
and “polyA-less” vectors have their own advantages, as discussed elsewhere
(RaMIREZ-SoLis et al. 1993).

Positive/negative selection relies on isolating ES cells resistant to both G418
and ganciclovir. The targeting vector contains a neomycin resistance (neo) gene
within homologous regions of the target sequence and a herpes simplex virus
thymidine kinase (TK) gene outside these regions. The construct we used to target
the p27%P' gene is shown in Fig. 1. Resistance to G418 indicates the presence of the
neo gene. Resistance to ganciclovir indicates the absence of the TK gene. Other
genes with similar positive or negative selection features can be used. If site-specific
recombination occurs, then integration of neo and elimination of 7K will be ob-
served. In contrast, if random integration occurs, then both neo and TK could be
integrated. Legitimate homologous recombination in the selected ES clones is later
confirmed by Southern blotting or polymerase chain reaction (PCR). Although the
use of positive/negative selection does not eliminate the selection of false positives,
it can facilitate the screening procedure five- to tenfold. Following transfection and
selection, the appropriately integrated target creates an ES clone with both mutant
and wild-type alleles of the target gene, if the locus is on a somatic chromosome.

Fig. 1. Structures of the mouse p27%"! gene and a targeting vector for homologous recombination. The
coding exons are shown as closed boxes, and the region used as a probe for Southern analysis is indicated.
Neo, neomycin resistance gene; TK, herpes simplex virus thymidine kinase gene. The inserted Neo gene
has the opposite transcriptional direction to the p27¥™! gene
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The contribution of injected ES cells to the germ cells of chimeric animals is the
key to the establishment of a mutant mouse strain. The contribution of ES cells to
the chimera depends on various factors (for a review, see ABBONDANZO et al. 1993),
including the strain, state of sex- chromosomes, and culture condition of ES cells as
well as the strain and preparation of host blastocysts. Most widely used ES lines
have an XY genotype, because male ES cells tend to dominate the development of
chimeric animals when injected into a female blastocyst. To facilitate analysis
of chimeras, donor ES cells and recipient host blastocysts are derived from strains of
mice that differ in coat color. Typically, ES cells derived from homozygous agouti
129/Sv mice are introduced into host C57BL/6 embryos that are homozygous for
black coat color, although combinations of other strains- of mice can be used.
Chimeric animals have mixed coat color, because they contain cells originating from
both the ES donor and the embryo recipients. Extensive chimeras, those mice with a
large contribution of agouti ES cells, are likely to have substantial numbers of germ
cells contributed by the injected ES cells. The ability to transmit the information in
the agouti ES cell is assessed by crossing chimeric males with C57BL/6 females.
Because agouti is dominant to black, agouti offspring indicate that ES cell-derived
genetic information is transmitted through the germ line. Genotypes of the agouti
offspring are subsequently determined by Southern blot or PCR. Homozygous mice
are obtained from intercross breeding of heterozygous mice. It is important to note
that these mice have a hybrid genetic background, in this case 129/Sv x C57BL/6,
which might affect penetrance of phenotypes in the mutant animal.

3 ‘Analyses of the In Vivo Expression of the CDK Inhibitors

There are two gene families of CDK inhibitors. The Cip/Kip gene family currently
consists of three members, i.e., p21€PY/Wall/Sdil/Cap20 y57Kipl "y p578iP2 and the
Ink4 family has four members, i.e., p16'“k4A/MTS', plS'“MB/MTSZ, p181“k4c, and
p19lnk4D (for a review, see SHERR and RoBERrTS 1995). The Cip/Kip proteins inhibit
all Gj-phase CDK, whereas the Ink4 proteins are specific inhibitors of cyclin D-
dependent kinases CDK4 and CDK6. Although other chapters cover the bio-
chemistry and cell biology of these inhibitors, we will mention the essential points
related to the in vivo roles of these proteins. To define the in vivo function of a
gene, one of the critical studies is to determine the expression of the gene product in
the wild-type animal. As organs are composed of many different types of cells, it is
important to examine the expression histologically. Published studies of the CDK
inhibitors using in situ hybridization are limited to p21 (PARKER et al. 1995) and
p57 (MATsuoka et al. 1995). During mouse embryogenesis, both p21 and p57
mRNA are highly expressed in dermomyotome at gestational days 8.5-10. High
expression of p21 mRNA was detected in muscle, cartilage, epidermis, and nasal
epithelial cells of mouse embryos. pS7 mRNA is expressed highly in muscle, car-
tilage, brain, and lens epithelium of the eye during embryogenesis. In adult mice,
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p21 is highly expressed in liver, muscle, and the epithelium of intestine and stom-
ach, while p57 expression is observed in kidney, muscularis mucosae in stomach,
and muscle. In general, the expression of p21 and p57 is correlated with exit from
the cell cycle during terminal differentiation, although these two molecules have
distinct patterns of expression in most tissues.

In many cell lines, the abundance of p27 mRNA does not reflect the abundance
of p27 protein (Soos et al. 1996). Consequently, it is important to examine the
tissue distribution of p27 protein rather than its mRNA. We and others detected
p27 protein in extracts derived from all organs of adult mice (Kivokawa et al. 1996;
FEro et al. 1996; Nakayama et al. 1996). However, the amount of p27, on a per
microgram basis of the extract, varied widely. The amount of p27 was the highest in
the thymus and spleen, tissues in which most of the cells are undergoing post
partum cell fate determination. Immunohistochemistry has shown that, during
thymic development, p27 protein level decreases as thymocytes resume prolifera-
tion following successful recombination of the T cell receptor (TCR)-f chain
(HorrFmMaN et al. 1996). In the ovary, the amount of p27 protein markedly increases
as the granulosa cells in the follicle differentiate into the luteal cells with cessation
of proliferation (Kivokawa et al. 1996). These observations are consistent with the
hypothesis that p27 regulates entry into and withdrawal from the cell cycle during
post partum determination of cell fate.

4 Checkpoint Protein p21<™*!

In wild-type mice, a strong correlation has been shown between the expression of
p21 mRNA and terminal differentiation during embryonic development (PARKER
et al. 1995). Two additional observations further suggest a role for p21 in muscle
differentiation; first, introduction of the muscle-specific transcription factor myoD
into nonmyogenic cells induces muscle differentiation and a concomitant increase
in the transcription of p21 (HALEvY et al. 1995); second, myoblast differentiation is
prevented by ectopic cyclin D expression, which may activate CDK4 beyond the
inhibitory threshold set by p21 (SkAPek et al. 1995). Involvement of p21 in dif-
ferentiation is also supported by observations that introduction of p21 induces
differentiation in neurogenic and hematopoietic cell lines (KRANENBURG et al. 1995;
Liu et al. 1996). However, mice lacking p21 develop normally (BRUGAROLAS et al.
1995; DENG et al. 1995). This might be attributed to functional redundancy, al-
though the redundant molecules have not yet been determined.

The lack of a phenotype in p2i-knockout mice does not suggest a develop-
mental role for the protein. It has been speculated that p21-mediated growth arrest
might be part of a p53-dependent checkpoint (EL-DEIRY et al. 1993; DuLic et al.
1994). Consistent with a checkpoint function, embryonic fibroblasts prepared from
p21-knockout mice fail to completely arrest in G; phase in response to DNA
damage and nucleotide pool perturbation (BRUGAROLAS et al. 1995; DENG et al.
1995). Moreover, p2l-deficient fibroblasts, as well as p53-deficient fibroblasts,
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reach higher saturation density than wild-type cells, especially at late passages.
These data suggest that p21 mediates p53-dependent growth arrest upon DNA
damage and nucleotide pool perturbation and plays a role in regulation of growth
kinetics of fibroblasts in culture. However, further comparison of the phenotypes of
P53~ and p217" mice indicates that p2] does not mediate all the checkpoint
functions of p53. In fact, other p53-dependent pathways, such as apoptosis and the
mitotic spindle checkpoint (Cross et al. 1995), are not affected in p21-deficient mice.

Theoretically, any CDK inhibitor may have a tumor suppressor function by
keeping quiescent cells from inappropriate reentry into the mitotic cycle. p21-
knockout mice do not display increased spontaneous tumorigenesis, whereas p53-
knockout mice have a rapid rate of early tumor formation (DONEHOWER et al.
1992). Consistent with the lack of tumorigenesis in p21-deficient mice, there is little
evidence for the involvement of p21 in human tumors (SHIOHARA et al. 1994; for a
review, see HiIraMA and KoerrFLER 1995) except a point mutation that results in
heterozygosity in a single Burkitt’s lymphoma (BHATIA et al. 1995). Nonetheless,
keratinocytes obtained from p21-knockout mice are highly sensitive to Ras-induced
transformation, and these tumors are much more aggressive than those from wild-
type keratinocytes with Ras (MISSERO et al. 1996), suggesting that p21 deficiency
could contribute to promotion of malignant tumorigenesis.

5 Functions of p27%iP!

Characterization of various primary cells and tumor-derived cell lines suggested
that p27 may play a critical role in regulating entry into and exit from the mitotic
cycle in response to extracellular signals. There is a correlation between growth
arrest and an increase in the CDK2 inhibitory activity of p27 either by an increase
in p27 protein or release of p27 from sequestration in the cyclin D-CDK complex
(for a review, see Korr and PorLvak 1995). As part of an inhibitory threshold, p27
may antagonize the S phase-promoting effect of CDK and affect the decision to
proliferate or withdraw from the mitotic cycle. Under in vivo conditions, mitogenic
and antimitogenic signals rarely affect the cells in an “all-or-none” fashion. In most
cases, there is crosstalk between signal-transduction pathways, which converge at
the cell-cycle machinery. At this point in G| phase of the cell cycle, the restriction
point, a cell makes a decision whether to enter S phase or withdraw from the cycle
(see Fig. 6). This stochastic event depends on the G;-phase CDK activity in each
cell, which reflects the expression of cyclins, CDK, and CDK inhibitors as well as
modifications of all of these proteins.

5.1 Growth-Regulatory Function

The creation of p27-deficient mice has revealed multiple functions of p27 in de-
velopment (Kiryokawa et al. 1996; FEro et al. 1996; NakavyAaMA et al. 1996). The



H. Kiyokawa and A. Koff

110

sort adA)1-prim Y3t uosiredwod up 0 OIUSFSUE)
[~1030B) [IMOIS SYI-UNNSUI O PUB ‘a0 OIUOFSULII-DUOULIOY IMOI5 ¢ ‘91Ul INONOOWY- 4y /7d © JO $94IN0 Imors aanejussalday -7 S1g

(syoem) aby (sxoom) aby (syoem) aby
8 9 14 A 0 8 9 14 2 ) 8 9 14 4 0
J | 1 1 ' L 1 1 i L L L 1
b} q e
adA)-piIIm edA1-plim edAi1-plim

biem Apog




Roles of Cyclin-Dependent Kinase Inhibitors 11

most obvious phenotype is that p27-deficient mice grow 20%-40% larger than
wild-type litter mates. Transgenic mice expressing either growth hormone (GH)
(PaLMITER et al. 1982) or insulin-like growth factor (IGF) I (MATHEWS et al. 1988)
grow larger than control mice (Fig. 2). During postpartum development from the
fourth week onward, GH secreted from the pituitary gland in response to hypo-
thalamic signals regulates postnatal body growth mainly by stimulating IGF I
expression in peripheral tissues. IGF I subsequently stimulates mitogenesis in many
tissues. Another growth factor, IGF 1, is restricted to a growth-promoting role
during embryonic development and growth in the first 3 weeks of postpartum
development. The growth rate of p27~'~ mice does not suggest that p27 gene
disruption affects these endocrine pathways. About 70% of p27~/~ mice are born
larger than control littermates, and the rate of growth appears to approximate
that observed in wild-type mice until the fourth or fifth week. At that time, the
wild-type growth rate begins to plateau, but the p27~/~ growth rate continues
upward until it begins to plateau by the sixth week. Furthermore, the other 30% of
the mice are born at the same weight as wild-type littermates, but by the fourth
week they are larger. In addition, neither IGF I nor GH secretion is affected in p27-
deficient mice. These observations imply that p27 disruption affects animal growth
by acting within cells to alter the balance between proliferation and withdrawal
from the cell cycle at critical periods of development rather than affecting the
hormonal axis. Consistent with this hypothesis, embryonic fibroblasts and T
lymphocytes isolated from p27-knockout mice are partially resistant to a growth-
inhibitory agent, rapamycin (Luo et al. 1996). p27-Deficient keratinocytes are also
partially refractory to transforming growth factor (TGF)-B-induced growth arrest
(Missero et al. 1996). In addition, in thymocytes undergoing post natal matura-
tion, there is an increase in the proportion of S-phase cells, and the differentiation
of granulosa cells to luteal cells is impaired in p27~/~ mice (see below). Thus p27
might be a critical molecule coordinating the cell cycle machinery and many de-
velopmental programs.

It is also important to note that, overall, the mouse embryonic fibroblasts
isolated from p27~'~ mice respond quite normally to anti-mitogenic conditions.
High density or serum starvation leads to Gj-phase arrest in p27-deficient fibro-
blasts similar to that observed in controls. Furthermore, p27-deficient fibroblasts
undergo senescence in a similar fashion to wild-type cells. These data suggest that
either redundant proteins or more likely redundant mechanisms compensate for the
loss of p27. Activation of CDK promotes S-phase entry, and many antimitogenic
signals lead to a rapid increase in the p27 level and a slower reduction in the
amount of cyclin or CDK protein. Consequently, loss of p27 simply prevents the
fast reaction, but cells may arrest due to an intact slow reaction.

5.2 Thymic Development

Extensive studies to identify discrete developmental stages of thymocytes using cell
surface markers have made it possible to study the details of cell cycle control
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during the multistep process of thymic development, such as TCR-P chain rear-
rangement, negative selection, and positive selection. Thymocytes in the process of
B-chain rearrangement are arrested in the Go/G, phase of the cell cycle, allowing
recombination to occur without deleterious effects. Upon successful recombination,
a signal (of unknown nature) is transduced and the cell enters S phase, undergoing
proliferative expansion. Correlating with expansion are a decrease in the amount of
p27, activation of CDK2 kinase, phosphorylation of the Rb gene product, and
expression of CDC2 protein (HorrmaN et al. 1996). The decrease in p27 suggests
that this protein may act within a checkpoint coupling intracellular DNA rear-
rangement with cell proliferation.

The disruption of p27 in mice leads to an increase in the number of mature T
lymphocytes, and there is an increase in thymocytes at virtually all stages of de-
velopment leading to a markedly enlarged thymus. Hyperproliferation, and not a
decrease in cell death, explains this phenotype. In situ bromodeoxyuridine (BrdU)
labeling has shown that, in the p27-deficient thymus, there is an increase in the
percentage of thymocytes in S phase. In contrast, apoptosis of thymocytes induced
by irradiation or dexamethasone is not affected by p27 disruption (Kivokawa et al.
1996). These data suggest that the intracellular amount of p27 may determine the
proportion of thymocytes in S phase during maturation.

5.3 Guardian of Quiescence

There is little evidence so far for genetic alterations of p27 in clinical tumors
(BULLRICH et al. 1995; PieTenpoL et al. 1995; Ponce-CAsTANEDA et al. 1995,
KawaMmaTa et al. 1995, Hirama and KoerrLER 1995). In mice, p27 disruption
results in nodular hyperplasia of the intermediate lobe in the pituitary gland with
complete penetrance. This benign hyperplasia continues to enlarge as mice become
older. These observations imply that in this lineage of cells p27 is indispensable for
maintaining quiescence. It has yet to be determined whether malignant transfor-
mation occurs in the hyperplastic pituitary gland of old mice. This is of great
interest, because loss of heterozygosity (LOH) in Rb™/~ mice results in pituitary
adenocarcinomas in the intermediate lobe (Hu et al. 1994). This suggests that p27
and Rb may be in the same genetic pathway or in closely interacting parallel
pathways that maintain quiescence of these cells in the pituitary gland. It is con-
sistent with this model that phosphorylation of Rb by G;-phase CDK abrogates the
growth-suppressive function of Rb (for a review, see WEINBERG 1995; also see
Fig. 5). It should be noted that loss of Rb causes more aggressive tumorigenesis
than loss of p27, implying that the pathway including p27 only partially regulates
the function of Rb. At present it is not clear why p27 deficiency results in con-
tinuous hyperplasia of this specific cell type, while other cells in p27-knockout mice
eventually stop proliferating following an increased proliferative period. Cells in the
intermediate lobe may depend on p27 to establish quiescence, possibly because they
lack other mechanisms to regulate G;-phase CDK activity.
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5.4 Female Fertility

Alteration in the decision of cells to proliferate could clearly affect alternative cell
fates such as differentiation. Moreover, continual proliferation of cells destined to
withdraw from the cell cycle might affect the entire organism by altering signaling
between organs. Indeed, it is likely that female infertility of p27-deficient mice is
due to a combination of impaired differentiation and defective signaling. NAKA-
yaMa et al. (1996) reported that the p27-deficient ovary did not develop mature
graafian follicles, suggesting a defect in ovulation. In contrast, we have observed
that p27-deficient females have spontaneous ovulation, although infrequently, and
fertilized oocytes develop normally at least up to the morula stage (Kiyokawa et al.

Fig. 3. Physiology of hormonal regulation in the hypothalamus-pituitary—ovary axis in mice. The amount
of p27Ki‘” and the proliferation activity during differentiation from granulosa cells into luteal cells are
shown below the ovary scheme. /II, third ventricum; GnRH, gonadotropin releasing hormone; LH,
luteinizing hormone; FSH, follicle-stimulating hormone; aMSH, z-melanocyte-stimulating hormone;
PRL, prolactin
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1996). These different observations in the two laboratories might reflect a difference
in the targeted mutations of p27 or in the genetic background of mice. We speculate
that the infertility of p27-deficient females is, at least in part, due to their inability
to maintain an appropriate maternal environment to allow full-term development
of embryos. In the normal ovary, granulosa cells, the somatic component of the
follicle, differentiate to luteal cells following ovulation. Concomitant with differ-
entiation is the cessation of proliferation and induction of p27 protein expression
(Fig. 3). In p27-deficient females, an intrinsic defect that prevents luteal cell dif-
ferentiation may lead to a lack of corpus luteum function required for appropriate
maternal environment. It is noteworthy that cyclin D»-deficient female mice are
sterile with hypoplastic ovarian follicles due to defective proliferation of granulosa
cells (Sicinski et al. 1996). Thus cyclin D, is required for proliferation of granulosa
cells during follicle maturation, which is dependent on follicle-stimulating hor-
mone. Induction of p27 following ovulation is critical for stopping proliferation in
association with luteal differentiation. It is possible that, in granulosa cells, the
switch to differentiation, which is triggered by luteinizing hormone, leads to sup-
pression of dual pathways required for G,S-phase transition. Decreased expression
of cyclin D, may reduce the activity of cyclin D>-dependent kinase, and induction
of p27 expression may inhibit activity of cyclin E-dependent kinase. p27 may also
participate in shutting off cyclin D,-dependent kinase completely.

Altered signals between the pituitary gland and the ovary may also affect the
formation of the corpus luteum. Physiological regulation in the hormonal axis
among the hypothalamus, pituitary gland, and ovary is summarized in Fig. 3. The
hyperplastic intermediate lobe may alter the pituitary function in p27-deficient
mice. In addition, defective luteinization may affect the pituitary function, as cor-
pus luteum formation is absolutely required to inform the pituitary gland that
ovulation has occurred. The corpus luteum is maintained or disintegrated de-
pending on whether oocytes are fertilized in the uterus. It is also possible that
defects in the uterus related to implantation are partly, responsible for the sterility
of p27-deficient females. These endocrine/paracrine signals are altered if cells in
either the pituitary gland, the ovary, or the uterus do not respond appropriately.
The primary defect leading to infertility has not yet been determined.

5.5 Retinal Development

An additional change in tissue organization as a result of p27 deficiency is observed
in the retina. Some of the p27-deficient mice display marked disorganization in the
layer formation of the retina (Fig. 4), although, unlike other phenotypes, the
penetrance of this defect is incomplete. In the p27-deficient retina, the external
nuclear layer, which contains the nuclei of the photoreceptor cells, protrudes into
the layer of rods and cones, the cell bodies of the photoreceptor cells. Moreover, the
cellularity of the internal nuclear layer, composed of the nuclei of bipolar cells,
amacrine cells, and Miiller cells, is also disturbed, making the outer plexiform layer
irregular. Electroretinographic (ERG) analysis showed defective function of the
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p27 +/+ p27 -/-

Fig. 4. Retinal dysplasia in an 8-week-old p27"'~~ mouse. GC, ganglion cell layer; IP, inner plexiform
layer; IN, inner nuclear layer; OP, outer plexiform layer; EN, external nuclear layer; CR, cones and rods

Ink4 —— D/CDK4(6) | | E2F ———>
/\ / \ ?2 ———— S phase
Cip/Kip —— E/CDK2 > 72 —>

Fig. 5. Pathways leading to initiation of S phase of the cell cycle

photoreceptors in p27-deficient mice that had severe dysplasia of the retina
(NakAYAaMA et al. 1996). Intriguingly, mice lacking cyclin D, have a hypoplastic
retina with a marked decrease in cell numbers in all cell layers and show a severe
reduction in ERG amplitude (SiciNskI et al. 1995; FANTL et al. 1995). In humans,
loss of Rb function causes malignant transformation of the retinal cells, although
for unknown reasons Rb deficiency does not cause retinoblastoma in mice (for a
review, see WEINBERG 1995). Taken together, p27 may interact with the growth-
regulatory pathway of retinal cells involving cyclin Dy and Rb (Fig. 5). It remains
to be elucidated whether p27-deficient mice will develop retinoblastomas at an older
age. The changes in the external nuclear layer observed in the p27-deficient retina
might reflect the clonal outgrowth of a subset of the photoreceptor cells.

6 p161“k4A, a Bona Fide Tumor Suppressor

It has been hypothesized that pl6 has a tumor-suppressive function, since the 16
genomic locus is frequently inactivated in a variety of tumor-derived cell lines and
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clinical tumor samples by mutations, deletions, or methylation (for a review, see
HiraMa and KogrrFLER 1995). Furthermore, D-type cyclins, particularly cyclins D,
and D>, are overexpressed by gene rearrangement or amplification in many clinical
cancers, and cyclin D-dependent kinases are the sole definite target of pl6.
Nonetheless, the tumor-suppressive function of p16 was officially proved by gen-
eration of pl6-knockout mice. pl6-mutant mice are viable without major defects in
development, except for lighter coat pigmentation and possible alterations in he-
matopoiesis suggested by extramedullary hematopoiesis in the spleen. These mu-
tants die with spontaneous malignant tumors, such as lymphomas and
fibrosarcomas, at early ages comparable to p53-knockout mice (SERRANO et al.
1996). These mice are very sensitive to dimethylbenzanthracene (DMBA)- or ul-
traviolet (UV)-induced carcinogenesis. Moreover, fibroblasts obtained from these
animals are prone to Ha-ras-induced transformation, implying that the loss of p16,
like activation of myc, may collaborate with the activated ras pathway to induce
malignant transformation. These observations indicate that pl6 is a bona fide
tumor suppressor. However, it is unclear why the spectrum of tumorigenesis in mice
is different from that of clinical primary cancers with alterations of the pl6 gene,
i.e., melanoma, glioblastomas, esophageal cancers, pancreatic cancers, and acute
lymphoblastic leukemia. This may reflect the fact that, in a large body of clinical
cancers, deletion of p16 gene is accompanied by deletion of a closely related gene,
p15"%4B which is located only 25 kb from the p16 gene. This question awaits the
generation and analysis of pl5-knockout mice and a double mutant strain deficient
for p16 and pl15. In addition, the pl6 genomic locus produces two different tran-
scripts from different reading frames, pl6 and pl19AT (QUELLE et al. 1995). Both
p16 and p19*™ have growth-suppressive function in vitro and both are disrupted in
‘pl6-knockout mice. Thus the contribution of p19” deficiency to tumorigenesis in
the pl6-knockout mice remains to be clarified.

The knockout study also confirmed another role of pl6 in senescence, a role
originally suggested by the increased expression of pl6 in cells undergoing senes-
cence (HARA et al. 1996). Fibroblasts obtained from pl6-deficient mice fail to
undergo senescence after many passages. They also grow more rapidly and reach
higher saturation density than wild-type cells, suggesting a role for p16 in cell cycle
progression.

Ink4 proteins, including p16 and p15, specifically inhibit the cyclin D-depen-
dent kinases CDK4 and CDK6. Phosphorylation of Rb by cyclin D-dependent
kinases inactivates the growth-suppressive function of Rb, which is, at least in part,
mediated by the transcription factor E2F (Fig. 5) Rb seems to be the most im-
portant substrate of cyclin D-dependent kinases, since cells lacking Rb neither
require cyclin D for initiating S phase, nor do they arrest in G-phase in response to
pl6 overexpression. In contrast, Kip/Cip proteins inhibit both cyclin D- and cyclin
E-dependent kinases in cells withdrawing from the cell cycle. These inhibitors can
cause G,-phase arrest irrespective of the Rb status, and cyclin E is required for S-
phase initiation in all types of cells. These data suggest that the Kip/Cip—cyclin E
pathway has one or more other substrates downstream which regulate the G,/S-
phase transition. It appears to be critical that essentially all the molecules on the
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pathways originating in Ink4 are directly involved in carcinogenesis. D-type cyclins
are implicated in multiple types of cancers (for a review, see HiRAMA and KOEFFLER
1995), and Rb is of course a prototypical tumor suppressor. E2F-1 has been shown
to transform cells in culture (for a review, see YAMASAKI et al. 1996). Paradoxically,
E2F-1-knockout mice develop spontaneous tumors, including reproductive duct
sarcomas, lung adenocarcinoma, and lymphomas (YAaMasakl, et al. 1996). This
may be related to defective regulation of apoptosis, since E2F-1 has been shown to
play a role in triggering apoptosis in vitro, and E2F-1-knockout mice exhibit de-
fective apoptosis of thymocytes (FIELD et al. 1996).

7 Putative Physiological Roles of the CDK Inhibitors

None of the p2l, p27 or pl6 deficiency causes embryonic lethality, implying
redundancy of the CDXK inhibitor functions for developmental control of the cell
cycle. p2l-knockout mice have no developmental phenotypes, but cells derived
from these animals display defective G1 checkpoint function in response to DNA
damage and nucleotide pool perturbation. p27-knockout mice show marked de-

Mitogens TGF-f
Rapamycin
p27
Mitotic
cycle
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G1
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¢ DNA
p53 damage

Fig. 6. Putative roles for the cyclin-dependent kinase inhibitors p21<P', p27%i®! and p16!™** in the
mammalian cell cycle. The restriction point in G, phase is shown as R-point. TGF, transforming growth
factor
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velopmental phenotypes, such as enhanced growth, female infertility, and retinal
dysplasia, while these animals also develop nodular hyperplasia in the pituitary.
These observations suggest a putative role for p21 as a regulator of CDK activity
once cells have committed to the mitotic cycle and for p27 to regulate CDK activity
before commitment to the mitotic cycle (Fig. 6). Thus, p27 could act as a rate-
limiting regulator for exit from the mitotic cycle and p21 as an SOS-like response to
prevent replication once cells have committed to the cycle. Further support for this
hypothesis comes from studies on tissue culture cells. During mitogen-stimulated
entry of T-cells into the cell cycle, the level of p21 increases and p27 decreases
(Noursk et al. 1995). In A431 cells deprived of EGF cells arrest by a p27-dependent
mechanism; however, arrest due to hyperactivation of the EGF receptor occurs by
a p21-dependent mechanism (Fan et al, unpublished data). Thus the studies of the
Cip/Kip family of CDK inhibitors in mice suggest that although these two proteins
have similar biochemical functions their physiological roles are not necessarily
redundant. Proof of this hypothesis awaits the analysis of double and triple mu-
tants deficient for p21, p27 and p57. In contrast, the knockout study of p16 has
confirmed that pl6 is a bona fide tumor suppressor protein. p16, D-type cyclins,
Rb, and E2F seem to function on the same genetic pathway directly involved in
carcinogenesis.
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1 Introduction

In the short time since its discovery in 1993, the prototype cyclin-dependent kinase
(CDK) inhibitor p21 (CIP1, HArPER et al. 1993; WAF1, EL-DEIryY et al. 1993; p21,
XionG et al. 1993a; CAP20, Gu et al. 1993; SDI1, Nopa et al. 1994; MDAG6, JiANG
et al. 1995) has become an intensely studied molecule. Much has been learned about
its molecular structure, biochemical interactions, and physiological role. p21 is a
focal point that integrates many types of signals that impact on processes of cell
division and cell death. Since 1995 to date there have been over 600 references in
Current Contents dealing with WAF1 or CIP1 and they are increasing at a rate of
up to 25 per week. The p53 field which dates back to 1979 has had some 6000
references on Medline since 1993. This chapter will highlight some of the recent
discoveries emphasizing the role of p21 and p53 in growth control and the main-
tenance of genomic integrity.

Laboratory of Molecular Oncology and Cell Cycle Regulation, Howard Hughes Medical Institute, De-
partment of Medicine, Genetics and Cancer Center, University of Pennsylvania School of Medicine,
Philadelphia, PA 19104, USA
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2 The Structure of p21

The WAF1/CIPI gene is composed of three exons located within a 10-kb region on
human chromosome 6p21.2 (EL-DEIrY et al. 1993). The 2.1-kb transcript encodes a
conserved 164-amino acid 21-kD polypeptide which localizes to the nucleus of
mammalian cells (EL-DEIRY et al. 1993, 1994). About two thirds of the human p21
transcript is 3’-untranslated sequence. Homologues of p21 have been cloned from
mouse (EL-DEIRY et al. 1993; Hupei et al. 1994), rat (EL-DEeIry et al. 1995), and cat
(Okupa et al. 1997). Homologues of p21 are likely to exist in Xenopus (SHou and
DunpHY 1996; Cox et al. 1994), insects (BAE et al. 1995), drosophila (DE Noou et al.
1996), plants (BALL and LaNE 1996), and yeast (ELLEDGE 1996).

It was recognized early on that p21 is part of a family of universal cyclin-CDK
inhibitors and that this is mediated by an amino-terminal domain which is ho-
mologous among p21, p27, and p57 (for review see EL-DEIRY 1996). It was sub-
sequently found that the cyclin-CDK inhibitory domain of p21 contains distinct
cyclin- and CDK-interacting regions (LiN et al. 1996). The crystal structure of
cyclin A-CDK2-p27 (N-terminal cyclin-CDK inhibitory domain) provides insight
into how these small kinase inhibitory molecules bind cyclin-CDK complexes and
arrest cell growth (Russo et al. 1996). The p27 bound cyclin-CDK complex has an
altered kinase conformation and there is steric interference with ATP binding at the
active site. Although it is likely that p21 may similarly affect CDK structure, it
would not be surprising if there were important differences given the existence of
important biochemical and biological differences (LABAER et al. 1997; MISSERO
et al. 1996; REYNISDOTTIR and MASSAGUE 1997).

One of the early observations was that cyclin-CDK subunits became rear-
ranged in transformed cells (X1oNG et al. 1993b). In particular, it was found that
normal cells contain p21 and proliferating-cell nuclear antigen (PCNA) associated
with various cyclin-CDX complexes. In fact, it was later shown that p21 is a potent
inhibitor of processive DNA synthesis through its interaction with PCNA (WAGA
et al. 1994; Li et al. 1994; CHEeN et al. 1995b; Luo et al. 1995). This PCNA-
interacting domain resides in the carboxy-terminal region of p21, which also con-
tains its nuclear localization signal. The crystal structure of a p21-PCNA-DNA
complex was recently reported (GuLBis et al. 1996). The structure suggests that p21
probably masks contact sites on PCNA that may permit association and function
of other replication proteins (GuLsis et al. 1996). There has been recent bio-
chemical evidence to support this possibility (CHEN et al. 1996).

3 The Function of p21

p21 is not required for normal mouse development (BRUGAROLAS et al. 1995; DENG
et al. 1995), although it may be required in drosophila (De Noou et al. 1996; LANE
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et al. 1996). p21-null mice have no incréased predisposition to tumor development
(BruGAROLAS et al. 1995; DENG et al. 1995), at least in the absence of carcinogens.
p21 is required for the DNA damage- and other p53-dependent checkpoint controls
(Table 1). In p21—-/— mouse cells there is a partial deficiency in G1 cell cycle arrest
(but not in apoptosis induction) following radiation or nucleotide depletion
(BRUGAROLAS et al. 1995; DENG et al. 1995). In p21—/— human colon cancer cells a
complete loss of G1 cell cycle arrest was reported, and this was associated with a
predisposition to S- and M-phase uncoupling following exposure to DNA-dam-
aging drugs (WALDMAN et al. 1995, 1996). An altered sensitivity of p21—/- cells to
certain DNA-damaging chemotherapeutic drugs has been demonstrated both in
vitro (McDoNALD et al. 1996; WaLDMAN et al. 1996; Li et al. 1997; Fan et al. 1997)
and in vivo (WALDMAN et al. 1997). p21 —/— cells have been shown to be defective
in nucleotide excision repair and it has been suggested that this may underlie their
increased sensitivity to certain chemotherapeutic drugs (McDONALD et al. 1996).
Besides its role in p53-dependent checkpoint control of cell-cycle progression,
p21 has been found to be involved in mediating a p53-independent growth arrest
associated with terminal differentiation. Although this is clearly not required for
mouse development, it is likely that p21 plays a role in inducing a quiescent state
which is permissive for differentiation. There is some evidence that p21 expression
alone may induce differentiation (Liu et al. 1996a; SHEIKH et al. 1995; MENG et al.

Table 1. Functions performed by p21]

Functions attributed to p21WAF!/CIP! Reference

p33-Dependent growth suppression EL-DEirY et al. 1993

Inhibition of cylin-dependent kinase activity X10NG et al. 1993a, b; HARPER et al. 1993, 1995
Inhibition of CDK phosphorylation by CAK APRELIKOVA et al. 1995

Cell cycle arrest after DNA damage DuLic et al. 1994; EL-DEIry et al. 1994;

DENG et al. 1995; BRuGAROLAS et al. 1995;
WALDMAN et al. 1995

Differentiation-associated growth arrest ZHANG et al. 1995; PARKER et al. 1995;
EL-Deiry et al. 1995; ZEnG et al. 1997

Senescence-associated growth arrest Nopa et al. 1994; SErRrRANO et al. 1997

Shift from replication to repair Liet al. 1994; Luo et al. 1995; CHEN et al. 1996;
McDonNALD et al. 1996; SuEgikH et al. 1997

Inhibition of SAP kinase activity SHiM et al. 1996

Regulation of NF-kB activity PERKINS et al. 1997

Inhibition of transformation Givol et al. 1995; MicHiELl et al. 1996;
Missero et al. 1996; SOMASUNDARAM and
EL-DEeIry 1997

Response to ECM, cytoskeleton BoHMER et al. 1996; SANTRA et al. 1997

Inhibition of apoptosis GOROSPE et al. 1996; WANG and WaLsH 1996,
PoLyak et al. 1996; WALDMAN et al. 1996, 1997

Induction of apoptosis/giant cells SHEIKH et al. 1995; PraBHU et al. 1996;

Liet al. 1997; MENG et al. 1997,
SHEIKH et al. 1997; FaN et al. 1997
Coupling S- and M-phase of the cell cycle WALDMAN et al. 1996
Cyclin-CDK assembly and activation ZHANG et al. 1994; LABAER et al. 1997

CDK, cyclin-dependent kinase; CAK, CDK-activating kinase; SAP, stress-activated protein kinase; NF-
kB, nuclear factor-xB; ECM, extracellular matrix.
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1997) and that in a p2l-null background there is loss of differentiation marker
expression in vivo (MisSERO et al. 1996). There is also evidence that p21 expression
is increased in some fully differentiated tissues, such as muscle or gastrointestinal
epithelium (PARKER et al. 1995; EL-DEIRY et al. 1995), suggesting the possibility
that p21 may help maintain their growth arrest.

p21 is a potent inhibitor of cell growth both in vitro (EL-DEiRY et al. 1993) and
in vivo (Wu et al. 1996). The growth inhibitory property of p21 has been mapped to
its amino-terminal cyclin-CDK inhibitory domain (Zakur and GivoL 1995;
PrABHU et al. 1996). Although it could suppress colony formation, wild-type p21
overexpression does not eliminate colony formation, as has been observed for p53
(EL-DEIRY et al. 1993; PraBuU et al. 1996). Why some cancers escape growth
inhibition despite p21 expression remains unexplained. It is clear that the PCNA-
interacting domain of p21 is not sufficient for cancer cell growth inhibition, in the
absence of the cyclin-CDK inhibitory domain (Luo et al. 1995). The cyclin-CDK
inhibitory domain was found to be a more potent cancer growth suppressor
compared to wild-type p21 (PraBHU et al. 1996).

The growth inhibitory effect of p21 has been found to suppress cellular
transformation (GivoL et al. 1995; MicuigLl et al. 1996). In fact, it was recently
shown that p-21 deficient mouse keratinocytes are highly predisposed to ras-in-
duced transformation and the development of highly malignant tumors in mice
(Missero et al. 1996). p21 expression is generally decreased in tumors, primarily
through p53 dysfunction (EL-DEIRY et al. 1994, 1995). Although very rare (SH10-
HARA et al. 1994), mutations in p21 have been reported in human tumors (BALBIN et
al. 1996; MavLcowicz et al. 1996). Some of these tumor-derived mutant p21 proteins
have been found to have loss of function (BALBIN et al. 1996). There appears to be a
somewhat higher frequency of p21 alterations in bladder and prostate cancer, for
unknown reasons (MaLKowicz et al. 1996). Adenovirus E1A has been found to
inhibit p21 expression through its p300/CBP-interacting domain and it has been
hypothesized that such loss of p21 expression may contribute to E1A-mediated
transformation (SOMASUNDARAM and Er-DEIry 1997).

There are additional functions or roles that have been suggested for p2l
(Table 1 and references therein). These include a role in senescence, apoptosis,
stress-activated protein kinase regulation, and a docking function that may facili-
tate cyclin-CDK assembly and possibly their recruitment to replication centers. The
role of p21 in apoptosis remains somewhat controversial. Experiments have sug-
gested that p21 may protect cells against DNA damage or prostaglandin-induced
apoptosis (Gorospe et al. 1996; WANG and WaLsH 1996; PoLvAk et al. 1996;
WALDMAN et al. 1996, 1997). There is also evidence that p21°is expressed in p53-
dependent apoptosis (EL-DEIRY et al. 1994) and that its overexpression may con-
tribute to apoptosis (SHEIKH et al. 1995, 1997; PraBHu et al. 1996; L1 et al. 1997;
MENG et al. 1997; FaN et al. 1997). It was recently observed that the primary effect
of p21 overexpression is induction of a large cell-quiescent phenotype associated
with a less prominent, although significant, increase in DNA ladder formation
(SHEIKH et al. 1995, 1997; PraBHU et al. 1996; MENG et al. 1997).
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Thus, p21 may assist in cyclin-CDK assembly, activation of kinase activity at
low stoichiometry, inhibition of cyclin-CDK dissociation, and ultimately at higher
stoichiometry, inhibition of cyclin-dependent kinase activity (ZHANG et al. 1994;
LABAER et al. 1997). A role in recruitment of kinases to replication centers has been
proposed (Zuu et al. 1995). Evidence for p2l-dependent inhibition of CDK
phosphorylation by CDK-activating kinase (CAK) has been found (APRELIKOVA
et al. 1995). Nonetheless, the major critical function of p21 appears to be inhibition
of cyclin-CDXK activity, an effect that causes cell cycle arrest and inhibition of cell
division. The strongest evidence for this comes from the p21 knockout mouse
fibroblasts (DENG et al. 1995; BRUGAROLAS et al. 1995) and p21 knockout human
colon cancer cells (WALDMAN et al. 1995), both of which have deficient cell cycle
arrest following DNA damage. The growth arrest associated with inhibition of
cyclin-CDK  activity probably provides an opportunity for DNA repair. p21 is
involved in such repair through its interaction with PCNA (WaGa et al. 1994).
Through this interaction, p21 inhibits processive DNA synthesis (L1 et al. 1994),
inhibits PCNA association with FENI, thereby inhibiting 5-3" exonucleolytic re-
moval of RNA primers during DNA synthesis (CHEN et al. 1996), and stimulates
nucleotide excision repair (McDoNALD et al. 1996; SHEikH et al. 1997). Through its
effect on repair, as well as maintaining the coordination of S-phase and M-phase
synchrony (WALDMAN et al. 1996), p21 protects mammalian cells from death. The
growth arrest induced by p21 may be required for differentiation of certain cell
types and may be required to maintain the differentiation of certain cells (Fig. 1;
Table 1 and references therein). p21 expression may suppress transformation and
when overexpressed, in addition to quiescence, some cells may undergo apoptosis.
It is believed that the effects of p21 on cell growth help to maintain genomic
integrity.

4 The Regulation of p21

Initial observations indicated that p53 regulates basal as well as DNA damage-
inducible p21 expression (EL-DEIRY et al. 1993, 1994). The vast majority of cells
containing functional p53 (in terms of checkpoint control) express higher basal
levels of p21 as compared to cells containing mutant p53 or are otherwise deficient
n p53 expression or function (EL-DEIRY et al. 1994, 1995). Transcriptional activation of
p21 expression is not observed following exposure of p53-deficient cells to DNA-
damaging agents such as y-radiation or (low doses of ) topoisomerase I1 inhibitors
(MicHIELI et al. 1994; EL-DEIRY et al. 1994). High doses of adriamycin (doxoru-
bicin), a useful chemotherapeutic agent in the clinic, have been shown to increase
p21 expression in a p53-independent manner (MICHIELI et al. 1994). 1t is clear that
adriamycin, whose primary effect on the mammalian cell cycle is a G2-phase arrest
(WALDMAN et al. 1995, 1996), is cytotoxic to cells through p53-dependent, as well as
p53-independent, mechanisms. However, there is little evidence to suggest that p21
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is involved in G2 arrest. In fact, p21 binds weakly to cyclin B/cde2 complexes as
compared to Gl-phase cyclin-CDKs (HARPER et al. 1995), and p2i—/- cells arrest
in G2 following exposure to DNA-damaging agents (WALDMAN et al. 1995, 1996).
It appears that S-phase arrest following DNA damage may also be p21-indepen-
dent (WYLLIE et al. 1996).

It was quickly learned that regulation of p21 expression is complex, involving
transcriptional and post-transcriptional mechanisms. Serum, a number of growth
factors, an increasing number of cytotoxic and differentiating agents augment p21
expression through p53-independent pathways (MicHIELI et al. 1994). Some of the
transcription factors have been identified and mapped within the p21 promoter
(Fig. 1 and references therein). Evidence also suggests that p21 mRNA and protein
stability vary under certain conditions, consistent with the possibility that they may
affect its physiological function (L1 et al. 1996; BLAGOSKLONNY et al. 1996). Al-
ternative views of p21 activation by growth factors have been proposed. One view is
that at some expression levels p21 may activate cyclin-CDK complexes (ZHANG
et al. 1994; LABAER et al. 1997). There is evidence to support the notion that,
depending on the stoichiometry between p21 and cyclin-CDK complexes, kinase
activity may be stimulated or inhibited (ZHANG et al. 1994; LABAER et al. 1997).
However, there does not appear to be a deficiency in kinase assembly or activity in
a p2l-null background (LABAER et al. 1997). It has also been proposed that p21
activation by growth factors may delay progression into S-phase, as a checkpoint
that probably functions through Rb and restriction point control (ZENG and EL-
DeiRy 1996). The extracellular matrix—integrin signaling pathway and specific
proteoglycans have been found to regulate p21 expression (ZHu et al. 1996; SANTRA
et al. 1997). It is clear that a growing list of differentiation-associated transcription
factors activate p21 expression, leading to growth arrest that is probably necessary
for differentiation (Fig. 1 and references therein). Little is known about the control
of p21 in senescence, but recently it was shown that ras can increase p53 and p21
expression in its accelaration of senescence (SERRANO et al. 1997).

A wide variety of extracellular and intracellular signals therefore regulate p21
expression/function through transcriptional and post-transcriptional mechanisms.
p21 serves as a focal point linking these growth suppressive/differentiation signals
to cell cycle control. Loss of p21 expression, or its normal regulation, is associated
with abnormal checkpoint control, abnormal differentiation, and a strong predis-
position towards cellular transformation by oncogenes such as ras. Abnormalities
in checkpoint control have been associated with increased mutation rates, gene
amplification, and genomic instability (see below).

5 p53-Dependent Growth Inhibition and Genetic Fidelity

Multiple mechanisms ensure that the genetic material of cells is faithfully replicated
and preserved. These mechanisms include thermodynamic constraints imposed by
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Fig. 2. p53-Dependent activation of pathways leading to tumor suppression and genomic stability and
the consequences of p53 loss or mutation in cancer cells

the structure of DNA, selectivity by the DNA polymerases, replication-associated
proofreading, and post-replication associated error or damage repair. Failure of
these processes can result in mutagenesis and may lead to cancer development in
higher organisms. Interference with these processes is useful in anti-viral and anti-
cancer therapy. Certain signals such as nucleotide depletion, DNA damage, hyp-
oxia or viral infection, or oncogene activation can trigger cell cycle checkpoints
which are designed to ensure the integrity of a cell’s genetic material. The p53
tumor suppressor protein is a critical regulator of this checkpoint control (Figs. 2
and 3).

The p53 tumor suppressor gene is also the most common target for alteration
in human cancer (for reviews see LEVINE 1997; VELcULESCU and ErL-DEIRY 1996).
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Fig. 3. Transcriptional targets of p53 involved in DNA repair, cell cycle control, growth factor signaling,
angiogenesis, and apoptosis

In cancer, p53 function is inactivated through loss of heterozygosity, mutations
which can lead to gain of function or act in a dominant negative fashion to inhibit
wild-type p53, ubiquitin-mediated degradation through human papillomavirus
(HPV) Eé6-associated protein interaction, MDM2 interaction, and hax gene mu-
tation. Normally, p53 protein is stabilized following DNA damage and subse-
quently cell cycle arrest occurs to permit repair. Defects in the p53 pathway have
been associated with increased mutation frequency, “genomic instability” involving
chromosomal abberations, tumor development and progression, and chemothera-
peutic drug resistance (see Fig. 2).

Fundamental to understanding p53 function is the recognition that p53 reg-
ulates not only checkpoint control through p2l induction, but also activates a
pathway of apoptotic cell death which inhibits tumor development (see Figs. 2 and
3). It is likely that both of these pathways contribute to the maintenance of genomic
stability, and it is likely that defects in each of these pathways contributes to some
aspect of the transformed and ultimately the neoplastic phenotype. Much is known
about the interactions between p53 and various cellular proteins, as well as the
biochemical properties of p53 as a transactivator or repressor of gene expression
(LevINE 1997; VeLcuLEscu and EL-DEIRY 1996). In addition to the role of p21 in
cell cycle arrest and repair, other transcriptional targets of p53 (see Fig. 3) have
been linked to growth arrest and repair (GADDA45), apoptosis [bax, Fas/APOIL,
insulin-like growth factor (IGF)-BP3], anti-angiogenesis (Thrombospondin 1, GD-
AiF), and feedback regulation (MDM?2). Recent evidence has suggested that
MDM2 not only inhibits transactivation by p53, but also promotes its degradation
(Haupr et al. 1997; KuBBUTAT et al. 1997). MDM2 expression has also been as-
sociated with polyploidy (LUNDGREN et al. 1997), as well as p33-independent effects
leading to cellular transformation (SiGALAS et al. 1996). p53 appears to activate
apoptosis through regulation of proteases that mediate apoptosis (Fig. 3; LEVINE
1997; SaBBATINI et al. 1997; Wu et al. 1997). The effects of p53 targets, such as p21,
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GADD45, bax or MDM2 may individually contribute to influence p53’s function
as guardian of the genome. p53-interacting proteins, such as RAD5! (STurzBEC-
HER et al. 1996) are known to play a role in recombination and repair processes.
However, the precise role of RADS] in maintaining genomic integrity in vivo by
P53 remains unclear. It has recently been shown that p33 inactivation leads to high
rates of homologous recombination (MEKEEL et al. 1997).

6 p53/p21 and Genomic Instability

Several lines of evidence link p53 to a role in maintaining genomic integrity. Loss or
inactivation of p53 leads to gene amplification (LiVINGSTONE et al. 1992; YIN et al.
1992). p53—/— mouse cells (which characteristically escape from senescence) also
demonstrate a high degree of aneuploidy (HARVEY et al. 1993). Genomic instability
as evidence by aneuploidy, amplifications, and deletions has been observed in tu-
mors derived from p53-deficient/Wnt-1 transgenic mice (DONEHOWER et al. 1995).
Human keratinocytes immortalized by HPV and subsequently transformed by
N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) exhibited evidence of genetic in-
stability (SHIN et al. 1996). There is some data to suggest the existence of a complex
relationship between chromosome instability, aneuploidy, and p53 status, at least in
colorectal cancer (LENGAUER et al. 1997). For example, there are chromosomally
stable cells that express mutant p53 and chromosomally unstable cells that contain
wild-type pS53 (LENGAUER et al. 1997). It is possible that other factors, such as
MDM2, may contribute to chromosomal instability in wild-type p53-expressing
cells, either through wild-type p53 inactivation, degradation, or through p53-in-
dependent mechanisms (LUNDGREN et al. 1997; HaupT et al. 1997; KuBBUTAT et al.
1997).

Wild-type p53 regulates multiple cell cycle checkpoints. Loss of the DNA
damage-activated G! chekpoint has been reported to lead to an increased mutation
frequency (HAVRE et al. 1995; BUETTNER et al. 1996; Liu et al. 1996¢). It is believed
that the increased mutation frequency following UV damage is the consequence of
defective nucleotide excision repair, but not transcription-coupled repair (FOrD
and HANAwALT 1995). Following UV damage, mutant p53-expressing cells inhibit
defective repair of cyclobutane pyrimidine dimers in vivo (FOrRD and HANAWALT
1995). It was proposed that, although the reduced efficiency of repair in cells
lacking wild-type p53 may lead to greater genomic instability, resistance to DNA-
damaging agents may be enhanced through elimination of apoptosis (ForD and
HANAwALT 1995). There is evidence that wild-type p53 plays a role in the elimi-
nation of cells with unstable chromosome aberrations (ScHwARTZ and JORDAN
1997) and that the loss of p53 permits survival of clonogenic mutants (GRIFFITHS
et al. 1997). However, it was shown that p53-deficiency can lead to increased tumor
proliferation and genomic instability, without a significant difference in apoptosis
in vivo (HUNDLEY et al. 1997).
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Loss of other p53-dependent checkpoints may lead to loss of genomic integrity.
Loss of p53 leads to continued DNA synthesis despite mitotic arrest induced by
mitotic spindle inhibitors (Cross et al. 1995). G2/M-phase arrest also occurs fol-
lowing DNA damage of p53-deficient cells which continue to synthesize DNA and
become polyploid, a manifestation of S- and M-phase uncoupling (WALDMAN et al.
1996). Loss of p53 leads to centrosome amplification (Fukasawa et al. 1996). The
abnormal amplification of centrosomes impacts mitotic fidelity, leads to unequal
segregation of chromosomes, and has been suggested as a key mechanism of genetic
instability associated with p53 loss (Fukasawa et al. 1996). In ataxia-telangiectasia,
a disease caused in part by defective pS3-dependent checkpoint control (KASTAN
et al. 1992), there is evidence of genomic instability and, in fact, lymphoblastic
lymphomas derived from ATM-disrupted mice contain karyotypic abnormalities
(BARLOW et al. 1996). ATM—/— mice are infertile due to meiotic failure believed to
result from abnormal chromosomal synapsis and subsequent chromosome frag-
mentation (Xu et al. 1996). ATM—/— cells exhibit defective cell cycle arrest fol-
lowing radiation which correlates with defective p53 upregulation (Xu and
BaLTiMORE 1996).

While there is plenty of evidence implicating a role for p53 in maintaining
genomic integrity, the mechanism by which this is accomplished is not entirely
clear. Possibilities include direct effects on repair processes through interactions
with various proteins involved in repair of recombination (WANG et al. 1995, 1996;
BogGuk et al. 1996; STURZBECHER et al. 1996; ScuLLy et al. 1997; SHARAN et al. 1997,
HAKEM et al. 1997; MEKEEL et al. 1997), activation of genes involved in cell cycle or
cell death pathways (see above) or transcription-independent mechanisms that
impact on cell growth (WALKER AND LEVINE 1996). Loss of p53 leading to gene
amplification has been associated with loss of p21 expression and cyclin-CDK
subunit rearrangement at an early stage in cellular transformation (WHITE et al.
1994; XionG et al. 1993b, 1996). p21—/— mouse fibroblasts have a deficiency in cell
cycle arrest following exposure to an agent that induces CAD gene amplification,
PALA (DENG et al. 1995). However, it has not been determined if p21—~/— celis have
an increased frequency of PALA-resistant colonies due to gene amplification, as
compared to p21+/+ cells. Thus, whether p21 is required to suppress abnormal
gene amplification remains unclear. p53-deficient cells were found to have dra-
matically increased rates of homologous recombination, but this could not be at-
tributed to p21 (MEkKEEL et al. 1997). It was suggested that p53 may suppress
recombination in the absence of DNA damage, 1.e., as a role to maintain genomic
integrity (MEKEEL et al. 1997). p21—/— cells have been reported to have a deficiency
in the repair of UV- or cisplatin-induced DNA damage and to have an increase in
their spontaneous mutation frequency at the hprt locus (McDoONALD et al. 1996).
Inhibition of GADD45 expression by antisense strategies has also led to decreased
DNA repair and sensitization to UV-irradiation and cisplatin (SMITH et al. 1996).
In MNNG-transformed HPV-immortalized human keratinocytes, there was a
failure to upregulate either p21 or GADD45 following MNNG exposure, as
compared to normal keratinocytes (SHIN et al. 1996). There is evidence that
GADD45 and p21 have similar growth suppressive effects (ZuaN et al. 1995) and
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may coordinately regulate PCNA function (CHEN et al. 1995a). Lastly, a link be-
tween MDM2 and polyploidy has recently been uncovered (LUNDGREN et al. 1997).
Thus, it is likely that p53’s role in maintaining genomic integrity involves multiple
downstream targets.
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Note added in Proof. Brown et al. (1997) Science 277:831-834 found that the absence of p21 (CIP1/
WAF1) is associated with delayed senescence of human fibroblasts. Interestingly, the p21-/- fibroblasts
appeared to have an increased rate of telomere shortening. The authors also reported that p21-/- cells did
not have an increased rate of CAD gene amplification following PALA selection. Wu et al. (1997) Nature
Genetics 17:141-143 report the identification of KILLER/DRS, a novel chemotherapy-inducible p53-
regulated cell death receptor gene located on human chromosome 8p21. KILLER/DRS is a member of
the TNF-receptor family and is most closely related to DR4, the receptor for the cytotoxic ligand TRAIL.
The authors suggest that the KILLER/DRS receptor protein may be involved in chemotherapy- and
radiation-induced cell death and may contribute to p53-dependent apoptosis through activation of the
caspase cascade.
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1 Introduction

As tumor suppressor candidates, cyclin-dependent kinase (CDK) inhibitors have a
simple, aesthetic quality. They act directly on the mechanism that drives cells
through mitosis and DNA replication. Elimination of CDK inhibitor activity, by
mutation for instance, should release CDKs from this form of regulation and
remove one of the restraints on cell growth.

As discussed elsewhere in this volume, CDK inhibitors in mammalian cells
comprise a family of molecules that, despite similar biochemical properties, appear
to have varied functions in the physiology of the cell. All CDK inhibitors discovered
to date can be placed in one of two classes based on their peptide sequences: (1) the
ankyrin motif or P16 group (P16, P15, P18) and (2) the P21 group (P21, P27, P57).
These sequence classifications also correlate with the distinct biochemical behavior
of the two groups. The ankyrin CDK inhibitors specifically inhibit CDK4 and
CDKaS6 in vitro. The P21 class is less selective; P21-like molecules inhibit CDK4,
CDKG6, and CDK2. In both cases, ankyrin inhibitors and p21-like inhibitors binding
to CDKs cause inhibition of CDK enzymatic activity in vitro. The role of such
inhibition in the cell, however, appears to be different for the various inhibitors.

One manifestation of these differences comes from analysis of the roles of
CDK inhibitors in cancer. In the following pages, the current understanding of the
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relationship between CDK inhibitors and tumorigenesis will be reviewed. In ad-
dition, the prospects of CDK inhibitors as diagnostic and therapeutic tools in
cancer will be considered.

2 Somatic Inactivation of CDK Inhibitors

Some of the most significant evidence for the role of specific genes in cancer comes
from identification of mutations in tumors. Although this evidence is circumstantial
and correlative, in many instances it is compelling. If a candidate tumor suppressor
gene can be shown to harbor mutations in a moderate number of tumors, a strong
case can be made for the relevance of that gene in tumorigenesis. The premise is
that genes which are rendered nonfunctional in neoplasia are inactivated for a
reason: they impair tumor growth.

Chromosomal region 9p21, the site of CDK inhibitor genes P15 and P16, is
one of the most commonly altered areas in human cancers. For example, loss of
heterozygosity (LOH) at 9p21 occurs in over half of bladder tumors and melano-
mas (Tsar et al. 1990; Cairns et al. 1993; DALBAGNI et al. 1993; HeALy et al. 1995;
OLarADE et al. 1990). In addition, homozygous deletions in this region are frequent
in both cell lines and primary neoplasia of many kinds (KAMB et al. 1994a; CAIrNS
et al. 1995). In the case of cell lines, the rates of deletion are easier to estimate due to
the homogeneity of the sample. The homozygous deletion rates average nearly 50%
in a wide range of lines. In primary specimens, the reported frequencies of ho-
mozygous deletions are variable. Often the measured rates agree between matched
primaries and cell lines (CAIRNS et al. 1995). However, in other cases the reported
rates are lower in primary samples (Kams 1995). This may reflect the difficulties of
gaining quantitative information about deletions in primary specimens due to the
presence of normal tissue and/or the selection in culture of deleted variants.

P16 is certainly one target of the 9p21 alterations (Table 1). P15 may be
another target, although it could also be involved merely as a bystander. It lies
within a few kilobases of P16. The homozygous deletions center on P16, although
P15 is included in the majority. The deletions range in size from a few nucleotides to
several megabases.

Table 1. Inactivation of cyclin-dependent kinase (CDK) inhibitor genes in human cancers

Gene Tumor types screened Rate Form of inactivation

pls* Many High (variable) Deletion, methylation

ple* Many High (variable) Deletion, methylation, point
pl8 Leukemia, lung Low NF

p21 Several Low . Point

p27 Many Low NF

p57 - - -

Point, single base substitution; —, studies have not been reported at the time of writing; NF, none found.
*The reported inactivation rates are variable depending on the tumor type and on the particular study.
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Although deletions constitute the majority of P16 alterations, point mutations
also occur. In pancreatic cancers and melanomas, the rates of point mutation are
considerable, i.e. 50% and 10%, respectively (CALDAs et al. 1994; Gruis et al.
1995). The point mutations are observed almost exclusively in tumors or cell lines
that have suffered heterozygous deletion (i.e., LOH) of the other homologue. In-
terestingly, the point mutations observed in melanoma cell lines have the hallmarks
of mutations induced by ultraviolet light, including a high percentage of CC— TT
transitions (Liu et al. 1995). This finding supports the view that the mutations
occurred in vivo and are not the result of new mutational events in culture. Ex-
tensive screening of the coding sequences and splice junctions of P15 have revealed
few somatic mutations (STONE et al. 1995a). This suggests that P15 may be inac-
tivated by deletion in tumors by virtue of its proximity to P16.

In addition to deletion and point mutation, CpG methylation is another
mechanism for inactivation of P16 (GoNzALEZ-ZULUETA et al. 1995; HERMAN et al.
1995; MEerLo et al. 1995). Recent studies have added this new twist to the story of
P16, particularly in bladder cancers and leukemias. The percentage of tumors and
cell lines with heavily methylated P16 sequences is considerable. In non-small-cell
lung carcinoma, for instance, about one quarter of primary tumors have hyperm-
ethylated P16 genes. As always with methylation studies, it is difficult to prove
whether the increased methylation is the cause or the effect of the transformed
status of the cell. However, methylation silences P16 expression, which can be
reactivated by treatment with the methylation inhibitor 5-azacytidine. The large
number of tumors that contain methylation-silenced P16, along with the other
modes of P16 inactivation, lend credence to the idea that methylation is an im-
portant mechanism in tumors for eliminating P16 expression. P15 is silenced by
methylation at rates that are lower than those for pl6, but still appreciable. The
best case for a role for P15 in tumorigenesis involves analysis of a set of leukemia
tumors and cells lines in which P15, but not P16, is inactivated by methylation
(HErRMAN et al. 1996).

Remarkably, other CDK inhibitor genes, including P18, P21, P27, and P57, are
seldom targets for inactivation in sporadic tumors (Table 1; KawaMATA et al. 1995;
NAkKAMIKI et al. 1995; OkamoTo et al. 1995; VIDAL et al. 1995; WATANABE et al.
1995; C. Cordon-Cardo, personal communication). Efforts to find point mutations
or homozygous deletions have yielded few such events. Only in P21 have mutations
been identified (albeit at a very low rate). However, it is possible that other modes
of inactivation, e.g., methylation, may play a role in a percentage of these genes.
But it appears that when it comes to somatic mutation of CDK inhibitor genes in
tumors, P16 is exceptional.

3 Germline Mutation of P16

Although P16 was first isolated based on its biochemical properties (SERRANO et al.
1993), its role in cancer was discovered through efforts to identify the familial
melanoma gene MLM (KAMB et al. 1994a; Nosori et al. 1994). Study of mela-
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Table 2. Germline sequence variants of pl6 gene

Codon Mutation Effect Activity® Arrest®
16 delC Frameshift

32 T-C leu—pro

49 T-C ile—>thr + /-

50 A-G gln—arg

53 G-C met—ile

58 C->T stop

60 G—>A ala—thr

61-2 GC—>CG glu-leu—asp-val

66 del(191bp) Frameshift

71 A-G asn—ser +/-

74 GA->AC asp—asn - -

81 pro—leu -

83 C>T his—tyr -

84 G—-A asp—asn + +/-
87 G—-C arg—pro + +/-
98 A-C his—pro + + /-
100 ala—pro + +/-
101 G->T gly—trp +/- +
104-5 del(12bp) del(4 aa)

107 G-oA arg—his

114 C—-T pro—leu - =
120 G—-A glu—lys +

126 T—A val—asp -

127 G->T ala—ser + +
144 C-»T arg—his

148 G-A ala—thr

IVS2 + 1 G->T Splice junction

—, no inhibition; —, does not cause arrest; + /—, intermediate inhibition “Inhibitory effect of variants in
_vitro. PEffect of ectopic expression on cultured cells.

noma-prone kindreds from Utah and elsewhere led to localization of MLM to 9p21
(CANNON-ALBRIGHT et al. 1992). When individuals from this set of kindreds and
others were screened for mutations in P16, a variety of independent disruptive
sequence changes were observed (HussussiaN et al. 1994; Kawms et al. 1994b). Since
these first studies, numerous P16 mutations have been reported in melanoma-prone
kindreds around the world (Table 2; SmrrH-SorensoN and Hovig, 1996). The
mutations range from microdeletions that cause translational frameshifts in the p16
protein to missense substitutions, several of which have been shown to interfere
with CDK inhibition in vitro or in vivo or to destabilize the p16 protein (KoH et al.
1995; Lukas et al. 1995; Ranape et al. 1995). Surprisingly, some of the best
kindreds (i.e., those most likely to segregate 9p21-linked melanoma predisposition)
do not appear to have pl6-coding sequence mutations (Hussussian et al. 1994;
KamB et al. 1994b). Some of these may contain mutations outside the P16-coding
sequence. Alternatively, a second 9p21 gene may be involved. Despite its appeal as
a candidate for this second gene, P15 is unlikely to account for these missing
mutations. Screens of P15 have failed to uncover any germline mutations in mel-
anoma-prone kindreds (SToNE et al. 1995a).
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What is the overall contribution of P16 mutations to melanoma incidence? This
important question can now be answered with reasonable confidence. Several
screens of weakly familial melanoma cases and sporadic cases have identified P16
mutations at a very low rate (KAMB et al. 1994b; HoLLAND et al. 1995). These results
suggest that P16 germline mutations make a minor contribution to melanoma in
general. The vast majority of the disease is either sporadic or caused by predispo-
sition genes with low penetrance. Otherwise, previous genetic studies would have
provided evidence for genetic heterogeneity, i.e., the existence of other major loci
besides MLM. This has not been the case (CANNON-ALBRIGHT et al. 1992).

Genetic analysis of a set of Dutch melanoma-prone kindreds revealed an as-
tonishing phenomenon. Intermarriage produced two cases of homozygous P16
germline mutations (Gruis et al. 1995). This seemingly unlikely event, the chance
that two heterozygous P16 mutation carriers would marry, provided the oppor-
tunity to study a P16 human knockout mutant. The mutation is a 19-bp deletion
that destroys protein function. Both homozygotes are viable, but their phenotypes
are strikingly different from one another. One survived to the age of 55 with no hint
of melanoma, dying apparently of an internal adenocarcinoma. The second suf-
fered three malignant melanomas by the age of 15. Thus the penetrance and ex-
pressivity of P16 mutations is highly variable. Penetrance may depend on
unidentified genetic factors or on environmental or stochastic influences. Of the
potential environmental factors, sun exposure is the most certain (CANNON-
ALBRIGHT et al. 1994). Thus P16 is an important predisposing gene for melanoma
and possibly other cancers as well, but it is a nonessential gene; it is not required for
normal development.

At least one other gene is responsible for a portion of hereditary melanoma.
However, it is the exception that proves the rule of P16’s importance. The second
gene, CDK4, encodes the target of pl6’s inhibitory activity. Mutations in CDK4
that disrupt the binding of pl16 have been found in the germline of a small per-
centage (two out of 32) of melanoma-prone families (Zuo et al. 1996). Based on this
frequency, it appears that CDK4 mutations may account for a fraction of mela-
noma that is tenfold lower than P16 mutations. The discovery of CDK4 mutations
is only the second case of an oncogene’s involvement in hereditary cancer. The
mutations presumably enable CDK4 to avoid pl6-mediated inhibition, resulting in
an overactive enzyme that promotes entry into S phase.

So far there is no evidence that other CDK inhibitors contribute to hereditary
cancer.

4 Expression of CDK Inhibitors

Besides the loss of P16 expression due to methylation, other types of misregulation
occur. The most dramatic case involves P16 expression in Rb-negative tumors.
When Rb is inactivated either by mutation or by viral infection, P16 transcript level
increases by a factor of 50 (L1 et al. 1994; PARRY et al. 1995; StonNE et al. 1995b).
This suggests that P16 expression is regulated in part by a pathway that involves
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Rb. Thus Rb is not only a target of p16, located downstream in the pathway, but is
also an upstream negative regulator of P16 expression. This feature of P16 is
difficult to reconcile with its transcriptional behavior during the cell cycle. As cells
traverse the various phases of the cycle, the level of P16 transcript changes only
modestly (STONE et al. 1995b). This also applies to P15 and several other inhibitors
(SToNE et al. 1995a). If phosphorylation of Rb by CDK is one of the fundamental
steps in the G,/S-phase transition, it is odd that p16 expression is not modulated
more. This indicates that pl6 may play a minor role in the normal cell cycle
oscillator. The relevance of CDK inhibitor expression during normal transitions in
the cell cycle remains to be determined.

P27 and P15 have the intriguing property of being regulated by transforming
growth factor (TGF)-B (Hannon and BEAacH 1994; PoLyAk et al. 1994; ToyosHIMA
and HunTER 1994). This suggests an important role for these genes in G;-phase
arrest mediated by TGF-B. Since escape from TGF-p is a common characteristic of
neoplasia, elimination of p27 or p15 activity would seem desirable from the tumor’s
point of view. Why P27 is not inactivated more frequently in tumors is a mystery.

P21 is one of the transcriptional targets of P53. In many P53-negative tumors,
p21 levels are extremely low. This finding led to the proposal that p21-mediated
arrest was one of the principal functions of p53 as a tumor suppressor. Despite this
tantalizing link, a crucial role for p21 in tumorigenesis has been difficult to prove.

All CDK inhibitors tested to date cause cell cycle arrest when overexpressed in
certain tumor cells. In the cases that involve the ankyrin CDK inhibitors, such as
pl6, the arrest occurs in G, phase, as predicted (KoH et al. 1995; Lukas et al. 1995,
SErRrRANO et al. 1995). Interestingly, pl6- and pl8-mediated arrest is dependent on
functional Rb (Guan et al. 1994).

5 Diagnostic Prospects

With cancer there are two possible types of gene-based diagnostics: (1) predispo-
sition testing for germline mutations and (2) progression testing for somatic mu-
tations. For technmical reasons, germline testing is more straightforward. The
mutations are typically heterozygous, but the mutant allele is not obscured by
variable amounts of normal DNA. In the case of genes such as BRCAL, the value
of germline testing is relatively clear. BRCA1 mutations account for a significant
fraction, perhaps 5%, of all breast cancer, the most common cancer that afflicts
women.

Testing for germline P16 mutations is more problematic. On the one hand,
knowledge of P16 mutational status is useful because it provides an incentive to
avoid sunlight, one of the primary modifiers of risk. On the other hand, the low
frequency of P16 mutations in the population detracts from the value of a test. The
vast majority of individuals would test negative. In addition, the possibility of a
large fraction of mutations being of a regulatory nature complicates the test or its
interpretation.
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Testing for somatic, rather than germline P16 mutations, is more likely to be of
value to a large percentage of the population. Somatic P16 mutations are common.
Two important issues must be addressed before such tests can be carried out sen-
sibly. First, the test must handle the technical difficulties associated with detecting
P16 inactivation by a variety of mechanisms, including homozygous deletion and
methylation. Second, the test must be useful either from a prognostic or therapeutic
perspective, i.e., the result must provide information about the patient’s prognosis
or must guide the therapeutic choice. Thus clinical studies that explore the corre-
lation between P16 status and tumor behavior will be welcomed.

It is conceivable that other CDK inhibitors besides pl6 may be useful in
diagnosis. For example, a protein- or RNA-based detection strategy might provide
useful information about the status of growth control pathways in the cell. For
instance, if P16 again serves as a paradigm, knowledge of pl6 protein levels in
tumor tissue might determine whether the cells are negative for P16 or Rb.

6 Therapeutic Implications

One of the wishes harbored by gene therapy enthusiasts is that tumor suppressor
genes could be used to complement defects in tumors and restore growth control.
The difficulties with this approach are numerous. Perhaps the most significant
problems involve delivery of the corrective gene and regulated expression. Since
overexpression of pl6 would impede growth of normal cells, the expression must be
properly controlled.

A more radical approach is to use CDK inhibitors to stop cell division in
normal cells selectively and temporarily. The major limitation on success of con-
ventional chemotherapy treatment is its effect on normal cycling cells, such as
intestinal epithelia and hematopoietic precursors. These toxic effects severely re-
strict the doses that can be administered in cancer patients. Some tumor cells often
survive and give rise to drug-resistant descendants that ultimately kill the patient.
Thus selective protection of normal tissues would likely improve conventional
chemotherapy by permitting higher doses of drug. Such approaches have been
considered (PARDEE and James 1975; KonN et al. 1994). In one model system,
artificially controlled p16 expression was used to arrest cells in a reversible manner
(STONE et al. 1996). In certain cases, the arrested cells were 100-fold more resistant
to chemotherapeutic toxicity. After treatment, the arrest could be alleviated by
reducing pl6 levels, and the cells reentered the cell cycle. This approach, though far
from entering practice, offers a different route toward cancer treatment via ma-
nipulated CDK inhibitor expression.

7 Conclusions

The role of pl6 in human cancer is supported by many lines of evidence, including
the following:
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—.Biochemical inhibition of CDK4/6 activity

— Somatic mutations and deletions in tumors/cell lines
— Methylation-silenced transcription in tumors/cell lines
— Germline mutations in melanoma-prone kindreds

— Gj-phase arrest caused by ectopic expression

Other CDK inhibitors presumably also play roles in the biology of tumors.
Methods that do not rely on nature’s bounty of mutations to pinpoint genes rel-
evant to cancer must be used to determine these roles. As tumor suppression
pathways are dissected in normal cells, these roles should become increasingly clear.
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1 Chemical Inhibitors of Cyclin-Dependent Kinases

The cell has evolved a number of distinct ways to regulate cyclin-dependent kinases
(CDKs). These include both activating steps (phosphorylation at T161, binding of
a cyclin) and inhibitory ones (phosphorylation of T14, Y15, binding of a protein
inhibitor, and ubiquitin-mediated proteolysis of the cyclin subunit). All represent
potential points of intervention for the design of small-molecule inhibitors. Thus, in
theory, it will be possible to identify inhibitors of CDK activity which act though a
number of different mechanisms, i.e., competition for substrates (ATP and peptide/
protein), competition for cyclin binding, mimicking of CDK-inhibitory proteins, or
stimulation of specific cyclin destruction. In practice, however, things are not so
simple. In order for a small molecule to penetrate the cell membrane, it typically has
to be of small size (e.g., M, <3500). With such size constraints, the highest likeli-
hood is that such a small molecule will bind most tightly in small, defined pockets in
the target protein, such as the ATP-binding pocket. The potential for disruption of
a large protein—protein interface, such as a cyclin~CDK-binding surface, is much
lower. It is therefore predictable that the majority of small molecular weight CDK-
inhibitory compounds identified to date are ATP competitors. These fall into
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several major classes, including the purine analogues, the flavonoids, staurosporine
analogues, and butyrolactone-1. Despite the fact that these inhibitors currently are
either nonselective or low in potency, they all present potential starting points for
the identification of highly potent, specific CDK inhibitors. The structures of these
inhibitors are shown in Fig. 1 and they are described in more detail below.

H
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£ 3N 1 \)_H\_( =N
=N \—\OH =N HN
HN HN OH
\@ N
a Olomucine Roscovitine N6-isopentenyladenine

oH OH
HO O N— HO Q N—
o > OH o=( O OH
o 28
b  L86-8276 1.86-8275 (Flavopiridol) Myrercetin

B lactone 1 R=H - Staurosporine
‘ ulyrolacione R=0OH - UCN-01

Fig. 1a—c. Small-molecule inhibitors of cyclin-dependent kinases (CDK). The structures of the major
CDK inhibitors described in the text are shown. a Purines. b Flavonoids. ¢ Other compound classes. (For
the CDK-inhibitory activity of these compounds, see Tabie 1)
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It should be noted that the concentration of ATP used for in vitro studies needs
to be taken into account when comparing the in vitro and cellular activities of CDK
inhibitors, since differences in [ATP] used will affect the reported ICs, for enzyme
inhibition. Thus two equipotent inhibitors may appear to possess greatly altered
activity simply by assaying them at different [ATP]. The only way to accurately
compare these compounds is through the determination of a K; value. Unfortu-
nately, this has not been performed for many of the compounds described here.

1.1 Purine Analogues

It has been known for several years that purine analogues, such as N6-(D2-is-
openentyl) adenine (isopentenyladenine) and 6-dimethylaminopurine (DMAP) have
CDK -inhibitory activity (RIALET and MEUER 1991). These compounds suffer from
the problem of low potency and poor selectivity between CDKs and different ki-
nases. In an effort to identify purine analogues with greater potency and selectivity
for CDKs, Meijer and coworkers screened more than 80 related purine analogues
(VESELY et al. 1994). This search identified olomoucine, 2-(2-hydroxyethylamino)-6-
benxylamino-9-methylpurine (Fig. 1, Table 1). This compound showed selectivity
for cdc2 (CDK1), CDK2, and CDK35 (ICsq, 3-7 uM), with some selectivity for
members of the Erk family (ICso, approximately 30 pM) (VESELY et al. 1994). Olo-

Table 1. Activity of small-molecule inhibitors of cyclin-dependent kinases (CDK)

1Cs¢ values of inhibitors (uM)

Kinase Olomoucine Roscovitine 6-Isopentenyl Flavopiridol Butyrolactone-1 Staurosporine UCN-01
adenine

cde2 7 0.65 40 0.3 0.6 0.003-0.009  0.031

CDK?2 7 0.7 - 0.4 1.5 0.007 0.03

CDK4 > 100 > 1000 - 0.4 - <10 0.032

(0.065")

MAPK 30 30 - - 94 - 0.91

PKA > 1000 > 2000 50 145 260 0.007 -

PKC >100 > 1000 - - 160 0.007 0.007

PKG > 1000 >2000 - 6 - 0.009 -

Sre TK - - - - - 0.006 -

EGF-R/K - 440 - 25 > 590 0.63 -

Note that the ICsq values are affected by the [ATP] used in each assay, making direct comparison of inhibitor
activity difficult. The K ,pp can be determined according to the equation: Kj app = 1Cs0/(1 + (s/Kin)). If the
[ATP] used is well below the K, for the enzyme (approximately 40 pM for CDK?2), then the 1Cs is ap-
proximately equal to the K; ,pp. For cdc2, the K; ,pp for olomoucine and fiavopiridol will be 5 uM and
0.028 pM, respectively.
YATP] = 375 pM.
PReported K; value.
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moucine has little activity against a large number of other kinases and ATP-utilizing
enzymes, including CDK4 and CDK6. The extensive list of purines screened, along
with the generally good accessibility of purines to chemical modification, provides a
good starting point for further improvement of these molecules. For instance, only
C2-, N6-, N9-substituted purines demonstrated a strong inhibitory effect towards
CDKs. As expected, olomoucine was shown to be competitive with ATP and non-
competitive with the peptide substrate histone H;. Olomoucine also shows activity in
inhibiting growth and cell division in a number of living systems (GLAB et al. 1994;
VESELY et al. 1994; ABraHAM et al. 1995), consistent with the inhibition of CDK
activity. These include murine, Xenopus, and echinoderm oocytes, unicellular algae,
plant cells, and normal and tumor cell lines in tissue culture. In many of these
systems, olomoucine shows reversible effects, with a reentry into the cell cycle oc-
curring after removal of the compound. Interestingly, olomoucine does not show any
effects in Drosophila embryos and yeast and is only weakly active in nematode
embryos. The potential reasons for inactivity of olomoucine in these systems are
many, but a high concentration of ATP (which will compete with the compound) and
its inability to penetrate the cell wall or membrane are likely possibilities. The av-
erage ICs for cell growth for olomoucine in the NCI human tumor cell line panel was
60.3 uM (ten fold greater than the 1Cso for the purified enzyme). This apparent
disparity in the activity of olomoucine between the purified enzyme and whole cells
may be explained by the fact that the concentration of ATP in cells is very high
(> 0.5 mM) relative to that used in the kinase assays for testing olomoucine (15 pM).
Since olomoucine competes for ATP, higher concentrations of the drug will be
required to inhibit the enzyme in the presence of a high substrate concentration.
The crystal structures of isopentenyladenine and olomoucine complexed with
CDK2 have been solved (ScHULZE-GAHMEN et al. 1995). These structures confirm
that both isopentenyladenine and olomoucine do indeed bind in the ATP pocket, but
surprisingly adopt orientations which are different both from the purine ring of ATP
itself as well as from each other. The crystal structure of olomoucine has provided two
other useful pieces of information. First, the benzylamino group of olomoucine
protrudes out of the ATP-binding pocket into the solvent interface. Modeling olo-
moucine into the ATP pocket of the cyclin-dependent protein kinase (PKA) leads to
the overlap of a phenylalanine side chain in PKA with the benzylamino group of
olomoucine. This steric hindrance would obviously decrease the affinity of olo-
moucine for the ATP pocket of PKA and provides one model by which selectivity for
CDXKs may be generated. It should be noted that this does not provide a model in
which CDK4 and CDK6 are insensitive to olomoucine. It is likely that the answer to
this puzzle will only be determined by the solution of the crystal structure of CDK4 or
CDK6. Second, the crystal structure of olomoucine bound to CDK2 has provided a
starting point for further chemical modification of olomoucine. This effort has
yielded a further analogue of olomoucine, roscovitine (MEUER 1996; L. Meijer,
personal communication; see Fig. 1). Roscovitine shows an increased potency for
cdc2 and CDK2 of at least tenfold, with an ICs, for cde2 of 650 nM (Table 1). Like
olomoucine, roscovitine is also inactive against CDK4. Roscovitine has a single chiral
center (see Fig. 1). The (R)-stereoisomer is about twofold more potent than the {S)-
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stereoisomer. The improvement in potency for CDKs is not reflected in the activity
against other kinases, further improving the selectivity of this inhibitor for CDKs.
The improved activity of roscovitine against CDKs is also reflected in improved
activity in cell-based systems, e.g., the average [Csg in the NCI cell line panel is 16 pM
(L. Meijer, personal communication). The use of the crystal structure to identify
potent analogues of olomoucine serves to highlight the usefulness of the crystal
structure of a protein and molecular modeling in the design of inhibitory compounds.
Itis likely that further improvements over roscovitine will be made in the near future.

1.2 Flavonoids

The flavonoids have long been known to have kinase-inhibitory properties and
many show cell cycle modulation and growth-arresting properties (OGAWARA et al.
1989). Flavopiridol (L86-8275) [(-)cis-5,7-dihydroxy-2-(2-chlorophenyl)-8[4-(3-hy-
droxy-1-methyl-0O-piperidinyl]-4H-benzopyran-4-one] (Fig. 1) and the closely re-
lated compound L86-8276 are the most potent flavonoid CDK inhibitors identified
to date (Losiewicz et al. 1994). Flavopiridol potently inhibits sea star cdc2 (with a
Kiatp of 41 nM; Losiewicz et al. 1994) and recombinant human CDK4 (Kia1p,
65 nM; CArLsoN et al. 1996) (Table 1). The ICs, for cdc2 immunoprecipitated from
MDA MB468 cells was 400 nM at an ATP concentration of 375 nM (LOSIEWICZ
et al. 1994). These data indicate that flavopiridol, unlike olomoucine and butyro-
lactone (see below), is unable to distinguish between the different CDK family
members. Flavopiridol also shows some kinase selectivity, being considerably less
potent against a number of other kinases, including PKA, PKG, and the epidermal
growth factor (EGF) receptor/kinase. Like olomoucine, flavopiridol is competitive
with respect to ATP and non-competitive with respect to the peptide substrate
(Losiewicz et al. 1994).

The reported 1Csq for cell growth — (based on the MTT assay) — for flavopiridol
ranges from 25 to 160 nM for a selection of 12 breast and lung carcinoma cell lines
(KAur et al. 1992). Flavopiridol was initially shown to be cytostatic on a variety of
tumour cell lines (KAUR et al. 1992; WorLAND et al. 1993; Losiewicz et al. 1994).
Recent reports have also shown that flavopiridol can be cytotoxic on certain cell
lines (BiBLE and KAUFMANN 1996; PARKER et al. 1996). It has been argued that,
based on the selectivity and potency of flavopiridol, the effects of this compound on
the growth of cells may be accounted for by the CDK-inhibitory properties of the
compound (Losiewicz et al. 1994). In one instance, however (BiBLE and KAUFM-
ANN 1996), flavopiridol has been shown to be cytotoxic against quiescent A549 non-
small-cell lung cancer cells. This observation raises some questions regarding the
absolute specificity of this compound. Further studies will be needed to determine
the degree to which the cytostatic and cytotoxic effects of flavopiridol are related to
CDK inhibition or to other properties of the compound.

The crystal structure of CDK2 in complex with 1.86-8276 has also been solved
(Azevepo et al. 1996). The benzopyran ring of 1.86-8276 occupies a similar region
as the purine ring of ATP, and the piperidinyl ring of L868276 partially occupies
the space in which the a-phosphate of ATP resides. Similarly to olomoucine, the
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phenyl group of L868276 projects out of the ATP-binding pocket towards the
solvent interface, suggesting in part that this may contribute to the specificity of this
molecule.

We (B. Lovejoy and D.H. Walker, unpublished data) have solved the crystal
structure of the flavonoid myrecetin complexed with CDK?2. Myrecetin (see Fig. 1)
is a weak inhibitor of CDK2 relative to flavopiridol (ICsy, 10 pM; [ATP], 40 pM;
(D.H. Walker and B. Lovejoy, unpublished results), but represents a further fla-
vonoid structure. Initial crystallographic studies suggest that it is possible for
myrecetin to bind CDK2 in a reverse orientation as compared to flavopiridol.
These results mirror the observation that purine analogues bind CDK2 differently
from ATP and serve to highlight the potential importance of using crystallography
to aid in compound design. Without this valuable information, it may be difficult to
understand the structure-activity relationships of different inhibitors even from the
same class of compounds. The crystal structure of CDK2 in complex with cyclin
A has also been solved (JEFFREY et al. 1995). A number of dramatic changes in
the CDK2 molecule take place upon binding cyclin A, and these may impact on the
binding of small molecules in the ATP pocket. Although in this structure the
binding pocket for the adenine portion of ATP is little altered, the changes in
CDK2 in the phosphate-binding region may allow the formation of new contacts
with the molecule as compared to the free CDK structure. The use of the CDK2—
cyclin A structure will allow for a more accurate determination of the critical
interactions outside of the nucleotide-binding pocket and will likely significantly
impact efforts to improve potency of CDK inhibitors.

1.3 Butyrolactone-1

Butyrolactone-1 was isolated from Aspergillus strain F-25799 as a CDK inhibitor in
a screen of culture mediums from microorganisms to find inhibitors of murine cdc2
(KImicawaA et al. 1993). Butyrolactone-1 is competitive with ATP, inhibits cdc2 with
an ICs, of 680 nM, and shows good specificity against a variety of other kinases,
including CDK4 (Kitigawa et al. 1993; MEUER 1995; see Table 1). Evidence has
also been provided to show that butyrolactone has activity in cell-based assays. It
arrests Xenopus egg extracts in G, phase with an ICs, of less than 3 M, consistent
with inhibition of cdc2 (SOMEYA et al. 1994), and arrests human W138 fetal lung
fibroblasts in both G, and G, phase at 48 pM. There are no reports of structural
modifications of butyrolactone, and this molecule has not been crystallized with
CDK2. Nonetheless, it provides a very attractive template for the design of further
analogues, in particular because it represents a class of molecules which have not
been previously identified in general kinase screening approaches.

1.4 Staurosporine Analogues

Staurosporine is a microbial alkaloid which was originally isolated from Strepto-
myces sp. cultures (OMURA et al. 1997). Staurosporine is recognized as a potent
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inhibitor of a wide variety of kinases, including both serine/threonine and tyrosine
kinases, and inhibits cdc2 and CDK?2 with an ICs, in the low nanomolar range
(RiaLET and MEUER 1991; GabpBois et al. 1992; see Table 1). This is in the same
range as inhibition of PKC (2.7 nM; RiAaLer and MeuErR 1991; Gabpsois ct al.
1992). Staurosporine has been reported to be poorly active against CDK4—cyclin
complexes (MEUER 1995). Recently, an analogue of staurosporine, 7-hydroxyl-
staurosporine (UCN-01) (TakaHAsHI et al. 1989), has been shown to have potent
activity against CDKs (KAwAkAMI et al. 1996). Although UCN-01 is somewhat less
potent than staurosporine {ICsy cdc2 of 30 nM as compared to 4 nM), it shows a
marginally improved selectivity and also inhibits CDK4 and CDK6 (KAawAkAMI
et al. 1996). The lack of specificity of staurosporine and UCN-01 limits their use-
fulness as tools for understanding CDK regulation. Thus, although there are many
reports of staurosporine or UCN-01 causing cell cycle changes in a variety of target
cells (Kawakawmi et al. 1996; AKINAGA et al. 1994; ScHNIER et al. 1994; SEYNAEVE
et al. 1993), it is not possible to determine whether this effect is a result of inhibition
of CDKs or other kinases which either directly or indirectly impact cell cycle
progression. This problem is further highlighted by reports claiming both inhibition
of CDK activity (Kawakawmi et al. 1996) and activation of CDK activity (WANG et
al. 1995) by UCN-01 at similar concentrations in different cell types. It is possible
that more specific analogues of staurosporine may be derived, particularly if the
crystal structure of CDK?2 complexed with staurosporine is solved. The compound
is rather large and complex, however, making chemical modification more difficult
as compared to other structural classes described here.

1.5 Other Inhibitors

There are a number of other reported CDK inhibitors. Typically, these inhibitors
are non-selective and represent molecules in which no structure—activity relation-
ships have been generated. As such, they are of little value themselves as tools or
agents for the specific inhibition of CDK activity, but do represent possible, al-
though difficult, templates for further chemical modification for the identification
of more selective and potent analogues. These molecules include suramin (Bosa-
Nowski et al. 1994) and 9-hydroxy-elipticine (OHasHI et al. 1995). Suramin is
currently used as an antihelminthic and antiprotozolal compound and as an anti-
tumor agent (LARSEN 1993). Suramin inhibits cdc2 with an ICsy of 4 pM, well
above the ICsq for other actions of this compound (Bosanowski et al. 1994). Given
the complexity of suramin’s structure, it is unlikely that this compound will be
seriously pursued as a CDXK inhibitor. Ellipticines are widely recognized as anti-
cancer agents acting as DNA intercalators and inhibitors of topoisomerase 11. The
potency of these compounds in cell-based assays is well below the reported ICs, for
CDK inhibition (OHasHI et al. 1995). Since these compounds show DNA-inter-
calating activity, it is highly unlikely they will provide an adequate template for
CDK inhibitors.
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2 Other Classes of CDK-Inhibitery Compounds

All of the CDK inhibitors described above represent small organic molecules which
are generally competitive with respect to ATP. Identification of peptide CKD in-
hibitors, inhibition of regulators of CDK activity, and inhibition of transcription of
the CDK protein by antisense technologies all represent alternative approaches to
inhibition of CDK activity which deserve a mention here. By moving the focus
away from the ATP-binding pocket of CDK, these approaches are likely to provide
inhibitors with an improved degree of selectivity relative to the inhibitors described
above. Nonetheless, they still represent nascent technologies and carry their own
individual problems which need to be overcome.

2.1 Peptide Inhibitors of CDKs

The design of peptide CDK inhibitors has been approached by two methods: (1)
identifying peptide aptamers which bind and inhibit CDK activity and (2) designing
peptide inhibitors based on the existing CDK-inhibitory proteins.

Brent and colleagues (CovLas et al. 1996) used the two-hybrid system to express
a combinatorial library of constrained 20-mer peptides displayed in the context of
the active-site loop of Escherichia coli thioredoxin. This approach has yielded a
range of peptides which have high affinity for different epitopes on the CDK2
surface and which inhibit CDK2-cyclin E kinase activity in vitro. For this tech-
nology to be of wider interest, it will be necessary to demonstrate that the peptides
have CDK-binding activity alone and not only in the constraint of thioredoxin.

An alternative approach used to identifying CDK-inhibitory peptides is to map
active regions of known CDK-inhibitory proteins, reducing the inhibitory domain
to a small fragment. The protein inhibitors of CDKs fall into two distinct classes:
universal inhibitors (such as p21WATVP and p27%!"1) and the CDK4/6-specific
inhibitors, such as p16"™*¥MTS! The universal inhibitors make contacts with both
the cyclin and the CDK subunits of the majority of eyclin— CDK complexes (Russo
et al. 1996). pl6™K4¥MTS! " on the other hand, binds the free CDK4/6 subunit.
Although domains of p21VATVTP! which mimic their CDK-inhibitory action have
been identified (CHEN et al. 1995), these have not yet led to the identification of
small inhibitory peptides. More success has been reached in mapping p16™N<4/MTS!
Lane and coworkers (FAHRAEUS et al. 1996) mapped the CDK-binding region of
ple™NKAMTSE 5 3 20-amino acid peptide which shows CDK4-inhibitory activity.
This peptide was coupled to Penetratin, a 16-amino acid region of the Antenna-
pedia homeodomain, which rapidly translocates through biological membranes in
an energy-independent manner. The pl6 peptide—Penetratin fusion induced a G,
phase cell cycle arrest and inhibited the phosphorylation of Rb in vivo in HaCaT
cells. The activity of the peptide was limited to times prior to the phosphorylation
of Rb at the restriction point, suggesting that the inhibitory action of the peptide
was associated with inhibition of CDK4/CDK6. The high degree of selectivity of
this peptide for CDK4 and CDK6 suggests it as an interesting starting point for the
design of cdk4/cdk6-specific inhibitors.
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2.2 Inhibitors of cdc25

A major point of regulation of CDKs, particularly in G,/M phase, is via phos-
phorylation/dephosphorylation of T14 and Y15 in the CDK by the Weel kinase/
cdc25 phosphatase pathway (for a review, see HUNTER 1995). Overexpression of
cdc25 may be expected to prevent the Weel-mediated inhibition of CDK and to
result in the inappropriate activation of CDKs in the cell. Overexpression of cde25
has been reported to be found in some primary tumors, such as breast and lung
(GarLakTIONOV et al. 1995). This confirms the hypothesis that inappropriate CDK
activity may contribute to the neoplastic phenotype. These results further suggest
that targeting cdc25 may be a good way of inhibiting CDK activity in the context of
some tumors by swinging the balance towards inhibitory phosphorylation, thereby
preventing the activation of CDKs.

To date, few inhibitors of cdc25 have been reported. The benzoquinoid anti-
tumor compounds dnacinAl and dnacin BI have been shown to be noncompetitive
inhibitors of cdc25B (HoriGucHi et al. 1994). However, the activity of these
compounds is very weak (ICsqg, 141 and 64.4 pM, respectively). Dysidiolide, a
sesterterpine y-hydroxybutenolide, which was isolated from the marine sponge
Dysidea etheria (GUNASEKERA et al. 1996), shows somewhat better potency.
Dysideolide inhibits cdc25 with an ICsy of 9.4 pM and is inactive against ca-
Icineurin, CDK45, and leukocyte common antigen-related phosphatase (LAR) at
12.5 uM, indicating the potential for specificity of this molecule. Since phosphatase
inhibitors do not have to contend with high levels of ATP within the cell, as the
ATP-competitive kinase inhibitors do, they are more likely to show cellular effects
at concentrations near the reported 1Csy values. Dysidiolide causes growth inhi-
bition of A549 human lung carcinoma and P388 murine leukemia cells with ICsq
values of 4.7 and 1.5 pM, respectively (GUNASEKERA et al. 1996). At this time it is
not possible to determine whether the growth-inhibitory effects of this molecule
may be ascribed to the cde25-inhibitory activity of this molecule.

2.3 Antisense Inhibitors of CDKs

Antisense technology is an area which has been filled with potential and fraught
with difficulty, particularly concerning delivery of the antisense molecule to living
cells (SteiN and CHENG 1993; WAGNER 1994). There are several examples where
antisense DNA have been applied to target CDK activity, principally by targeting
the cyclin moiety (MINSHULL et al. 1989, 1991; WALKER and MALLER 1991). These
examples have succeeded because they used relatively simple, easily manipulable
in vitro systems for their study. Only recently has it been possible to reliably direct
antisense molecules against a target RNA in a living cell. Treatment of cells with a
C-5 propyne pyrimidine-modified phosphorothioate antisense molecule directed
against cdc2 mRNA, delivered by encapsulation in cationic lipids, resulted in the
specific downregulation of the cdc2 protein (FLANAGAN et al. 1996). In normal cell
types, such as CV-1 cells, this loss of cde2 protein manifests itself as a cell cycle
block in G, phase, as would be expected for inhibition of cdc2 activity. No ap-
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parent phenotype was observed upon treatment of tumor cell lines. These results
are somewhat different from those observed using small-molecule CDK inhibitors
(KAUR et al. 1992; WorLAND et al. 1993; Grag et al. 1994; VESELY et al. 1994;
ABRAHAM et al. 1995), where a G, phase block may be observed in both normal and
tumor cell lines. There are differences between the two approaches which may
account for these discrepancies. The antisense approach is highly specific and other
non-target CDK protein levels are not directly affected by the cdc2 antisense. In
contrast, all of the small-molecule CDK inhibitors identified to date are less specific
and target several CDK activities. It is possible, therefore, that in tumor cells, the
loss of cdc2 protein may be compensated for by another CDK, such as CDK2. It is
also possible that tumor cells are better able to progress through the cell cycle with
the small residual cdc2 protein remaining after antisense treatment. Surprisingly,
antisense molecules directed against cyclin B do not show significant alteration of
cell cycle progression in any cell type, despite the fact that they cause a significant
reduction of protein levels (FLANAGAN et al. 1996). These results indicate that the
ability of a somatic cell to accommodate losses in individual cell cycle proteins may
be compensated by redundancy in functions of the individual proteins. This
therefore suggests that, in order to induce a CDC phenotype in somatic cells, it may
be necessary to knock out the activity of more than just one CDK-cyclin complex.
Antisense approaches will likely continue to provide a useful tool for the future
dissection of the specific events in the cell cycle.

3 CDK Inhibitors as Molecular Tools

Much of our knowledge of the role of CDKs in cell cycle control has been learned
from investigating the effects of deliberately altering their activity. CDK-inhibitory
compounds therefore show a great potential as tools for the dissection of the
molecular pathways in which CDKs are involved. Caution should be used in both
the design and interpretation of the results from experiments using CDK inhibitors,
however. Despite their apparent specificity, it is unlikely that the only intracellular
target for CDX inhibitors will be CDKs themselves. Such problems have certainly
confused the interpretation of results using staurosporine and its analogues; this
inhibitor acts on a wide array of kinases, and it is not possible to determine whether
its cell cycle-inhibitory effects are a direct result of CDK inhibition, the result of
impacting on upstream or downstream pathways, or a combination of all of these
(see above). More accurate interpretation of the results from the use of CDK
inhibitors may be made in a number of ways: (a) designing more specific inhibitors,
(b) using inactive analogues of the inhibitor, such as iso-olomoucine (VESELY et al.
1994) to demonstrate that the effects are limited to the CDK inhibitor alone, and (c)
using several structurally unrelated CDK inhibitors or alternative methods of
targeting CDK in the same assay. This last method presents perhaps the most
convincing way of ensuring that the small molecule is acting through CDK inhi-
bition of in the cell. In this case, it would be expected that the same results would be
generated by all of the inhibitors if CDKs were the target of the molecules. Ulti-
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mately, it would also be desirable to devise cell-based assays for CDK activity to
confirm that the compound indeed inhibits CDK activity in a cellular environment.
These assays have yet to be reported.

There are multiple reports which demonstrate that CDK inhibitors influence
cell cycle progression, consistent with their proposed mechanism of action. A wide
variety of target cells have been shown to be inhibited for cell cycle progression by
the more specific CDK inhibitors olomoucine, flavopiridol, and butyrolactone
(CARLSON et al. 1996; ABRAHAM et al. 1994; GLAB et al. 1994; Losiewicz et al. 1994;
SoMEYA et al. 1994; KitaGawa et al. 1993; Kaur et al. 1992), indicating the breadth
of utility of these inhibitors. Typically, CDK inhibitors induce a cell cycle arrest in
G, and G, phase, but do not show a pronounced S-phase arrest (ABRAHAM et al.
1994; GLaB et al. 1994; Losigwicz et al. 1994; SoMEYA et al. 1994; KAUR et al.
1992). In particular, WorLAND et al. (1993) showed that flavopiridol causes only a
cell cycle delay in S phase at concentrations that induce a potent arrest in both G,
and G, phase. It has been reported that CDK activity, particularly cyclin A—
CDKZ2, is required for progression through S phase (CArDpOso et al. 1993); Sosc-
zAK-THEPOT et al. 1993; D’URrso et al. 1990). These data all suggest, therefore, that
concentrations of CDK inhibitors which can strongly arrest G,/S- and G,/M-phase
progression cannot fully prevent S-phase progression, consistent with the hypoth-
esis that the progression through S phase requires a lower threshold of CDK
activity (STERN and Nursg 1996) (or may not even require CDK activity at all;
DEGREGORI et al. 1995) than the entry into either S or M phase. It is likely that the
use of CDK inhibitors will further uncover the roles CDK play in the control of S-
phase progression.

CDK inhibitors have also been used to probe the role of CDKs in mediating
the onset of apoptosis. Apoptosis, or cell death, may be induced by a wide variety
of signals (EvAN et al. 1995; MARTIN et al. 1994; HEiNTZ 1993). There have been a
number of conflicting reports showing either a correlation (YAo et al. 1996; Li et al.
1995; DONALDSON et al. 1994; SHi et al. 1994) or a lack of correlation (FREEMAN
et al. 1994; NorBURY et al. 1994; OBERHAMMER et al. 1994) of CDK activation in
apoptotic processes. The issue has been confused by the fact that a wide variety of
cell types and apoptosis inducing signals have been used. It also is not certain, in all
cases, whether the activation of CDK activity in apoptosis is a cause or a conse-
quence of the initiation of cell death. A number of recent reports have used CDK
inhibitors as tools to dissect this involvement of CDKs in apoptosis. These ex-
periments are beginning to shed some light on this confusing issue.

Park and coworkers (1996) demonstrated that both flavopiridol and olo-
moucine suppress neuronal cell death induced by nerve growth factor (NGF)
withdrawal in sympathetic neurons and postmitotic, differentiated PCI12 cells.
These results support the hypothesis that apoptosis due to neurotrophin with-
drawal may be due to an inappropriate entry into the cell cycle; prevention of cell
cycle entry by CDK inhibitors may prevent the signals which induce cell death.
Interestingly, these authors also showed that the same inhibitors are able to induce
cell death in the presence of serum in undifferentiated, proliferating PC12 celis.
These results suggest that the role of CDK activity in cell death is not constant and
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may depend on a number of factors, including cell type, state of proliferation of the
cell, and apoptosis-inducing signal.

Another example of the induction of an apoptotic signal is the overexpression
of c-myc in serum-starved fibroblasts (EvAN et al. 1992). This event has been shown
to correlate with an increase in CDK activity (HOANG et al. 1994). The role of CDK
inhibitors in myc-induced apoptosis has been carefully examined (RupoLpH et al.
1996). By using both the CDK-inhibitory proteins (p16, p21, and p27) as well as the
purine analogue inhibitor roscovitine, RuporpH et al. (1996) showed that the ac-
tivation of CDK activity was not necessary for myc-induced apoptosis, but was
necessary and sufficient for myc-dependent cell cycle progression, as determined by
the upregulation of cyclin A, a late G,/S-phase cyclin. These examples provide
compelling examples of how CDK inhibitors may be used to separate fact from
fiction in the dissection of the roles of CDK in cellular processes.

As will be described below CDK inhibitors show potential for use as thera-
peutic agents. With a greater understanding of the precise roles of CDK in the
induction of arrest, apoptosis, and other cell fates in different systems, it may be
possible to use CDK inhibitors to deliberately manipulate cell fate in a therapeutic
context. In particular, the specific induction of apoptosis in tumor cells is a highly
desired outcome in the treatment of cancer. Although many cell types, both normal
and tumor, show cell cycle arrests in response to CDK inhibitors, the induction of
cell death by CDK inhibitors in proliferating tumor cells has been shown by a
number of groups (BIBLE and KAUFMANN 1996; PAark et al. 1996; PARKER et al.
1996; SHiBATA et al. 1996). For example, the inhibition of CDK activity by buty-
rolactone-1 is sufficient to induce apoptosis in proliferating HL60 cells, but not
U937 cells (SHiBATA et al. 1996). Cell death in HL60 cells occurs predominantly
from the G,/S phase of the cell cycle, presumably because of aberrant progression
of cells into S-phase in the absence of appropriate signals. U937 cells accumulated
in G, phase, suggesting that, although the G,-phase checkpoint was bypassed in
these cells, the signals inducing apoptosis in HL60 cells are not present in all cell
types. We (K. Dold and D.H. Walker, unpublished results) and others (BiBLE and
KAUFMANN 1996; PARKER et al. 1996) have confirmed that some cell types respond
to inhibition of CDK activity by apoptosis, whereas others respond by arresting.
These results suggest that, in some tumor cells, the loss of CDK activity and cell
cycle arrest cannot be tolerated. Dissection of the molecular signals which are
involved in determining apoptosis or arrest will likely reveal a subset of tumors
which will respond well to treatment with CDK inhibitors.

The possibilities for CDK inhibitors as molecular tools are endless. Future
experiments using small-molecule CDK inhibitors will undoubtedly advance our
understanding of the role these proteins play in determining the fate of cells.
Further experiments may investigate the role of CDK in other processes, such as
differentiation. These compounds will also provide a means of investigating the role
of CDKS5 in nervous system disorders such as Alzheimer’s disease (Hosor et al.
1995).
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4 CDK Inhibitors as Therapies

Progressing from a compound with desirable activity in a cell-based model to one
with good activity in vivo is a difficult step. Very few molecules are able to make
this leap. In order to generate a compound with the requisite pharmacologic
properties and low toxicity, it is often necessary to identify molecules with a high
degree of potency and selectivity. The majority of the currently reported CDK
inhibitors have yet to accomplish this goal. Despite these high hurdles, the future
for CDK inhibitors as therapies is particularly bright.

As outlined above, one outcome of the use of CDK inhibitors as molecular tools
is the projection of potential ways in which these compounds may be used as
therapeutics. Of particular interest is the potential use of CDK inhibitors in the
treatment of cancer and other hyperproliferative disorders. To be of any real ther-
apeutic benefit, it will be necessary to demonstrate that CDK-inhibitory compounds
show an improved therapeutic outcome when compared to currently approved
therapies. Some of the experimental approaches outlined above have suggested that
CDK inhibitors may show stand-alone antitumor activity in certain cases, both as
cytostatics (KAUR et al. 1994) and as cytotoxics (PARK et al. 1996; PARKER et al.
1996; SHIBATA et al. 1996). It is also possible that the specific inhibition of cdc2 may
synergistically increase the cytotoxic activity of some chemotherapeutic agents in
tumor cells. Indeed, it has been shown that CDXK inhibitors may increase the anti-
tumor activity of cytotoxics (ONGKEKO et al. 1995; ScHwaRrTz et al. 1996), possibly
by inducing tumor cells to arrest or delay in phases of the cell cycle in which they are
more sensitive to the cytotoxic. FLANAGAN et al. (1996) additionally showed that
cdc2 antisense molecules were able to induce a cell cycle arrest in G, phase in
normal, but not tumor cells. This differential response of normal and tumor cells
may be exploitable as a way to protect normal cells from agents which work in
mitosis. Protecting cells from cytotoxic activity by preventing cell cycle progression
has been hypothesized previously (Koun et al. 1994) and has been demonstrated,
either with CDK inhibitors (STonE et al. 1996) or with cell cycle-inhibitory com-
pounds (TsAo et al. 1992). This concept is further supported by the observation that
taxol-induced apoptosis appears to require cell cycle progression (DONALDSON et al.
1994). Ideally, it would be desirable to identify conditions in which a CDK-inhibi-
tory compound would capture elements of all of these potential activities, i.e., an
antitumor activity which synergizes with current cytotoxic therapy, while protecting
from the toxic side effects of those cytotoxics. Such an approach could radically alter
our approach and viewpoint towards the treatment of cancer.

The only reported CDK inhibitor which is under clinical evaluation at this time
is flavopiridol (E. Sausville and A. Senderowicz, personal communication). In
preclinical evaluation, flavopiridol was shown to have activity against a number of
xenografted tumor cell lines. CzecH et al. (1995) reported that flavopiridol inhibited
the growth of 18 out of 22 xenografted tumors. In some cases, the activity of
flavopiridol was comparable to that of commonly used cytotoxic drugs. This ac-
tivity appeared to be primarily cytostatic, since the compound was unable to induce
tumor regression in any of the models used. Flavopiridol is currently being eval-
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uated in phase-1 clinical trials, (E. Sausville and A. Senderowicz, personal com-
munication). The initial results show that flavopiridol is well tolerated, with diar-
rhea as the dose-limiting toxicity. Hematopoetic toxicity, which is common with
cytotoxic anticancer drugs, has not been found to be a dose-limiting side effect. It is
difficult to evaluate the therapeutic potential of flavopiridol at this early stage.
Several patients have shown no disease progression for up to 1 year, however,
consistent with a proposed cytostatic mechanism for this drug. Given that flavo-
piridol is generally well tolerated, it shows promise as a long-term therapy to
stabilize disease.

Although flavopiridol is the most potent CDK inhibitor identified to date
(CarLsoN et al. 1996; Losiewicz et al. 1994) and shows some promise in the clinic
(E. Sausville and A. Senderowicz, personal communication), it certainly does not
represent the pinnacle of possibilities for a CDK inhibitor. Identification of more
potent, selective inhibitors of CDK4 or ¢dc2-CDK2 is the goal of a number of
pharmaceutical and biotechnology companies as well as several academic labora-
tories. These efforts, along with the identification of better ways to use these
molecules as a result of cell-based experimental approaches, will hopefully build on
these initial successes. It is likely that we will see several novel potent and selective
CDK inhibitors progress to the clinic within the next decade.

The use of these molecules to treat other disorders which result from inap-
propriate proliferation will likely follow closely behind. These may include in-
flammatory diseases (such as psoriasis), restenosis, and viral infections. The current
small molecular weight inhibitors of CDK activity may provide the tools to identify
and validate these treatments.

Acknowledgements. 1 would like to thank Dr. Laurent Meijer and Dr. Ed Sausville for kindly sharing
unpublished data. I would also like to thank Lee Kuyper, Brett Lovejoy, and Stephen Davis for input and
critical reading of this manuscript.

References

Abraham RT, Acquarone M, Anderson A, Asensi A, Belle R, Berger F, Bergounioux C, Brunn G,
Buquet-Fagot C, Fagot D, Glab N, Goudeau H, Goudeau M, Guerrier P, Houghton P, Hendricks H,
Kloareg B, Lippai M, Marie D, Maro B, Meijer L, Mester J, Muiner-Lorillon O, Poulet SA, Sch-
eirenberg E, Schutte B, Vaulot D, Verlhac MH (1994) Cellular effects of olomoucine, an inhibitor of
cyclin-dependent kinases, Biol Cell 83:105-120

Akinaga S, Nomura K, Gomi K, Okabe M (1994) Effect of UCN-01, a selective inhibitor of protein
kinase C, on the cell-cycle distribution of human epidermoid carcinoma, A431 cells. Cancer Che-
mother Pharmacol 33:273-280

Almasan A, Linke SP, Paulson TG, Huang LC, Wahl GM (1995) Genetic instability as a consequence of
inappropriate entry into and progression through S-phase. Cancer Metastasis Rev 14:59-73

Azevedo WF, Mueller-Dieckmann HJ, Schulfe-Gahmen U, Worland PJ, Sausville E, Kim SH (1996)
Structural basis for specificity and potency of a flavinid inhibitor of human CDK2, a cell cycle kinase.
Proc Natl Acad Sci USA 93:2735-2740

Bible KC, Kaufmann SH (1996) Flavopiridol: a cytotoxic flavone that induces cell death in noncycling
A549 human lung carcinoma cells. Cancer Res 56:4856-4861



Small-Molecule Inhibitors of Cyclin-Dependent Kinases 163

Bojanowski K, Nishio K, Fukuda M, Larsen AK, Saijo N (1994) Effect of suramin on p34°*** kinase
in vitro and in extracts from human H69 cells: evidence for a double mechanism of action. Biochem
Biophys Res Commun 203:1574-1580

Cardoso MC, Leonhardt H, Nadal-Ginard B (1993) Reversal of terminal differentiation and control of
DNA replication: cyclin A and CDK2 specifically localize at subnuclear sites of DNA replication. Cell
74:979-992

Carlson BA, Dubay MM, Sausville EA, Brizuela L, Worland PJ (1996) Flavopiridol induces G1 arrest
with inhibition of cyclin-dependent kinase (CDK) 2 and CDK4 in breast carcinoma cells. Cancer
Res 56:2973-2978

Chen J, Jackson PK, Kirschner MW, Dutta A (1995) Separate domains of p21 involved in the inhibition
of cdk kinase and PCNA. Nature 374:386-388

Colas P, Cohen B, Jenssen T, Grishina I, McCoy J, Brent R (1996) Genetic selection of peptide aptamers
that recognize and inhibit cyclin-dependent kinase 2. Nature 380:548-550

Czech J, Hoffmann D, Naik R, Sedlacek H-H (1995) Antitumoral activity of flavone L86-8275. Int J
Oncol 6:31-36

DeGregori J, Leone G, Ohtani K, Miron A, Nevins JR (1995) E2F-1 accumulation bypasses a G1 arrest
resulting from the inhibition of G1 cyclin-dependent kinase activity. Genes Dev 9:2873~2878

Donaldson KL, Goolsby GL, Kiener PA, Wahl AF (1994) Activation of p34Cdcz coincident with taxol-
induced apoptosis. Cell Growth Differ 5:1041-1050

D’Urso G, Marraccino RL, Marshak DR, Roberts JM (1990) Cell cycle control of DNA replication by a
homologue from human cells of the p34°‘? protein kinase. Science 250:786-791

Evan GI, Wyllie AH, Gilbert CS, Littlewood TD, Land H, Brooks M, Waters CM, Penn LZ, Hancock
DC (1992) Induction of apoptosis in fibroblasts by c-myc protein. Cell 69:119-128

Evan GI, Brown L, Whyte M, Harington E (1995) Apoptosis and the cell cycle. Curr Opin Cell Biol
7:825-834

Fahraeus R, Paramio JM, Ball KL, Lain S, Lane DP (1996) Inhibition of pRb phosphorylation and cell-
cycle progression by a 20-residue peptide derived from pl16SPKNYINK4A “cyrr Biol 6:84-91

Flanagan WM, Su LL, Wagner RW (1996) Elucidation of gene function using C-5 propyne antisense
oligonucleotides. Nature Biotechnol 14:1139-1145

Freeman RS, Estus S, Johnson EM (1994) Analysis of cell-cycle-related gene-expression in postmitotic
neurons - selective induction of cyclin D1 during programmed cell death. Neuron 12:343-355

Gadbois DM, Hamaguchi JR, Swank RW, Bradbury EM (1992) Staurosporine is a potent inhibitor of
p34°%? and p34°“>_like kinases. Biochem Biophys Res Commun 184:80-85

Galaktionov K, Lee AK, Eckstein J, Draetta G, Meckler J, Loda M, Beach D (1995) CDC25 phos-
phatases as potential human oncogenes. Science 269:1575-1577

Glab N, Labidi B, Qin L-X, Trehin C, Bergounioux C, Meijer L (1994) Olomoucine, an inhibitor of the
cdc2/cdk2 kinases activity, blocks plant cells at the G1 to S and G2 to M cell cycle transitions. FEBS
Lett 353:207-211

Gunasekera SP, McCarthy PJ, Kelly-Borges M, Lobkovsky E, Clardy J (1996) Dysidiolide: a novel
protein phosphatase inhibitor from the Caribbean sponge Dysidea etheria de Laubenfels. ] Am Chem
Soc 118:8759-8760

Heintz N (1993) Cell death and the cell cycle:a relationship between transformation and neurodegener-
ation? Trends Biochem Sci 18:157-159

Hoang AT, Cohen KIJ, Barrett JF, Bergstrom DA, Dang CV (1994) Participation of cyclin A in myc-
induced apoptosis. Proc Natl Acad Sci USA 91:6875-6879

Horiguchi T, Nishi K, Hakoda S, Tanida S, Nagata A, Okayama H (1994) DnacinA1l and DnacinB1 are
antitumour antibiotics that inhibit cdc25B phosphatase activity. Biochemical Pharmacol 48:2139-2141

Hosoi T, Uchiyama M, Okumura E, Saito T, Uchida T, Okuyama A, Kishimoto T, Hisanaga S (1995)
Evidence for cdk5 as a major activity phosphorylating tau protein in porcine brain extract. J Biochemn
117:741-749

Hunter T (1995) Protein kinases and phosphatases: the yin and yang of protein phosphorylation and
signaling. Cell 80:225-236

Jeffrey PD, Russo AA, Polyak K, Gibbs E, Hurwitz J, Massague J, Pavletich NP (1995) Mechanism of
CDK activation revealed by the structure of a cyclinA-CDK2 complex. Nature 376:313-320

Kaur G, Stetler-Stevenson M, Sebers S, Worland P, Sedlacek H, Myers C, Czesh J, Naik R, Sausville E
(1992) Growth inhibition with reversible cell cycle arrest of carcinoma cells by flavone L86-8275. ]
Natl Cancer Inst 84:1736-1740

Kawakami K, Futami H, Takahara J, Yamaguchi K (1996) UCN-01, 7-hydroxyl-staurosporine, inhibits
kinase activity of cyclin-dependent kinases and reduces the phosphorylation of the retinoblastoma



164 D.H. Walker

susceptibility gene product in A549 human lung cancer cell line. Biochem Biophys Res Commun
219:778-783

Kitagawa M, Okabe T, Ogino H, Matsumoto H, Suzuki-Takahasi I, Kokubo T, Higashi H, Saitoh S,
Taya Y, Yasuda H, Ohba Y, Nishimura S, Tanaka N, Okuyama A (1993) Butyrolactone I, a selective
inhibitor of cdk2 and cdc2 kinase. Oncogene 8:2425-2432

Kohn KW, Jackman J, O’Connor PM (1994) Cell cycle control and cancer chemotherapy. J Cell Biochem
54:440-452

Larsen AK (1993) Suramin: an anticancer drug with unique biological effects. Cancer Chemother
Pharmacol 32:96-98

Lees E (1995) Cyclin dependent kinase regulation. Curr Opin Cell Biol 7:773-780

Li CJ, Friedman DJ, Wang C, Metlev V, Pardee A (1995) Induction of apoptosis in uninfected lym-
phocytes by HIV-1 TAT protein. Science 268:429-431

Losiewicz MD, Carlson BA, Kaur GK, Sausville EA, Worland PJ (1994) Potent inhibition of cdc2 kinase
activity by the flavinoid L.86-8275. Biochem Biophys Res Commun 201:589-595

Martin SJ, Green DR, Cotter TG (1994) Dicing with death: dissecting the components of the apoptosis
machinery. Trends Biochem Sci 19:26-30

Meijer L (1995) Chemical inhibitors of cyclin-dependent kinases. In: Meijer L, Guidet S, Tung HYL (eds)
Progress in cell cycle research, vol 1. Plenum, New York, pp 351-363

Meijer L (1996) Chemical inhibitors of cyclin dependent kinases. Trends Cell Biol 6:384-387

Minshull J, Blow JJ, Hunt T (1989) Translation of cyclin mRNA is necessary for extracts of activated
Xenopus eggs to enter mitosis. Cell 56:947-956

Minshull J, Murray A, Colman A, Hunt T (1991) Xenopus oocyte maturation does not require new cyclin
synthesis. J Cell Biol 114:767-772

Morgan DO (1995) Principles of CDK regulation. Nature 374:131-134

Norbury C, MacFarlane M, Fearnhead H, Cohen GM (1994) cdc2 activation is not required for thy-
mocyte apoptosis. Biochem Biophys Res Commun 202:1400-1406

Oberhammer FA, Hochegger K, Froschl G (1994) Chromatin condensation during apoptosis is ac-
companied by degradation of lamin A and B without enhanced activation of cdc2 kinase. J Cell Biol
126:827-837

Ogawara H, Akiyama T, Watanabe S, Ito N, Kobori M, Seoda Y (1989) Inhibition of tyrosine protein
kinase activity by synthetic isoflavones and flavones. J Antibiot 42:340-343

Ohashi M, Sugikawa E, Nakanishi N (1995) Inhibition of p53 protein phosphorylation by 9-hydroxy-
ellipticine: a possible anticancer mechanism. Jpn J Cancer Res 86:819-827

Omura S, Iwai Y, Hirao A, Nakagawa A, Awaya J, Tsuchiya H, Takahashi Y, Masuma R (1977) A new
alkaloid AM-2282 of Streptomyces origin. Taxonomy, fermentation, isolation and preliminary
characterization. J Antibiot 30:275-281

Ongkeko W, Ferguson DJP, Harris AL, Norbury C (1994) Inactivation of cdc2 increases the level of
apoptosis induced by DNA damage. J Cell Sci 108:2897-2904

Park DS, Farinelli SE, Greene LA (1996) Inhibitors of cyclin-dependent kinases promote survival of post-
mitotic neuronally differentiated PC12 cells and sympathetic neurons. J Biol Chem 271:8161-8169

Parker BW, Senderowicz AM, Nieves-Neira W, Pommier Y, Sausville EA (1996) DNA fragmentation
and apoptosis of lymphoma and prostate cancer cell lines after flavopiridol treatment. Proc Am
Cancer Res 37:398

Poon RYC, Hunter T (1995) Innocent bystanders or chosen collaborators? Curr Biol 5:1243--1247

Rialet V, Meijer L (1991) A new screening test for antimitotic compounds using the universal M-phase-
specific protein kinase, p34°““/cyclinB*!*, affinity-immobilized on p13**'-coated microtitration
plates. Anticancer Res 11:1581-1590

Rudolph B, Saffrich R, Zwicker J, Henglein B, Muller R, Ansorge W, Eilers M (1996) Activation of
cyclin-dependent kinases by Myc mediates induction of cyclin A, but not apoptosis. EMBO J
15:3065-3076

Russo AA, Jeffery PD, Patten AK, Massague J, Pavletich NP (1996) Crystal structure of the p27%"®!
cyclin dependent kinase inhibitor bound to the cyclin A-cdk2 complex. Nature 382:325-331

Schnier JB, Gadbois DM, Nishi K, Bradbury EM (1994) The kinase inhibitor staurosporine induces G1
arrest at two points: effect on retinoblastoma protein phosphorylation and cyclin-dependent kinase 2
in normal and transformed cells. Cancer Res 54:5959-5963

Schulze-Gahmen U, Brandsen J, Jones HD, Morgan DO, Meijer L, Vesely J, Kin SH (1995) Multiple
modes of ligand recognition: crystal structures of cyclin-dependent protein kinase 2 in complex with
ATP and two inhibitors, olomoucine and isopentenyladenine. Proteins 22:378-391



Small-Molecule Inhibitors of Cyclin-Dependent Kinases 165

Schwartz GK, Farsi K, Danso D, Dhupar SK, Kelsen D, Spriggs D (1996) The protein kinase C
(PKC) inhibitors UCN-01 and flavopiridol (FLAVO) significantly enhance the cytotoxic effect of
chemotherapy by promoting apoptosis in gastric and breast cancer cells. Proc Am Soc Clin Oncol
15:207

Seynaeve CM, Stetler-Stevenson M, Sebers S, Kaur GA, Sausville EA, Worland PJ (1993) Cell cycle
arrest and growth inhibition by the protein kinase antagonist UCN-01 in human breast carcinoma
cells. Cancer Res 53:2081-2086

Sherr CJ, Roberts JM (1995) Inhibitors of mammalian G1 cyclin-dependent kinases. Genes Dev 9:1149-
1163

Shi LS, Nishioika WK, Th’ing J, Bradbury EM, Lichfield DW, Greenberg AH (1994) Premature p34Cdcz
activation required for apoptosis. Science 263:1143-1145

Shibata Y, Nishimura S, Okuyama A, Nakamura T (1996) p53-independent induction of apoptosis by
cyclin-dependent kinase inhibition. Cell Growth Differ 7:887-891

Sobczak-Thepot J, Harper F, Florentin Y, Zindy F, Brechot C, Puvion E (1993) Localization of cyclin A
at the sites of cellular DNA replication. Exp Cell Res 206:43-48

Someya A, Tanaka N, Okuyama A (1994) Inhibition of cell cycle oscillation of DNA replication by a
selective inhibitor of the cdc2 kinase family, butyrolactone I, in Xenopus egg extracts. Biochem
Biophys Res Commun 198:536-545

Stein CA, Cheng Y-C (1993) Antisense oligonucleotides as therapeutic agents — is the bullet really
magical? Science 261:1004-1012

Stern B, Nurse P (1996) A quantitative model for the cde2 control of S phase and mitosis in fission yeast,
Trends Genet 12:345-350

Stone S, Dayananth P, Kamb A (1996) Reversible, pl6-mediated cell cycle arrest as protection from
chemotherapy. Cancer Res 56:3199-3202

Takahashi I, Saitoh Y, Yoshida M, Sano H, Nakano H, Morimoto M, Tamaoki T (1989) UCN-01 and
UCN-02, new selective inhibitors of protein kinase C. II. Purification, physico-chemical properties,
structural determination and biological activities. J Antibiot 42:571--576

Tsao Y-P, D’Arpa P, Liu LF (1992) The involvement of active DNA synthesis in camptothecin-induced
G2 arrest: altered regulation of p34°**/cyclinB. Cancer Res 52:1823--1829

Vesely J, Havlicek L, Strnad M, Blow JJ, Donella-Deana A, Pinna L, Letham DS, Kato J-Y, Detivaud L,
LeClerc S, Meijer L (1994) Inhibition of cyclin-dependent kinases by purine analogues. Eur J Biochem
224:771-786

Wagner RW (1994) Gene inhibition using antisense oligodeoxynucleotides. Nature 372:333-335

Walker DH, Maller JL (1991) Role for cyclin A in the dependence of mitosis on completion of DNA
replication. Nature 354:314-317

Wang Q, Worland PJ, Clark JL, Carlson BA, Sausville EA (1995) Apoptosis in 7-hydroxystaurosporine-
treated T lymphoblasts correlates with activation of cyclin-dependent kinases 1 and 2. Cell Growth
Differ 6:927-936

Worland PJ, Kaur G, Stetler-Stevenson M, Sebers S, Sartor O, Sausville EA (1993) Alteration of the
phosphorylation state of p34°¢? kinase by the flavone L86-8275 in breast carcinoma cells. Biochem
Pharmacol 46:1831-1840

Yao SL, McKenna KA, Sharkis SJ, Bedi A (1996) Requirement of p34°9°? kinase for apoptosis mediated
by the Fas/Apo-1 receptor and interleukin If-converting enzyme-related proteases. Cancer Res
56:4551-4555



Subject Index

A - flavonoids 153
adenovirus E1A protein 32 - purine analogues 151
AMP, cyclic (cCAMP) 80 - staurosporine analogues 154
ankyrin repeat 3 chromosomal
antisense inhibitors 157,158 - integrity 10
anucleate cells 18 - rearrangements 10
apoptosis 129,159 - segregation 18
asymmetric cell division 10 chromosome
ATP 152 - breakage 10
- loss 10
B Cigl 17
B-type cyclins 6 Cig2 17
Beckwith-Weidemann syndrome 35 Cip/Kip gene family 107
BRCA1 144 CIb2 cyclin, destruction 7
bud emergence 15 CLN3 5
butyrolactone 1 150, 154 contact inhibition 32
corpus luteun 114

C CSE-1 80
cAMP (see AMP, cyclic) cut phenotype 18
cancer 139-146,161 cyclin D-CDK 109
Cdc5 7 cyclinD, 114
CDC5 7 cyclinE 114
Cdc13 17
CDC15 7 D
Cdc18 18 D/CDK4 44
cdc25 phosphatase 157 daughter cells 10
cdc34, ubiquitination 13 dbf2 7
CDK DNA replication 6,9
- antisense inhibitors 157,158 - overreplication 17-19
- chemical inhibitors 149-155 DNA-damage checkpoint 27
- inhibitors 107,139
- — expression 143 E
- - putative physiological role 117,118 embryonic fibroblasts 108
- peptide inhibitors 156
- substrate,SICI 6 F
Cdk-cyclin-p27 complex, X-ray crystallographic Farl 16

analysis 31 - proteolysis 13
CDK2 109 - transcription 11
cell cycle 59 - ubiquitination 13
- progression 60,61 FARI, transcription 13
- proteins 60,61 flavonoids 153
chemical inhibitors flavopiridol 150

- butyrolactone-1 154 Fus3 14



168 Subject Index

G

G, cyclins, inhibition 11
G;-phase 10,27,111

- Farl 16

- SICI involvement in 10
G,/M phase 10

- SICI involvement in 10
genome stability 27
growth hormone (GH) 111

H

hematopoietic cell differentiation 68-71
HL-525 64

HL-60 64,70

homozygous deletion 140

human cancer 139-146,161

I

IFN-f 64-68,73

IGF (see insulin-like growth factor)
IL-2 81

IL-6 69

in situ hybridization 107

INK4 family 43-52

insulin-like growth factor (IGF) 111
- IGFII 111

ionizing radiation 26

K
keratinocyte differentiation 72
KSS1 14

L
LIM domains 16
- Farl 16

M

MAP kinase 11,14

- Fus3 14

- KSS1 14

mating

- S.pombe 19

- yeast 10

medial nuclear division 10
melanoma 141

- differentiation 64-68

Meml, transcription 13
mitogen-activated kinase, Fus3 11
MLM 141,142

mouse embryonic stem cells 105
muscle cell differentiation 71,72
MyoD 71,72

myrercetin 150

N

Né-isopentenyladenine 150
nitrogen starvation 19
nocodazole 13

(0]

olomucine 150
oriented growth 15
ovary 112
overreplication 17-19

P

pI5MKS 349, 50, 88

plé 90,107,115-117,142, 145

- and cellular differentiation 90

- role in development 90

p16-null mice, tumor susceptibility 91

pl67- mouse embryo fibroblasts, properties

pl6™Ks  3,45_49

p18INK4c 50-52,88,92

p19INK4d 50-52,88,92

p21 63-76,107,108,130-132

- cellular differentiation 64

- cloning 63

- development 73,74

- function 122-125

- - stoichiometry 29

- identification 63

- mode of action 74-76

- regulation 125-127

~ structure 122

p21cip1/Waf1/Sdil 26_30

p27 107,109

- cellcycle 33

- degradation 33

- differentiation and proliferation 79-82

- levels in cells, regulation 79

- mechanism of cyclin-dependent kinase
inhibition 86

- translation 33

p27-null mice

- abnormalities of the thymus 83

- phenotype 83

P27 mice

- growth arrest in fibroblasts 86

pituitary hyperplasia 84

- reproductive system abnormalities 85

- retinal structure 85

p27%e! 30-34,76-79

P53 26,127-132

p57 107

p57kiez 34,35, 86,87

PCNA (see proliferating cell nuclear antigen)

peptide inhibitors 157

pheromone 12

Pho4, phosphorylation 4

1



PHO4 3

PHOS5, transcription 5

Pho80 3

Pho81 3

- transcription 4

phosphatases 2

- transcription 5

phosphorylation

- Pho4 4

- SICI 6

Plkl1 7

polo 7

positive feedback loop 4

praafian fillicles 112

proliferating cell nuclear antigen (PCNA) 29,
35,74,75,132

protein kinase

proteolysis

- CLB 7

- Farl 13

- SICI 8

Pucl 17

purine analogues 151

R

radiation

- ionizing 26

- ultraviolet 26
rapamycin  32,33,111
retina 114
roscovitine 150

S

S phase initiation 6,9
senescence 28

SICI 6

- phosphorylation 6
~ proteolysis 8

Subject Index

- transcription 7

- ubiquitination 8
simian virus 40 (SV40) 75
staurosporine 150

- analogues 154

Stel2, transcription 13
SV40 (simian virus 40) 75

T

T cell receptor (TCR)-f chain 108
TGF-B 32,33,72,77,81

TPA 70

transcription

- cdcl3 19

- FAR1 11

- FARI 13

- Meml 13

- PHO5 5

- Pho81 4

- phosphatase 5

- ruml 19

- Stel2 13

transforming growth factor (TGF)-f 111
tumor suppressor 109
tumorigenesis 140

U

ubiquitination

- CDC4 9

- CDC34 8

- cdc34 13

CDC53 9

- Farl 13

- SICI 8

ultraviolet radiation 26

X
Xenopus Kip proteins 35

169



Current Topics in Microbiology and immunology

Volumes published since 1989 (and still available)

Vol. 187: Rupprecht, Charles E.;
Dietzschold, Bernhard; Koprowski,
Hilary (Eds.): Lyssaviruses. 1994. 50 figs.
IX, 352 pp. ISBN 3-540-57194-9

Vol. 188: Letvin, Norman L.; Desrosiers,
Ronald C. (Eds.): Simian Immunodefi-
ciency Virus. 1994. 37 figs. X, 240 pp.
ISBN 3-540-57274-0

Vol. 189: Oldstone, Michael B. A. (Ed.):
Cytotoxic T-Lymphocytes in Human Viral
and Malaria Infections. 1994. 37 figs. IX,
210 pp. ISBN 3-540-57259-7

Vol. 190: Koprowski, Hilary; Lipkin, W.
lan (Eds.): Borna Disease. 1995. 33 figs. 1X,
134 pp. ISBN 3-540-57388-7

Vol. 191: ter Meulen, Volker; Billeter,
Martin A. (Eds.): Measles Virus. 1995,
23 figs. X, 196 pp. ISBN 3-540-57389-5

Vol. 192: Dangl, Jeffrey L. (Ed.): Bacterial
Pathogenesis of Plants and Animals. 1994.
41 figs. IX, 343 pp. ISBN 3-540-57391-7

Vol. 193: Chen, Irvin S. Y.; Koprowski,
Hilary; Srinivasan, Alagarsamy; Vogt,
Peter K. (Eds.): Transacting Functions of
Human Retroviruses. 1995. 49figs. IX, 240 pp.
ISBN 3-540-57901-X

Vol. 194: Potter, Michael; Melchers, Fritz
(Eds.): Mechanisms in B-cell Neoplasia.
1995. 152 figs. XXV, 458 pp.

ISBN 3-540-58447-1

Vol. 195: Montecucco, Cesare (Ed.): Clos-
tridial Neurotoxins. 1995. 28 figs. XI., 278 pp.
ISBN 3-540-58452-8

Vol. 196: Koprowski, Hilary; Maeda, Hiroshi
(Eds.): The Role of Nitric Oxide in Physiology
and Pathophysiology. 1995. 21 figs. IX,
90 pp. ISBN 3-540-58214-2

Vol. 197: Meyer, Peter (Ed.): Gene Si-
tencing in Higher Plants and Related Phe-
nomena in Other Eukaryotes. 1995. 17 figs.
IX, 232 pp. ISBN 3-540-58236-3

Vol. 198: Griffiths, Gillian M.; Tschopp,
Jiirg (Eds.): Pathways for Cytolysis. 1995.
45 figs. X, 224 pp. ISBN 3-540-58725-X

Vol. 199/I: Doerfler, Walter; B6hm, Petra
(Eds.): The Molecular Repertoire of Adeno-
viruses 1. 1995. 51 figs. XIl1, 280 pp.

ISBN 3-540-58828-0

Vol. 199/1l: Doerfler, Walter; Béhm, Petra
(Eds.): The Molecular Repertoire of Adeno-
viruses l. 1995. 36 figs. XIIl, 278 pp.

ISBN 3-540-58829-9

Vol. 199/1ll: Doerfler, Walter; B6hm, Petra
(Eds.): The Molecular Repertoire of Adeno-
viruses lll. 1995. 51 figs. XIII, 310 pp.

ISBN 3-540-58987-2

Vol. 200: Kroemer, Guido; Martinez-A.,
Carlos (Eds.): Apoptosis in Immunology.
1995. 14 figs. XI, 242 pp.

ISBN 3-540-58756-X

Vol. 201: Kosco-Vilbois, Marie H. (Ed.): An
Antigen Depository of the Immune System:
Follicular Dendritic Cells. 1995. 39 figs. IX,
209 pp. ISBN 3-540-59013-7

Vol. 202: Oldstone, Michael B. A.; Vitkovi¢,
LjubiSa (Eds.): HIV and Dementia. 1995.
40 figs. XIli, 279 pp. ISBN 3-540-59117-6

Vol. 203: Sarnow, Peter (Ed.): Cap-
Independent Translation. 1995. 31 figs. X,
183 pp. ISBN 3-540-59121-4

Vol. 204: Saedler, Heinz; Gierl, Alfons
(Eds.): Transposable Elements. 1995. 42 figs.
IX, 234 pp. ISBN 3-540-59342-X



Vol. 205: Littman, Dan R. (Ed.): The CD4
Molecule. 1995. 29 figs. XIiI, 182 pp.
ISBN 3-540-59344-6

Vol. 206: Chisari, Francis V.; Oldstone,
Michael B. A. (Eds.): Transgenic Models of
Human Viral and Immunological Disease.
1995. 53 figs. Xi, 345 pp.

ISBN 3-540-59341-1

Vol. 207: Prusiner, Stanley B. (Ed.): Prions
Prions Prions. 1995. 42 figs. VII, 163 pp.
ISBN 3-540-59343-8

Vol. 208: Farnham, Peggy J. (Ed.): Trans-
criptional Control of Cell Growth. 1995.
17 figs. IX, 141 pp. ISBN 3-540-60113-9

Vol. 209: Miller, Virginia L. (Ed.): Bacterial
Invasiveness. 1996. 16 figs. IX, 115 pp.
ISBN 3-540-60065-5

Vol. 210: Potter, Michael; Rose, Noel R.
(Eds.): Immunology of Silicones. 1996. 136
figs. XX, 430 pp. ISBN 3-540-60272-0

Vol. 211: Wolff, Linda; Perkins, Archibald
S. (Eds.): Molecular Aspects of Myeloid
Stem Cell Development. 1996. 98 figs. XIV,
298 pp. ISBN 3-540-60414-6

Vol. 212: Vainio, Olli; Imhof, Beat A.
(Eds.): Immunology and Developmental
Biology of the Chicken. 1996. 43 figs. IX,
281 pp. ISBN 3-540-60585-1

Vol. 213/l: Giinthert, Ursula; Birchmeier,
Walter (Eds.): Attempts to Understand
Metastasis Formation I. 1996. 35 figs. XV,
293 pp. ISBN 3-540-60680-7

Vol. 213/Il: Glinthert, Ursula; Birchmeier,
Walter (Eds.): Attempts to Understand
Metastasis Formation Il. 1996. 33 figs. XV,
288 pp. ISBN 3-540-60681-5

Vol. 213/1ll: Gunthert, Ursula; Schlag,
Peter M.; Birchmeier, Walter (Eds.): Attempts
to Understand Metastasis Formation |il.
1996. 14 figs. XV, 262 pp.

ISBN 3-540-60682-3

Vol. 214: Krdusslich, Hans-Georg (Ed.):
Morphogenesis and Maturation of Retro-
viruses. 1996. 34 figs. Xl, 344 pp.

ISBN 3-540-60928-8

Vol. 215: Shinnick, Thomas M. (Ed.):
Tuberculosis. 1996. 46 figs. XI, 307 pp.
ISBN 3-540-60985-7

Vol. 216: Rietschel, Ernst Th.; Wagner,
Hermann (Eds.): Pathology of Septic
Shock. 1996. 34 figs. X, 321 pp.

ISBN 3-540-61026-X

Vol. 217: Jessberger, Rolf; Lieber, Michael
R. (Eds.): Molecular Analysis of DNA
Rearrangements in the Immune System.
1996. 43 figs. IX, 224 pp.

ISBN 3-540-61037-5

Vol. 218: Berns, Kenneth I; Giraud,
Catherine (Eds.): Adeno-Associated Virus
(AAV) Vectors in Gene Therapy. 1996.
38 figs. IX,173 pp. ISBN 3-540-61076-6

Vol. 219: Gross, Uwe (Ed.): Toxoplasma
gondii. 1996. 31 figs. Xi, 274 pp.
ISBN 3-540-61300-5

Vol. 220: Rauscher, Frank J. Ill; Vogt, Peter
K. (Eds.): Chromosomal Translocations
and Oncogenic Transcription Factors. 1997.
28 figs. XI, 166 pp. ISBN 3-540-61402-8

Vol. 221: Kastan, Michael B. (Ed.):
Genetic Instability and Tumorigenesis.
1997. 12 figs.VII, 180 pp.

ISBN 3-540-61518-0

Vol. 222: Olding, Lars B. (Ed.): Reproduc-
tive Immunology. 1997. 17 figs. XlI, 219 pp.
ISBN 3-540-61888-0

Vol. 223: Tracy, S.; Chapman, N. M.; Mahy,
B. W. J. (Eds.): The Coxsackie B Viruses.
1997. 37 figs. VIiil, 336 pp.

ISBN 3-540-62390-6

Vol. 224; Potter, Michael; Melchers, Fritz
(Eds.): C-Myc in B-Cell Neoplasia. 1997.
94 figs. Xll, 291 pp.

ISBN 3-540-62892-4

Vol. 225: Vogt, Peter K.; Mahan, Michael
J. (Eds.): Bacterial Infection: Close En-
counters at the Host Pathogen Interface.
1998. 15 figs. IX, 169 pp.

ISBN 3-540-63260-3

Vol. 226: Koprowski, Hilary; Weiner,
David B. (Eds.): DNA Vaccination/Genetic
Vaccination. 1998. 31 figs. XVIII, 198 pp.
ISBN 3-540-63392-8





