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Introduction

The rate limiting step in control of somatic cell duplication is the commitment to
enter S-phase. This step occurs in the Go or G1 stage of the cell cycle depending upon the
growth state of the cell in question. The process of S-phase entry is complex but, in
fibroblasts, can be divided into four stages as defined by Pardee (1). These stages include
exit from quiescence (dependent upon growth factors such as PDGF), entry into G1
(dependent upon e.g. EGF), progression through mid and late G1 to the restriction point
(dependent upon IGF-I and protein synthesis), and assembly of factors required for S
phase. The restriction point is thought to reflect a point in the cell cycle where further
transitions are not dependent upon mitogenic stimuli, and has therefore received the greatest
attention. Initiation of DNA replication begins 1-3 hours after passage through the
restriction point, and it is thought that these two events are differentially controlled. Data
from a number of systems indicate that both of these transitions are dependent upon the
activities of members of the cyclin dependent kinase (Cdk) family of proteins. Although
much is known about the proteins that regulate the G1/S transition, the precise biochemical
mechanisms which underlie this transition are not fully understood.

Cyclin-dependent kinases and positive cell cycle control. Progression
through the cell cycle is dependent upon the assembly and activation of a family of Cdks
(reviewed in 2-3). To date, four Cdks (Cdk2, 3, 4 and 6) have been implicated in regulation
of the G1/S transition in mammalian cells. These kinases are inactive in their monomeric
form and require association with members of the cyclin family of proteins, as well as
phosphorylation on a conserved threonine residue, for activation. This activating
modification can be catalyzed by Cdk7/cyclin H, a Cdk activating kinase (CAK) (4). In
cells released from Go, D and E type cyclins are sequentially expressed during G1
(reviewed in 2). Cyclin E is expressed transiently and is degraded early in S-phase (5,6).
In some cell types, cyclin D levels remain high throughout the remainder of the cell cycle
(7). D-type cyclins (D1, D2, and D3) are thought to primarily activate Cdk4 and Cdk6,
while cyclin E activates Cdk2 and perhaps Cdk3 (see below). Cyclin A is synthesized
during S and G2 and activates Cdk2 and Cdc2. Consistent with a positive role for D-type
cyclins in cell cycle entry, these genes are growth factor inducible in certain cell types
(reviewed in 2).

A number of laboratories have addressed the issue of whether cyclins are required for
early cell cycle events. Injection of antibodies against cyclin E can block entry of normal
diploid fibroblasts into S-phase (8,9). Similar experiments with cyclin A indicate that it
functions in coordinating at least two transitions, including DNA replication and passage
through G2 (9-11). In cells engineered to overexpress D or E-type cyclins, entry into S-
phase is accelerated by ~2 h compared with control cells, providing additional evidence that
G1 Cdks are rate limiting for certain steps in the G1/S transition (12-14).

Negative cell cycle control pathways. Much of our knowledge about negative
regulation of cell cycle entry emanates from studies of two tumor suppressor genes, Rb and
p53 (15-17). Mutations in these are found frequently in diverse types of human cancers,

and reintroduction of wild-type genes into p53- or Rb- tumor cells can suppress the
neoplastic phenotype suggesting that loss of function of these genes contributes to
tumorigenesis (18-21).

Mutations in p53 are the most common lesions observed in human malignancies,
occurring in greater than 50% of all tumors (17) including those of the breast. The
percentage is much higher if loss of p53 function via association with viral oncoproteins
(E1B of adenovirus and E6 of papilloma virus) or amplification of the p53 binding protein
MDM2 are included. p53 deficient mice are prone to the spontaneous development of a
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variety of tumor types (22) Cellular responses to DNA damage such as apoptosis and the
G1 checkpoint are dependent on p53. p53 also controls a spindle checkpoint and prevents
genetic alterations such as gene amplification (23-28).

Rb functions to coordinate cell cycle transitions and transcriptional pathways that are
required for cell cycle progression (15). The Rb protein displays two prominent features: 1)
functional inactivation through various mechanisms contributes to deregulated proliferation
and an inability of the cell to appropriately regulate G1 decisions, and 2) periodic alterations
in its phosphorylation status that correlate with particular phases of the cell cycle. In early
and mid G1, Rb is hypophosphorylated, as determined by mobility on SDS-PAGE, but as
cells enter late G1 (approximately co-incident with the restriction point), Rb becomes
progressively hyperphosphorylated and remains so until passage through mitosis. At
mitosis, Rb is dephosphorylated, possibly due to the action of a type II protein phosphatase
that has been shown to physically associate with Rb (15). In addition to Rb, there are two
other prominent pocket proteins p107 and p130 which are thought to have roles in regulating
G1 and S phases (15). These two proteins share some mechanistic similarities with Rb in
that they are phosphoproteins and are targeted by tumor virus oncoproteins.

The finding that Rb phosphorylation correlates with cell cycle progression has led to a
model whereby Rb serves a timing function, linking the cell cycle regulatory machinery with
the transcriptional machinery responsible for coordinating expression of genes required for
S-phase (15). This is thought to be accomplished through the interaction of Rb with
particular target proteins and these interactions are thought to be disrupted temporally
through Rb phosphorylation. The best understood Rb binding proteins are members of the
E2F family of transcription factors that regulate expression of genes required for S-phase,
although it is not clear whether E2F represents the target of Rb responsible for growth
suppression (15). A large body of data implicate cyclin dependent kinases in Rb
phosphorylation and inactivation of Rb’s growth suppressive function. We have recently
shown using a microinjection-based approach that phosphorylation of Rb by cyclin D/Cdk4
relieves Rb mediated growth suppression but cyclin E/Cdk2 and cyclin A/Cdk2 are inactive
in this assay even though they phosphorylate Rb extensively on sites overlapping with those
phosphorylated by Cdk4/cyclin D1 (30). We identified a single Cdk4/cyclin D1
phosphorylation site that is required for Rb inactivation in this assay.

Although G1 Cdks are likely mediators of Rb phosphorylation, it appears that other
substrates are also rate limiting for DNA replication when cyclins are overexpressed. We
have shown that a mutant of Rb lacking all 14 concensus Cdk phosphorylation sites is by-
passed by co-expression of either cyclin E/Cdk2 or cyclin D1/Cdk4 in SAOS-2 cells (31).
In this setting, high levels of cyclin/kinase activity is sufficient to activate DNA synthesis
without Rb phosphorylation and activation of the E2F pathway (32).

Cyclin-dependent kinase inhibitors: mediators of negative cell cycle control. There is
now clear evidence that cclin/Cdk complexes can promote cell cycle transitions whether by

Rb dependent or Rb-independent mechanisms. Acting in opposition to cyclin kinases are
cyclin kinase inhibitors (CKIs). These proteins fall into two classes: the CIP/KIP class and
the INK4 class (33-41). These versatile molecules have potential roles in cell cycle arrest,
checkpoint function and development and are likely to cooperate with Rb, p53, and other
negative regulators in maintaining the non-proliferative state throughout adult life.

At the time of submission of this grant in December 1993, we and others had just found
the first mammalian Cdk inhibitors p21 (33-36) as either a Cdk binding protein or as a p53
regulated gene. At that time there were many unanswered questions regarding the role p21
in cell cycle control and cancer. What was known was that p21 could bind and inhibit a
number of Cdks, that it was transcriptionally regulated by p53 overexpression, and that its
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chromosomal location did not mark it as an obvious tumor suppressor. In addition, it was
not known whether p53 is the only regulator of p21 expression, how p21 might be used
during development, or whether loss of p21 expression contributes to cancer. Since that
time, however, there has been an explosion in our understanding of the mechanisms of
action and biological function of p21 (42, 43). In addition, we now know that p21 is only
one member of a family of inhibitors that share structural and functional characteristics.
p27KIP2 was identified as a protein associated with Cdk2/cyclin E or Cdk4/cyclin D (44,
45). Subsequently, we and others identified pS7KIP2 as the third member of the CIP/KIP
family in mammalian cells in a two-hybrid screnn designed to identify cyclin D1 interacting
proteins (46, 47). These inhibitors primarily inhibit Cdk2, Cdk4, and Cdké6 containing Cdk
complexes. The second group of inhibitors, the INK4 family, are selective for Cdk4 and
Cdk6. This group includes the tumor suppressor protein p16.

Our understanding of these molecules has moved forward in several ways (reviewed in
48). Knockout mice have now been created for all of the CIP/KIP and INK4 proteins and
the phenotypes are emerging. In addition, we now have a good picture of how these
proteins work biochemically and what proteins they interact with in vivo. Moreover, we
know the structure of a cyclin A/Cdk2/p27 complex which allows an understanding of the
relationships between structure and function for the CIP/KIP family. Finally, we are
beginning to understand the transcriptional control pathways that dictate when and where
these inhibitors are expressed.

As detailed in previous progress reports and summarized below, we have made excellent
progress on the original five aims of this proposal, the major goal of which was to make and
analyze p21 knockout mice Much of our data has been summarized in great detail in the first
two progress reports for this grant (1995 and 1996). With the exception of specific aims 4
and 5, essentially all of the major components of the specific aims have been completed and
published (Table 1). Therefore, in this report, I will first briefly summarize our findings
related to the specific aims indicated above with 2. emphasis on published findings and will
focus the body of the report on unpublished data related to largely aims 4 and 5. We have
included published papers in the appendix.

Body

Progress thus far (Aims 1-3, 5): Most of our studies thus far have focused on
aims 1-3 and aim 5. The tasks layed out in aims 1-3 have been largely if not completely
finished and were published in two papers (see Table 1). In short, for Aim1, we found that
p21 expression expression during development correlates with the process of terminal
differentiation in a subset of tissues (49). Together with our analysis of p57 expression
(46), we found that this class of CKIs is differentially expressed in a number of cell types in
vivo. These studies also allowed us to develop a model whereby CKlIs function directly in
the process of differentiation (50), a property that we subsequently identified through the
analysis of p57 deficient mice. For Aims 2 and 3, in collaboration with Dr. Phil Leder, we
have generated p21 deficient mice and analyzed the phenotypes of both deficient animals and
of cells derived from these animals (51). The results provide evicence that p21 is not
required for development nor does loss of p21 predispose mice to transformation. Using
mouse embryo fibroblast from these animals, however, we should that p21 is required for
the G1 DNA damage checkpoint activated by p53. Other p53 dependent functions such as
apoptosis are unaffected in these cells. For Aim 5, we have performed a number of studies
(some of which are collaborative with other groups) that have characterized the interactions
of p21 with Cdks (52), examined is biochemical function in the G1 DNA damage
checkpoint (53, 54), and examined the effects of p21 on PCNA dependent DNA replication
in vitro (55). p2l is associated with PCNA in cells, although the significance of this is
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currently unknown. In addition, we have identified a p21 homolog - p57 - and characterized
its interaction with Cdks (46).

Aim 4:
p21 expression in the cell cycle.

The major goal of Aim 4 was to examine p21 expression in mammary cells and to
explore the question of whether p53 regulates p21 levels in these cells. We have adressed
this question in part through an analysis of p21 expression in normal and tumor mammary
epithelial cells. The data accumulated thus far incicates that p21 levels may be regulated in
the epithelial cell cycle. It is unclear at present whether alterations in p21 contributes

substantially to the development of cancer in this tissue (but see below).

Table 1: Summary of Our Published Data

Aim

Major Original Objectives

Publications

1

determine expression patterns of
p21 during development and in
adult; determine p53 dependence

construct p21 deficient ES cells by
homologous recombination; use
cells to generate chimaric mouse
and breed to homozygosity

characterize phenotype of p21
deficient mouse, including
developmental effects, tumori-
genesis, effects of p21 loss on
DNA damage checkpoint control

Analysis of p21 expression in
breast tumors and cell lines

Identification of regulators of p21,
analysis of targets of p21 including
p21 associated proteins, regulation
by phosphorylation, regulation of
p21 expression by DNA damage,
effects of loss of p57 on p21 levels

reviews eminating from this
project

Science 267, 1024-1027 (1995)

Cell 82, 675-684 (1995)

Cell 82, 675-684 (1995)

see progress report

Mol. Biol. Cell 6, 387-400 (1995)
PNAS 91, 8655-8659 (1994)
Cancer Res. 54, 1169-1174 (1994)
Cell, 76, 1013-1023 (1994)
Nature, 387, 151-158 (1997)
Genes Dev 9, 650-662 (1995)
Meth Enz. 283, 230-244 (1997)

Trends in Cell Biology 6, 388-392 (1996)
Cancer Surveys 29, 91-108 (1997)

Curr Opin Cell Biology, 6, 847-852 (1994)
Curr Opin Gen Devel 6, 56-64 (1996)
Science 274, 1664-1672 (1996)
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How the levels of p21 is regulated during cell cycle progression is not completely
understood. It is possible that different cell types regulate p21 expression in different ways
or that changes on the genetic background of cells either through transformation or
immortalization can change how p21 levels are controlled. In this aim, we collaborated with
Dr. Khandan Keyomarsi to examine how p21 levels are regulated in mammary epithelial
cells. This cell type is normally the cell type that gives rise to breast cancer and there existed
the possibility that p21 levels are altered in breast cancer and/or breast cancer cell lines.
Initially, we examined p21 mRNA levels in synchronized normal human breast epithelial
cells (Figure 1B). These cells were chosen because a high degree of synchrony can be
achieved after serum deprivation and refeeding, and because they have been extensively
characterized previously for cell cycle regulation of both cyclins and CDKs (56). In these
cells, p21 mRNA levels were constant across the cell cycle. This expression pattern
basically matched that of the protein but the levels of p21 protein in Go were lower than
expected based on the mRNA level (Figure 1D). This suggests some level of translational
or post-translational control in Go in this cell line. p21 regulation in mammary cells was
examined further using two additional cell lines (76N and MCF 10A) and synchronization
by both growth factor deprivation and double thymidine block. Growth factor deprived (Go)
MCE-10-A cells contain very low levels of p21 (Figure 1E). After stimulation, p21
expression is detectably induced at 20-24 h, corresponding to the time of entry into S-phase
in these cells (see Figure 1E, legend). The timing of induction of cyclins A and D1 closely
coincides with that of p21 in these cells (Figure 1E). Very similar results were obtained
with growth factor deprived 76N cells (data not shown). Due to loss of synchrony, it is
difficult to assess the status of p21 in mitosis in the stimulated cells. Therefore, p21 levels
were also analyzed in 76N cells syncronized by double thymidine block (Figure 1E). p21
levels were near maximal immediately after release (in S-phase), but at 6-9 h after release,
p21 levels decrease sharply. This time corresponds to mitosis based on the G2 DNA
content determined by flow cytometry (data not shown) and the expression pattern of cyclin
A (Figure 1E). As cells re-enter G1, p21 rapidly accumulates to maximal levels. This
pattern of expression closely parallels cyclins A and D1 in these cells. These data indicate
that in cycling normal mammary epithelial cells, p21 is present throughout the cell cycle,
with the exception of late G2 and mitosis. In addition, p21 levels are low in growth factor
deprived cells compared with cycling cells. We have not examined whether p27 is cell cycle
regulated in these cells as p27 protein is undetectable using the available antibodies and the
mRNA is 15-20 fold lower for p27 than for p21 in these cells.

Expression of important cell cycle regulators are often altered in tumor cells. Several
instances of cyclin gene alteration and overexpression have been documented in tumors,
consistent with the positive role of cyclins in cell growth. Therefore, one of the original
goals of our research was to determine whether p21 expression was altered in tumor cells.
Keyomarsi and Pardee (56) performed an extensive analysis of cell cycle regulator
expression in 10 independent cell lines derived from human breast cancer tissue and
discovered alterations in cyclin E in all lines examined in addition to perturbation of other
regulators. Together with Dr. Keyomarsi, we also examined the abundance of p21 mRNA
using both normal breast epithelial cells and these same 10 cell lines derived from tumor
tissue (Figure 1C). In each of three normal strains examined, high p21 message levels were
found, while in all tumor cell lines, p21 mRNA was either reduced or absent. Interestingly,
the five cell lines showing the greatest reduction in p21 expression also lack estrogen
responsiveness (56). An additional initial goal of our work was to determine whether p53
was involved in regulating p21 expression in the mammary gland. Using in situ
hybridization during mouse development, we were unable to identify any differences in p21
expression in p53-knockout vs. wt mice (49), suggesting that p53 does not control the basal
level of p21 expression in a waide array of cell types. Because the p53 status of many of the
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breast cancer cell lines used in the experiment in Figure 1C is known, we can make
inferences concerning the question of whether p53 is regulating p21 expression in the
breast. Many of the cell lines which still express p21 (i.e. lanes 6 and 8) have mutant pS53.
Therefore it is unlikely that p53 is required for p21 expression in these cells.

A number of laboratories have examined a large number of multiple tumor types,
including breast tumors, for mutations in the p21 gene. With the exception of prostate
where 2 potential inactivating mutations have been identified, there is a scarcity of mutations
in the p21 gene (reviewed in 48). This indicates that p21 is not a critical mutational target in
breast but does not exclude the possibility that its activity and or abundance is not affected
by oncogenic mechanisms. Recent studies found that p27 levels are affected in breast cancer
and that the combination of p27 levels and cyclin E levels is an excellent predictor of
prognosis in breast cancer (57, 58). This being the case, it is important to determine whether
p21 expression is also altered in breast cancers. We initially planned to collaborate with E.
Liu who was director of the University of North Carolina SPORE for breast cancer to look
at the expression of p21 in normal breast tissues and breast cancer samples. However,
because Dr. Liu moved to the NIH, these studies were put on hold by those in charge of the
UNC SPORE. In the mean time, we have arranged to obtain samples locally through The
Methodist Hospital, a Baylor College of Medicine affiliate. The samples have been analyzed
by a pathologist, Dr. Thomas Wheeler, and include invasive carcinoma and DCIS. To
facilitate these studies, we have generated monoclonal antibodies against p21 which work
for immunohistochemistry (see below). These studies will continue through the final year of
the grant. In this regard, we have recently been in communication with Dr. Michele Pagano
who was involved in the analysis of p27 as a breast cancer prognostic marker. Dr. Pagano
has found thatapproximately 50% of 56 mammary tumors have lost expression of p21. Of
these, half are p53 positive and half are p53 negative. He also found that p53+, p21-
expression was significantly associated with high tumor grade. These are interesting
preliminary results and we will extend these to additional samples.

Aim 5: Analysis of p21 and associated proteins

The goal of aim 5 was to analyze p21 associated proteins, to explore p21 regulation by
phosphorylation and other mechanisms, and to determine which Cdks are inhibited by p21.
Most of these aims have been accomplished (see Table 1) and several papers have already
appeared. These studies will not be discussed here since they were the focus of previous
progress reports.

A major goal of our work was to develop monoclonal antibodies against p21. This was
for several reasons, including having highly specific reagents for western blotting and
immunohistochemistry (see aim 4). In addition, it is frequently the case that particular
monoclonal antibodies will immunoprecipitate particular forms of the protein or its
complexes. Thus, a panel of monoclonal antibodies provides a set of reagents for looking at
complexes formed in vivo and potentially allows a subset of p21 containing complexes to be
studied independent of other p21 containing complexes.

Production of monoclonal antibodies against CIP/KIP family members.
Because of the relatively high degree of sequence identity among CIP/KIP proteins,
particularly in the inhibitory domain, there is potential for antibody crossreaction. We have
noted substantial crossreaction of some polyclonal anti-p27 antibodies with both p21 and
p57 (JJW.H., unpublished data).  Therefore, when applications involve either
immunoprecipitation or immunohistochemistry, it is important to verify that the antibody
used is highly specific. Some, but not all, monoclonals may have advantages in this regard.
In this section, we describe the preparation and characterization of monoclonal antibodies
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against p21 which was done in collaboration with Dr. Ed Harlow and Dr. Brian Dynlacht
(59) In a independent study, we also generated a similar panel of antibodies against p57
which facilitates comparisons between these two CKIs (59).

p21 Antibodies. In generating p21 antibodies, we chose to use antigen that was
purified from the soluble fraction of E. coli. In principle, this may generate antibodies that
recognize properly folded forms of the protein and therefore may be more applicable to
immunoprecipitation procedures. Mice were injected a total of seven times every three to
four weeks intraperitoneally with approximately 25 ug of p21 per injection (purified
through a HiTrap SP column). Intravenous injection (with 30 pg of protein) and fusion
were performed using standard procedures.

Antibodies were screened initially by ELISA, with 0.3 pg of purified p21 per well. Of
the 800 colonies whose culture supernatants were screened, 80 were positive. ELISA-
positive antibodies were then tested in three other assays: western  blotting,
immunoprecipitation, and coupled immunoprecipitation/kinase assays. Thirty-five of the 80
ELISA positives were also positive by western blot analysis. In addition, the strongest (as

well as some weaker) ELISA positives were screened by immunoprecipitation of 35S-
methionine labeled extracts of insect cells infected with a baculovirus expressing p21. In
these extracts, p21 represents a small percentage of the total input proteins, so this is a
stringent assay for specificity of immunoprecipitation. Of 39 ELISA positives screened in
this way, 27 were positive as judged by immunoprecipitation. Two final criteria were used
to determine which antibodies should be clonally selected. First, antibodies that were
positive by the latter method were assayed for the ability to immunoprecipitate cyclin-
dependent kinase activity from WI-38 whole cell lysates. Although the physiological
relevance, if any, is unknown, it has been shown previously that p21 immune complexes
from WI38 fibroblasts or from insect cell co-infections contain significant quantities of
histone H1 kinase activity (52, 60).  Nineteen of 24 antibodies were capable of
immunoprecipitating varying degrees of kinase activity (Table 2).

Based on these analyses, 13 hybridoma wells were subjected to single cell cloning and
positive clones used to produce antibody supernatants for further characterization.
Monoclonal antibodies were tested for relative reactivity and specificity by immunoblotting
of WI-38 whole cell lysates as well as bacterial CIP/KIP proteins, immunoprecipitation of
p21 with and without associated kinases, and some antibodies were tested for use in
immunohistochemistry. Finally, antibodies were epitope mapped by screening them against
immunoblots with GST fusion proteins containing different portions of p21. These
included fusion proteins containing full-length p21, residues 70-164, 1-80, and 70-100).
Epitopes recognized by the antibodies were subsequently mapped more finely with smaller
portions of p21. A summary of the properties of the resulting 13 monoclonal antibodies is
shown in Tables 2 and 3.

Summary of anti-p21 antibody properties. The anti-p21 monoclonal antibodies
were grouped into six categories based on epitope mapping experiments and
immunoprecipitation of endogenous p21 complexes from metabolically labeled WI-38
fibroblasts (see Table 2-3). To test each antibody, whole cell extracts of these cells were
immunoprecipitated using established procedures, and western blots of the
immunoprecipitates were probed sequentially with the antibodies listed in Table 3.
Interestingly, the anti-p21 antibodies immunoprecipitated different subsets of proteins in
complexes with p21, and the pattern of polypeptides observed in such complexes correlated
to some extent with the epitope recognized by the antibody (Table 2). For example,
antibodies recognizing amino-terminal or carboxy-terminal portions of p21 were able to
immunoprecipitate the full complement of proteins previously identified in p21 complexes,
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including cyclins A, D, and E, as well as PCNA, Cdk 2 and Cdk4. Antibodies CP2 and
CP68 belong in this class. In contrast, another class of antibodies (exemplified by CP36)
was restricted in its ability to precipitate only cyclin A complexes with Cdk2. A third class
(CP55) was able to immunoprecipitate p21 to the exclusion of all other previously identified
proteins. Consistent with this, CP55 has been shown to significantly reduce the activity of
p21 as an inhibitor of cyclin A/Cdk2.

The specificity of these antibodies toward different kinase complexes was confirmed by
immunoprecipitation of complexes produced by baculovirus infection of insect cells using
different combinations of Cdk and cyclin viruses (Figure 2). Briefly, insect cells were
infected with viruses expressing cyclin A, Cdk2, and p21 or cyclin E, Cdk2, and p21 and
cell lysates used for immunoprecipitation with three monoclonal antibodies displaying
differential specificity with WI38 lysates (Table 2). Mab419 (directed against p107) was
used as a negative control. Mab68 immunoprecipitated both cyclin A/Cdk2 and cyclin
E/Cdk2 while Mab74 brought down cyclin A/Cdk2 but not cyclin E/Cdk2. Mab55
immunoprecipitated only monomeric p21.

CP36 is the strongest antibody identified for immunoblotting and gives approximately
10-fold stronger signals than the other antibodies (Table 2). This antibody recognizes an
epitope located between amino acids 17 and 30. This region is highly conserved between
CIP/KIP family members and overlaps the cyclin binding domain. We have found that
CP36 cross-reacts weakly with recombinant p27 and p57 on immunoblots; signals are 50
and 100-fold weaker than with an equal quantity of p21, respectively. In addition, CP36
can immunoprecipitate p27 and p57 but with very low efficiency. None of the other
antibodies have been found to cross-react with other CIP/KIP family members. In addition,
despite the high degree of conservation between human and rodent CIP/KIP proteins, none
of the anti-p21 antibodies reacts strongly with the mouse protein, although CP36 recognizes
rat p21 in immunoblots and in immunohistochemical assays (G. Darlington, personal
communication).

These antibodies have been made freely available to investigators in the field and have
been useful in the detection of p21 in various settings. We will use these antibodies for the
immunohistochemical studies indicated in aim 4.

Phosphorylation of p21 by MAP kinases. One goal of our work is to
understand how p21 is regulated. One possible mode of regulation is by phosphorylation.
As we reported in our previous progress report, the majority of p21 in fibroblasts is in an
unphosphorylated form (60). Under some conditions, however, it is possible to see a
faction of p21 with reduced electrophoretic mobility. This fraction is thought to be
phosphorylated (60). In vitro, this phosphorylation can be carried out by Cdk2/cyclin A
when present in excess over p21 (60).

We have found that p21 is readily phosphorylated by the MAP kinase Erk2 (Figure 3).
This is interesting in light of the role that Erk2 plays in initiating the cell division cycle after
Ras activation. It is possible that phosphorylation of p21 by Erk2 affects p21 function in
some way, but any effects are unlikely to be direct. We have found that phosphorylation of
p21 by Erk2 does not disrupt association of p21 with Cdks nor does it affect its ability to act
as an inhibitor (data not shown).

Recent studies have shown that p27 is destroyed by ubiquitin mediated proteolysis and
that p27 destruction requires its phosphorylation. This phosphorylation event can be carried
out by excess Cdk2 but it is not clear whether this kinase is the relevant kinase in vivo.
Interestingly, the consensus sites for Cdks and MAP kinases are similar and it is possible
that MAP kinases can phosphorylate similar sites on p21 as that phosphorylated by Cdk2
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thereby activating p21 for destruction. p21, like p27, is also thought to be destroyed by the
ubiquitin pathway. Although our phosphorylation studies are preliminary, they provide a
basis for further study during the final year of the grant involving the regulation of p21
destruction (see Conclusion).

Redundancy among CKIs. Because of the fact that the CIP/KIP proteins are
members of a protein family, questions have arrisen concerning the redundancy of these
proteins in various cell growth control pathways in vivo. These questions are perhaps most
pronounced in studies of knockout mice where one particular CKI may fulfill the function of
the CKI lost by directed deletion of the gene. For example, since p21 knockout mice have
no obvious developmental phenotype, it was possible that other CKIs (p27 or p57) were up-
regulated in response to p21 loss and that they perform any essential functions of p21 in
vivo. However, in our previous study, we were unable to find any alterations inthe
expression of p27 or p57 in p21 knockout mice (51). In a separate study, we have
generated mice lacking p57. We examined whether mice lacking p57 compensated for its
loss by inducing either p21 or p57. We found no change in the levels of p21 in either
muscle or kidney by immunoblotting. While p27 levels were also unaltered in kidney, there
was a slight (50%) increase in p27 levels in p57 -deficient mice (see Figure 1 in Zhang et
al., in the appendix).

Conclusion:

The last two years has seen a virtual explosion in our understanding of the mechanisms
regulating cell cycle progression. Much of this concerns the role of Cdk inhibitors in cell
cycle control. Our work funded under this grant involves an analysis of the role of p21
through generation of p21-knockout mice and through biochemical analysis of p21 function.
Our approach has been to address patterns of expression during development, to determine
whether p21 is required for the p53 checkpoint, tumor suppression, and or development
through analysis of mice deficient in p21, and to understand mechanistic aspects of p21
function within the context of other CKIs including p57. Our major contribution has been to
demonstrate that p21 is not required for the tumor suppression function of p53 at least in the
mouse but that it is involved in G1 checkpoint control. This is an important finding since it
focuses mechanistic studies on p53 to other pathways which may be important for tumor
suppression such as apoptosis.

There are a number of outstanding questions related to p21 function and regulation. In
the fourth year of this grant, we will address the question of whether p21, like p27, displays
altered expression in breast cancer using immunohistochemical approaches. If we find
reduced or altered expression of p21, as found with p27, then it would be possible that a
common mechanism is employed to alter the levels or locations of these two CKIs. We will
also pursue the question of how p21 levels are regulated. Based on the data described
above, N76 cells display cell cycle regulated p21 abundance, with the protein being
destroyed during the G2/M phase of the cell cycle. In fact, the pattern of expression closely
parallels that found with cyclin A, whih is known to be destroyed by the ubiquitin-
proteosome pathway in G2/M. We plan to confirm preliminary reports that p21 is regulated
by the ubiquitin pathway and whether this requires its phosphorylation. One setting in which
this can be approached is to analyze if the kinetics of destruction of p21 are dufferent during
G2/M and other phases of the cell cycle in N76 cells where we see an abrupt reduction inthe
levels of p21 protein during G2/M (Figure 1E). It may also be possible to examine p21
ubiquitination in vitro using extracts from these cells in different cell cycle phases. In this
regard, my lab has recently established an in vitro system for ubiquitination of the budding
yeast CKI p40SIC1 (63). SIC1 ubiquitination absolutely requires that Sicl be
phosphorylated, a parallel found with both p27 and possibly p21 as we have found that p21
is phosphorylated by Erk2 and others have found that it is phosphorylated by excess Cdks.

10
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SIC1 ubiquitination also requires a complex of 4 proteins Cdc4, Skpl, CdcS53, and the
ubiquitin conjugating enzyme Cdc34. Together, Cdc53/Skp1/Cdc4 complexes function as
an E3 to recognize phosphorylated SIC1 and the E2 Cdc34. It is concievable that a similar
complex exists in mammalian cell sto recognize and ubiquitinate p21 and p27. We will
explore this possibility through biochemical analysis of Skpl complexes in mammalian
cells.
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Figure Legends

Figure 1.

Tissue distribution, cell cycle regulation, and expression in normal and tumor cell lines of
p2l.
(A) A Northern blot of mRNA taken from adult human tissues probed with p21CIPI cDNA.
The identity of the tissue is indicated above each lane.

(B) Cells (70N) were synchronized by growth factor deprivation for 24 hours and then
stimulated to enter the cell cycle by addition of growth factors. Cells were harvested, at the

indicated times after re-stimulation and total RNA was prepared. 20ug of RNA per lane
were fractionated on a formaldehyde-1% agarose gel, transferred to Nytran, and probed
with CIP1 and 36B4 as a loading control.

(C) Northern blot anaylsis of p21CIP1 expression on normal human breast cells established
from reduction mammoplasty surgical specimen and cells from human breast tumors. Lanes
1-3 contain normal human breast cells from reduction mammoplasty and lanes 4-13 are
tumor cell lines with their origins in parentheses: lane 1, 70N, lane 2, 81N, lane 3, 76N,
lane 4, MCF-7 (adenenocarcinoma), lane 5, MDA-MB-157 (carcinoma), lane 6, MDA-MB-
231 (adenenocarcinoma), lane 7, MDA-MB-436 (adenenocarcinoma), lane 8, T-47D,
(ductal carcinoma), lane 9, BT-20 (carcinoma), lane 10, HBL 100 (tumor, breast milk), lane
11, Hs-587T (ductal carcinoma), lane 12, SKBR-3 (adenocarcinoma), lane 13, ZR75T
(ductal carcinoma).

(D) p21 protein levels during cell cycle entry from quiescence in normal mammary epithelial
cells. Cells were synchronized at released as described in Figure 1A. Protein extracts were
made and 50 g of protein for each time point subjected to SDS-PAGE and immunoblotting
with anti-p21 or anti-cyclin A antibodies.

(E) Expression of p21 during the cell cycle in epithelial cells. 76N or MCF-10-A cells were
synchronized by double thymidine block (dT) and growth factor deprivation (GFD),
respectively, and whole cell extracts isolated at the indicated times. Fifty micrograms of
protein/lane was analyzed by immunoblotting with affinity purified rabbit polyclonal
antibodies against p21. Blots were stripped and reprobed with anti-cyclin A and anti-cyclin
D1. In 76N cells, flow cytometry demonstrated a peak in G2 DNA content between 6 and 9
h and accumulation of cells with a G1 content at 15-18 h. For MCF-10-A cells S-phase was
detected at 20 h while G2 DNA content was detected at 32 h. Detection was accomplished
using ECL (Amersham). For GFD (growth factor deprivation), lane numbers 1-12 refer to
0, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40, and 44 h after growth factor addition. For double
thymidine block, lane numbers 1-12 refer to 0, 3, 6, 9, 12, 15, 18, 21, 24, 27, 30,and 33 h
after release from the block.

Figure 2. Differential recognition of p21 containing complexes by anti-p21 monoclonal
antibodies. Insect cells were infected with the indicated combinations of baculoviruses
expressing cyclin A, cyclin E, Cdk2, or p21. Fourty hr post infection, lysates were made
and used in immunoprecipitation reactions with Mab55, Mab68, and Mab74 against p21 and
Mab419 against p107 as a negative control. Washed immune complexes were seperated by
SDS-PAGE and immunoblotted with the indicated antibodies against Cdk2, cyclin A, cyclin
E, or p21. Detection was accomplished by ECL (Amersham).

Figure 3. Phosphorylation of p21 by Cdk2/cyclin A and the Map kinase Erk2. p21 (1 uM;
purified from E. coli) was incubated with either 1.2 pM Gst-CyA/Cdk2 or 100 nM Erk2 in
kinase buffer containing 50 uM **P-ATP at 37 °C for 30 min. Reaction mixtures were
seperated by SDS-PAGE and products visualized by autoradiography. The positions of
p21, Gst-CyA, and Erk2 (which all get phosphorylated in the reaction) are indicated.
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Table 2: Monoclonal Antibodies Against p21€TP1,
Designation Isotype Immunoprecipitation Immuno- Epitoped

p21  kinase blotting®

protein? activity?
CP2 IgG2a +++ + ++ 1-17
CP13 ++ + +++ 81-164
CP19 ++ + + 1-80
CP23 ++ + ++ 1-80
CP30 + - + 1-80
CP36 IgGl ++ +++ +++ 17-30
CP49 IgG2b +++ + + 100-164
CP50 IgG2b +/- - + 30-78
CP55 IgG2a + NT + 55-80
CP59 + + ++ 81-164
CP68 IgG2b +++ + + 100-164
CP69 ++ + + 1-80
CP74 + ++ +++ 1-80

a Immunoprecipitation of p21 was examined using 33S-methionine labeled p21 generated by
expression in insect cells. Immune complexes were subjected to SDS-PAGE and proteins
visualized by autoradiography.

b p21-associated kinase activity in whole cell WI38 extracts was measured as described in
ref. 10 using histone H1 as substrate.

¢ Detection of p21 by immunoblotting was accomplished using whole cell lysates from
WI38 cells (30 pg/lane). Detection was accomplished using enhanced chemiluminescence
(ECL; Amersham).

d Epitope mapping was accomplished using immunoblotting with a panel of GST-p21
fusion proteins.

(Table adapted from our paper Dynlacht et al., 1997)
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Table 3: Summary of complexes immunoprecipitated from WI38 cell extracts with anti-p21
antibodies.?

Cdk2 cyclin A cyclinE cyclinD1 Cdk4 PCNA

CP2, CP66 + + + + + +
CP13, CP68 + + + + + +
CP19, CP23, CP36P, CP74 + + - - - -
CP49, CP59 + + + + + +
CP55 - - - - - -

a Whole cell extracts from WI38 fibroblasts were immunoprecipitated with the indicated
anti-p21 antibodies and immune complexes subjected to immunoblotting with antibodies
against the indicated cyclins, Cdks, and PCNA. Detection was accomplished using ECL.
Cyclins A and D were detected with rabbit polyclonal antibodies (W. Harper and L.
Zukerberg, respectively). Anti-cyclin E (HE 12), anti-Cdk2 (Santa Cruz), anti-PCNA
(Oncogene Science), and anti-Cdk4 antibodies were also used.

b This antibody has been shown to perform well in immunohistochemical analysis of p21
expression in both paraffin and frozen tissue sections.

(Table adapted from Dynlacht et al., 1997)
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Summary

p21¢#P¥4Ft jg a CDK inhibitor regulated by the tumor
suppressor p53 and is hypothesized to mediate G1 ar-
rest. p53 has been suggestedto derive anti-oncogenic
properties from this relationship. To test these no-
tions, we created mice lacking p21C/P1WAFT They de-
velop normally and (unlike p53~" mice) have notdevel-
oped spontaneous malignancies during 7 months of
observation. Nonetheless, p21~/~ embryonic fibroblasts
are significantly deficlent in their ability to arrest in
G1 in response to DNA damage and nucleotide pool
perturbation. p21~"~ cells also exhibit a significant
growth alteration in vitro, achieving a saturation den-
sity as high as that observed in p53~- cells. In contrast,
other aspects of p53 function, such as thymocytic
apoptosis and the mitotic spindle checkpoint, appear
normal. These results establish the role of p21CIPIWAFT
in the G1 checkpoint, but suggest that the anti-
apoptotic and the anti-oncogenic effects of p53 are
more complex.

Introduction

The ability to contro! precisely the order and timing of cell
cycle events is important for the maintenance of genomic
stability and the prevention of mutations that can disrupt
normal growth control (reviewed by Hartwell, 1992; Hart-
well and Kastan, 1994). The timing of cell cycle progres-
sion is regulated through controls called checkpoints.
Checkpoints also monitor the physical integrity of DNA
and coordinate cell cycle transitions. For example, in re-
sponse to DNA damage, cells coordinately arrestcell cycle
progression and induce the expression of gene products
that facilitate DNA repair. Arrestin G1 is thought to prevent
replication of damaged genetic templates, and arrest prior
to M allows celis to avoid segregation of defective chromo-
somes.

Primary among mammalian checkpoint genes is the tu-
mor suppressor p53 (reviewed by Hinds and Weinberg,
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tiona! Institute of Diabetes, Digestive, and Kidney Diseases, National
Institutes of Health, Bethesda, Maryland 20832.

1994; Cox and Lane, 1995). p53 mutations are the most
commonly observed genetic lesion found in human neo-
plasia (Hollenstein et al., 1991). Mice deficient in p53 de-
velop normally, butare susceptible to spontaneous tumors
such that >70% develop tumors by 6 months of age (Done-
hower et al., 1992; Jacks et al., 1994; Williams et al., 1994,
Harvey et al., 1994). p53 is required for arrest in G1 in
response to DNA damage such as jonizing radiation (IR)
and to perturbation of nucleotide pools (Kastan et al.,
1991, 1992; Kuerbitz et al., 1992; Livingstone et al., 1992;
Yin et al., 1992). In addition, p53 is required for optimal
apoptosis induced by DNA damage (Clarke et al., 1993;
Lotem and Sachs, 1993; Lowe et al., 1993) and other
agents (Canman et al., 1995). Recently, pS3 has been
implicated in a spindle checkpoint that controls the ploidy
of cells (Cross et al., 1995). Consequently, cells lacking
p53 display a striking degree of genomic instability, show-
ing high rates of aneuploidy and gene amplification (Living-
stone et al., 1992; Yin et al., 1992).

p53 is a transcription factor (reviewed by Hinds and
Weinberg, 1994; Cox and Lane, 1995). In response to geno-
toxic stress such as DNA damage, p53 protein levels in-
crease by a poorly understood mechanism (Maltzman and
Czyzk, 1984), and this alteration in p53 is thought to result
in transcription of target genes that mediate its many func-
tions. Amongits transcriptional targets are Mdm-2, anega-
tive regutator of p53 thought to be involved in adaptation
(Barak et al., 1993; Wuetal,, 1993); cyclin G, of unknown
function (Okamoto and Beach, 1994); Bax, a protein that
promotes apoptosis (Miyashita and Reed, 1995); GADDA45,
a protein involved in DNA repair (Smith et al., 1994); and
p216PwAFT (E1-Deiry et al., 1993), an inhibitor of G1 cyclin-
cyclin-dependent kinase (CDK) complexes (Harper et al.,
1993; Xiong et al., 1993; Gu et al., 1993), proliferating cell
nuclear antigen (Flores-Rozas et al., 1994; Waga et al,,
1994), and DNA synthesis (Nodaetal., 1994). p21CPIWaFT ig
amember of a related family of CDK inhibitors that include
p27%*! (Polyak et al., 1994; Toyoshima and Hunter, 1994)
and p57/“72 (Matsuoka et al., 1995; Lee et al., 1995; re-
viewed by Elledge and Harper, 1994; Sherr and Roberts,
1995). However, unlike p21cPiMAFT there is no evidence
that these are regulated by p53. In the case of p57"P2,
positive regulation by p53 has been ruled out (Matsuoka
et al., 1995). '

Of the known transcriptional targets of p53, p21CiPImaF:
is the most likely to control cell cycle arrest. It is induced
by DNA damage ina p53-dependent manner and is found
associated with inactive cyclin E-CDK2 complexes (Duli¢
et al., 1994; El-Deiry et al., 1994). Cyclin E-CDK2 com-
plexes have been shown to be essential for the G1to S
phase transition (Ohtsubo et al., 1995). p21GIPWAFT can
arrest the cell cycle in G1 when overexpressed (Harper
etal., 1995). In some fibroblast cell fines, p21C¢P1WAF basal
expression is dependent on p53; however, in embryonic
and adult mouse tissues, basal expression is largely inde-
pendent of p53 (Parker et al., 1995; Macleod et al., 1995).
Expression induced by y-irradiation in vivo is, however,
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p53 dependent (Macleod et al., 1995). p21CPWAF! g ex.-
pressed during embryogenesis primarily in a subset of
cells that are amitotic, thus potentially contributing to cell
cycle exit during differentiation (Parker et al., 1995).
p21C¢PIWART induction has also been observed in cell lines
undergoing differentiation or senescence in vitro (Jiang
et al., 1994; Steinman et al., 1994; Parker et al., 1995;
Halevyetal., 1995; Noda et al., 1994). Therefore, in theory,
organisms may utilize p21°P"WAF1 in many ways: in prolifer-
ating cells in G1, it may contribute to cell cycle transition
timing or G1 arrest; in S phase cells, it may block proliferat-
ing cell nuclear antigen and slow down DNA synthesis
to facilitate repair processes; and in development, it may
contribute to cell cycle arrest in terminally differentiating
cells.

To explore the role of p21°F™4*1 in development and
as a mediator of p53 function, we have created mice lack-
ing the p21€P"™AF1 gene by targeted gene disruption. We
have determined that p21¢#"WA#1 is responsible for only a
subset of known p53 functions. The implications of these
findings with respect to tumorigenesis are discussed.

Results

Targeted Disruption of the p21CP1/WAF! Gene
Creates a Null Mutation
The targeting construct p21™° (Figure 1A) was used to
delete exon 2 of the p21¢F"WAF1 gane. This exon encodes
about 90% of coding sequence of the p21%F"™AF1 protein
(El-Deiry et al., 1993), and its reptacement through homol-
ogous recombination is predicted to create a null mutation.
Of 70 G418 and FIAU double-resistant embryonic stem
(ES) cell clones analyzed by Southern blot analysis for
homologous recombination, one contained a correct tar-
geting event (Figure 1B). Germline transmission was ob-
tained from the injection of this ES clone into C57BL/6J
blastocysts. Southern blot analysis indicated that about
50% of agouti offspring were heterozygous for the tar-
geted mutation (p21*).

p216P1WAF1 i expressed in most organs and tissues in
a p53-independent manner during murine embryonic and
postnatal development (Parker et al., 1995; Macleod et al.,
1995). To study the possible role of p21*!™AF1 in murine
development, we intercrossed mice heterozygous for the
targeted disruption to produce homozygous offspring. For
the sake of brevity, we will refer to the genotype using the
abbreviated form, p21*or p21-. These crosses gave rise to
litters of normal size, with living, apparently normal p21--
offspring present at a frequency consistent with Mendelian
inheritance. p21~* mice were monitored for evidence of
iliness or tumor formation weekly for up to 7 months, and
peripheral blood examinations, which showed no evi-
dence of red or white blood cell abnormalities, were carried
out at 4 months of age. Histological sections from several
organs, such as muscle, testis, vertebral bones, and brain,
were examined and were found to be normal (data not
shown).

Cultured mouse embryonic fibroblasts (MEFs) were de-
rived from day 14 embryos of the three possible geno-

No B
A ¥ neoBg 39 7K
- e
Xh Xb
BgEc Xh E E E
b [ 52 Bo Ee
a Bg b
BgEc Bg Ec
P r_?eo,i? 9 i
xh > xb
B 12 34
20 Kb ~ bd

C QP W N D CIAN
9 ¢ & g g
. - 66
p21- GRS en ————T45

pS3 - e BB EBED 1w ~ -2

Figure 1. Targeted Disruption of the p21 Gene Produces a Null Mu-
tation

(A) This targeting construct contains a 8 kb p21°P""#*! genomic se-
quence with a PGK-neo cassette (Tybulewicz et al., 1991), inserted
through Xbai (Xb) and Xhol {Xh) sites, that eliminates a 3 kb genomic
fragment containing exon 2 of the p21#"™4*1 ggng. Transcriptional
directions of the neomycin (neo) and the thymine kinase (tk) genes
are indicated by arrows. Prior to electroporation, the targeting vector
was linearized at the indicated unique Notl (No) site. Homologous
recombination within the p21 locus would introduce the neo gene and
delete the endogenous exon 2 (2). Other abbreviations: 8g, Bglll; Ec,
EcoRl; a, probe a; b, probe b.

(B) Southern blot analysis of DNA isolated from parental ES cells (lanes
1 and 3) and a targeted ES cell clone (lanes 2 and 4). As expected,
the Bglll restriction fragment size change from 8 kb to 9 kb is seen
in the targeled cells (lanes 1 and 2) using the fragment *P-labeled,
0.7 kb Accl &' probe indicated in the insert map (see probe a in [A]).
Correct targeting events were confirmed by analysis of the fragments
produced following EcoR! digestion and detected using the same
probe (lanes 3 and 4).

(C) Northern blot analysis of RNAs isolated from wild-type (Wt), p53+-,
P53, p21*", and p21-"- MEFs. About 2 pg of poly(A) RNA was loaded
on the each lane. Following the transfer, the filter was first hybridized
with the p21°7"*1 probe (see probe b in [A]) to detect expression.
After stripping, the filter was hybridized with a p53 cDNA probe (ses
Experimental Procedures) to detect p53 expression.

(D) Analysis of p21 protein in MEFs derived from control and mutant
mice. Whole-cell lysates of MEFs (at passage 5) derived from the indi-
cated mouse genotypes were subjected to SDS-PAGE and immu-
noblotting as described in Experimental Procedures. The portion of
the blot containing proteins of <30 kDa was probed with a monocional
antibody directed against mouse p21, while the portion of the blot
containing proteins of >30 kDa was probed with anti-CDK2as a loading
control. Cdk2 mRNA in mouse cells is translated as two protein iso-
forms of 32 and 40 kDa (Noguchi et al., 1993).

types, wild-type, p21*~, and p21~~. These were compared
with similarly derived p53*~ and p53~~ MEF's with respect
to p21°F"4"1 mRNA (Figure 1C) and protein (Figure 1D).
Very little p21°P1™4F mRNA (about 2% of wild-type) could
be detected in samples from p53-deficient cells (Figure
1C, lane 1). No p21°"" T mRNA was detected in samples
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Figure 2. Saturation Densities and Growth Properties of MEFs

(A) Saturation density and growth analyses of MEFs at passage 3.
Cells (10%) from wild-type (+/+), p21™"-, and p53™" (as indicated in the
figure) were plated in replicate 35 mm culture dishes as described in
Experimenta! Procedures. Cell number at each timepoint represents
the average of duplicate plates.

(B) Growtth curves of MEFs at passage 5 to 6. The genotypes of each
cell are indicated in the figure.

from p21~- cells (Figure 1C, lane 5), nor could p21CiPimart
protein be detected in samples from either p53- or p21-
deficient cells (Figure 1D). Given these results and the
extensive nature of the deletion, we conclude that this
p21CPMWAFT mutation is a null.

Growth Properties of p21~~ Cultured MEFs
We examined the initial growth properties of these mutant
cells during culture in vitro. Accordingly, proliferation and
saturation densities of wild-type, p21~-, and p53™ MEFs
were analyzed at two passage points. At lower passages
(passages 1-3), all of the cells, irrespective of their geno-
types, grew quite rapidly and had similar growth rates be-
fore becoming confiuent (Figure 2A). All MEFs showed
contact inhibition, but the monolayers formed by p21~
and p53"~ MEFs were more crowded than those formed
by wild-type cells. In addition, the saturation densities of
p53~- cells were significantly higher than those of wild-
type cells, while those of p217- cells were intermediate
between those of wild-type and p53~" cells (Figure 2A).
At later passages (passages 5-15), as growth of wild-
type cells slowed, differences in the saturation densities
between the p53~ and wild-type MEFs became much
more pronounced. p21~~ MEFs behaved more like p53"
MEFs (Figure 2B). Between passages 5 and 15, prolifera-
tion of wild-type MEFs was significantly reduced, as seen
by the passage 5 and 6 cells shown in Figure 2B. Wild-type
cells gradually accelerated growth rates between pas-
sages 15 and 20, while the behavior of p21-- and p53™"
MEFs did not change (data not shown).

The Role of p21 in p53-Mediated G1 Arrest

In response to DNA damage, mammalian cells arrest the
cell cycle. Although the number of points at which the
cycle can arrest have not been fully elucidated, it is clear
that there is a block to entry into S phase that is mediated
in part by arrest in G1. This cell cycle arrest is dependent
upon the p53 gene product. Although it is not clear how
p53 achieves cell cycle arrest, it has been suggested that
it is through the transcriptional activation of the p216F/WAF1
gene (El-Deiry et al., 1993; Harper et al., 1993). To exam-
ine the contribution of p21°7"AF1 to the G1 checkpoint,
we examined the ability of wiid-type and mutant MEFs
to reduce the population of S phase cells in response to
y-irradiation.

Serum-starved cells were irradiated and stimulated to
enter the cycle by the addition of serum. Bromodeoxuri-
dine (BrdU) was added with serum to aliow detection of
cells entering S phase. Cells were harvested 24 hr later,
and the number having entered S phase were determined
by bivariate fluorescence-activated cell-sorting (FACS)
analysis. Incorporation of BrdU indicates cells in S phase
(see the example shown in Figure 3A). As indicated in
Figure 3B, wild-type cells showed a 50% reduction in the
number of S phase cells relative to unirradiated samples
averaged over several experiments. By contrast, p53-
defective cells showed nearly complete deficiency in the
ability to arrest in G1, with, on average, only 2.8% reduc-
tion in response to y-irradiation, as previously reported
(Kastan etal., 1992). p21~" cells had a phenotype interme-
diate between wild-type and p53~ cells, showing, on aver-
age, a 20% reduction in cells entering $ phase. These
results indicate that p21%P"#4*" partially mediates the role
of p53in G1 arrest in response to y-irradiation. In contrast
with some cells (Kastan et al., 1992), significantly higher
levels of irradiation was required to achieve a significant
reduction in S phase cells with our wild-type MEFs. Control
experiments with WI38 cells, a normal human fibroblast
strain, demonstrated that 5 Gy was sufficient to reduce S
phase cells from 38% to 3% (data not shown), controlling
for the proper calibration of our radiation source and con-
firming the increased radioresistance of our MEFs.

In addition to y-irradiation, cells can arrest in G1 in re-
sponse to other types of damage or metabolic perturba-
tions. N-(phosphonacetyl)-L-aspartate (PALA) is a specific
inhibitor of de novo uridine biosynthesis (Swyryd et al.,
1974) that works through inhibition of the CAD gene (Wah!
et al., 1979). Cells treated with PALA show a p53-
dependent decrease of entry into S phase (Yin etal., 1992;
S. Linke and G. Wahl, personal communication). We ex-
amined the role of p21¢PWAFT in cell cycle arrest in re-
sponse to PALA. Asynchronous cells were treated with
varying amounts of PALA for 48 hr and then labeled for
30 min with BrdU to identify cells in S phase. Both p53™"~
and p217- cells display a decrease in the G1 population
relative to wild-type cells and an increase in S phase cells
(Figure 4A).

The large increase in the S phase population is thought
to arise from cells that fail to arrest in G1, enter S, and
become arrested there owing to a lack of dTTP caused by
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Figure 3. MEF Lacking p21¢"™* Display a Defect in the Ability to
Block S Phase Entry after y-frradiation

(A) A representative bivariate flow cytometric analysis of synchronized
wild-type (WT), p217, or p537- MEFs 24 hr after exposure to 0 or 20
Gy y-irradiation. Serum-starved cells (4 days in media containing 0.1%
FBS) were released into complete media containing BrdU (65 uM) and
immediately irradiated. At 24 hr after release, cells were harvested
and stained for DNA content with propidium iodide and for replicative
DNA synthesis with a fluorescein isothiocyanate-conjugated anti-
BrdU antibody. Boxes labeled 1, 2, and 3 indicate G1, S, and G2/M
phase cells, respectively, and the percentages of cells in each phase
of the cycle are indicated for each diagram. Approximately 3000 cells
were examined in each analysis.

(B) Quantitative analysis of the effects of y-irradiation on the number
of cells entering S phase for wild-type (WT), p21-"", and p53~"~ MEFs.
The percentage of cells entering S phase (BrdU") after irradiation rela-
tive to unirradiated cells is shown along with standard deviations for
replicate experiments; n refers to the number of independent determi-
nations for each strain.

PALA. Interestingly, p21-deficient cells show a significant
increase in G2 cells that is not observed in p53-defective
fibroblasts. This may indicate a p2i-independent, p53-
dependent function in G2 arrest in response to PALA treat-
ment. Although more in-depth experiments are required
to confirm this possibility, a role for p53 in G2 arrest has
been previously reported (Stewart et al., 1995; Aloni-
Grinstein et al., 1995). At higher concentrations of PALA,
it becomes difficult to measure precisely the S and G2
contents in p21~"~ and p537'~ cells, as aberrant patterns
of BrdU incorporation are observed in FACS analysis. Nev-
ertheless, itis clear that the p21~'- fibroblasts are defective
in the G1 checkpoint activated by nucleotide depletion,
thereby implicating p21°#"™4#1 gs a significant mediator
of the checkpoint function of p53 in response to nucleotide
depletion.
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Figure 4. Absence of a Functional PALA-Induced G1 Checkpoint in
p21-- MEFs

(A) Effects of PALA on the cell cycle distribution of asynchronous
MEFs. Asynchronous MEFs (passage 3) of the indicated genotypes
were treated with various concentrations of PALA for 48 hr. Cells were
pulse labeled with BrdU (30 min), harvested, and analyzed for DNA
synthesis and DNA content by FACS analysis as described for Figure
3. Below is the quantitation of cell cycle phase distribution for these
cells after PALA treatment.

(B) Effects of PALA on S phase entry of synchronized MEFs. The
indicated MEF cultures at passages 3 and 4 were serum starved for
84 hr prior to addition of the indicated concentrations of PALA for 12
hr, and then the celis were released into growth media containing the
same concentrations of PALA and BrdU (65 pM). At 24 hr, cells were
harvested and subjected to bivariate flow cytometric analysis. The
percentags of cells entering S phase (BrdU*) in the presence of PALA
normalized to the number of cells entering S phase in the absence
of PALA is shown. The percentage of cells entering S phase in the
Absence of PALA was 41%, 32%, 60%, and 82% for wild-type (WT),
p21*", p217, and p53~"", respectively.

Interpretation and quantitation of the pulse-labeling re-
sults on asynchronous cultures are complicated in part by
the fact that celis can arrest in G1, G2, or M and thereby
prevent S phase entry. To measure more precisely the
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effects of PALA on the G1 to S phase transition, we per-
formed experiments using synchronized cells. Serum-
starved celis were stimulated to enter the cyclein the pres-
ence of PALA and BrdU by the addition of serum. Cells
were harvested 24 hr later, and the number having entered
S phase were qu antitated by bivariate FACS analysis (Fig-
ure 4B). As observed in asynchronous cells, both p217*
and p53cells show a nearly complete defectin G1 arrest
relative to wild-type and p21*" cells. Unlike the results
with y-irradiation, the defect in PALA-dependent arrest in
p21~"~ cells appears to be nearly as severe as the defect
with p537~ cells. This difference may be due to the precise
position in the G1 to S phase transition that cells arrest
in response to the different treatments, t0 the additional
pathways activated by the stimuli, or to the degree of acti-
vation of the p53 protein itself.

p21CPWAFT 1s Not Required for the Function of the
p53-Dependent Mitotic Spindle Checkpoint

In addition to the G1 checkpoint, p53 controls a mitotic
spindle checkpoint (Cross et al., 1995). Wild-type fibro-
blasts treated with the microtubule inhibitor colcemid ar-
rest with a 4N DNA content. However, cells defective for
p53 fail to arrest and proceed through the cell cycle, be-
coming polyploid. Wild-type, p217, and p53-" fibroblasts
were examined for their ability to arrest the cell cycle in
response to colcemid {Figure 5). While p537" cells fail to
arrest in the presence of colcemid and accumulate sub-
stantial quantities of polyploid cells, p21~~ and wild-type
cells have intact mitotic checkpoints.

In the absence of spindle inhibitors, 50% of p53~~ MEFs
became tetraploid at passage 7 (Cross et al., 1995}, and
nearly all p537 MEFs pecame tetraploid or polyploid at
passage 9 (Livingstone etal., 1992).To determine whether
p21CPIWART s involved in maintaining the chromosomal
ploidy during culture, we determined chromosome num-
pers for wild-type, p21~+, and p537 MEFs at passages
3 and 15. The chromosome number was obtained by
counting 50 intact metaphase spreads of each cell type.
At passage 3, wild-type and p21~ MEFs had a similar
karyotype; i.e., 90% of cells had a typical diploid chromo-
somal number of 40 and <10% cells were tetrapoid. In
contrast, 30% of p53~ cells became tetrapoid or poly-
ploid, andan additional 10% contained chromosome num-
bers between 62 and 78. At passage 15, 30% of wild-type
and 40% of p21~~ MEFs had 40 chromosomes, whereas
>90% of the p53~~ MEFs were aneuploid, tetraploid, or
polyploid. Thus, p21CPIMWAFT js not required for the opera-
tion of the mitotic spindle checkpoint.

p21CIPIWAT g Not Required for

p53-Dependent Apoptosis

Thymocytes readily undergo apoptosis after DNA damage
ina p53-dependent manner (Lowe et al., 1993; Clarke et
al., 1993). To determine whether p21CIPIWART is required
for this process, we isolated thymocytes from wild-type,
p21--, and p53~'~ mice and determined the percentage
of apoptotic cells after y-irradiation. As shown in Figure
6A, wild-type and p21-*- thymocytes show a dramatic in-
crease of percentages of cells undergoing apoptosis (from

- Colcemid

Cell Number

NN

+ Colcemid

8N IN AN
DNA Content

Figure 5. The p53-Dependent Spindle Checkpoint Induced by Col-
cemid Is Functional in p21™ MEFs

Asynchronous wild-type (WT), p21 -+, and p53™" MEFs at passage 3
waere incubated in the absence or presence of 500 ng/mi colcemid for
24 hr. Cells were harvested and the DNA content determined by flow
cytometry after DNA staining with propidium iodide. DNA content flow
cytometric histograms are shown, as are the positions of peaks for

2N, 4N, and 8N DNA
each experiment.

content. At least 3000 cells were examined in

about 10% to 60%), whereas the p53™" thymocytes show
only a slight increase of apoptotic cells. Cell death by
apoptosis was confirmed by gel electrophoretic analysis
of genomic DNA (Figure 68). The DNA fragmentation pat-
terns displayed by wild-type and p21-~ thymocytes were
prominent and indistinguishable, while that of the p537"
thymocytes was greatly reduced by comparison. Thus, it

appears that p53-

cytes does not require p2

dependent apoptosis in mouse thymo-
1CIP1/WAF1.

Absence of Accelerated Tumorigenesis

in p21~'~ Mice

p53-deficient mice display a marked and rapid rate of early
tumorigenisis (Donehower etal., 1992; Jacks et al., 1994).

Since p21 CIPIWAF1

is regulated by p53 and is involved in

the G1 DNA damage checkpoint, it is conceivable that

p217" mice would

also display increased rates of tumori-

genisis. To date, we have carefully followed 12 p21~~ mice
who are now >7 months of age (and >20 mice now be-

tween the ages of

3 and 4 months). In contrast with p53™"~

mice, >70% of which develop tumors by 6 months of

age (Donehower et al.,, 1992), none of the p217" mice
developed malignancies, indicating that p53-dependent
suppression of early tumor formation does not require

p2 1 CIP1/WAF1 .

Obviously, these p21-~ mice will be followed into old

age, and a propen

sity for late tumorigenesis may emerge.
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Figure 6. Induction of Apoptosis in p21~~ Thymocytes

(A) Percentages of thymocytes that undergo apoptosis after irradiation
at 0 or 20 Gy. After irradiation, the wild-type {(+/+), p21™, and p53"
cells were cultured at 37°C for 8 hr before analysis by FACS (Telford
et al., 1994).

(B) Ge! electrophoresis of genomic DNA isolated from wild-type (+/4),
p21-"-, and p53~"~ thymocytes with and without y-irradiation. Lanes 1,
4, and 7 were DNA isolated at time 0 without IR treatment. Lanes 2,
8, and 8 were DNA isolated at 8 hr without IR treatment. Lanes 3, 6,
and 9 were DNA isolated at 8 hr after IR treatment. Lane 10 was ADNA
digested by Hindlll.

Moreover, in view of the effect that p21°#""4*" has on the
G1 DNA damage checkpoint, it will be important to assess
the radiation sensitivity of these mice. Further, since we
find an even greater sensitivity to tumorigenesis as we
breed the p53- allele into an inbred FVB genetic back-
ground (all of >30 p53~'~ mice followed developed tumors
before the age of 6 months [C. D. and P. L., unpublished
data}), it will be of interest to follow these mice as the p21~
mutation is passed into various inbred backgrounds in an
effort to discover modulating genes. Moreover, in view of
the possibility that other members of the p21 class of CDK
inhibitors might support functions in which p21 normally
participates, it is worth noting that preliminary experiments
indicate that mRNAs corresponding to the related CDK
inhibitors p27 and p57 are present in roughly equivalent
amounts in MEFs derived from wild-type and p21~"~ mice
(data not shown).

Discussion

DNA Damage-Induced G1/S Arrest Is Partially
Dependent upon p21CFIWAFI

An extensive literature has emerged concerning the puta-
tive roles of p21CP"WA#1 in cell cycle control, cancer, and

development. In particular, it has been suggested that
p21CPIMAFt may mediate some or all of the known functions
of p53. This work provides direct evidence that p21#"W#!
is necessary for efficient p53-dependent cell cycle arrest
in response to DNA damage and metabolic perturbation
and is, therefore, a bone fide effector of p53. In response
to PALA, G1 arrest in p21~"~ cells appears nearly as defec-
tive asin p53~" cells. However, in response toy-irradiation,
the G1 checkpoint is only partially impaired, indicating a
second p53-dependent function capable of arresting the
cell cycle in G1. The difference between inducing agents
may reflect a difference in the extent of p53 activation that
could alter which arrest mechanism is activated. Alterna-
tively, the position in the cycle when the PALA signal is
sensed might preclude one of the arrest mechanisms.

The nature of the second checkpoint mechanism is un-
clear but could involve Gadd45, a p53-dependent, DNA
damage-inducible gene that can arrest the cell cycle when
overexpressed (Smith et al., 1994). However, itis not clear
that Gadd45 can arrest the cell cycle under physiological
conditions. Alternatively, other mechanisms, such as de-
phosphorylation of the activating threonine residue (T160
in CDK2), activation of additional CDK inhibitors, or inhibi-
tory phosphorylation, might be used to inactivate CDKs.
A fraction of CDK2 is tyrosine phosphorylated on Y15
(Elledge et al., 1992; Gu et al., 1992), and the conserved
T14is also a potential target for inhibitory phosphorylation.
These phosphorylations are known to inhibit CDKs. Of
course, cells could arrest through a CDK-independent
mechanism. Regardless of the nature of the mechanism,
the availability of p21~/~ cells will facilitate its elucidation.

p21CPMWAFT is not absolutely required for contact inhibi-
tion or arrest in GO upon serum starvation. However, it
does appear to mediate the effects of p53 on serumdepen-
dency, growth kinetics, and arrest density of fibroblasts
grown in vitro. Unlike these functions and the G1 check-
point, both the apoptotic response and the mitotic spindle
checkpoint function normaily in p21~~ cells. An under-
standing consistent with our results is summarized in the
diagram shown in Figure 7 in which p219*""#! accounts
for only a subset of known p53 functions.

Role of p21 in Terminal Differentiation

p21CPIMaFT axpression during mouse development corre-
Jates with terminally differentiating tissue such as muscle,
outer layers of the epidermis, and olfactory neurons (Par-
ker et al., 1995). It has also been observed to be induced
during differentiation of a number of cell types in vitro (Ji-
ang et al., 1994; Steinman et al., 1994; Parker et al., 1995;
Halevy et al., 1995). These observations have led to the
hypothesis that p21%7"™4F1 might contribute to cell cycle
exit and differentiation. The fact that the p21~~ mice ap-
pear to have normal development, both at the gross ana-
tomical and histologic levels, indicates that any essential
role for p21CP1MAF1 in terminal differentiation must be re-
dundant. Kinetic analysis of p21°°"4*! induction in differ-
entiating myoblasts in vitro has revealed that p219P/#
is induced at a late stage of differentiation, long after DNA
synthesis is blocked (J. W. H., unpublished data), indicat-
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Figure 7. A Current View of the Integrated Actions of p21 and p53

DNA damage feads to stabilization and activation of p53, possibly via
the ataxia telangiectasia gene product (Savitsky et al., 1995). The
activated p53 protein (p53") induces transcription of p21¢°""" and
other genes involved in cell cycle arrestand DNA repair. Under certain
conditions that are not completely understood, p53 activation can lead
to apoptosis. In response to y-irradiation, p53-dependent cell cycle
arrest in G1 functions by both p21ruari.dependent and p2167-
independent mechanisms that are only partially redundant, while p53-
dependent apoptosis in response to y-irradiation does not require
p216F1™AF In mouse cells, p53 also regulates reentry into S phase
when mitosis is blocked, as in the case of the anti-microtubule agents
colcemid and nocodazole (Cross et al., 1995). This function is indepen-
dent of p216P™*F1_ p53 may also regulate ploidy in the absence of
spindle interference because untreated p53™"- cells rapidly increase
ploidy with increased passage.

ing a maintenance rather than causative role. itis not sur-
prising that there would be redundancy in a process of
such critical importance to the organism. indeed, these
mice provide a useful background in which to launch a
search for the other cell cycle control elements that, along
with p21¢P1™aft mediate growth arrestand differentiation.

Clarification of the Tumor Suppressive
Etfects of p53
One of the attractive aspects of the role of p53 as a tumor
suppressor and as an inducer of the G1 cyclin~CDK inhibi-
tor p219P"WAF! was that one could link the function of these
proteins and provide a convenient rationale for the ability
of p53 to counter the action of oncogenes. For example,
an oncogene might promote inappropriate entry into the
celi cycle and passage into S phase. The inability of p53
mutants to arrest cells in G1 in response to oncogene
action mightiead directly to increased proliferation of cells,
presumably an important aspect of tumorigenesis. In its
simplest form, however, this rationale is incorrect be-
cause; unlike p537~ animals, p21~~ mice do not exhibit
a propensity for early tumorigenesis. Indeed, this finding
nicely explains the failure to find mutations in the
p21CP1™AFT gene in human tumors (Shiohara et al., 1994).
There are several plausible explanations for the ab-
sence of tumors in p21~~ mice. First, the role of p21CPImAFI
in the G1 checkpoint might be partially redundant, as sug-
gested by its intermediate effect on the irradiation check-
point. Thus, p21-- cells might show an intermediate in-
crease in genomic instability relative to p53-deficient cells.
Such reduced effects in p21~"~ cells relative to p53™" cells
can easily be transiated into altered mutation frequencies

that, when multiplied over several events, could pro-
foundly influence the overall frequency of tumorigenesis.
Alternatively, itis possible that other p21-independent p53

~ functions, such as apoptosis, may play a more significant

role in tumorigenisis than the G1 checkpoint. Several on-
cogenes, such as Bcl2 (Strasser et al., 1993), specifically
inhibit apoptosis, lending strong support to the notion that
the role of p53 in control of apoptosis is important for its
tumor-suppressing activity. Finally, itis possible that these
other functions in combination with a checkpoint defi-
ciency are responsible for the tumor-suppressing role of
p53 in vivo.

Experimental Procedures

Targeting Vector

Recombinant phage containing genomic DNA of the p21 locus were
isolated from a 129 mouse library (Stratagene) by using a 454 bp
fragment containing the sacond exon of the mouse p21CPMAF gene as
aprobe. This fragmentwas amplified by PCRusinga &' oligonucleotide
(5’vTCTTCTGTTTCAGCCACAGGC-3’) and a 3' oligonucleotide (5™
TGTCAGGCTGGTCTGCCTCC-3) (El-Deiry et al., 1993). To construct
the p21" targeting vector, we subcloned a 6 kb Bglti-Xbal fragment
that is 3 to the second exon of the p216P™471 gane into BamHi and
Xbal sites of pPNT (Tybulewicz et al., 1991). The resulting construct
was cleaved with Xhol and Notl, followed by insertion of a 2 kb Xhol-
Not! fragment (the Notl site is from polylinker of the phage vector) that
is 5' to the second exon of the p21CPWat gene. The finished canstruct,
p21°, is shown in Figure 1A,

Homologous Recombination In ES Celis and Generatlon of
Germline Chimeras

TC1ES cells, developed by C.D., T. Wynshaw-Boris, and P. L. (unpub-
lished data), were transfected with Noti-digested p21~ and selected
with G418 and FIAU. The cutture, electroporation, and selection of
ES celis were carried out as described previously {Deng et al., 1994).
ES coll colonies that were resistant to both G418 and FIAU were picked
and analyzed by Southern biotting for homologous recombination
events within the p21¢#™471 jocus. Genomic DNAs from these clones
and the parental TC1 cell line were digested with Bglit and EcoRl,
respectively, followed by the Southern blot transfer analysis using a
0.7 kb Accl fragment &' to the targeting vector (Figure 1B).

E£S cells heterozygous for the targeted mutation were microinjected
into C57BL/6 blastocysts to obtain germiine transmission. Theinjected
blastocysts were implanted into the uteri of pseudopregnant Swiss
Waebster (Taconic) foster mothers and allowed to develop to term. Male
chimeras (identified by the presence of agouti coat color) were mated
with NIH Black Swiss females (Taconic). Germiine transmission was
confirmed by agouti coat color in the Ft animals, and all agouti off-
spring were tested for the presence of the mutated p21¢7™**' allele
by Southern blot analysis using the same conditions for the detection
of the homologous recombination event in the ES cells.

Northern Blot

RNA was isolated using RNA TeT-60 based on the protocol suggested
by the manufacturer (Tel-Test, incorporated). Poly(A) RNA was pre-
pared using a kit purchased from Pharmacia. About 2 ug of poly(A)
RNA from each sample was electrophoresed on the 1% agarose gel
and transferred to a GeneScreen filter (New England Nuclear). The
filter was then hybridized with the 2p_Jabeled probes specific for the
p21 and p53 genes. The probe for p2197¥! is the 454 bp fragment
described earfier, and the p53 probe is a 1.2 kb EcoRI-Xbal fragment
containing full-length p53 cDNA (Johnson et al., 1991).

Cell Cultures and Treatments

Primary MEFs were obtained from embryos 14 days after conception
that were either wild-type, p21+-, p21™, p53*, or p537, using estab-
tished procedures (Robertson, 1987). p53*- and pS37™" MEFs were
derived from embryos obtained by intercrossing mutant mice created
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by Donehower et al. (1992). Genotypes for each cell line were verified
by Northern and Southern blot analysis. WI38 normal diploid fibro-
blasts were from the American Type Culture Collection (CCI 75) and
were used at passage 20. Cells were cultured at 37°C (5% CO) in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS) supplemented with penicillin and streptomycin
(growth medium). For GO synchronization by serum starvation, asyn-
chronous cultures at 70%-80% confluence were washed with phos-
phate-buffered saline and placed in DMEM containing 0.1% FBS for
96 hr. For y-irradiation (IR), GO-synchronized cells were trypsinized
and suspended in growth medium before IR treatment. Cells were
irradiated in suspension at room temperature with a *’Cs y-ray source
at a rate of 4.1 Gy per minute (1 Gy = 100 rads) and then replated
into growth medium in 10 cm dishes at 40%-60% confluence. For
experiments involving colcemid, asynchronous cells were treated with
500 ng/m! for 24 hr prior to analysis. For PALA experiments, asynchro-
nous cells were incubated in DMEM containing 10% dialyzed FBS
and the indicated concentrations of PALA for 48 hr prior to harvesting.
For synchronous experiments, cells were serum starved for 84 hr, and
then PALA was added at the indicated concentrations and incubated
for 12 hr prior to release into serum containing PALA and BrdU (as
suggested by S. Linke and G. Wahl, personal communication). IR
and PALA experiments were performed using cells at passages 2—4.
Colcemid experiments were performed using passage 3 cells.

Cell Cycle Analysis

Replicative DNA synthesis and DNA content were analyzed using bi-
variate flow cytometry according to established procedures (Di Leo-
nardo et al., 1994). In brief, cells were pulse labeled with 10 pM BrdU
(Sigma) for 30 min or were continuously labeled with 65 uM BrdU,
harvested, and fixed in 70% ethanol. Fixed cells were kept at ~20°C
untit analysis. Cells were treated with 0.1 N HCI containing 0.7% Triton
X-100, followed by heating at 95°C for 10 min and rapid cooling to
denature the DNA. Cells were then incubated with fluorescein isothio-
cyanate-conjugated anti-BrdU antibodies (Becton-Dickinson) and
counter stained with propidium iodide containing RNase (20 pg/mi).
The stained celis were analyzed on EPICS Profile equipment. Cell
debris and fixation artifacts were gated out, and G1, S, and G2/M
populations were quantitated using EPICS software. in each experi-
ment, similar numbers of events were analyzed.

Protein Analysis

Total cell protein (30 ug) from the indicated cells was prepared as
described previously (Harper et al., 1993) and was subjected to SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) on a 12.5% gel,
transferred to nitroceliulose, and probed with either a monoclonal anti-
body (65) directed against mouse p21¢7"** (provided by Dr. D. Hill,
Oncogene Science) or anti-CDK2 antiserum (Santa Cruz Biochemi-
cals). Proteins were visualized by ECL (Amersham) using exposure
times of 2 min for p21%°""4*1 and 1 min for CDK2.

Cell Proliferation and Saturation Density Assays

Celi proliferation and maximal celf density (saturation density) determi-
nations of the MEFs at passage 3 were carried out as described else-
where (Xu et al., 1995). In brief, 10° cells of each line were plated in
DMEM with 10% FBS in a series of 35 mm culture dishes. The cultures
were maintained for up to 10 days, with changing media each day.
Cells were counted daily with a hemocytometer. The proliferation study
was repeated using MEF's at passages 5 and 6, this time using a larger
container (60 mm culture dishes) to allow cells more time for growth
before confluence.

Induction of Apoptosis In Thymocytes
Thymocytes were isolated from wild-type, p21~"-, and p53~'- mice at
age 4-6 weeks in growth medium (see above) and adjusted to a density
of 1 x 10° per milliliter. Of this mixture, 10 ml was aliquoted into each
10 cm dish. For each mouse, five plates were prepared. Thymocytes
from one plate were used to isolate DNA at time 0, two plates were
unirradiated, and two plates were y-irradiated with 20 Gy. These were
subsequently incubated at 37°C for 8 hr. Half of the thymocytes from
each of these plates were used for FACS analysis under the conditions
described by Telford et al. (1994), and the rest were used for DNA
extraction.
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Cell Cycle Checkpoints:

Preventing an

Identity Crisis

Stephen J. Elledge

Cell cycle checkpoints are regulatory pathways that control the order and timing of cell
cycle transitions and ensure that critical events such as DNA replication and chromo-
some segregation are completed with high fidelity. In addition, checkpoints respond to
damage by arresting the cell cycle to provide time for repair and by inducing transcription
of genes that facilitate repair. Checkpoint loss results in genomic instability and has been
implicated in the evolution of normal cells into cancer cells. Recent advances have
revealed signal transduction pathways that transmit checkpoint signals in response to
DNA damage, replication blocks, and spindle damage. Checkpoint pathways have
components shared among all eukaryotes, underscoring the conservation of cell cycle

regulatory machinery.

The cell cycle is a collection of highly
ordered processes that result in the duplica-
tion of a cell. As cells progress through the
cell cycle, they undergo several discrete
transitions. A cell cycle transition is a uni-
directional change of state in which a cell
that was performing one set of processes
shifts its activiry to perform a different set of
processes. A current focus of cell eycle re-
search concerns how these transitions are
coordinated to oceur at a precise time and
in a defined order. In principle, the order-
ing of cell cycle events could be accom-
plished by requiring the next event to
physically require the completion of the
previous event, much like building a
house—the roof cannot go up untl the
walls are built. This has been referred w as a
substrate-product relationship (1). Alterna-
tively, dependency could be established by
positive or negative regulatory circuirs, and
this appears to be the predominant mecha-
nism. An example of a pathway of cell cycle
events that is subject to positive and nega-
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tive control is shown in Fig. TAL A negative
circuit is shown leading from b o a step in
the d ro e pathway. A positive cireuit, shown
linking events b and ¢, cannot be easily
distinguished from a substrace-product rela-
tionship and depends upon the biochemical
funcetion of the step in question. These reg-
ulatory circuits are surveillunce mechanisms
that monitor the completion of critical cell
cycle events and allow subsequent cell eycle
transitions to occur. There are two classes of
regulatory cireuits, termed here intrinsic and
extrinsic. Intrinsic mechanisms act in each
cell cycle o order events. Extrinsic mecha-
nisms are induced to act only when a defect
is detected. Both mechanisms may use the”
same components to enforce cell eycle arrest.
An example of how some of these circuits
are integrated into a typical cell cycle is
shown in Fig. IB. These puthways are of
considerable interest because ‘their loss leads
to reduced fidelity of cell cycle evenes such
as chromosome duplication and segregation.
Such alterations decrease the reproductive
fitness of unicellular organisms and in mul-
ticellular organisms may lead to uncontrolled
proliferation and cancer.

Checkpoint is the name given to a par-
6 DECEMBER 1996
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ticular subset of these intrinsic or extrinsic
mechanisms (!). A checkpoint is a bio-
chemical pathway that ensures dependence
of one process upon another process that is
otherwise biochemically unrelated. A null
allele in a checkpoint gene results in a loss
of this dependency and, thus, checkpoints
are inhibitory pathways. This definition of a
checkpoint is broad and can apply to many
situations that occur in multicellular organ-
isms, particularly during development. How-
ever, its most common usage is in reference
to control of cell cycle transitions. The word
checkpoint conjures visions of both a place
(a border) and a process (examination) and
this duality has led to some confusion. The
word is often used in a manner suggesting
that checkpoints are points in the cell cycle
or are cell cycle transitions, but the usage is
best restricted to refer to the biochemical
pathway that ensures dependency. For ex-
ample, the DNA-damage checkpoint is the
mechanism that derects damaged DNA and
generates a signal that arrests cells in the Gl
phase of the cell cycle, slows down S phase
(DNA synthesis), arrests cells in the G2
phase, and induces the transcription of re-
pair genes. The position of arrest within the
cell cycle varies depending upon the phase
in which the damage is sensed. Whether the
loss of a checkpoint has an immediate con-
sequence for an organism during a normal
cycle depends on the particular pathway and
the inherent timing of the processes them-
selves. Timing and checkpoints can act as
redundant controls to ensure the proper or-
der of events. Thus, there are no constraints
on whether checkpoints are essential or in-
ducible (extrinsic).

The first indications that the cell cycle
was not controlled strictly by a substrate-
product relationship came from cell fusion
experiments in Physarium polycephalum that
showed that timing of mitotic entry could
be influenced by the ratio of the nuclear
volume to cytoplasmic volume (2). Similar
experiments with mammalian cells showed
that when cells in S and G2 phases of the
cycle were fused, the G2 nucleus delayed
mitotic entry until the S-phase nucleus fin-
ished DNA replication; then both nuclei
synchronously entered mitosis (3). This was
interpreted to mean that S-phase nuclei
produced an inhibitor of mitosis. The first
example of a dependency relationship re-
lieved by mutation was from bacterial stud-
ics. DNA damage and certain mutations
cause a block to sepration resulting in fila-
mentation of Escherichia coli (4), and muta-
tions in the recA, lexA and sul A(sfiA) genes
relieve this sepration block (5). SulA is an
inhibitor of septation induced in response
to DNA damage as part of the SOS re-
sponse (6) controlled by recA and the re-
pressor lexA. In eukaryortes, cells from hu-
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Fig. 1. Checkpoint pathways (A) A ge-
netic pathway illustrating intrinsic and ex- -
trinsic checkpoint mechanisms. Letters
represent cell cycle Processes. Lines
with arrowheads represent positively act-
ing steps. Lines with perpendicular ends

represent inhibitory steps. A dot at the beginning of a symbol indicates that
once activated, it maintains its function without the need for upstream sig-
nals. The pathwéy shown as red sympols indicates an intrinsic checkpoint
mechanism that operates to ensure that event Cis completed before event E.
After event B is completed, an inhibitory signal is activated that blocks
completion of event E. After event C is completed, a signal is sent to turn off
the inhibitory signal from B, thereby allowing completion of E. The blue
symbols represent an extrinsic mechanism that is activated when defects
such as DNA damage or spindle errors are detected. !t is arbitrarily located on
the D to E pathway but could also function by inhibiting a later step in the B

mans wich the recessive disorder ataxia tel-
angiecrasia (AT) fail to show the reduction
in rate of DNA synthesis and mitotic delay
in response to DNA damage characteristic
of normal cells (7). This was interpreted to
mean that these cells were defective in the
ability to coordinate cell cycle transitions in
response to DNA damage, an interpretation
that stands today. However, it was not until
studies in the yeast Saccharomyces cerevisiae
revealed the effects of the rad9 mutation on
cell cycle progression in response to DNA
damage that the significance of the carlier
studies began to be fully realized for eu-
karyotes (8). The identification of check-
points in a genetically tractable organism
known for its cell cycle genetics facilitated
the generalization of these concepts to oth-
er aspects of the cell cycle and provided a
basis for understanding much of its higher-
order regulation. Furthermore, the connec-
tion berween checkpoint failure, DNA
damage sensitivity, and genomic instability
in AT and rad9 mutants provided an im-
portant insight into processes contributing
to cellular dysfunction in cancer (9).

The identity of cell cycle phases is estab-
lished not only by what they are in terms of
the genes that are expressed and the pro-
cesses that are executed, but also by what
they are not. Cells in one phase often ac-
tively inhibit the processes of other phases
through checkpoints (3). One notion con-
cerning the origin of these inhibitory path-
ways derives from ideas about how cells
evolved distinct S and M phases. Primitive
cells may have initially performed Sand M
phases simultaneously like bacteria, but
then evolved into simple oscillators that
alternated berween DNA replication and
mitosis as genomes grew more complex. As

o, l Replication
.

/ Extrinsic —>>\\~ - tructures
———-»-7—— “ﬁh}_ > G1

:::;fﬁ‘( N1

A Sk

DNA replication
checkpoint

Contact
inhibition

DNA damage
Negative DNA damage
growth checkpoint
factors

indicate arrest in G1.

these two states became biochemically in-
compatible, strong selective pressure would
have existed for a mechanism to inhibit the
function of the previous state during a tran-
sition. If an inhibitory mechanism persists
until the next change of state, it provides an
inhibitory barrier that must be overcome, a
checkpoint. Such molecular logic whereby
a transition turns off the previous state
while promoting the future state is a hall-
mark of cell cycle transitions (10, 11).

Cdks as Key Regulators of Cell
Cycle Transitions and Effectors
of Checkpoints

Several cell cycle rransitions are dependent
upon the activity of cyclin-dependent ki-
nases (Cdks), and inhibition of these ki-
nases is a mechanism by which some check-
point pathways cause cell cycle arrest.
These enzymes are composed of a kinase
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Synthesis Destruction

Spindle assembly -

checkpoint

to C pathway. In that case, the extrinsic pathway would utilize the intrinsic
mechanism for cell cycle arrest. Mutations in any of the red or blue symbols
would result in a checkpoint-effective phenotype. (B) Schematic representa-
tion of several cell cycle checkpoints. The colored arrows_depict complex
signaling pathways that operate in G1 to transmit information regarding cell
proliferation. The red lines connecting particular events and cell cycle transi-
tions represent the inhibitory signals generated Dy checkpoint pathways in
response to those events. The points of contact of the negative growth factor
and contact inhibition pathways with the cell cycle are arbitrary and meant to

subunit, Cdk, and an acrivating subunit,
cyclin, in a complex that is subject to many
levels of regulation (Fig. 2) (12). There
appears to be a single cell cycle Cdk in S.
cerevisiae, Cdc28, and Schizosaccharomyces
pombe, Cdc2, whereas mammals have sev-
eral—Cdc2, Cdk2, Cdk3, Cdk4, and
Cdk6—that are specialized for different
transitions. Cyclins are absolutely required
for kinase activity and also contribute to
substrate specificity. The Cdk-cyclin com-
plex is both positively and negatively regu-
Jaced by phosphorylation. In addition, Cdks
are further regulated by binding to inhibi-
tors (CKls) and other proteins such as Sucl
(Cks!) that might modify their specificity
or accessibility to regulators (13). Each of
the proteins that influence Cdk activity are
potential interfaces for signal transduction
pathways that regulate cell cycle transitions
and thus are potential targets for manipula-
tion by checkpoint pathways.

Fig. 2. Regulation of cyclin-depen-
dent kinases. Arrowheads repre-
sent activating events and perpen-
dicular ends represent inhibitory
events. Genes known to perform
the indicated functions are listed
. below. Both cyclins and some CKls
(Cdk inhibitors) are regulated by
synthesis and ubiquitin-mediated
proteolysis. Checkpoint pathways
could act to promote inhibitory
pathways or inhibit activating path-
ways to cause cell cycle arrest.

p21, p27, p57
p16, p15, p18, p19
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DNA Damage and DNA
Replication Checkpoints in
S. cerevisiae

Many checkpoint pathways have been
identified primarily through the analysis of
cde (cell division cycle) mutants in yeast.
Among these are checkpoints that sense

view, | focus on the best defined pathways,
the DNA damage and DNA replication
checkpoints  and  the  spindle-assembly
checkpoint (Fig. 1B).

In response to DNA damage and blocks
of DNA replication, cells from both pro-

additional response, apoptosis, exists but is &
not explored in this review. Checkpoint-
dependent arrest is thought to prevent the F
replication of damaged templates and the
segregation of broken chromosomes. Since
checkpoints are signal transduction path- 3

karyotes and eukaryotes induce a set of  ways, they will be discussed in terms of their | ;

physiological responses thought to facilitate  initiating signals, sensors, rransducers, and

DNA repair processes. Among these re-
sponses are cell cycle arrest in G, S phase,
and G2, a slowing of DNA replication, and
increased transcription of genes encoding
proteins that participate in DNA replica-
tion and repair (1). In some organisms, an

mating partners, coordinate cell size and
cell cycle progression, inhibit mitosis while
in Gl, make nuclear division dependent
upon budding, restrict DNA replication to
once per cell cycle, and make DNA synthe-
sis dependent upon Gl cyclins. In this re-

A S. cerevisiae B S. pombe
DNA damage
DNA damage Replication block Replication biock
RADY POL2 radl rad3 rad9
RAD17 RFCS radl7 rad26
RAD24 DPBI11 husl cut5/rad4
MEC3
cdsl chkl rad2d rad2§
¢ MECI1 (TELY)
) ? ?
RAD53 —1APC
DUN1 ‘# , .
'I‘ranscription(——mZ wzs l)\/ ula /c -
G1> S>> G2/M->» Anaphase Gl S>> G2-3»M
¢ Mammals D S. cerevisiae
DNA damage Spindle defects
MPS1
ATM {, (ATR) BUBL
BUB3
P5 MAD2
Apoptosls(— MADI
MAD3
BUBZ o
Gl CdkS -L(PDSI)I——/
Gl-) S>> G2>M Gl S5 G2/M-> Anaphase

Fig. 3. A current view of the genetic organization of checkpoint pathways. The order of function of genes
in groups along a single arrow is unknown and the order listed is arbitrary. (A) The DNA damage and
DNA replication checkpoint in S. cerevisiae. RFC5 and DPB11 have not been examined for their G1 and
G2 checkpoints and are therefore tentatively placed with POL2. PDST has not been ordered genetically
relative to MECT and RAD53 but is tentatively placed in parentheses at the end of the pathway because
it alone is involved in both the DNA damage and the spindle checkpoints. The inhibitory connection
between RADS3 and the APC is hypothetical and is meant to indicate that PDST might be regulated
indirectly through regulation of the APC. Thus, this branch is an alternative to the inhibitory connection
between RAD53 and the G2/M to anaphase transition arrow. TEL 1 is in parentheses to indicate a minor
redundant role with MECT. G2/M is meant to indicate that arrest prior 1o anaphase can be considered
either G2 or metaphase. (B) The DNA damage and DNA replication checkpoint in S. pombe. Arrows
leading away from cds1 indicates its function in an as yet undefined checkpoint function. The inhibitory
circuit between chk 1 and cdc?2 is hypothetical and is based upon the putative role of tyrosine phospho-
rylation in the DNA damage checkpoint. It is meant as a possible alternative to the direct inhibition
shown, not as a redundant pathway. The branch affecting the G1/S transition is assumed to exist but
has not been demonstrated experimentally. Although the order of gene function shown is accurate,
it is not clear that replication blocks and damage activate the pathway to equivalent degrees because
modification of chk1 is not observed in response to replication blocks (53). (C) The DNA damage
checkpoint in mammals. ATM is shown transducing a signal to activate p53 which in turn activates
the Cdk inhibitor p21 and a second unknown pathway. Little is known about the genes involved in the
S phase slowdown and G2 arrest. (D) The S. cerevisiae spindle assembly checkpoint. PDST is
tentatively placed at the bottom of the pathway but has not been ordered genetically relative to the
other genes shown.
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effectors. A current view of the genetic -
organization of these pathways in S. cerevi- ¢
siae, S. pombe, and mammals is shown in Fig.
3. The most striking feature of these path-
ways is that they share at least one common ;
component in the signal transduction
branch of the pathway, a phosphoinositide
(P1) kinase superfamily member, indicating
evolutionary conservation. Secondly, in the
yeast pathways, the same signal transduction
conduit is used both for the DNA damage
checkpoint and arrest in response to repli-
cation blocks. I will use the budding yeast
(S. cerevisiae) pathway as the primary exam-
ple and discuss fission yeast and mamnals
when there are important differences.

DNA damage sensors and signal modifiers.
Once DNA damage occurs, it can be pro-
cessed through wvarious repair pathways.
These modifications may be required to
produce the actual checkpoint signal. In

Table 1. Homologs of DNA replication and dam-
age checkpoint genes in' yeast and humans.
Genes are aligned on the basis of structural as
opposed to functional similarities. Assumed bio-
chemical activities are based on sequence simi-
larity in some cases. Genes marked with an aster-
isk have not yet been shown to have checkpoint
defects. Abbreviations: RFC, replication factor C;
PIK, phosphoinositide kinase; PK, protein kinase;
TF, transcription factor; CKI, cyclin-kinase inhibi-
tor. Dashes indicate that a homolog has not yet
been identified. In the case of S. cerevisiae which
is completely sequenced, dashes indicate that
highly related sequences have not been detected
in the database. In the case of 14-3-3 proteins in
humans, at least 7 genes have been identified. Of
the S. cerevisiae genes listed only CHK7 and
BMH1 and 2 have not yet been shown to have
checkpoint function.

S. cerevisiae Activity  S. pombe Human
RADY - -
RAD24 RFC-related rad17 -
RAD17 Nuclease radl -
MEC3 - -
MEC1 PIK rad3 ATR"
TEL1 PIK - ATM
RADS3 PK cas1 -
POL2 Polymerase cdc30*  Pole
DPB11 cuts -
CHK1* PK chkl -
PDS1T - -
DUN1 PK - -
BMH1,2*  14-3-3 rad24, 25 14-3-3"
- rad26 -

- rad9 . HRADY"
- TF - p53
- CKi - p21
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E. coli,.there is considerable evidence to
suggest that some types of DNA damage
are converted to single-stranded DNA

" (ssDNA) that is then bound by RecA; it is

this recombination complex that is sensed
by LexA. In S. cerevisice, it is not clear
whether there are several sensors that can
detect different types of damage, whether
all damage is processed o one or a few
forms that can be sensed by a limited num-
ber of sensors, or whether it is the actual
process of repair that is sensed. We know
that the presence of ssDNA correlates with
arrest through analysis of CDC13. CDC13
encodes a protein that binds to telomeres
and protects them from degradation (18).
Temperature-sensitive cdcl3 mutants accu-
mulate ssDNA ar the telomeres and arrest
in the G2 phase of the cell cycle (14). Four
genes, RAD9, RAD!7, RAD24, and MEC3
have properties consistent with a role as
signal modifiers or sensors (15, 16). They
are required for G2 arrest of cdcl3 mutants
and also for arrest in G1 and G2 in response
to DNA damage, but not in response to a
blockade of replication. Interestingly,

radl7, rad24, and mec3 murtants decrease

the amount of ssDNA that accumulates in
cdcl3 mutants, whereas rad9 murtants in-
crease the amount of ssDNA accumulation.
Furthermore, rad17 is structurally related to
the U. maydis checkpoint gene recl, a 3'-5'
exonuclease (16, 17), suggesting that rad17
is involved in modifying damage to gener-
ate a signal. (However, if cdcl3 mutants
degrade their DNA from the telomere, they
would use a 5'-3" exonuclease to generate
the single strand observed in vivo, not a
375" exonuclease.) Rad24 and its S. pombe
counterpart Radl7 are related to RFC, a
protein that binds gapped DNA. Thus, they
are implicated in dumage recognition al-
though no biochemical function has been
demonstrated  (19). Because ssDNA - is
present in cdcl3rad9 mutants bur fails to
cause arrest, Rad9 must be a sensor or trans-
ducer of the DNA damage signal.

DNA replication sensors and signal trans-
ducers. Structures in the replication com-
plex or unreplicated DNA may send signals
to inhibit mitotic entry (3). A persuasive
argument against signaling by unreplicated
DNA is that several mutants that block the
initiation of DNA replication, such as de-
letions of Pol « (20), cut5 (21), or cdcl8
(I11) in S. pombe and CDC6 in S. cerevisiue
(22) allow mirosis to proceed with unrepli-
cared DNA. However, it is a formal possi-
bility thar the unreplicared DNA in these
mutants is in a different “non-signaling
state” than the unreplicated DNA in cells
whose cycles have already progressed into S
phase. Furthermore, it is not certain wheth-
er the replication checkpoint is active con-
stitutively once DNA replication has initi-

ated, or merely becomes activated when
replication is blocked. There is an inducible
transcriptional component to the pathway
chat is not constitutively active during S
phase (23), suggesting that the arrest mech-
anism is also inducible. So far none of the
mutants defective for the checkpoint path-
way allow mitosis to occur sooner than it
normally does in an unperturbed cycle, but
this may reflect the inherent timing of
DNA replication and mitosis.

Three DNA replication genes required
for the DNA replication checkpoint in S.
cerevisiae, POL2 (24), DPBI1 (25), and
RFC5 (26) are candidate sensors of DNA
replicarion. POL2 encodes DNA polymer-
ase € (Pol &), which is required for chromo-
somal DNA replication (27). The pol2
checkpoint-defective mutants are proficient
for G1 and G2 arrest in response to DNA
damage, but are defective in the transcrip-
tional response and the ability to prevent
mitotic entry when replication is blocked
by hydroxyurea (HU), an inhibitor of ribo-
nucleotide reductase. DPBIT is the S. cer-
evisiae homolog of S. pombe cut5, which is
required for DNA replication and for arrest
in response to HU (28). RFCS is a compo-
nent of replication factor C that binds to
gapped DNA, such as that present on the
lagging strand during replication, and re-
cruits proliferating cell nuclear antigen
(PCNA), which in turn recruits DNA Pol 8
and Pol &. A polymerase could function as a
sensor of DNA replication because it is
located at the replication fork. However, at
the current level of resoludion, it is impos-
sible to distinguish between a sensory role
versus a signal transduction role for any of
these proteins and it is possible that it is the
activity of an entire complex that must be
intact to properly sense replication.

POL2 and RADY (and RADI7, RAD24,
MEC3) participate in temporally alternative
branches of the pathway for sensing DNA
damage. DNA dumage incurred during S
phase is sensed largely ina POL2-dependent
manner, whereas damage incurred in Gl
and G2 is primarily dependent upon RAD9
(29), and pol2rad9 double mutants are com-
pletely defective for the transcriptional re-
sponse in all phases of the cycle. This is
consistent with their complementary roles
in activating cell cycle arrest. However, rad9
mutants do show reduced slowing of DNA
replication in response to the methylating
agent methyl methane sulfonate (30) and,
although rad9 mutants. alone are not HU-
sensitive, they greatly enhance the HU-sen-
sitivity of pol2 mutants. This suggests a mi-
nor or redundant role for RADY in the S-
phase checkpoint pachway.

Signal transducers. Two essential genes
form the central conduit for checkpoint
signal transduction in S. cerevisive, MECI
6 DECEMBER 1996
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(ESRI, SAD3) (15, 23, 31) and RADS3
(SPKI, MEC2, SAD1) (15, 23, 32). All cell
cycle arrest, reduction in the rate of DNA
replication, and transcriptional responses to
DNA damage and incomplete replication
are dependent upon these two genes (23,
29, 33). MECI is a member of the PI kinase
superfamily, some members of which are
protein kinases. The Mecl homolog in S.
pombe, Rad3, has an associated protein ki-
nase activity thar is dependent upon a func-
tional kinase domain within Rad3 (34).
While short of formal proof, these results
strongly suggest that Rad3 and Mecl are
protein kinases. TELI, which is required for
telomere length maintenance (35), is a
structural homolog of MECI (36, 37). Al-
though tell mutants have functional check-
points, mutations in TEL! enhance the sen-
sitivity of mecl mutants to DNA damage and
therefore TEL! has a minor checkpoint role.

To date, MECI (rad3) and TELI are the
only checkpoint genes conserved in a func-
tional sense among higher eukaryotes (see
Table 1). Homologs include mei-41 (32) in
Drosophila melanogaster, and ATM (ataxia
telangiectasia mutated, 39) and ATR (AT
and rad-related, 34) in mammals. ATM mu-
tant cells have defective G1 and G2 DNA
damage checkpoints and show radiation-re-
sistant DNA synthesis, for example, they do
not slow replication in response to damage,
and therefore share a subset of the mecl and
rad3 phenotypes (7, 40). ATM is more
closely related to TELI, whereas ATR, also
known as FRP (FRAP-related) (41), MECI,
and rad3 form a separate subfamily. Al-
though the function of ATR is unknown,
ATR and ATM bind to distinct and com-
plementary portions of meiotic chromo-
somes suggesting a possible role in signaling
different stages of meiotic progression Or
perhaps in the recombination process irself
(43). Mutants in mecl (estl) have been
reported to be defective in meiotic recom-
bination (31, but see 42) and in cell cycle
arrest when recombination is blocked (42).

RADS3 is a protein kinase that-is phos-
phorylated and activated in response to
DNA damage. Phosphorylation of Rad53 is
dependent upon POL2, RAD9, and MECI
(29, 37, 44). This and other dara (37) indi-
cate that RADS3 funcrions downstream of
MECI, POL2, and RAD9 to transduce the
signal from DNA damage and incomplete
replication and may be a substrate of Mecl.
Maodification of Rad53 in response to DNA
damaging agents is much more pronounced
than that achieved in response to HU, in-
dicating complexity in the upstream signal-
ing process (37). Although checkpoint de-
fective, tad53 mutants are much less sensi-.
tive to UV and HU than mecl mutants,
indicating that Mecl controls processes that
are not solely dependent upon Rad53.
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Effectors of the transcriptional response. In
parallel to the cell cycle arrest response to
DNA damage and replication blocks is a
separate transcriptional response specifical-
ly controlled by the protein kinase Dunl
(29, 45). Although there is currently no
evidence that the transcriptional response
is involved in cell cycle arrest in S. cerevi-
sige, it is clearly involved in arrest in mam-
mals and for this reason is included here.
Dunl kinase acrivity is increased by DNA
damage in a RAD53- and MECI-dependent
manner, and this activation is required for
rranscriptional activation of the genes en-
coding ribonucleoride reductase, RNRI,
RNR2, and RNR3. However, DUNI does
not appear to have a unique role in cell
cycle arrest. Presumably there will be a se-
ries of transcription factors analogous to
p53 that are altered in a Dunl-dependent
fashion to activate transcription. Other mu-
tants in this portion of the pathway include
the crt (constitutive RNR3 transcription)
mutants (46), three of which—SSNG6,
TUPI, and CRT!—are epistatic to dunl
and are therefore likely to function down-
stream of DUNI or in a separate pathway.
Because TUPI and SSN6 are general com-
ponents of transcriptional repressors, part of
the transcriptional response may be accom-
plished by alleviating repression.

Effectors of the cell cycle arrest response.
Organisms may differ in their requirements
for blocking mitotic entry depending upon
how their cell cycles are organized. S.
pombe, Xenopus laevis, and mammals can
effectively prevent the G2-to-metaphase
transition by blocking Cdk activity. How-

“ever, S. cerevisie starts spindle assembly

during S phase, effectively iniriating mito-
sis, and in order to inhibit cell cycle pro-
gression they must block entry into an-
aphase. This is likely to be accomplished by
a mechanism distinct from that used to
block entry into metaphase because they
are different biochemical steps (see the dis-
cussion of cdc55 mutants in the spindle
assembly checkpoint). The best candidate
for an effector of cell cycle arrest in re-
sponse to DNA damage is PDSI, an an-
aphase inhibitor. The pds! mutants fail to
arrest in G2 in response to gamma irradia-
tion (y-IR) or in the presence of cdecl3
mutations (47). Furthermore, pds! mutants
are also defective in the spindle assembly
checkpoint, indicating a potentially com-
mon target for these two checkpoint path-
ways. Pds] is degraded by ubiquitin-mediat-
ed proteolysis by a set of proteins that pro-
mote anaphase, the anaphase-promoting
complex (APC). PDS! mutants resistant to
destruction cause a pre-anaphase arrest
(48), so blocking Pdsl destruction is one
mechanism by which cells could respond to
DNA damage to prevent mitosis and allow
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time for repair. Whether Pdsl is directly
modified in response to DNA damage, or
whether it is indirectly regulated through
control of the APC remains to be deter-
mined. Because failure to degrade mirotic
cyclins causes arrest after anaphase, it is
unlikely that arrest in response to DNA
damage is mediated by complete inhibition
of APC funcrion. Indeed, y-IR of pdsI mu-
tants allows progression through telophase
into the next cycle. In addition, pds! mu-
tants do arrest if DNA replication is
blocked, indicating the existence of a dis-
tinct S phase-specific effector. Pds1 could
have an indirect role in checkpoint func-
tion. For example, Pdsl may be required
for prolonged cohesion of newly replicated
sisters during checkpoint arrest. If the pro-
cess of sister separation, once begun, sends
a positive signal for progression through
the cell cycle, pds! mutants could simply
bypass the checkpoint signal by initiating
anaphase.

The S. pombe Checkpoint
Pathway

The organization of the S. pombe check-
point pathway (Fig. 3B) is similar to that of
the S. cerevisiae pathway, and these path-
ways share several conserved genes (Table
1). A group of 7 genes, radl, rad3, rad9,
radl7, rad26, hus!, and cutS are required for
cell cycle arrest in response to both dumage
and replication blocks (49). The protein
kinase cds! is very similar in sequence with
the first 70% of the S. cerevisiae Rad53
protein, is required for survival during cell
cycle arrest with HU (50). Cell cycle arrest
by DNA damage but not blocked replica-
tion requires the function of the Chkl
(Rad27) protein kinase (51) and the 14-3-3
proteins encoded by rad24 and rad25 (52).
Chk1 becomes phosphorylated in response
to DNA damage in a Chkl-dependent
manner (53). This presumed autophospho-
rylation is dependent upon the radl, rad3,
rad9, rad17, rad24, and hus! genes and chkl
is therefore placed downstream of these
genes. Major similarities between the yeasts
include structural similarity between check-
point genes: MECI and rad3 (34, 54),
RADI7 and rad! (16), RADS53 and cdsl
(50), RAD24 and rud17 (19), and DPBII
and cutS (25). Furthermore, signals from
both DNA damage and blocked replication
are transduced through a common pathway
in both organisms. *

There are also significant differences in
checkpoint control: (i) unlike MECI and
RADS53, rad3 and cds! are not essential,
(ii) rad53 mutants behave differently than
cds! mutants when DNA replication is
blocked, (iti) S. pombe radl7 is required

for both the damage and replication
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checkpoints whereas S. cerevisiae RAD24
is required only for arrest by DNA damage,
(iv) cell cycle arrest in response to blocked
replication (55) and possibly damage (56)
requires inhibitory phosphorylation of a
tyrosine on S. pombe Cdc2 but this is not
the case in S. cerevisiae (49).

Without knowledge of the essential roles
of RADS53 and MECI, it is difficult to ex-
plain why the two yeasts differ in this re-
spect. One explanation may be that the
timing of mitosis relative to the end of DNA
synthesis differs in the two yeasts. Unlike S.
cerevisiae which exerts its size control in G1,
S. pombe integrates its size control primarily
during G2 to provide an additional, perhaps
redundant, delay before mitotic entry. Sup-
port for this hypothesis is that weel-50 mu-
tants, which accelerate mitosis to produce
smaller S. pombe cells, are lethal in combi-
nation with mutants of the rad3 group or
chk! (51, 57). However, an alternative ex-
planation that cannot be eliminated is that
weel-50 mutants cause a DNA replication
problem that requires rad3 function.

The fact that the S. pombe radl7 mu-
tant is defective for both the damage and
replication checkpoints while S. cerevisiae
RAD24 is required only for arrest by DNA
damage may mean that they are not true
homologs, although they are structurally re-
lated. Alternatively, this discrepancy may
underscore differences in how replication
blocks are sensed in the two organisms.

Unlike rad53 murtants, cds! mutants do
not enter mitosis in the presence of HU
(50). However, once HU is removed, cds!
mutants complete the bulk of DNA synthe-
sis and undergo a mitotic catastrophe in
which chromosomes fail to properly segre-
gate prior to septation. While the difference
in cell cycle arrest remains unclear, the
delayed mitotic catastrophe is potentially
revealing and raises the possibility that the
response to DNA replication blocks may
include essential functions other than sim-
ply preventing mitosis. Support for this
also comes from the fact that the loss of
viability of rad53 mutants in HU cannot
be suppressed by blocking mitosis with
microtubule inhibitors (23). One such ad-
ditional function mighr be controlling the
integrity of stalled replication complexes.
A partial loss of replication fork integrity
could result in the disassembly of replica-
tion forks. While loss of a few forks would
not necessarily be a catastrophic event, if
two converging forks collapse (CFC), the
intervening DNA is not replicated. Failure
to prevent or repair CFC will lead to
segregation of partially replicated chromo-
somes and catastrophe.

In S. pombe, tyrosine phosphorylation of
Cdc2 is necessary for proper arrest in re-
sponse to blocked replication (55). It is not




known whether this phosphorylation is di-
rectly regulated by the checkpoint pathway
or merely required for proper checkpoint
function. Recent experiments concerning
the replication checkpoint in X. laevis ex-
tracts indicate that tyrosine phosphorylation
alone cannot explain the observed cell cycle
arcest. An undefined Cdk inhibitor activat-
ed by replication blocks was detected (58).
Experiments in Aspergillus nidulans have im-
plicated redundancy berween Cdc2 tyrosine
phosphorylation and  a bimE-dependent
pathway (59). The bimE protein is a com-
ponent of the APC and bimE mutants are
likely to have unusually large amounts of
cyclin B. Tyrosine phosphorylation is re-
quired for arrest in response to DNA damage
in A. nidulans (60). Because the proteins
that control tyrosine phosphorylation are
known, it is clear that the next step is to
determine how (and if ) DNA damage and
interference with DNA replication affects
the activities of these enzymes und to what
extent the APC is involved in arrest.

Mammalian DNA Damage
Checkpoints

Mammals have the same cell eycle respons-
es to DNA damage as yeast, but in addition
may activate a cell death pathway. Cell
elimination is a viable strategy for metazo-
ans because their goal is not the survival of
each damaged cell, which might harbor mu-
tations, but the survival of the organism. |
will not discuss the apoptotic response. Of
the various mammalian checkpoints, only
the G DNA damage checkpoint is under-
stood in any detil. Three mammalian
genes control the. DNA damage check-
point, mutated in ataxia telangiectasia
(ATM) (7, 39), p53 (61), and p21 (62). Of
these, p53 is the most widely studied. The
p53 gene is the tumor suppressor most fre-
quently mutated in human cancers (63). 1t
encodes a transcription factor that is acti-
vated in response to DNA damage and
perturbation of nucleotide pools. Cells de-
fective for p53 are unable to arrest in Glin
response to -y-irradiation and show reduced
apoptosis. Part of p53's ability ro arrest Gl
cells resules from activation of franscription
of p21, a tight-binding inhibitor of Cdks
that control entry into S phase (64). Mouse
embryo fibroblasts lacking p21 show a par-
tial defect in G1 arrest that is less severe
than that of p53-defective fibroblasts, indi-
cating that a second p53-dependent Gl
arrest pathway exists. While the nature of
this pathway is not known, experiments
with murant forms of Cdk4 have suggested
that tyrosine phosphorylation of Cdk4 may
be required for G1 arrest in response to uv
irradiation (65) and is therefore a good
candidate for the p2l-independent path-
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way. The p21 protein has also been shown
to control checkpoint function in human
cells (66). It is not known how yeast cells
arrest in G1, but failure to destroy inhibitors
such as Sicl {or Farl in the case of a-factor
arrested cells) could provide a mechanism
similar to inhibition by p21.

How p53 is activated in response to
DNA damage is still unknown. Both its
stability and specific activity as 2 transcrip-
tion factor appear to increase in response to
DNA damage, but the precise mechanism

" has remained elusive despite intensive study

(63). The ATM gene has been implicated
in regulation of p53. Cells lacking ATM
show a reduced and delayed activation of
p53 in response to DNA damage (67). Giv-
en its relationship to MECI and rad3, it is
likely that ATM plays a role in rransducing
the DNA damage signal to p53. Although
ATM is upstream of p53, ATM murtants die
via p53-dependent apoptosis in response to
DNA damage. Therefore, an ATM-inde-
pendent mechanism for p53 activation
must exist, perhaps controlled by ATR.
The fact that both p53 and ATM are
frequently mutated in human cancers
strongly implicates checkpoint function in
the prevention of cancer. How much we
can learn about cancer from the analysis of
yeast checkpoints will depend upon the de-
gree of conservation between the human
and yeast pathways. So far, few human
checkpoint genes have been identified and
of these, only ATM has yeast homologs
(Table 1). However, it appears that budding
and fission yeasts share many conserved
checkpoint genes, and it is often the case
chat genes shared among these organisms
are common o all cukaryotes. With the
rapid advances oceurring in the identifica-
rion of genes in various sequencing projects,
a definitive answer to this question should
be known in the very near future. In this
regard, a human homolog of the S. pombe
rad9 gene has been identified, although its
role in animal cells has yet to be determined
(68). Furthermore, the genes that control
cell cycle arrest in response 0 DNA dam-
age also control other aspects of the DNA
damage response, possibly specific DNA re-
pair pathways and apoptosis. Therefore, al-
though it is gencrally assumed that the loss
of the ability to arrest the cell cycle leads
to genomic instability and cancer, we are
actually far from having definitively prov-
en that fact. Proof will require specific
eliminarion of the ability roarrest the cell
cycle without affecting the rest of the
signaling pathway. ln the one case where
this has been accomplished, loss of p21 in
the mouse, cancer did not result (62), and
p2l mutations are very rarc in human
rumors. Therefore, this question will re-
quire future scrutiny.
6 DECEMBER 1996
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The Spindle Assembly
Checkpoint

The proper segregation of chromosomes re-
quires the execution of a number of processes
during mitosis: a bipolar spindle must be
assembled; chromosomes must attach to the
spindles through the kinetochore, a protein
structure that forms on the centromeres of
chromosomes; kinetochores of sister chroma-
tids must bind to spindle fibers arrached to
opposite poles; and properly attached chro-
mosomes must arrive at the metaphase plate.
The spindle assembly checkpoint prevents
the onset of anaphase, the actual segregation
of chromosomes, until these processes have
been properly accomplished. Once these
events take place, cells can execute anaphase
and progress into the next cell cycle.
Spindle  assembly signals and  sensors.
While it is premature to discuss the molec-
ular identity of sensors, there is a lively
debate as to the nature of the event being
sensed. The assembly of spindles involves
many different components any of which
could (and may) be sensed. As noted in a
recent review (69), the sensot could detect
the amount of free tubulin, the function of
the microtubule organizing center, the bi-
polarity of the spindle, the attachment of

 microtubules to the kinetochore, or the ten-

sion generated on the kinetochore by at-
rachment to a bipolar spindle. Because
many of these processes are interdependent,
it is possible that defects in any one could
result in the failure of a common event that
could be the signal for all defects. The
leading candidates for signals are lack of
chromosome attachment to the spindle and
the ubsence of tension generated on a chro-
mosome attached to a bipolar spindle.

Support for the sensing of tension at the
kinetochore comes from experiments in
which chromosomes were micromanipulated
with glass needles. By manipulating chromo-
somes of grasshopper spermatocytes in mei-
osis, it is possible to force both atrachments
of sister chromatids to the same pole. While
normally unstable, such a mono-oriented
chromosome pair can be made stable and
will persist until anaphase if force toward the
opposite pole is exerted on the chromosome
by the needle (70). Furthermore, meiotic
anaphase can be delayed by the presence of 2
chromosome lacking its synaptic mate. Ap-
plying force on that chromosome with a glass
needle mimics tension from proper bipolar
artachment to the spindle and causes rapid
entry into anaphase (71).

Evidence supporting the sensing of unat-
rached kinerochores derives from laser -abla-
tion of kinetochores in mammalian mitotic
cells. If the unactached kinetochore of the
last monoattached chromosome is destroyed
by laser ablation, cells no longer delay an-
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aphase entry even though there is a lack of
tension on that chromosome (72). Addi-
tional evidence is that S. cerevisiae lacking
CDC6 and S. pombe lacking cdc18 undergo
mitosis with unreplicared chromosomes (11,
73). The absence of bipolar spindle attach-
ment in this case should prevent tension but
does not prevent anaphase. Furthermore,
the absence of sisters precludes the need for
the APC suggesting that the only role of
ubiquitin-mediated proteolysis in anaphase
is to allow sister separation (73). It is also
possible that one mechanism operates in
meiotic cells (tension) and a second in mi-
totic cells (atrachment). Alternatively, a
lack of rension may produce free microru-
bule-binding sites in the kinetochore and
these may activate the checkpoint (69).
This would accommodare both sets of obser-
vations. Regardless of the model, it is clear
that the spindle assembly checkpoint is ca-
pable of derecting signals generated at the
kinetochore. Genetic evidence supporting
this is that mutants in genes encoding ki-
netochore proteins such as Ctfl3 or muta-
tions in the centromere itself delay mitosis
in budding yeast. Remarkably, higher eu-
karyotic cells can execute anaphase effi-
ciently in the absence of kinetochores (74)
or even chromosomes themselves (75)! This
suggests rhar the presence of kinetochores
establishes the checkpoint in the first place.
It would be interesting to know whether
spindle damage would prevent anaphase en-
try in the absence of chromosomes.

A molecular correlare has been identified
for a signal regulated by tension. The mono-
clonal antibody 3F3 recognizes a phospho-
epitope on an unknown kinctochore protein
that appears much more abundantly on un-
attached  kinetochores (76). The large
amount of signal on 2 monoattached chro-
mosome can be diminished by exerting a
force toward the unartached pole to gener-
ate tension (77). Furthermore, injection of
antibodies to 3F3 delays anaphase and the
dephosphorylation of the 3F3 epitope, sug-
gesting thar this dephosphorylation may be
necessary to turn off the checkpoint after all
the chromosomes have been aligned on the
spindle (78).

Signal wransducers in the spindle assembly
checkpoint. The genetic pathway responsible
for the spindle assembly checkpoint is shown
in Fig. 3D. The majority of these genes were
identified in rwo screens for the failure to
arrest in the presence of the microtubule
depolymerizing drugs. MADI, MAD2, and
MAD3 (mitotic arrest defective) (79) and
BUBI, BUB2, and BUB3 (budding uninhib-
ited by benimidazole) {80) are not essential
genes but their mutants attempt aberrant
mitoses in the presence of microtubule in-
hibitors and die. The mad and bub mutants
also show an increased frequency of sponta-
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neous chromosome loss reflecting a role in
detecting endogenous errors. These proteins
are also required for delaying anaphase entry
in the presence of chromosomes carrying
mutant centromeres, indicating a role in de-
tecting kinetochore-generated signals. MPS!
was identified as a gene required for spindle
pole body assembly and later was found to
have a checkpoint phenotype (81).

The spindle assembly checkpoint signals
through two protein kinases, Mpsl and
Bubl (82). Overproduction of Mpsl arrests
the cell cycle (83) and this arrest is depen-
dent upon all of the MAD/BUB genes. This
suggests that activation of Mpsl may be one
of the initial signaling events in the check-
point pathway. Madl becomes phosphoryl-
ated when the checkpoint is activated (84),
and this event has been used to order the
action of other genes in the pathway. Mpsl
directly phosphorylates Madl in vitro and is
required for its phosphorylation in vivo
(83), indicating that this may be a critical
signaling event. A complication exists in
placing Mps! directly adjacent to Madl in
the signaling pathway because Madl phos-
phorylation is also dependent upon BUBI,
BUB3, and MAD2 when the checkpoint is
activared, and these genes are also required
for cell cycle arrest when Mpsl is overpro-
duced. Clearly this is a complex signaling
mechanism thar cannort be easily organized
using generic analysis alone. Mad2 is a pro-
tein that binds to Madl and is required for
its phosphorylation (69). Mad2 may be a
central prorein in this signaling cascade
because its localization to kinetochores
changes under conditions that activate the
signaling pathway. Mad3 and Bub2 are not
required for Mad! phosphorylation and are
therefore placed after Madl in the signal
transduction pathway.

The Xenopus homolog of MADZ,
XMAD?2, is required for the spindle assem-
bly checkpoint in vitro (85) and the human
homolog is required for checkpoint func-
tion in vivo (86). Both human and Xenopus
Mad2 localize to the kinetochores of unat-
tached chromosomes. Once chromosomes
attach to microtubules, Mad2  immuno-
staining is lost. While possibly due t
epitope masking, the more exciting possi-
bility is that Mad2 associares with unat-
tached kinetochores and signals to activate
the spindle checkpoine. Since in yeast
Mad2 binds to Madl and is required for
Mad! phosphorylation, it is possible that
Aenopus Mad! is alsy localized to kineto-
chores and will have the phosphorylation
properties attributed to the 3F3-reacrive
protein. A plausible model for how the
spindle assembly checkpoint may operate is
that in the absences of tension or presence
of free microtubule binding sites, a protein
kinase such as Mpsl or Bubl is activated
6 DECEMBER 1996
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and phosphorylares a protein localized at
the kinetochore. This phosphorylation |
leads to recruitment of the Mad2 protein -
which then connects the circuit allowing

Madl phosphorylation and generation of

the arrest signal, perhaps through Mad3 and’
Bub2. The binding of Xmad2 and the model

of sensing kinerochore atrachment suggests

that the spindle assembly checkpoint may

not be inducible (extrinsic) in the same

sense as the DNA damage pathway, but is

active during each cell cycle when kineto-

chores mature. Microtubule  inhibitors

would prevent the proper assembly of the

kinetochore microtubules and would there-

by maintain the checkpoint signal.

Effectors of the spindle checkpoint pathway.
Significant advances have recently been
made concerning the mechanism of spindle ’
checkpoint-dependent cell cycle arrest. In-
terference with ubiquitin-mediated proteol-
ysis either by murations in components of
the APC in vivo or by inhibition with
methyl ubiquitin in vitro can arrest cells
before anaphase (R. W. King et al, p.
1652), consistent with a role for proteolysis.
Yeast arrested via this checkpoint have sta-
ble cyclins and high Cdk activity. Although
cyclins are degraded by the APC, cyclins
are not the critical substrate for the an-
aphase transition (87). As described above,
degradation of the Pdsl protein is depen-
dent upon the APC and is required for
anaphase entry. Furthermore, pds! murtants
show checkpoint defects. Together, these
observations provide evidence that Pdsl isa
potential effector of the spindle assembly
checkpoint. The same caveats apply here as
for the role of Pds1 in DNA damage check-
point. It remains to be determined precisely
how Pdsl degradation is controlled. Is the
activation of the APC blocked by check-
point activation, or is Pdsl somehow pro-
tected from an activated APC?

A gene that is required for arrest by
microtubule inhibitors but which may lie
outside of the pathway shown is CDC55, a
non-essential regulatory component of the
PP2A phosphatase. Unlike mad and bub
mutants which ignore the inhibitory signal
of microtubule inhibitors, edc55 mutants
allow the separation of sister chromatids in
the presence of nocodazole by inhibiting
Cdc28 kinase activity through tyrosine phos-
phorylation (88). Thus, Cdc28 inactivation
may be a secondary pathway allowing sep-
aration of sister chromatids. Whecher this
represents anaphase or a return to a premi-
totic state could not be determined because
the experiments were done in the presence
of nocodazole. Whether this pathway is
used during arrest in wild-type cells remains
to be determined. If so, it may represent an
adaptation response in which unicellular
organisms unable to repair a checkpoint-
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activating defect undertake a defective
transition rather than remain terminally ar-
rested. In this sense, an adaptation pathway
is a merthod cells use for measuring time.
Such an adaptation response has been sug-
gested for DNA damage (89).

If the DNA damage and spindle assem-
bly checkpoint arrest at the same position
in the cell cycle as suggested by their
dependency on the same effecror, PDSI,
this may explain why the DNA damage
and replicarion checkpoints have evolved
an arrest mechanism distinet from tyrosine
phosphorylation in budding yeast. As not-
ed for cde55 mutants, tyrosine phosphoryl-
ation of Cdc28 at that stage of the cell
cycle may activate anaphase as opposed to
preventing it.

The flexibility of checlkpoint pathways. Once
cell eycle arrest mechanisims are established
it is possible thar many signaling pathways
can interface with a central pathway to uti-
lize the same arrest mechanism. For example,
the spindle assembly checkpoint in X. laevis
requires the activity of a mitogen-activated
protein (MAP) kinase, p44ERRZ (90). The
arrest of mature oocytes in the second mei-
otic metaphase by CSF (cytostatic facror)
also requires p445€% and is likely to use the
same arrest mechanism. Size control and
DNA replication both require tyrosine phos-
phorylation in S. pombe. The DNA darnage
and replication checkpoints appear to use
the same pathway in S. cereuisice, S. pombe,
and A. nidulans. Drosophila melanogaster uses
tyrosine phosphorylation of Cdks to regulate
cell cycle progression during development
(49). These signal rransduction pathways ap-
pear to be flexible modules thut can be
adapted to meet diverse evolutionary de-
mands.

Summary

The last 8 years have seen a rapid increase
in our knowledge of the regulation of cell
eycle transitions. Many of the main cell
cycle checkpoints have been identified and
biochemical analysis of their signal trans-
duction mechanisms are under way. For
those that directly regulate Cdk activity, we
have sufficient basic knowledge of Cdk reg-
ulation to uncover the mode of regulation.
It is now a matter of connecting the signal
transduction proteins to each other and to
the direct effectors of Cdk function. For
those pathways that operate through non-
Cdk regulation such as PDSI, there is much
to learn about how they carry out their
inhibitory functions. Furthermore, we know
very lirtle about the mechanisms these
pathways use to monitor cell cycle events.

Important questions remain’ as to the
nature of checkpoints in mammals and the
integration of checkpoint pathways with

cell proliferacion controls and development.
Inappropriate expression of the proto-onco-
gene cMyc can activate the p53-dependent
checkpoint pathway (91). Do growth pro-
moting pathways gencrally become inte-
grated into checkpoint pathways as a con-
sequence of cellular differentiation? Is this a
mechanism of cancer prevention? Further-
more, what are the relative contributions of
DNA repair, cell cycle arrest, and apoptosis
to cancer prevention by checkpoint path-
ways? Are other checkpoints such as the
spindle assembly pathway disrupted in tu-
mors? Checkpoints figure prominently in
chemotherapeutic strategies to climinate
cancer cells. Most agents kill cancer cells by
activating checkpoint-mediated apoptosis
pathways or by exploiting chemical sensi-
tivities due to loss of checkpoint function
(9). In the future we should be able to
exploit our increased understanding  of
checkpoints to further this cause. While we
have learned much, we have only dipped
beneath the surface of what we must know
to fully understand checkpoints. Fortunate-
ly we now have the biochemical and genet-
ic tools needed to address many of these
interesting and important questions. These
are stimulating times. So much so that it is
virtually impossible to keep one’s excite-
ment in check, and that’s the point.
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[17] Purification and Analysis of CIP/KIP Proteins

By B. D. DynLACHT, C. Nowu, J. WinsToN, E. C. SWINDELL,
S. J. ELLEDGE, E. HARLOW, and J. W. HARPER

Introduction

This chapter describes methods and reagents for preparation and analy-
sis of cyclin-dependent kinase (Cdk) inhibitors of the CIP/KIP family. These
inhibitors, which include mammalian p21°*! {2p27¥®td3and p57%*2¢and
the Xenopus homologs p28¥*! and p27*<!&2-are tight binding inhibitors
of cyclin/Cdk complexes, with K values typically in the nanomolar rangeNY
Association of CIP/KIP proteins with Cdks is dependent on the presence
of a cyclin subunit’®} and the X-ray structure of the p27/Cdk2/cyclin A
structure has revealed that strong inhibitor contacts are made with both
the cyclin and the Cdk subunits\>This article describes (1) structural and
functional domains of CIP/KIP proteins, (2) expression systems for CIP/
KIP proteins, (3) methods for assaying recombinant CIP/KIP proteins, and
(4) production and characterization of monoclonal antibodies against p21
and p57. Other aspects of CIP/KIP protein function are reviewed else-

where. NZ16-
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Domain Structure

Based on structural and biochemical characterization, the CIP/KIP fam-
ily members contain minimally three domains (Eig. 1).*1° The N-terminal
~60 amino acid fragment of CIP/KIP proteins contains both a cyclin-
binding domain and a Cdk-binding domain, and is sufficient for kinase
inhibition. The residues involved in inhibition have been deduced through
an analysis of the crystal structure of the cyclin A/Cdk2 bound to a 69
amino acid inhibitory fragment of p27.!? This structure reveals that p27
associates with both the cyclin and Cdk proteins, the latter interaction
involving large structural changes in the Cdk2 N-terminal lobe. The LFG
sequence in p27 (residues 32-34) binds to a shallow groove on the surface
of cyclin A generated by a highly conserved region of the cyclin box
(MRAILVDW, underlined residues are highly conserved). This region of
p27 is among the most highly conserved regions in the CIP/KIP family.
Interestingly, this LFG motif is found in p107, a tight-binding Cdk2/cyclin

Cyclin-kinase
binding domain
CyA Cdk2

— w———

25 88 144 194
hp21 — N ——— 72772 %
QT domain
15 80 110 180 260 ;
mps7 N I
Proline-rich Acidic repeat QT domain
26 91 142 219 8
hps7 777778 6
PAPA repeats QT domain
14 77
hp21 (1
PCNA binding
o-p21 * * ** M
Epitopes
AT e
NG S 5"
&y &8 &8

Fic. 1. Domain structure of CIP/KIP proteins. Regions of sequence conservation are
indicated by boxes. The thick line after the Cdk inhibitory domains in mouse and human
p57 indicated extended regions of sequence conservation. The cyclin—kinase-binding domain
contains two subdomains: one that interacts with the cyclin subunit and one that interacts
with the Cdk subunit. These regions are indicated by the thick bars. The locations of several
anti-p21 antibody-binding sites on p21 are shown by the arrows. The properties of these
antibodies are collected in Tables IT and II1.
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A substrate and association of p107 and p21 with the kinase is mutually
exclusive UResidues 38-60 form an a-helical linker that connects the cyclin-
binding and Cdk-binding domains in the inhibitor."

A large number of interactions and structural changes are observed in
the Cdk2/p27-binding interface. A highly conserved hydrophobic segment
of p27 (residues 60-76) forms an amphipathic 8 hairpin. This subdomain
buries a hydrophobic patch in Cdk2 that becomes exposed on p27 binding.
The importance of this motif in providing affinity for the Cdk/p27 interac-
tion is indicated by the finding that mutation of D52 in p21 (D63 in p27)
to alanine reduces association with Cdk2 by 30-fold.&dn contrast, mutations
of most of the other charged residues has less than a 2-fold effect on
binding.'* Residues 75-81 form an antiparallel B sheet with a segment of
the N-terminal domain of Cdk2 (residues 16-22). To accommodate this
interaction, an extensive B-sheet network in Cdk2 is disrupted. Residues
85-90 form a 3,¢-helix that binds to the cleft normally occupied by ATP.
The most critical residue in this region is Y88, which occupies a position
analogous to that of the purine ring in ATP and mimics hydrogen bonds
made by the purine ring. Tyrosine-88 as well as residues in the g strand of
p27 (W76 and E78) are fully conserved in CIP/KIP proteins (see sequence
alignments in Refs. 6 and 7).

CIP/KIP proteins have an additional C-terminal domain that is impli-
cated in association with other proteins (Fig. 1). An 20-amino acid segment
at the C terminus of p21 is sufficient to direct association with the trimeric
form of proliferating cell nuclear antigen (PCNA)C~and alanine scanning
mutagenesis indicates that the charged residues in this region contribute
substantially to binding.'® The majority of the interaction is provided by
the 8-residue segment QTSMTDFY (residues 144-152). M147 and F150
in the segment are critical for PCNA binding.!® PCNA is required for DNA
replication catalyzed by DNA polymerase & and is found in complexes with
p21 in normal diploid fibroblasts2¥In vitro, full-length p21 and peptides
containing the binding motif can associate with PCNA and block its ability
to function in replication by DN A polymerase 6."%22The binding constant
for the p21/PCNA interaction (~300 nM by surface plasmon resonance)Z
is significantly weaker than the interaction with cyclin-kinase complexes.
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The C-terminal domains of p27 and p57 contain a conserved motif called
the QT domain’ that is structurally unrelated to the PCNA-binding domain
of p21. Previous studies have failed to show association of p27 homologs
with PCNA.?! Although proteins that can interact with this conserved do-
main have not been identified, the strong conservation of this domain
between p27 and p57 homologs suggests that it functions in protein recogni-
tion. Interestingly, Xenopus p27X*! and p28*™! display features of both p21
and p27. Both inhibitors contain QT-like domains at their extreme C termini
and also contain sequences weakly similar to the PCNA binding domain
of p21. Consistent with this, Xenopus p28**' can associate with PCNA in
vitro, but its affinity is much lower than with p21©®! 8

Unlike p21 and p27, p57 contains an extended spacer region containing
repetitive elements between the kinase inhibitory domain and the QT
domain (Fig. 1). The function of this domain is unknown. Although the
spacer regions of mouse and human p57 have diverged significantly, these
two proteins represent the same gene as the mouse gene maps 1o chromo-
some 7 at a position that is syntenic with the human gene, which is located

at 11p15.5.7

Expression and Purification of CIP /KIP Proteins

Several systems have been reported for production of funcional CIP/
KIP proteins.!-'% In general, these involve production of fusion proteins
in bacteria. The primary advantage of such fusion proteins is the ease
of purification. However, some fusions (notably glutathione S-transferase,
GST) generate a protein with lower specific activity than the unfused pro-
tein.!° This may reflect the use of N-terminal fusions where the GST moiety
is adjacent to the kinase inhibitory domain. As such, the use of expression
systems that provide either authentic CIP/KIP proteins'® or fusions con-
taining short His, tags'*® may be better for most applications.

A major problem with expression and purification of untagged p21 is that
it is highly insoluble in bacteria and, under standard induction conditions, is
almost exclusively found in inclusion bodies. Although this protein can be
purified from denatured inclusion bodies in an active form,! it is extensively
aggregated and readily precipitates at ca. 1 mg/ml. This is in contrast with
p27, which is more soluble (up to 20 mg/ml) and largely monomeric when

bility of p21, it is possible to purify highly active protéin, albeit in relatively
small quantities, from the soluble fraction of bacteria grown at 20-25°.1°
Purification is greatly simplified by the fact that p21 is heat stable. Thus,
even though soluble p21 is a2 minor component in the bacterial lysate, the
majority of bacterial proteins are readily removed by a boiling step. Al-
though not absolutely necessary, this approach also simplifies purification

produced in bacteria (J. W. Harper, unpublished data). Despite the insolub/

A
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TABLE 1
EXPRESSION OF PLASMIDS FOR PRobuUCTION OF RECOMBINANT CIP/KIP FAMILY MEMBERS”
Protein Plasmid Species Comments Reference
Bacteria
p21¢im pGEX-2TK h, m GST fusion 1,3
pRSET h Hisg—gene 10 fusion i
pET h Authentic p21 10
pET-HA h N-terminal HA tagged 10
pBS h, m 1VT/ISH 1,24
p27%ir! pETHis, h, m C-terminal Hisq fusion 4
pGEX-KG m GST fusion 5 AU:
pCRII m IVT/ISH Harper, unpublished , 1744 : See
57N pGEX-2TK  m GST fusion 7 Query on
RSET h Hisq—gene 10 fusion Harper, unpublished \ [Tt },{sp. ‘55\
pET h FLAG-tagged fusion 6 ’
pBS h, m IVT/ISH 7
p28Kixt pET-His, X His, fusion S
p27%iet pGEX-2T x GST fusion 9
Insect cells
p215it pVL1393 h Authentic p21 3,10 .
pVL1393 h GST fusion Harper, unpublished.:>* *
pS7Kir2 pVL1393 h Authentic p57 Harper, unpublished .77~
pBB-His m Hisg—gene 10 fusion 7
Mammalian cells
p21€im Adenovirus h Authentic p21 26
ah, Human: m, mouse; IVT, in vitro translation; ISH, in situ hybridization. Reagents in
References 1, 7, 10, and 24 or listed as unpublished are available either from the American
Type Culture Collection (Rockville, MD) or from the laboratory of origin.
of Hise-p27.*1° Plasmids available for expression of CIP/KIPs and for
generation of probes for in situ hybridization (ISH) are collected in Table
1. The use of ISH hybridization provides a facile approach to determining
the sites of expression in vivo.”#Methods for expression and purification
of CIP/KIP proteins are detailed in the following section.
In addition to expression in bacteria, insect cells can also be employed.>1°
This system has been used primarily to analyze association of CKlIs with
their target cyclin—kinase complexes*”'%!! and, to date, has not been used if
o7kl

for large-scale production and purification of recombinant/proteins. The Ly

primary advantage of insect cell expression is the ease with which recombi-
nant proteins can be metabolically labeled with [**S]methionine. This allows
analysis of complexes produced by insect cell coinfection.*!*!"17 Another

245 Parker, G. Eichele, P. Zhang, A. Rawls, A. Sands, A. Bradley, E. Olson, J. W. Harper,
and S. J. Elledge, Science 267, 1024 (1995).
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advantage of this system is that p21 produced in insect cells, in contrast
with bacteria, is largely monomeric as assessed by gel filtration analysis of
crude cell lysates (E. C. Swindell and J. W. Harper, unpublished obser-
vation).

Purification of Bacterial CIP/KIP Proteins

Solutions

Lysis buffer: 25 mM Tris-HCI (pH 8.0), 25 mM NaCl, 10% sucrose,
0.1 mg/ml lysozyme, 5 ug/ml leupeptin, 5 ug/ml antipain, 1 mM
phenylmethylsulfony! fluoride (PMSF)

Equilibration buffer: 25 mM Tris-HCl (pH 8.0), 25 mM NaCl, 5 [13:44
ml leupeptin, 5 ug/ml antipain, 1 mM PMSF

Wash buffer: 25 m M Tris-HCI (pH 8.0),200 mM NaCl, 5 ug/ml leupep-
tin, 5 wg/ml antipain, 1 mM PMSF

p21 Elution buffer: 25 mM Tris-HCl (pH 8.0), 400 mM NaCl, 5 ng/
ml leupeptin, 5 pug/ml antipain, 1 mM PMSF

p27 Elution buffer: 25 mM Tris-HCI (pH 8.0), 200 mM NaCl, 5 pngl
ml leupeptin, 5 ug/ml antipain, 1 mM PMSF

Column buffer: 25 mM Tris-HCl (pH 8.0), 25 mM NaCl, 5 mM di-
thiothreitol (DTT), 2 mM EDTA, 5 ug/ml leupeptin, 5 ug/ml anti-
pain, 1 mM PMSF

Kinase buffer: 65 m M potassium B-glycerophosphate (pH 7.3), 15 mM
MgCl,, 16 mM EGTA, 10 mM DTT, 1 mg/ml ovalbumin

Denaturing lysis buffer: 6 M guanidine hydrochloride, 20 m M sodium
phosphate (pH 7.8), 0.5 M NaCl

Denaturing binding buffer: 8 M urea, 20 mM sodium phosphate (pH
7.8), 0.5 M NaCl

Denaturing wash buffer: 8 M urea, 20 mM sodium phosphate (pH 6),
0.5 M NaCl

Denaturing elution buffer: 8 M urea, 20 mM sodium phosphate (pH
4), 0.5 M NaCl

The following protocols for p21 and p27 have been optimized for both
purity and activity of CIP/KIP proteins."

p21
1. Transform pET-p21 into BL21(DE3) cells and use a single colony

d\(,/of"‘
Ml

AU: See
Query on

3 Mep 337

AU: See
Query or

to inoculate 5 ml LB medium containing 0.1 mg/ml of ampicillin. Incubatq/a* Msp. 2%

overnight 37°, shaking. We have found that storage of transformants for
extended periods of time leads to reduced levels of expression.
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2. Inoculate 500 m! of LB containing 0.1 mg/ml of ampicillin with the
5 ml overnight culture of pET-p21/BL21(DE3) and grow at 37° shaking
until ODgqp is 1.0. The culture is then induced with 100 M isopropylthio-
galactoside (IPTG) and grown at 25° for 3-4 hr. An overnight induction
can be performed, but can lead to increased proteolytic breakdown

products, . o 36~
3. The culture is then centrifuged at 3500 rpm for 10 min (Beckmam~_  » AT - AU: See
J6-MI, 4.2 rotor). The cell pellet is resuspended in 34 ml lysis buffer an Query on

incubated on ice for 45 min. Msp. 39
Note: All subsequent steps should be carried out at 4° or on ice.

4. The cell suspension is sonicated 5 X 12 sec (II\-Ieat‘ Systems sonicator AVWR S a0

_Model- W200R, continuous mode, large tip) and ‘transferred to a 50-ml

Falcon tube.
5. A boiling water bath is set up using 800 ml water in a 1-liter glass Sovde, Taatipld 14T
beaker. The sonicated cell suspension is then boiled in the water bath for "
10 min, transferred to a 35-ml plastic Beckman screw top centrifuge tube,
and centrifuged at 13,000 rpm for 20 min (Beckman J-21B, JA-20 rotor).
6. The supernatant is passed over a 1-ml HiTrap Q column (Pharmacia,
Piscataway, NJ) (previously equilibrated with equilibration buffer) with the
aid of a 50-ml syringe (flow rate at ~ 2 ml/min) and the drop-through is
applied to a 1-ml HiTrap SP column (Pharmacia).
7. The column is washed with 10 ml wash buffer at a flow rate of 2
ml/min and p21 is then eluted with 3 ml of p21 elution buffer, collecting
6 % 0.5 ml fractions in 0.65-ml microfuge tubes. Ten-microliter aliquots of
the starting lysate, the HiTrap SP drop-through, the 0.2 M NaCl wash, and
each fraction from the elution are subjected to SDS-PAGE and visualized

with Coomassie Blue (Fig. 2).
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Fic. 2. Elution profile for p21 from a HiTrap SP column. p21 was purified from the soluble
f@lion of E. coli as described in the text and aliquots of fractions of the HiTrap SP elution
examined by SDS-PAGE and Coomassie Blue staining. Lane 1, column load; lane 2, HiTrap
SP drop-through; lane 3,0.2 M NaCl wash; lanes 4-9, fractions 1-6 from the HiTrap SP elution.
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8. To prevent precipitation of protein and to maximize stability after
freeze thawing, 10% (v/v) sterile glycerol is added to eluted column fractions
and stored at —70°.

_/() Peak elution fractions (2-4) contain about 400 pg/ml p21 with an
\4

erall yield of 600-800 ug, as determined by Bradford analysis. This AU: See
procedure yields a purity of 90-95% with the majority of the contaminating Qu e;ry 'm
proteins being p21 proteolytic breakdown products, as determined using Msp. 34D
polyclonal antibodies against p21. Peak fractions contain highly active p21, s
which can be used for most applications.

9. When additional purity is required, trace contaminants and most
of the p21 breakdown proteins can be removed by high-performance liquid
chromatography (HPLC) on a Mono S column. p21 is diluted 1:4 (v/v)
with column buffer and applied to a Mono S HR5/5 column (Pharmacia)
equilibrated with column buffer at a flow rate of 0.8 ml/min.

10. After washing for 2 min at 100 mM NaCl in column buffer, p21 is
eluted with a linear NaCl gradient (100-600 mM) in column buffer over
80 min, collecting 1 min fractions.

11. p21 elutes at 400-450 mM NaCl and is greater than 98% pure

by SDS-PAGE.

(\
7\

p27

R
A .o ot
The protocol¢ for expression of p27 from pET21a-p27%is identical to X~
that of p21 up to the elution step from the HiTrap SP column. p27 elutes 9 }
at 200 mM NaCl instead of 400 mM NaCl required for elution of p21. v \’W"l

1. After loading the HiTrap Q column drop-through onto the HiTrap
SP column, the HiTrap SP column is washed with 10 ml equilibration buffer.

2. p27 is then eluted with 3 ml p27 elution buffer, collecting 6 X 0.5
ml fractions in 0.65-ml microfuge tubes.

Peak fractions, determined by SDS-PAGE, contain about 2 mg/ml of
p27 with a greater than 95% purity. Total yield is generally 5-10 mg/liter
of starting culture. If additional purity is required, p27 can be further
purified by chromatography on a Mono S column using a linear gradient
of NaCl (25-300 mM) in 50 min. The protein elutes at 100-150 m M NaCl.

P57

Previous studies have reported the purification of GST-p57’ and
FLAG-p57° from the soluble fraction of Escherichia coli using affinity AU: See
chromatography on glutathione-Sepharose or using anti-FLAG M2 beads, qu ery on
respectively. In the latter case, p57 is eluted from the column using the Msp. SU\
FLAG peptide.® Active p57 can also be purified as a His, fusion protein (J/ v
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- Dee

from the insoluble fraction of E. coli after denaturation (E. C. Swindell Query on

and J. W. Harper, unpublished data,) The following protocol gives optimal R Msp. 234 \
yields and purity of Hiss—p57. All steps are performed on ice or at 4°. "

1. Cells from 1 liter of pRSET-hp57/BL21(DE3) are suspended in 70
ml of denaturing lysis buffer and sonicated 5 X 10 sec. The cell suspension
is transferred to 35-ml plastic Beckman screw-top centrifuge tubes and k AU: Sze
centrifuged at 13,000 rpm for 20 min (Beckman J-21B, JA-20 rotor). °

2. Two ml NTA-Ni* beads (Qiager are equilibrated in denatu ing)
binding buffer and added to the suspension. The suspension is rotated at
4° for 60 min.

3. Beads and lysate are transferred to a 10-ml disposable chromatogra-
phy column (Bio-Rad, Richmond, CA) and the Ni* beads subsequently
washed with 50 m! of denaturing binding buffer followed by 50 ml of
denaturing wash buffer.

4. p57 is then eluted with 10 ml of denaturing elution buffer, collecting
1 ml fractions. Ten-microliter aliquots are subjected to SDS-PAGE. Peak
fractions (3-5) contain ~0.1 mg/ml of p57 with the major contaminant
being a 30-kDa protein that reacts with p57 antibodies.

5. Peak fractions are pooled and immediately dialyzed against either
10 mM Tris-HCl (pH 7.5), 1 mM EDTA., 10% (v/v) glycerol, or phosphate-
buffered saline containing 10% glycerol. p57 is stored in small aliquots at
—70°. The yield from 1 liter is 400-600 ung.

QUGT}' B4l
Men. 24,

A 'C\-ﬂL\v( \‘f:’\./\ ('A

Assay of Purified CKls

The activity of recombinant CIP/KIP proteins should be determined
after purification. Previous studies indicate that the K; values for CIP/KIP
proteins and Cdk2 or Cdk4 kinases are in the 0.5-10 nM range while
inhibition of Cdc2-cyclin B by p21 is much less efficient (K; ~ 400 nM).1?
Thus, the range of CIP/KIP protein employed will depend on the kinase
being assayed. The following procedure applies to Cdk2 and Cdk4 kinases.
Although immune complexes from mammalian cell extracts can be used
as a source of kinase,! activity measurements may be more precisely assayed
using purified cyclin-Cdk complexes produced in insect cells. Procedures
and reagents for production of such kinase complexes are widely avail-
able.!3-10 The use of purified kinase complexes allows an estimate of the
concentration of the kinase and cyclin components, which is important
when determining the inhibitory activity of the CKI.

1. A 10X dilution series of the CKI to be tested is generated in kinase
buffer such that the final inhibitor concentration will range from 0.2 to 100
uM, in twofold increments. Two-microliter aliquots of each dilution is
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added to 17 ul of a kinase reaction premix containing ~0.4 nM cyclin
A-Cdk2 and 2.5 uM histone H1 in kinase buffer. Positive controls lacking
CKI and negative controls lacking kinase are prepared in parallel. Reaction

mixtures aye incubated at room temperature for 10 min. . AU: See
2. Onpe microliter of 1 mM ATP containing 0.3 ul of [y-*P]ATP (3000 Query on

Ci/mmol) is then added and the mixture is incubated at 37° for 15 min. Msp.3ga ¥
The reaction products can be analyzed either by filter binding or by !

SDS-PAGE.
3. For filter binding, 10 wl of the reaction mixture is spotted onto

phosphocellulose paper (2 X 2 cm; Whatman, Clifton, NJ P81), allowed to E ),

dry, and washed six times with 150 m! of 1% phosphoric acid. “°P incorpo- ;

rated into histone H1 is determined by liquid scintillation counting. Gener—f /)\ é)

ally, negative control samples contain less than 500 cpm of 2p,

4. For analysis by SDS-PAGE, 20 ul of 2x SDS-PAGE loading buffer
is added to each reaction mixture and 20 ul electrophoresed through 12%
acrylamide gels. The gel is stained with Coomassie Blue, fixed, dried. and
subjected to autoradiography. *?P incorporation into histone H1 can be
determined either by phosphoimager analysis or by cutting out the histone
H1 bands and counting by liquid scintillation.

Highly active preparations of CKIs will give half-maximal inhibition of
cyclin A-Cdk2 with 1-5 nM CKI

Additional assays that can be performed include binding to PCNA and
inhibition of polymerase & catalyzed DNA replication in vitro.*?

Production of Monoclonal Antibodies against CIP/KIP
Family Members

The analysis of CIP/KIP proteins and association with(€:
by the availability of specific antibodies that can be used for immunoprecipi-
tation, immunoblotting, and immunohistochemistry. A number of poly-
clonal and monoclonal antibodies have been generated and some of their
characteristics reported.}7'%!7 Because of the relatively high degree of
sequence identity, particularly in the inhibitory domain, there is potential AU: See
for antibody cross-reaction. We have noted substantial cross-reaction of Query on
some polyclonal anti-p27 antibodies with both p21 and p57 (J. W. Harperb/f MSP-'SU(L\
unpublished data). Therefore, when applications involve either immunopre- , i ol
cipitation or immunohistochemistry, it is important to verify that the anti-
body used is highly specific. Some, but not all, monoclonals may have
advantages in this regard. In this section, we describe the preparation and

characterization of monoclonal antibodies against p21 and p57.
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p21 Antibodies

In generating p21 antibodies, we chose to use antigen that was purified
from the soluble fraction of E. coli. In principle, this may generate antibod-
ies that recognize properly folded forms of the protein and therefore may
be more applicable to immunoprecipitation procedures. Mice were injected
a total of seven times every 3—4 weeks intraperitoneally with approximately
25 ug of p21 per injection (purified through the HiTrap SP step). Intrave-
nous injection (with 30 ug of protein) and fusion were performed using
standard proceduresX~

Antibodies were screened initially by enzyme-linked immunosorbent
assay (ELISA), with 0.3 ug of purified p21 per well. Of the 800 colonies
whose culture supernatants were screened, 80 were positive. ELISA-posi-
tive antibodies were then tested in three other assays: Western blotting,
immunoprecipitation, and coupled immunoprecipitation/kinase assays.
Thirty-five of the 80 ELISA positives were also positive by Western blot
analysis. In addition, the strongest (as well as some weaker) ELISA positives
were screened by immunoprecipitation of [*S]methionine-labeled extracts
of insect cells infected with a baculovirus expressing p21. In these extracts,
p21 represents a small percentage of the total input proteins, so this is a
stringent assay for specificity of immunoprecipitation. Of 39 ELISA posi-
tives screened in this way, 27 were positive as judged by immunoprecipita-
tion. Two final criteria were used to determine which antibodies should be
clonally selected. First, antibodies that were positive by the latter method
were assayed for the ability to immunoprecipitate cyclin-dependent kinase
activity from WI-38 whole cell lysates. Although the physiological rele-
vance, if any, is unknown, it has been shown previously that p21 immune
complexes from WI-38 fibroblasts or from insect cell coinfections contain
significant quantities of histone H1 kinase activity.!®'! Nineteen of 24 anti-
bodies were capable of immunoprecipitating varying degrees of kinase
activity (Table II).

Based on these analyses, 13 hybridoma wells were subjected to single
cell cloning and positive clones used to produce antibody supernatants for
further characterization. Monoclonal antibodies were tested for relative
reactivity and specificity by immunoblotting WI-38 whole cell lysates as
well as bacterial CIP/KIP proteins, immunoprecipitation of p21 with and
without associated kinases, and some antibodies were tested for use in

25 E. Harlow and D. Lane, “Antibodies: A Laboratory Manual.™ Cold Spring Harbor Labora-
tory Press, Cold Spring Harbor, New York, 1988.

zﬂrmﬁhmwmwngi%@ﬁﬂal%mmw@wmmu—
T

—Crowley-S—3—Eftedger3-WHarper, and -1—FJhompson,-Cancer-Res-5575151 (1995).
27 M-Meyersonand-E-Harlow, Mol Cell. Biol- 14, 2077 (1993).
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TABLE 11

MONOCLONAL ANTIBODIES AGAINST p21¢TF!

Immunoprecipitation

p21 Kinase

Designation Isotype protein”  activity® Immunoblotting® Epitope
CP2 1gGa, +++ + ++ 1-17
CP36 1gG, ++ +++ +4+ 17-30
CP49 1gGa +++ + + 100-164
CP50 IgGap +/- - + 30-78
CPSs 1862 + NT + 55-80
CP68 IgGan +4+ + + 100-164

“ Immunoprecipitation of p21 was examined using [*S}methionine-labeled p21 generated
by expression in insect cells. Immune complexes were subjected to SDS-PAGE and

proteins visualized by autoradiography.
h p21-associated kinase activity in whole cell WI-38 extracts was measured as described

in ref. 10 using histone H1 as substrate.
< Detection of p21 by immunoblotting was accomplished using whole cell Iysates from WI-
38 cells (30 ug/lane). Detection was accomplished using enhanced chemiluminescence

(ECL, Amersham).
 Epitope mappiné\was accomplished using immunoblotting with a panel of GST-p21

fusion proteins.

immunohistochemistry. Finally, antibodies were epitope mapped by screen-
ing them against immunoblots with GST fusion proteins containing different
portions of p21. These included fusiop proteins containing full-length p2
residues 70-164, 1-80, and 70-10Q). Epitopes recognized by the antibodies
were subsequently mapped more finely with smaller portions of p21. A
summary of the properties of the resulting 13 monoclonal antibodies is
shown in_Tables II and IIL

—— B
Summary of Anti-p21 Antibody Properties

The anti-p21 monoclonal antibodies were grouped into six categories
based on epitope mapping experiments and immunoprecipitation of endog-
enous p21 complexes from metabolically labeled WI-38 fibroblasts (see
Tables II and III). To test each antibody, whole cell extracts of these
cells were immunoprecipitated using established procedures,?® and Western
blots of the immunoprecipitates were probed sequentially with the antibod-
ies listed in Table IIL Interestingly, the anti-p21 antibodies immunoprecipi-
tated different subsets of proteins in complexes with p21, and the pattern
of polypeptides observed in such complexes correlated to some extent with
the epitope recognized by the antibody (Fig. 1). For example, antibodies

W

f}Ut See
Query on

Msp. 35

R Av‘u\gka\idgl‘fs)l
AU: See

Query on

Msp. 252
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TABLE III
COMPLEXES IMMUNOPRECIPITATED FROM WI-38 CELL EXTRACTS WITH
ANTI-p21 ANTIBODIES?

Designation Cdk2 Cyclin A CyclinE Cyclin D1 Cdk4 PCNA
CP2, CP66 + + + + + +
CP13, CP68 + + + + + +
CP19, CP23, CP36,F CP74 + + - - - -
CP49, CP59 + + + + + +
CPs55 - - - - - -

" Whole cell extracts from WI-38 fibroblasts were immunoprecipitated with the indicated
anti-p21 antibodies and immune complexes subjected to immunoblotting with antibodies
against the indicated cyclins, Cdks, and PCNA. Detection was accomplished using ECL.
Cyclins A and D were detected with rabbit polyclonal antibodies (W. Harper and L.

n ﬁoumlog)) 34\\7& (N'LJ (-A

Zukerberg, respectively). Anti-cyclin E (HE 12), anti-Cdk2 (Santa Cruz), anti-PCNA AU: See
(Oncogene Sciencse, and anti-Cdk4?’ antibodies were also used. B’J\—— Query on Cq.‘jr,',(,(j
A

b This antibody has been shown to perform well in immunohistochemical analysis of p21
expression in both paraffin and frozen tissue sections.

recognizing amino-terminal or carboxy-terminal portions of p21 were able
to immunoprecipitate the full complement of proteins previously identified
in p21 complexes, including cyclins A, D, and E, as well as PCNA, Cdk2,
and Cdk4. Antibodies CP2 and CP68 belong in this class. In contrast,
another class of antibodies (exemplified by CP36) was restricted in its ability
to precipitate only cyclin A complexes with Cdk2. A third class (CP55)
was able to immunoprecipitate p21 to the exclusion of all other previously
identified proteins. Consistent with this, CP55 has been shown to signifi-
cantly reduce the activity of p21 as an inhibitor of cyclin A-Cdk2. The
specificity of these antibodies toward different kinase complexes has been
confirmed by immunoprecipitation of complexes produced by baculovirus
infection of insect cells using different combinations of Cdk and cyclin
viruses (J. W. Harper, unpublished datg).

CP36 is the strongest antibody identified for immunoblotting and gives
approximately 10-fold stronger signals than the other antibodies (Table II).
This antibody recognizes an epitope located between amino acids 17 and
30 (Fig. 1). This region is highly conserved between CIP/KIP family mem-
bers and overlaps the cyclin-binding domain. We have found that CP36
cross-reacts weakly with recombinant p27 and p57 on immunoblots; signals
are 50- and 100-fold weaker than with an equal quantity of p21, respectively.
In addition, CP36 can immunoprecipitate p27 and p57. but with very low
efficiency. None of the other antibodies has been found to cross-react with
other CIP/KIP family members. In addition, despite the high degree of
conservation between human and rodent CIP/KIP proteins, none of the

Msp. DS 3 mA

VO
~H
AU: See
Query on

Msp. 3L
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anti-p21 antibodies reacts strongly with the mouse protein, although CP36
recognizes rat p21 in immunoblots and in immunohistochemical assays (G.

Darlington, personal commumcatlon) )\

Production and Properties of p57 Antibodies

Using analogous procedures, antibodies were generated against Hisq-
tagged human p57. Of 2000 colonies tested, 128 ELISA-positive antibody
supernatants were obtained. The selection of antibodies for single-cell clon-
ing was based on immunoblotting of lysates from insect cells expressing
human or mouse p57 and on immunoprecipitation of in vitro translated
human or mouse p57. A total of five anti-p57 antibodies were selected for
single cell cloning and the properties of these antibodies are summarized
in Table IV.

All of the antibodies perform well in immunoblot analyses of crude
insect cell lysates containing human p57 and immunoprecipitate in vitro
translated p57. However, only two antibodies were found to react with
mouse p57 (KP39 and KP90). Although these two antibodies are useful
for immunoblotting mouse p57 in tissue extracts (e.g., placenta), the effi-

ciency of immunoprecipitation of in vitro translated mouse p57 is 80- to /

90-fold lower than precipitation of human p57 (J. Winston, unpublished
data). None of these antibodies has been used successfully for immunohisto-
chemistry. Importantly, none of the p57 monoclonal antibodies cross-reacts
with p27 or p21 on immunoblots of recombinant proteins.

TABLE IV
MONOCLONAL ANTIBODIES AGAINST pS7XIF2
Immuno-
precipitation” Immunoblotting®

Designation Isotype Human Mouse Human Mouse

KP10 16Gay 4444 ++ 4+ 4+

KP30 12G, et - 4+ -

KP39 18G, +++ + +4+ +++

KP42 18Gan SR - et -

KP90 1gG, +++ + +4+ +++

“ Immunoprecipitation was tested using in vitro translated and [**Sjmethionine-labeled
p57 from mouse or human. Immune complexes were subjected to SDS-PAGE and
visualized by autoradiography.

® Immunoblotting was performed using mouse of human p57 expressed in insect cells (see
Table I for expression vectors used). Detection was accomplished using ECL.
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Further examination of the properties of these antibodies has been
hampered by the availability of tissue culture cell lines that express detect-
able levels of p57 and also contain the full complement of Cdk-cyclin
complexes. To date, we have found significant p57 only in HeLa cells, which
lack cyclin D-Cdk4 complexes. Anti-p57 antibodies precipitate ~10% of
the total Cdk2 in these cells under conditions where p57 is essentially

depleted and these p57 immune complexes contain substantial histone H1 _

kinase activity (5-10% of that contained in a Cdk2 immune complex)”

(unpublished data). )\
N .

Conclusion

In this chapter, we provide a description of reagents and techniques
useful in the analysis of CIP/KIP proteins. Although it is clear that different
cyclin-Cdk complexes and a DNA replication factor can associate with
p21 during cell cycle progression, the functional outcome of such associa-
tions will need further clarification. The availability of specific (non-cross-
reactive) antibodies directed against particular epitopes of CIP/KIP pro-
teins may allow distinct Cdk complexes to be isolated and their properties
compared in vitro. It is conceivable that peptides mimicking the antibody-
binding sites on CKIs can be used to facilitate the purification of endogenous
p21-containing complexes, allowing the analysis of their properties. Al-
though much less is known about p27 and p57 with respect to their associ-
ated proteins in mammalian cells, it is likely that there will be other proteins
identified that associate with C-terminal domains of these CKlIs. Thus,
the expression vectors and antibodies described here should be generally
applicable to the analysis of CKI function both in vitro and in vivo.
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Summary

y-Irradiation of human diploid fibroblasts in the G1 in-
terval caused arrest of the cell cycle prior to S phase.
This cell cycle block was correlated with a lack of acti-
vation of both cyclin E-Cyclin-dependent kinase 2
(Cdk2) and cyclin A-Cdk2 kinases and depended on
wild-type p53. Although the accumulation of cyclin A
was strongly inhibited In y-irradiated cells, cyclin E
accumulated and bound Cdk2 at normal levels but re-
mained in an inactive state. We found that both whole-
cell lysates and inactive cyclin E-Cdk2 complexes
prepared from irradiated cells contained an activity ca-
pable of Inactivating cyclin E-Cdk2 complexes. The
protein responsible for this activity was shown to be
p21CiPIWAF1 recently described as a p53-inducible Cdk
Inhibitor. Our data suggest a model in which lonizing
radiation confers G1 arrest via the p53-mediated In-
duction of a Cdk inhibitor protein.

Introduction

All cells have mechanisms for coping with radiation-
induced DNA damage. Most eukaryotic cells respond to
such damage with transient delays in both G1 and G2
phases, in the first instance presumably to allow for repair
prior to DNA replication or to prevent propagation of dam-
aged cells and in the second instance to allow for repair
prior to mitosis (Hartwell and Weinert, 1989). Replication
or segregation of damaged DNA is likely to have deleteri-
ous consequences for the survival of both the cell and the

tPresent address: Centre de Biochimie, Centre National de la Re-
cherche Scientifique, Faculté des Sciences, Université de Nice, Parc
Valrose, 06108 Nice Cedex 2, France.

organism. This is best demonstrated by mutations that
confer defects in cell cycle controls, known as check-
points. Yeast rad9 mutations that abrogate the G2 check-
point control in response to DNA damage render cells sen-
sitive to such damage because chromosome segregation
occurs before lesions can be repaired (Weinert and Hart-
well, 1988, 1990). Ataxia-telangiectasia (AT) Is @ human
autosomal recessive disorder characterized by hypersen-
sitivity to ionizing radiation (IR; Gatti et al., 1991; McKin-
non, 1987). Cells from AT patients have a severely dimin-
ished G1 checkpoint control, allowing entry into S phase
even under conditions of high DNA damage. Although the
molecular basis for checkpoint control in both yeast and
human is not well understood, recent reports have identi-
fied the nuclear tumor suppressor p53 as a required ele-
ment of the G1 checkpoint function in mammalian cells
(Kastan et al., 1992; Kuerbitz et al., 1992). Fibroblasts
from p53 nullizygous mice lack the G1 checkpoint function
(Kastan et al., 1992). Furthermore, normal human fibro-
blasts induce p53 in response to IR whereas fibroblasts
from AT patients are defective in this response (Kastan
et al., 1992). Finally, the ability of p53 to serve as a tran-
scription factor (Farmer et al., 1992; Funk et al., 1992;
Kern et al., 1992) suggests a mechanism for the induction
of a number of radiation-responsive transcripts that might
influence cell cycle progression (Fornace et al., 1989; Pa-
pathanasiou et al., 1991). The recent identification of a
p53-inducible cell cycle inhibitor (El-Deiry et al., 1983;
Harper et al., 1993; Xiong et al., 1993a; Gu et al., 1993)
is consistent with this idea.

The two primary cell cycle transitions, from G1 to S
phase and from G2 to M phase, are controlled by a family
of related protein kinases known as cyclin-dependent ki-
nases or Cdks (for recent reviews see Meyerson et al.,
1992; Pines and Hunter, 1991; Reed, 1992; Xiong and
Beach, 1991). Kinase and biological activities require the
association of a catalytic subunit and a regulatory subunit
known as a cyclin. In mammalian cells, specific catalytic
subunits as well as cyclins are required for each phase
transition (Lew and Reed, 1992; Sherr, 1993). Regulation
of activity appears to be complex, involving both positive
(cyclin accumulation [Arion et al., 1988; Desai etal., 1992;
Gautier et al.,, 1988; Labbe et al., 1988]) and negative
(phosphorylation of Cdks [Gould and Nurse, 1989; Kuma-
gai and Dunphy, 1991; Morla et al., 1989; Smythe and
Newport, 1992]) components. These master cell cycle reg-
ulatory elements, then, are likely targets for checkpoint
control. It has been demonstrated that DNA damage late
in the cell cycle blocks activation of cyclin B-Cdc2, the
Cdk that controls the G2/M phase transition (Lock and
Ross, 1990; O'Conor et al., 1992). We sought to determine
whether IR early in the cell cycle had an impact on the
activation of protein kinase activities associated with the
G1/S phase transition. Cyclin E-Cdk2 is activated late in
G1 and has been implicated In events involving the pro-
cess of commitment to S phase (Duli¢ et al., 1992; Hinds
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Figure 1. y-Irradiation in Early G1 Blocks Entry into S Phase and Pre-
vents Accumulation of Cyclin E-Associated and Cyclin A-Associated
Kinase Activities in Human Diploid Fibroblasts

(A) Human diploid fibroblast strain NHF t was synchronized by contact
inhibition followed by replating. At 6 hr poststimulation, cells were
treated with 6 Gy of y-irradiation (open circles). The fractions of S
phase nuclel were scored based on thymidine incorporation at 6, 12,
18, and 24 hr and compared with unirradiated controls. The solid line
shows the kinetic response of unirradiated controls obtained from six
independent experiments.

(B) Cyclin-associated histone H1 kinase. Cyclin A and cyclin E com-
plexes were immunoprecipitated from cell extracts prepared from un-
treated and irradiated (asterisks) NHF1 human fibroblasts at different
times after replating and serum stimulation. Kinase activity of the com-
plexes was measured using histone H1 as the substrate as described
in Experimental Procedures.

(C). Western blots of the above described cell lysates were immu-
noblotted sequentially with affinity-purified antibodies to cyclin E and
cyclin D1 and antiserum to cyclin A, In addition, the same extracts
were used for immunodetection of pRb,

et al., 1992; Koff et al., 1992; Lees et al., 1992; Ohtsubo
and Roberts, 1993; Resnitzky et al., 1994). Cyclin A-Cdk2,
which appears concomitantly with the onset of S phase,
has been shown to be involved in either initiation or mainte-
nance of S phase (Girard et al., 1991; Pagano et al., 1992;
Zindy et al., 1992). We found that both activities were
strongly inhibited by y-irradiation. However, the accumula-
tion of cyclin A ltself was blocked by IR, while the cyclin
E function was blocked apparently by posttransiational
mechanisms involving a Cdk inhibitor. Further, we found
that the inhibition of Cdks mediated by IR was dependent

upon the ability to accumulate wild-type p53, suggesting
that the inhibitor responsible was the recently identified
protein p216¥"#41 shown to be p53 inducible (Ei-Deiry et
al., 1993; Gu et al., 1993; Harper et al., 1993; Xiong et
al., 1993a).

Results

IR Impedes Entry into S Phase of Human Diploid
Fibroblasts and Prevents Activation of Cyclin
E-Assoclated and Cyclin A-Assoclated Kinases
Human diploid fibroblast strain NHF1 was synchronized
by contact inhibition followed by replating (Kaufmann and
Wilson, 1990). At 6 hr poststimulation, cells were treated
with 6 Gy (600 rads) of y-rays. S phase nuclei in irradiated
cells were scored based on thymidine incorporation at 6,
12, 18, and 24 hr and compared with unirradiated controls
(Figure 1A). Between 6 and 12 hr poststimulation, few cells
entered S phase. However, between 12 and 18 hr, 41%
of the cells entered S phase in the control compared with
8% of the irradiated cells (81% inhibition). Thus, as has
been demonstrated previously, irradiation of fibroblasts
during G1 phase blocked entry of most cells into S phase
{Little and Nagasawa, 1985).

The inability of y-irradiated fibroblasts to enter into S
phase suggested checkpoint regulation of essential G1
events. In budding yeast, the activation of epdogenous
Cdk Cdc28 by the accumulation of G1 cyclins has been
shown to be essential for the G1 to S phase transition
(Richardson et al., 1989). A similar regulatory mode has
been proposed for mammalian cells in which the kinases
are Cdk2 and Cdk4 and the cyclins are A, D, and E (for
review see Sherr, 1993). Therefore, we sought to establish
whether these cyclin-associated kinase activities might be
targets of negative regulation in response to radiation
damage during G1. Quiescent fibroblasts were replated
to induce partially synchronous entry into the cell cycle
and irradiated at 6 hr poststimulation, as described above.
Samples were prepared for analysis of cyclin A- and
E-associated kinase activities at the time of replating
(0 hr) and at 6, 12, 18, and 24 hr postreplating. Cyclin
D-associated kinase activity cannot be measured under
these conditions. Based on DNA precursor incorporation
data (Figure 1A), the 6 hr timepoint corresponds to G1,
the 12 hr timepoint to late G1 near the S phase boundary
(G1/S), the 18 hr timepoint to S phase, and the 24 hr time-
point to late S phase and G2. For unirradiated samples
(Figure 1B), the cyclin E-associated kinase activity
reached maximal levels at the 12 hr timepoint (just prior
to S phase), as expected from previous work (Duli¢ et al.,
1992; Koff et al., 1992). Kinase levels then declined as cells
progressed through S phase and G2. Cyclin A-associated
kinase activity appeared at significant levels first at 18 hr
(S phase) and increased as the population became en-
riched for G2 cells (24 hr). y-Rays (6 Gy) given at 6 hr
after growth stimulation prevented the appearance of both
cyclin E-associated and cyclin A~associated kinase activi-
ties during the 24 hr time course. Thus, the assembly or
activation of the kinase complexes responsible for these
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activities are likely targets of G1 checkpoint control in re-
sponse to damaging irradiation.

IR Does Not Prevent Accumulation of Cyclins D1
and E but Does Inhibit Accumulation of Cyclin A

To determine whether the failure to detect cyclin A-
and cyclin E-associated kinase activities in response to
v-irradiation was due to a failure to accumulate the respec-
tive cyclins, cyclin proteins were analyzed by immunoblots
of cell extracts prepared at the indicated timepoints. In
unirradiated cells, cyclin E began to accumulate above the
basal GO level at 6 hr postreplating and reached maximal
fevels at 12 hr, followed by a decline to baseline levels by
24 hr (Figure 1B) concomitant with the accumulation of
cyclin A. Surprisingly, the accumulation of cyclin E was
not impaired by y-irradiation. In irradiated cells, cyclin E
accumulated to high levels at 12 hr and persisted at this
level through 24 hr. Thus, the failure to activate cyclin
E-associated kinase inirradiated cells was not attributable
toinhibition at the level of cyclin E accumulation. The accu-
mulation of another G1 cyclin, cyclin D1 (Motokura et al.,
1991; Lew et al., 1991; Matsushime et al., 1991; Xiong
et al., 1991), which reached maximal levels 12 hr after
replating, was also not affected by IR (Figure 1C). In con-
trast with the effects on cyclins E and D1, accumulation
of cyclin A was significantly inhibited by irradiation (Figure
1C), accounting for the low levels of corresponding kinase
activity observed.

pRb, the Retinoblastoma Protein, Does Not Become
Hyperphosphorylated in y-lrradiated Cells

It has been shown that the retinoblastoma tumor suppres-
sor gene product (pRb) becomes hyperphosphorylated in
the latter part of the G1 interval in human fibroblasts and
is maintained in this phosphorylated state for the remain-
der of the cell cycle. This phosphorylation correlates with
the neutralization of the cell cycle inhibitory properties of
pRb (Buchkovich et al., 1989; Chen et al., 1989; DeCaprio
et al., 1992; Ludlow et al., 1993; Mihara et al., 1989). Re-
cent experimental evidence indicates that cyclin E~Cdk2,
cyclin A~Cdk2, and cyclin D-Cdk4 are likely to contribute
to the phosphorylation of pRb that occurs in G1 and S
phase (Ewen et al., 1993; Hinds et al., 1992; Xiong et al.,
1992). Therefore, to defermine whether the absence of
cyclin E~ and cyclin A-associated kinase activities that
could be measured was reflected in the phosphorylation
state of pRb, we performed immunoblots using pRb-
specific antibodies on samples subjected to y-irradiation
and controls, as described above. Hyperphosphorylation
of pRb was readily detected by a shift to lower mobility
on SDS-polyacrylamide gels. By this criterion, phosphory-
lation of pRb was dramatically inhibited in irradiated cells
(Figure 1C).

IR Does Not Prevent Association between Cyclin E
and Cdk2 and between Cyclin D1 and Cdk4

Since accumulation of cyclins D1 and E was unaffected
by IR, we sought to determine whether these cyclins in
irradiated cells were complexed to their functional part-
ners, Cdk2 and Cdk4, respectively (Dulié et al., 1992; Koff
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Figure 2. IR Does Not Prevent Cyclin E Assoclation with Cdk2

(A) Cyclin E associates with Cdk2 in human diploid fibroblasts. Cyclin E
complexas were immunoprecipitated (IP) from extracts of G1/S phase
cells (lanes 1,2, and 4) and irradiated cells (lanes 3 and 5), as described
in Experimental Procedures, using monoclonal antibody (E-m; lanes 1,
2, and 3) or polycional rabbit serum raised against bacterially produced
cyclin E (E-p; lanes 4 and 5). The complexes were dissociated in 1%
SDS and incubated with Cdc2-specific (lane 1) or Cdk2-specific (lanes
2 and 3) antibodies. As a control, Cdk2 was Immunoprecipitated di-
rectly from the cell extract of asynchronously growing fibroblasts (lane
6). Immune complexes were separated by SDS-polyacrylamide ge!
electrophoresis (11% gels), transferred onto Immobilon membrane,
and detected using anti-PSTAIRE monoclonal antibodies. P-Cdk2,
Thr-160-phosphorylated Cdk2.

(B) Cyclin E complexes {cyc E) were immunoprecipitated using mono-
clonal cyclin E-specific antibody from early G1 (6 hr), unirradiated (12
hr) and Irradiated (12* hr) late G1 cells. Cyclin A complexes (cyc A)
were immunoprecipitated from early G1 (6 hr), G2 (24 hr) as well as
irradiated (24° hr) cells. Immune complexes were separated on 11%
SDS-polyacrylamide gels and Western blots were immunoblotted with
anti-PSTAIRE antibody as described above. P-Cdc2, Cdc2 phosphory-
lated on Tyr-15 and Thr-14.

(C) Cdc25 phosphatase cannot activate irradiation-inactivated cyclin
E-Cdk2 complex. Cyclin E complexes were immunoprecipitated from
the extracts prepared from unirradiated G1 (6 hr) and G1/S-enriched
(43 hr) and irradiated (13° hr) cells. The immune complexes were
incubated for 30 min at 30°C with bacterially produced glutathione
S-transferase {GST)-Cdc25 or with buffer alone and assayed for his-
tone H1 kinase as described in Experimental Procedures.

(D) Posttranslational modifications of cyclin E (Cyc E) are caused by
phosphorylation. Cyclin E was immunoprecipitated from the extracts
prepared from nonirradiated (minus sign) G1/S-enriched and irradiated
(plus sign) cells using monocional cyclin E-specific antibodies. Im-
mune complexes were incubated with potato acid phosphatase (PAP)
(plus sign) or the butter alone (minus sign) as described in Experimen-
tal Procedures, separated on 11% SDS-polyacrylamide gels, trans-
ferred onto the Immobilon membrane, and detected using affinity-
purified rabbit cyclin E-specific antibodies.

et al., 1992; Xiong et al., 1992, 1993). To this end, we
analyzed cyclin E immune complexes on immunoblots by
using anti-PSTAIRE antibody, which detects severalmem-
bers of the Cdk family of protein kinases, including Cdk2
(Figure 2A; Meyerson et al., 1992). We have previously
shown that cyclin E immunoprecipitates from Hela cells
analyzed in this fashion contain both Cdk2 and Cdc2, but
the associated histone H1 kinase activity depended only




Cell
1016

on association with Cdk2 (Duli¢ et al., 1992). However,
the pattern observed from human diploid fibroblasts was
consistent with only the two mobility forms of Cdk2 aSsoci-
ating with cyclin E (Figure 2A).

When cyclin E immunoprecipitates from irradiated and
unirradiated cells (G1/S) were analyzed for Cdk2 associa-
tion, no significant quantitative or qualitative differences
were observed between them: although cyclin E immune
complexes from irradiated cells showed less histone H1
kinase activity than those from unirradiated cells, they con-
tained similar amounts of Thr-160-phosphorylated Cdk2
(Figures 2A and 2B). Therefore, reduced cyclin E-associ-
ated kinase activity from irradiated cells could not be attrib-
uted to failure of cyclin E to associate with the potentially
active form of Cdk2. The levels of Cdk2 immunoprecipi-
tated with cyclin A antisera paralleled the levels of cyclin
A detected by immunoblotting and the levels of cyclin
A-associated kinase shown in Figure 2A.

It has been reported that cyclin-Cdk complexes are sub-
ject to inhibitory phosphorylations on Thr-14 and Tyr-15,
as has been demonstrated for Cdc2 (Gu et al., 1992; Se-

bastian et al., 1993). Treatment with the Cdk-specific phos- .

phatase Cdc25, which specifically dephosphorylates
these residues, was shown to activate cyclin-Cdk com-
plexes (Gu et al., 1992; Millar et al., 1991; Sebastian et
al., 1993). To determine whether this modification might
account for the lack of activity of cyclin E-Cdk2 complexes
from irradiated cells, immune complexes were treated with
bacterially produced Cdc25 and then assayed for kinase
activity. Even though Cdc25 treatment had a significant
stimulatory effect on cyclin E-Cdk2 activity from nonirradi-
ated G1/S cells (13 hr), cyclin E~Cdk2 complexes from
early G1 (6 hr) and irradiated cells (13* hr) remained inac-
tive after treatment (Figure 2C). Thus, cyclin E-Cdk2 com-
plexes from irradiated fibroblasts apparently are not sub-
jected to negative control by phosphorylation at Thr-14
and Tyr-15, which accounts for their inactivity, whereas a
significant subset of complexes from nonirradiated G1/S
cells are inhibited in this fashion. _

Next, we evaluated the association between cyclin D1
and potential partners Cdk4 and Cdk2 under conditions
of irradiation. Although implicated in G1 progression (Bal-
dinet al., 1993; Quelle et al., 1993; Resnitzky et al., 1994),
cyclin D1 accumulation was not affected by IR (Figure
2B). Cyclin D1 immunoprecipitates contained increasing
amounts of Cdk4 and Cdk2 as cells progressed from quies-
cence to the G1/S phase boundary (data not shown; see
Duli¢ et al., 1993). Thus, irradiation did not interfere with
the formation of either cyclin D1-Cdk4 or cyclin D1-Cdk2
complexes.

Activation of Cyclin E-Cdk2 Kinase Correlates

with Phosphorylation of Cyclin E

Although IR-induced differences in the level of cyclin
E-associated kinase activity did not correlate with levels
of cyclin E or with the degree of association of cyclin E
with Cdk2, one parameter that did exhibit such a correla-
tion was phosphorylation of cyclin E itself. In extracts from
unirradiated cells at times when cyclin E-associated ki-

nase activity was high, 12 and 18 hr poststimulation, a
significant fraction of the cyclin E detected by immunoblot-
ting showed reduced electrophoretic mobility (see Figure
1C). These species were not detected in extracts from
early G1 cells (6 hr) and were only barely detectable in
samples from irradiated cells at any time. Furthermore,
the activity detected inimmunoprecipitation proteinkinase
assays across the time course described above correlated
well with the levels of the slower migrating cyclin E species
rather than the total levels of cyclin E protein. To determine
whether changes in electrophoretic mobility were due to
phosphorylation of cyclin E, cyclin E immune complexes
were treated with potato acid phosphatase or with buffer
alone and then analyzed by immunoblotting (Figure 2D).
Treatment with acid phosphatase increased the mobility
of cyclin E in active samples to that observed in inactive
samples, confirming that phosphorylationwas responsible
for the reduction in mobility observed. However, at this
point we have not determined whether this phosphoryla-
tion is responsible for cyclin E-Cdk2 activity or is merely
a consequence of it.

Irradiation of Fibroblasts Generates (or Maintains)

an Activity That Can Inactivate the Cyclin

E-Cdk2 Kinase

To investigate the mechanism of IR-mediated inhibition of
the cyclin E-Cdk2 kinase, we sought to determine whether
lysates prepared from irradiated cells contained an activity
that could specifically inhibit this Cdk. Such an activity
has recently been observed in epithelial cells treated with
the antiproliferative agent transforming growth factor p
(TGFp) as well as in extracts of quiescent cells (Slingerland
et al., 1994; Polyak et al., 1994) and G1 cycling HelLa cells
(Hengst et al., 1994). To this end, active cyclin E immune
complexes were incubated with increasing amounts of
boiled extracts prepared from cells in early (6 hr) and late
(12 hr) G1 phase as well as from the cells that were irradi-
ated 6 hr after replating and then incubated for 6 hr (IR).
The boiling step was shown to increase inhibitory activity
presumably by releasing inhibitory activity from preex-
isting intracellular complexes (see below; Hengst et al.,
1994). Although all the extracts could inhibit cyclin E-Cdk2
kinase to some degree, the extracts from irradiated cells
contained elevated levels of inhibitory activity as com-
pared with lysates prepared from nonirradiated G1/S cells
(Figure 3A). Significant amounts of inhibitory activity were
also present in extracts prepared from early G1 cells as
well as from quiescent cells (Figures 3A and 3C). Further
analysis of cyclin E immune complexes treated with inhibi-
tory extracts prepared from irradiated or quiescent cells
(see Experimental Procedures) indicated that this in vitro
inhibition did not involve dissociation of cyclin E-Cdk2
complexes or dephosphorylation of Cdk2 at Thr-160 (Fig-
ure 3B). This was in agreement with our observation that
IR did not significantly impair association of cyclin E with
Cdkz2 in vivo (see Figure 2). The fact that higher levels of
inhibitory activity were detected in lysates from irradiated
cells compared with G1 unirradiated cells (6 hr) indicates
that the inhibitory activity is induced by IR.
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Figure 3. y-Irradiated and Quiescent Fibroblasts Contain Activity That
Inhibits Cyclin E-Associated Kinase

(A) Active cyclin E immune complexes from G1/S phase arrested Hela
cells (equivalent to 150 ug) were incubated with increasing amounts
(25, 50, and 100 ug equivalents) of boiled cell extracts from G1 (6 hr),
G1/S (12 hr), and irradiated (iR) cells for 30 min at 30°C. Complexes
treated in this manner were assayed for histone H1 kinase activity.
(B) Cyclin E kinase inhibition in the presence of inhibitory extract from
irradiated (IR) cells does not involve dissociation of cyclin E-Cdk2
complexes. Cyclin E immune complexes were isolated from asynchro-
nously dividing Hela cells and treated with bolled extract derived from
irradiated fibroblasts. Each sample was then divided, with one half
assayed for histone H1 kinase activity and the other separated on
11% SDS—polyacrylamide gels. Western blots were probed with cyclin
E-specific polyclonal antibody and anti-PSTAIRE monocional antibody.
(C) Cyclin E kinase inhibition in the presence of inhibitory extract of
quiescent (Q) cells does not involve dissociation of cyclin E-Cdk2
complexes. Cyclin E immune complexes from G1/S phase arrested
(TB; 200 png) and asynchronously dividing (Asy. 400 ug) Hela cells
were treated with increasing amounts of boiled cell extract from quies-
cent GO arrested human diploid fibroblasts (as described above for
extracts {rom irradiated fibroblasts). Note that cyclin E immunocom-
plexes from G1/S phase arrested cells contained predominantly the
Thr-160-phosphorylated form of Cdk2.

The Inhibition of Cyclin E-Cdk2 Kinase Activity

in Response to IR Depends on p53

It has been shown that the inhibition of entry into S phase
mediated by G1 irradiation of fibroblasts requires the func-
tion of the tumor suppressor protein p53 (for review see
Prives, 1993). Cells genetically deprived of p53 are incapa-
ble of G1 arrest in response to IR (Kuerbitz et al., 1982).
Furthermore, p53 protein levels transiently increase upon

exposure to IR (Kastan et al., 1992). Therefore, we deter-
mined whether the inhibitory effects on cyclin E~-Cdk2 ki-
nase in response to IR were also dependent on p53, which
is consistent with the inhibition of this kinase being central
to the mechanism of G1 arrest. Fibroblasts rendered defi-
cient in p53 function by three different mechanisms (see
Figure 4C for confirmation of p53 status) were subjected
to the same radiation protocol employed for normal fibro-
blasts: fibroblasts homozygous for a naturally occurring
germline p53 mutation (Li-Fraumeni syndrome [LF087]),
cells derived from patients carrying the recessive genetic
disorder AT that fail to increase p53 levels in response to
IR (Kastan et al., 1992), and fibroblasts infected with a
retrovirus expressing the E6 oncoprotein of human papil-
loma virus that has been shown to bind and degrade p53
(Kessis et al., 1993; Scheffner et al., 1 991). An isogenic
control cell line Infected with the expression vector alone
(plus neo) behaved identically to normal diploid fibroblasts

" in terms of its responses to radiation. Our data demon-
strate that cells lacking functional p53 are unresponsive

to IR in terms of both the loss of the G1/S irradiation check-
point (Figure 4A) and the ability to inhibit the cyclin
E-Cdk2 kinase (Figure 4B), suggesting that both phenom-
ena are dependent on p53. These results and those re-
ported above are consistent with a model in which the
accumulation of p53 in response to irradiation promotes
the production or activation of a cyclin E-Cdk2 inhibitor,
thus blocking the G1 to S phase transition (see below).
Moreover, activation of the cyclin E-Cdk2 kinase in these
experiments, as assayed in vitro, always corresponded to
in vivo phosphorylation of pRb (Figure 4D),‘ thought to be
a critical biological target of the cyclin E-Cdk2 kinase
(Hinds et al., 1992). In addition, IR did not prevent cyclin
E phosphorylation in p53-deficient cells (Figure 4D).

The IR-Induced Cdk Inhibltor is p2{S/FWAF!

It has recently been reported that expression of p53 pro-
motes accumulation of a 21 kd Cdk inhibitor known as
p21¢PwAt (ElDeiry et al., 1993; Gu et al., 1993; Harper
et al., 1993; Xiong et al., 1993a). The p53 dependence
on p21 accumulation suggested that it mightbe identicalto
the IR-induced Cdk inhibitor detected in our experiments.
Therefore, we sought firstto determine whether those cells
deficient in the accumulation of p53 also did not have ele-
vated levels of Cdk inhibitor in response fo IR. Cells ex-
pressing the human papilloma virus E6 oncoprotein and
therefore having reduced levels of p53 were irradiated and
compared with controls for accumulation of Cdk inhibitory
activity. Irradiated E6 cells contained considerably lower
levels of inhibitor at 12 hr after serum stimulation com-
pared with irradiated controls (Figure 5A). Thus, the accu-
mulation of inhibitor in this system is p53 dependent, as
is p21ClP1/WAP1.

To confirm that the Cdk inhibitory activity was authentic
p21, we performed immunodepletion experiments with
anti-p21 peptide antibodies. First, we showed that the butk
of the inhibitory activity in irradiated cells corresponded
to p21. Lysates were incubated with protein A beads to
which either anti-p21 or preimmune serum had been cou-
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Figure 4. The Inhibition of Cyclin E-Cdk2 Ki-
nase in Response to IR Depends on p53

(A) Normal human diploid fibroblasts (NHF1),
fibroblasts infected with the expression vector

LF Neo E6 alone (plus Neo) or retrovirus expressing th
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E6 oncoprotein of human papilioma virus, fibro-
blasts homozygous for a naturally occurring
germline p53 mutation (Li-Fraumeni syndrome
[LFO87]), and fibroblasts derived from patients
. carrying the recessive genetic disorder AT
. - were synchronized by contact inhibition fol-
lowed by replating. At 6 hr poststimulation,
AT cells were treated with 6 Gy of y-irradiation as
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described in Figure 1A. The fractions of S
phase nuclel were scored based on thymidine
incorporation at 6, 12, 18, and 24 hr and com-
pared with unirradiated controls. The solid line
shows the kinetic response of unirradiated con-
trols, while the broken line shows the kinetic
response of irradiated cells.

(B) Cyclin E-associated histone H1 kinase.

Cyclin E complexes were immunoprecipitated from extracts prepared from unirradiated early G1 (6 ‘hr), G1/S-phase (13 hr) and Irradiated cells
(13" hr) described above and assayed for histone H1 kinase activity. Note that the scale varies depending on the cell extract used.

(C) Western blots (7.5% SDS-polyacrylamide gels) prepared from cell o

xtracts from unirradiated and irradiated NHF1, LF087, Neo, and E6 G1/S

phase cells (12 or 13 hr after replating) were probed with p53-specific monoclonal antibody. Note that LF087 cells contain a stabllized mutant

form of p53 that accumulates to abnormally high levels and that E6 cells lack p53 protein,
(D) Extracts prepared from early G1 (6 hi), unirradiated G1/S phase (12 or 13 hr), and irradiated (12° or 13* hr) fibroblasts were separated on
7.5% SDS-polyacrylamide gels and transferred onto Immobilon membranes. Western blots were probed with monocional antibodies to pRb and

with affinity-purified polyclonal antibodies to cyclin E and cyclin D1.

pled. Whereas preimmune beads did notremove substan-
tial amounts of inhibitory activity, equivalent amounts of
anti-p21 beads removed most of the inhibitory activity (Fig-
ure 5B). The remaining inhibitory activity was presumably
due to the presence of another recently identified Cdk
inhibitor, p28 (Polyak et al., 1994; Hengst et al., 1994), in
these lysates. The ability of the anti-p21 beads to remove
inhibitory activity, however, was blocked by preincubation
with authentic recombinant p21 (Figure 5C). Thus, the ra-
diation induced inhibitor corresponds to p2157"#4%,
Finally, since we found that the IR-induced Cdk inhibitor
was released or activated by boiling, we assumed that it
was prebound to cyclin-Cdk complexes in vivo. To test
this idea, cyclin D1 and cyclin E immune complexes from
both unirradiated and irradiated cells were purified on pro-
tein A beads and boiled, and supernatants were assayed
for Cdk inhibitory activity. Significant amounts of inhibitory
activity were released from the cyclin D1 immune com-
plexes isolated from G1 (6 hr in Figure 5D), G1/S (13 hr
in Figure 5D), and irradiated (13* hr in Figure 5D) cells,
which is consistent with a significant fraction of the p21
pool being complexed with cyclin D1-Cdk4, as has been
reported (Xiong et al., 1992, 1993b). Virtually no inhibitor
could be recovered from cyclin D1 complexes from cells
expressing EB6, although these cells contain normal levels
of cyclin D1 (see Figure 4D). Consistent with our direct
measurements of kinase activity (see Figure 1), cyclin
E-Cdk2 complexes from unirradiated G1/S cells released
little inhibitory activity in contrast with those from irradiated
fibroblasts, from which inhibitory activity was readily de-
tected (Figure 5D). Most of this inhibitory activity could
be immunodepleted using anti-p21 beads, confirming the
identity of the inhibitor released from cyclin E complexes

as p215P"™471 (data not shown). Thus, in conjunction with
the results presented in Figure 1, these data corroborate
our hypothesis that the low activity of cyclin E-Cdk2 com-
plexes present in irradiated fibroblasts results from their
association with a Cdk inhibitor, p216P/4F1, -~

Discussion

It has been proposed that Cdk activities may control the
G1 to S phase transition in mammalian cells. We and oth-
ers have shown previously that in other cell types, cyclin
E and its associated kinase accumutate in late G1 at about
the time of commitment to S phase (Duli¢ et al., 1992,
1993; Koff et al., 1992; for review of the G1 restriction
point see Pardee, 1989), suggesting a role in controlling
this commitment. Furthermore, it has been shown that
deregulation of G1 eyclin levels (both cyclins E and D) by
ectopic expression strategies leads to the advance of the
G1 to S phase transition, which is consistent with this idea
(Hinds et al., 1992; Ohtsubo and Roberts, 1993; Quelle
et al., 1993; Resnitzky et al., 1984). Since vy-irradiation of
human fibroblasts inhibits entry into S phase, we analyzed
whether this treatment affected the accumulation and acti-
vation of cyclin E-associated kinase, possibly explaining
the failure to initiate S phase. We found that although
y-irradiation blocked the activation of cyclin E-associated
kinase, it did not affect either the accumulation of cyclin
E or its association with its kinase partner Cdk2. Similarly,
neither the accumulation of cyclin D nor the association
of cylin D with its kinase partners was affected. However,
the accumulation of cyclin A was strongly inhibited, which
accounts for our failure to detect significant levels of cyclin
A-associated kinase. The relationship of cyclin A to
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Figure 5. The IR-Induced Inhibitor of Cyclin E-Cdk2 Kinase Activity
1s p21vmun

(A) Fibroblasts expressing the E6 oncoproteln contain little Cdk inhibi-
tory activity. Active cyclin E-Cdk2 complexes were incubated with the
indicated amounts of boiled cell extract from irradiated G1/S phase
fibroblasts infected with the expression vector alone (Neo-12 IR)ora
retrovirus expressing E6 (E6-12 IR) followed by histone H1 kinase
activity assay.

(B) Cdk inhibitory activity from irradiated fibroblasts can be depleted
with anti-p219M~! serum. Bolled extracts {equivalent of 50 ng) from
irradiated fibroblasts were incubated with 10 pl of protein A beads
coupled to preimmune serum (Phor anti-p215 "4 serum (a-p21;iane
1, 5 u; lane 2, 10 u}) prior to Incubation with immobilized cyclin
E-Cdk2 complexes. Histone H1 kinase was assayed as described in
Experimental Procedures.

(C) Recombinant p21o7M4T can block depletion ability of anti-
p21ommar1 boads. Boiled extracts from irradiated cells (equivalent of
20 ng) were incubated with preimmune beads (P) and with anti-p21
beads (a-p21) that were previously treated with buffer atone (minus)
or bacterially produced recombinant p21omM ! (see Experimental Pro-
cedures).

(D) Cdk inhibitor can be recovered from cyclin D1 and cyclin E immune
complexes. Cyclin D1 (a-D1), cyclin E (a-E), and cyclin A (a-A) immune
complexes were isolated from the whole-cell lysates prepared from
G1 (6 hr), G1/S (13 hr), and irradiated (13° hr) NHF1 fibroblasts. In
addition, cyclin D1 immunocomplexes were isolated from G1 (6 hr)
and irradiated (13° hr) fibroblasts infected with a retrovirus expressing
the E6 oncoprotein ofhuman papilloma virus (see Experimental Proce-

dures for details). Cyclin complexes were boiled (5 min) and incubated -

with active cyclin E complexes for 30 min at 30°C prior to histone H1
kinase assay.

cyclins D1andE is not yet known. However, since cyclins
D1 and E accumulate before cyclin A, it is conceivable
that either one or both of their associated kinase activities
are a prerequisite for accumulation of cyclin A(see below).

p53, Checkpoint Control, and the G1

Restriction Point

The pre-S phase arrest of fibroblasts in response to IR
in G1 defines one of the checkpoint controls that may
couple genome integrity to cell cycle progression, cell sur-
vival, or both (Hartwell and Weinert, 1989). Presumably,
damaged nuclear DNA is the signal to which the cell is
responding, but the molecular basis for this control is not
yet understood. The tumor suppressor gene p53, how-
ever, has been implicated in the response to radiation
damage (Kastan et al., 1992). p53 is transiently induced
in response to Irradiation and, as a transcription factor, is
thought to induce specific transcripts required for G1/S
phase checkpoint control (Kastan et al., 1992). This idea
is supported by the observations that fibroblasts lacking
a functional p53-encoding allele or depleted of p53 owing
to the action of viral oncoproteins, as well as those from
patients with AT, which are defective in radiation-induced
accumulation of p53, have lostthe G1 radiation checkpoint
(Kastan et al., 1992). Conversely, ectopic expression of
high levels of p53 confers G1 arrest in the absence of
irradiation in some cell types (Martinez etal., 1991; Micha-
lovitz et al., 1990). The point of arrest appears to be late
in G1, coincident temporally with the restriction point
(Pardes, 1989). Since it has been proposed that Cdks,
specifically cyclin E-Cdk2, may be central to restriction
point control, we sought to determine whether control of
the cell cycle by IR was mediated through regulation of
these kinase activities. Our finding that IR blocked activa-
tion of the cyclin E-Cdk2 kinase is consistent with this
idea. Further, our finding that a lack of p53 or an inability
to accumulate p53 abrogated the inhibitory effects of
y-irradiationon cyclin E-Cdk2 activation suggests thatp53
is upstream of cyclin E-Cdk2 inhibition in the hierarchy
of radiation checkpoint control. These data can now be
rationalized in the context of the p53 inducible inhibitor
p21CPMAF and the demonstration that it can be targeted
to cyclin E-Cdk2 complexes (El-Deiry et al., 1993; Gu et
al., 1993; Harper et al., 1993; Xiong et al., 1993a).

The phenomenology reported here in many respects is
similar to what we have observed in human fibroblasts
undergoing clonal senescence (Dulié et al., 1993). Inter-
estingly, one of the models recently proposed to account
for senescence involves the lack of telomerase activity in
cells of limited life span (Greider, 1990; Harleyetal., 1990).
Eventual loss of telomeric sequences might trigger a DNA
damage signal, accounting for the G1 arrest phenotype
of senescent cells. Thus, arrest in response to IR and in
senescent cells may be functionally related. This notion
is further supported by the recent finding that both human
fibroblasts and epithelial cells expressing E6 exhibited an
extended life span (Shay et al., 1993). Our finding that
senescent fibroblasts contain elevated levels of p21
(V. D., G. Stein, and S. I. R., unpublished data) is consis-
tent with this idea.

The Nature of the Cyclin E-Cdk2 Inhibitor

We have shown that cells subjected to IR accumulated
an activity capable of inhibiting active cyclin E-Cdk2 com-
plexes. Moreover, we could recover the inhibitory activity

o




Cell
1020
T antigen (SV40)
E18 {noenovna)
IR 4, £8 (PY)
R .
DNA damage A192%% @’/
4 N @
- cax pAB DNA

’
Senosoance ——7 = iy — knase —— pRb — synthesis

Quiescence —
TGF-p Read

©Q -r21.p28.

Figure 6. A Model: Inhibitor{s) of Cyclin E-Cdk2 Kinase Activity Can
Be Generated by Different Signals Promoting G1 Arrest

IR causes G1 arrest presumably by inducing Inhibltor(s) (i) that can antag-
onize kinase activity of cyclin E (cyc E}-Cdk2 and cyclin D {cyc D)-Cdk4
complexes. As a consequence, unphosphorylated pRb maintains G1
arrest. IR-mediated inactivation of cyclin E kinase is dependent on
p53; p53 deficiency impairs this pathway and the G1 block falls to
take place. Cells can be arrested in G1/G0 phase by serum deprivation,
by contact inhibition, or by both (quiescence); by treatment with TGFB
(epithelial cells); and in the case of cellular senescence. Cdk inhibitors
are induced under all these circumstances. Note that G1 arrest by
cellular senescence ditfers in many ways from the G1 arrest by quies-
cence but has simllarities to IR-induced arrest. In each of these situa-
tions, cells contain moderate to high levels of inactive cyclin E-Cdk2
complexes and fall to phosphorylate pRb. Although similar inhibitory
activities have been detected in lysates prepared from cells under
these various conditions, it is clear that at least two Inhibltory proteins,
p21 and p28, are involved. It is not yet clear what the relative contribu-
tions of these two inhibitors are under various circumstances.

from cyclin E-Cdk2 complexes isolated from irradiated
but not from unirradiated G1/S cells. This inhibitor is identi-
cal to a recently characterized inhibitor identified via a
two-hybrid screen in yeast for proteins that could interact
with human Cdk2 (Harper et al., 1993). p21%" was subse-
quently found to be capable of inhibiting a broad spectrum
of cyclin-Cdk activities, including cyclin A-Cdk2, cyclin
E-Cdk2, cyclin D-Cdk4, and, to a lesser extent, cyclin
B-Cdk1. A cDNA encoding the same inhibitor (WAF7) was
simultaneously identified from a subtractive library derived
from a p53-transfected tumor cell line (El-Deiry et al.,
1993). Based on the observation that the G1 radiation
checkpoint is dependent on p53, these authors predicted
that p21%**! would be a critical agent in cell cycle control
by radiation. Our results substantiate this mechanistic pre-
diction (Figure 6).

Phenomenologically similar activities have been de-
tected in quiescent and senescent fibroblasts as well as
in epithelial cells treated with the negative growth factor
TGFB or rendered quiescent by contact inhibition (Slinger-
land et al.,, 1994; Polyak et al., 1994). In addition, Cdk
inhibitory activities were found to cycle in proliferating
cells, accumulating to maximal levels in early to mid-G1
(Hengst et al., 1994). In those cases, it was shown that the
inhibitor is a protein and is likely to act via a stoichiometric
mechanism, binding directly to Cdk complexes. Several
lines of evidence, however, suggest that the predominant
Cdk inhibitor identified in many of these situations is not
p21 but a different inhibitor (p28) or family of inhibitors.
First, inhibitory activity is detected in p53-negative cells,
thought not to accumulate high levels of p21 (Xiong et al.,
1993b). Second, SDS gel elution experiments suggest that

the inhibitor that accumulates under most circumstances
migrates as a 28 kd protein rather than a 21 kd protein
(Hengst et al., 1994; Polyak et al., 1994). Thus, it appears
that a family of Cdk inhibitory proteins serve as mediators
of diverse antiproliferative signals (Figure 6).

In Vivo Distribution of Cdk Inhibitor(s)

The relative recoveries of Cdk inhibitors from cyclin im-
mune complexes suggest that cyclin D1 complexes be-
come saturated at lower levels of inhibitor accumulation
than do cyclin £ complexes. We did not detect asignificant
difference in inhibitor released from cyclin D1 complexes
prepared from Irradiated or unirradiated cells, whereas the
amount of inhibitor recovered from cyclin E complexes
was significantly increased in irradiated cells. These data
suggest that cyclin D1-Cdk complexes may serve as a
sink for basal levels of p21, allowing cyclin E-Cdk2 to be
activated in unirradiated cells but not in irradiated cells in
which inhibitor levels are increased.

Experimental Procedures

Cells, Cell Treatment, and Cell Cycle Analysis

A diploid human fibroblast strain derived from neonatal foreskin
(NHF1) was used at passage levels 5-15 (Kaufmann and Wilson,
1990). Cells were grown at 37°C in minimal essential medium (MEM)
supplemented with 2 mM L-glutamine, 10% feta! bovine serum (FBS),
100 U/mi peniclillin, and 100 pg/m! streptomycin in a water-saturated
atmosphere of 5% CO,. Proliferation was arrested by growth to conflu-
ence. Cell cycling was Initiated by replating arrested cultures at 1/4
to 1/5 lower cell density In medium with 10% FBS. LF087 cells were
arrested by growth to confiuence foliowed by 1 week incubation in
medium with 0.5% FBS. Cell synchrony was assessed by analysis of
DNA synthesis activity. Cells were incubated with [PH)thymidine (10
uCi/ml; specific activity, 50 Ci/mmol) for 60 min and then fixed with
methanol:acetic acid (3:1). After autoradiography, labeled S phase
nuclei were enumerated by light microscopy.

Fibroblasts derived from NHF1 and infected with a retrovirus express-
ing the expression vector alone (plus neo) or E6 oncoprotein of the
human papilloma virus will be described elsewhere (White etal., 1994).
Fibroblasts homozygous for a naturally occurring germiine p53 muta-
tion (Li-Fraumeni syndrome [LFO87]) were provided by Dr. M. Tainsky,
The University of Texas, Houston, Texas (Bischof{ et al., 1990; Living-
stone et al., 1992; Yin et al., 1982). Fibroblasts derived from patients
carrying the recessive genetic disorder AT (strain GMB391) were from
the Human Genetic Mutant Cell Repository (Camden, New Jersey)
and are described elsewhere (Kaufmann and Wilson, 1994).

Cells were irradiated while attached to dishes and under culture
medium using a '”’C y-ray source with an incident dose rate of 1.4 Gy
per minute. Sham-treated (control) cultures were held at room temper-
ature during the interval of irradiation. For further analysis, sham-
treated and irradiated cells were harvested by trypsin relsase at vari-
ous times after release from confluence arrest. Cells were washed
once with Hanks' balanced salt solution and, following sedimentation,
frozen at —=70°C.

Quiescent human diploid fibroblasts were obtained by growth to
confluence with subsequent growth in MEM containing 0.1% FBSfor3
days. Extracts from HeLa cells were prepared as described previously

(Dulié et al., 1992).

Reagents .
Antibodies to various cyclins and Cdk2 have been described previously

(Duli¢ et al., 1992). In addition to those, we used antiserum specific
1o the C-terminus of Cdc2 (a gift from C. McGowan, Scripps Institute,
La Jolla, California), Cdk2-specific antibody (United Biochemical incor-
porated, Lake Placid, New York), and a monoclonal antibody to cyclin
E (Dulié et al., 1993). Monoclonal antibody to pRb was purchased from
PharMingen (San Diego, California) and to p53 (Ab-6) from Oncogene
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Science (Uniondale, New York). Protein A and protein G beads (Gam-
maBind G Sephaross) were purchased from Sigma (St. Louts, Mis-
souri) and Pharmacia LKB (Uppsala, Sweden), respectively. ¢

Potato acid phosphatase was purchased from Boehringer Mann-
heim (Indianapolis, Indiana). Bacterially produced GST-Cdc25 was
a gift from C. McGowan (Scripps Institute, La Jolia, California) and
T. Hunter (Salk Institute, San Diego, California; Sebastian et al., 1993).

Rabbit p21°”"*#"-specific antiserum was raised against & peptide
corresponding to C-terminal 11 amino acids. For depletion experiments,
antibodies from preimmune serum and anti-p21 serum were coupled
to the protein A beads (2 m! of antiserum and 100 ul of protein A beads)
using dimethylpimelimidate (Pierce, Rockford, lilinois) as outlined by
the manufacturer. )

Human p2157"4' was obtained by PCRusing the following oligonu-
cleotides: 5’-AAGCTTGGATOCTCAGAGGAGGCGCCATGGCAGAAG’
and S-AAGCTTGGATCCTTCCT GTGGGCGGATTAGGGCTTCCTCS
and a human HepG2 cDNATlibrary (Schild etal., 1980). To obtain recombl-
nant p212™##! protein for the blocking experiments, we expressed
the PCR product cloned into the expression vector pETEC (Studier et
al., 1990) in Escherichia coli strain BL21, Recombinant p21ormar
protein was partially purified from bacterial culture (1 mf) by sonication
in lysis buffer (200 i) and subsequent bolling (5 min). Thus-treated
lysates contained very potent Cdkinhibitory activity (near 100% Inhibi-
tion of cyclin E-Cdk2 kinase activity with 107 pl). SDS-PAGE analysis
showed that p21e*' was one of the major proteins in the bolied
bacterial extract. This protein reacted on Western blots with anti-p21
antiserum. Control bacterial lysates did not contain a 21 kd protein
and did not exhibit a Cdk inhibitory activity. For blocking experiments,
the equivalent of 1 ul of this lysate was incubated with 30 pl of p21-
beads (or preimmune beads) used for depletion experiments.

Allother reagents have been previously described (Dulié et at., 1992,

1993).

Cell Extracts, Immunoblotting, immunoprecipitations,
and Histone H1 Kinase Assays
Extracts were prepared by lysing the cells in ice-cold modified RIPA
bufer (50 mM Tris-HCI [pH 7.5); 150 mM NaCli; 0.5% Triton X-100;
0.5% deoxycholate; 1 mM PMSF; 4 pg/ml leupeptin, pepstatin, and
aprotinin; 1 mM sodium pyrophosphate; 10 mM sodium vanadate; and
25 mM sodium fluoride-mRIPA]. When noted, celis were lysed in lysis
buffer (LB) containing 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.1%
NP-40, 1 mM DTT, and protease inhibitors as above. Cell lysate (30—
50 pg) was separated by SDS-PAGE (7.5% gels) and immunoblotting
was carried out as described previously (Duli¢ et al., 1992).
Immunoprecipitation of cyclin complexes from cell extracts (usually
150-300 pg) and histone H1 kinase assays have been described else-
where (Duli¢ et al., 1992). For secondary immunoprecipitations, pri-
mary immune complexes were adjusted to 1% SDS and incubated at
37°C for 30 min. Supernatants were then diluted 8-fold with mRIPA
buffer and immunoprecipitated with secondary antibody.

Potato Acld Phosphatase and Cdc25 Phosphatase Assays
Cyclin E immunocomptexes were isolated from various cell extracts
by using cyclin E-specific monoclonal antibody and were incubated
with potato acid phosphatase of with the buffer alone as described
previously {Duli¢ et al., 1992). Proteins were separated by electropho-
resis on & 7.5% polyacrylamide gel and immunoblots were probed
with affinity-purified rabbit anti-cyclin E antibody.

Treatment of cyclin E and cyclin B1 immune complexes with bacteri-
ally produced GST-Cdc25 (or the buffer alone) was according to the
protocol described by Millar et al. {1991). Washed immune complexes
were then assayed for histone H1 kinase activity.

Kinase Inhibition Experiments
NHF1 coll extracts were prepared by lysing the fibroblasts on the plate
with LB. Prior to inhibition assays, appropriate amounts of extract were
boiled for 5 min and the precipitate was removed by centrifugation
(10 min)in an Eppendorf microtuge. Varying amounts of boiled extract
were incubated (28°C for 30 min) with cyclin E immune complexes
immobilized on protein G beads isolated from 200 pg of thymidine
block-arrested (G1/S), or from 400 ug of asynchronous Hela cell ex-
tracts. After incubation, the beads were washed and assayed for his-
tone H1 kinase activity as described (Outié et al., 1992). Alternatively,

.

the treated immune complexes were subjected to further analysis by
tmmunoblotting with cyclin E-specific and PSTAIRE-specific mono-
clonal antibodies.

Inhibitory activity was released from various cyclin-Cdk complexes
prepared from 200 ug of appropriate cell extract, except in the case
of cyclin E Immune complexes, In which the equivalent of 800 ng of
cell lysate was used because of the low abundance of cyclin E. Cyclin
immune complexes were immobilized on protein A or protein G beads
and washed several times in lysis bufer prior to bolling. The lysates
(~ 120 pl) were incubated with 5 or 10 u! of beads for 30-45 min at

room temperature (~ 20°C) with occasional mixing prior to incubation

with immobilized cyclin E immune complexes.

To deplete p21°4, various boiled cell extracts were incubated
(1-2 hr at room temperature) with 10 ul of protein A beads coupled
to elther preimmune or anti-p21 antibodies. Extracts treated in this
manner were used for Cdk inhibition assays.

For blocking experiments, recombinant p21 was incubated with p21
beads (or preimmune beads) for 2 hr at room temperature. Prior to
incubation with cell extracts, the beads were extensively washed to
avoid nonspeclfic binding and subsequent release of p21.
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p5752 a structurally distinct member
of the p21¢** Cdk inhibitor family,
is a candidate tumor suppressor gene
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Cyclin-dependent kinases (Cdks) are positive regulators of cell proliferation, whereas Cdk inhibitors (CKIs)
inhibit proliferation. We describe a new CKI, p57%2, which is related to p21<""* and p27XIP1, p57KIP2 is a
potent, tight-binding inhibitor of several G, cyclin/Cdk complexes, and its binding is cyclin dependent.
Unlike CIP1, KIP2 is not regulated by p53. Overexpression of p57X1P2 arrests cells in G,. p57°/" proteins
have a complex structure. Mouse p57%™®2 consists of four structurally distinct domains: an amino-terminal
Cdk inhibitory domain, a proline-rich domain, an acidic-repeat region, and a carboxy-terminal domain
conserved with p27¥/*1. Human p57*/"* appears to have conserved the amino- and carboxy-terminal domains
but has replaced the internal regions with sequences containing proline-alanine repeats. In situ hybridization
during mouse embryogenesis revealed that KIP2 mRNA displays a striking pattern of expression during
development, showing high level expression in skeletal muscle, brain, heart, lungs, and eye. Most of the
KIP2-expressing cells are terminally differentiated, suggesting that p57*™2 is involved in decisions to exit the

cell cycle during development and differentiation. Human KIP2 is located at 11p15.5, a region implicated in
both sporadic cancers and Beckwith-Wiedemann syndrome, a familial cancer syndrome, marking it as a
candidate tumor suppressor. The discovery of a new member of the p21¢™7 inhibitor family with novel

structural features and expression patterns suggests a comp

development.

lex role for these proteins in cell cycle control and
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The proper development of a multicellular organism is a
complex process that requires precise spatial and tempo-
ral control of cell proliferation. Cell proliferation in the
embryo is controlled via an intricate network of extra-
cellular and intracellular signaling pathways that pro-
cess growth regulatory signals. This signaling network is
superimposed upon the basic cell cycle regulatory ma-
chinery that controls particular cell cycle transitions.
The ultimate recipient of many of these signals are cy-
clin-dependent kinases (Cdks), a family of enzymes that
catalyze events required for cell cycle transitions.

Cdks require association with cyclins for activation
and the timing of Cdk activation is largely dependent on
the timing of expression of their cognate cyclin (for re-
view, see Draetta 1993). Several Cdks, including Cdc2,
Cdk2, Cdk4, and Cdké, have been characterized with
respect to their temporal activation and their cyclin part-
ners (Matsushime et al. 1992; Meyerson and Harlow
1994; for review, see Pines 1993). Cyclins fall into sev-

4Corresponding author.

cral classes based on their timing of expression and ge-
netic properties (for review, see Sherr 1994). D-type cy-
clins associate primarily with Cdk4 and Cdké, whereas
cyclin E associates with Cdk2 and both classes appear to
function in the G,/S phase transition. Cyclin A can as-
sociate with Cdk?2 or Cdc2 and appears to have roles in S
phase and G,. Cyclin F is expressed in late S and G,, but
its kinase partner and role in the cell cycle are not yet
known (Bai et al. 1994). Cyclin B binds Cdc2 and controls
entry into mitosis. In addition to cyclin availability,
Cdks are regulated both positively and negatively by
phosphorylation {for review, see Draetta 1993; Soloman
1993).

Once proliferation and morphogenesis have con-
structed a particular structure, it is of paramount impor-
tance that the proliferative state cease and be replaced
with a homeostatic state. Although much attention has
been focused on how cells enter the cell cycle, little is
known concerning the strategies organisms employ to
exit the cycle and maintain the nonproliferative state.
This state is of great importance to an organism because
the vast majority of its cells exist in a nonproliferative
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state throughout adult life. The inability to appropriately
halt growth can lead to malformation during develop-
ment, and to cancer. Thus, equally important in the ex-
ecution of developmental programs is the arrest of
growth once the program is complete. Although the con-
trol of terminal differentiation promises to be complex,
cell cycle arrest via inactivation of Cdks is likely tobe a
central feature. Recently a new class of Cdk regulatory
molecules has emerged that are potential mediators of
cell cycle exit and maintenance of the nonproliferative
state. These are the tight-binding inhibitors of cyclin-
dependent kinases, CKIs. Currently two structurally de-
fined classes of CKls exist in mammals that arc exem-
plified by p21¢"? (El-Diery et al. 1993; Harper et al.
1993; Xiong et al. 1993; Noda et al. 1994) and
plGINK4/MTSI (Gerrano et al. 1993; for review, see Elledge
and Harper 1994).

p21€1°1 is a dual specificity inhibitor that can bind and
inhibit G, cyclin/Cdk complexes and proliferating cell
nuclear antigen [PCNA) (Florcs-Rozas et al. 1994; Waga
et al. 1994), and can arrest the cell cycle in G, when
overexpressed (Harper et al. 1995). p21¢/"" is transcrip-
tionally controlled by the tumor suppressor protein p53
(El-Diery et al. 1993). It is induced by DNA damage in a
p53-dependent manner and is found associated with in-
active cyclin E/Cdk2 complexes (Dulic et al. 1994, El-
Diery et al. 1994). In some fibroblast cell lines p21¢i!
basal expression is dependent on p53; however, in em-
bryonic and adult mouse, p21¢1"" expression is indepen-
dent of p53 (Parker et al. 1995}, indicating that the reg-
ulation of p21€! is more complex than originally
thought. p53-Independent expression has also been ob-
served under some circumstances in tissue culture cell
lines (Jiang et al. 1994; Michieli et al. 1994, Sheiki ct al.
1994). p21/"1 is expressed during embryogenesis prima-
rily in a subset of cells that arc amitotic, thus potentially
contributing to cell cycle exit during differentiation
(Parker et al. 1995}, p21</"" induction has also been ob-
served in cell lines undergoing differentiation in vitro
(Jiang et al. 1994; Stcinman ct al. 1994, Halevy et al.
1995, Parker et al. 1995). Thus, organisms utilize p21ci!
in many ways: In proliferating cells in G, it can arrest
the cell cycle, in S-phase cells it can theoretically block
PCNA and slow down DNA synthesis to facilitatc repair
processes, and in development it may contribute to cell
cycle arrest in terminally differentiating cells.

Less is known about the other inhibitors. p2
(Polyak et al. 1994; Toyoshima and Hunter 1994} inhib-
its both Cdk2 and Cdk4 in vitro. It is not regulated by
p53 and does not inhibit PCNA (Flores-Rozas et al.
1994), suggesting specialization for a non-checkpoint
function. p27 levels show a modest increase in response
to conditions that arrest the cell cycle in some cell types
(Kato et al. 1994; Nourse et al. 1994). In contrast, pl6,
p15, and p18, which form a family of structurally related
inhibitors consisting primarily of ankyrin repeats, arc
specific for Cdk4 and Cdk6 (Serrano et al. 1993; Guan et
al. 1994; Hannon and Beach 1994; Jen et al. 1994). p16
and p15 have been found deleted in a number of tumor
cells lines and in primary tumors and are likely tumor
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suppressors (Cairns et al. 1994; Jen et al. 1994; Kamb et
al. 1994; Kato et al. 1994; Nobori et al. 1994; Spruck et
al. 1994). p15 is induced by TGF- and is a likely medi-
ator of its growth-arresting properties (Hannon and
Beach 1994).

Although considerable information has accumulated
concerning the existence of cyclin kinase inhibitors, lit-
tle is known about the extent of these families, their
structural diversity, and potential roles in development.
In this paper, we describe the discovery of a new Cdk
inhibitor of the p21€7* family, p57%/*?, that has several
unique structural features, patterns of expression during
development, and is located in a chromosomal region
implicated in a number of human cancers.

Results

Isolation of the cDNA encoding KIP2, cyclin
kinase inhibitor protein 2

To identify potential regulators of cyclins and cyclin-
dependent kinases, we utilized an improved version of
the two-hybrid system (Durfee ct al. 1993) that we and
others have used previously to identify proteins that
bind these molecules {Harper et al. 1993; Toyoshima and
Hunter 1994). To screen for mouse cDNAs encoding pro-
teins able to interact with cyclin D, Y190/pAS2-cyclin
D1 was transformed with a pACT-mouse embryonic
¢DNA library, and transformants were subjected to se-
lection for histidine prototrophy on SC-his,-trp,-leu
plates containing 50 mm 3-amino-triazole as described
previously. Transformants (5 X 10%) were placed under
selection, and rare surviving colonies screened for their
ability to produce B-galactosidase. Plasmids recovered
from 25 His™* blue colonics were sequenced from their 5’
ends and their deduced amino acid sequences were com-
parcd to GenBank. Threce of these clones were related to
onc another and shared structural homology with
p2161 and p27%/"1. The DNA and deduced amino acid
scquence of the protein encoded by the longest cDNA
(1.5 kb] is shown in Figure 1A. It encodes a protein of 335
amino acids with a number of unusual structural fea-
tures. The new inhibitor gene isolated in this study will
be referred to as KIP2 because it is most closely related to
KiP1, and the protein as p57%/"? based on its size (see
below).

The KIP2 protein has a number of unusual
structural features

KIP2 has four distinct amino acid sequence domains that
will be referred to as domains I-IV for convenience of
discussion (Fig. 1C). These are not to be confused with
protein structural domains, although they may eventu-
ally coincide once structural data are available. Domain
I bears significant similarity to p21¢/* and p27%/** in a
region that has been shown to be necessary and suffi-
cient for Cdk inhibition [Polyak et al. 1994; Harper et al.
1995) (Fig. 1D}. Domain 1I is proline-rich region (25%
proline) that has a series of alternating prolines inter-
spersed with nonrepetitive sequence. Domain I has an
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Figure 1. (A} Nucleotide and deduced amino acid sequence of mouse p57%/"2. (B) Sequence alignment of mouse and human KIP2. The
amino-terminal 13 amino acids of mouse p57%/" (underlined) is derived from genomic sequences. (C) Domain structure of the p21¢'™
family of CKls. Domains are indicated by roman numerals. Regions of sequence conservation are indicated as boxes. The thick line
after the Cdk inhibitory domain of mp57 and hp57 indicates additional conservation that extends beyond the Cdk inhibitory domain.
The extent of the PCNA-binding domain has not been determined precisely. (D) Sequence alignments of the amino-terminal Cdk
inhibitory domains of mouse p57%/"%, human p57%"2, human p27%'"!, and human p21€#71_ Black boxes indicate identical residues
shared by at least three sequences; astrisks indicate complete conservation. {E} Sequence alignments of the carboxy-terminal QT box.
{F) Alignment of the glutamate repeat sequences of mouse p57%/"2, The GenBank accession number for mouse KIP2 is U22399, and

for human KIP2 is U22398.
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unusual acidic repeat in that every fourth amino acid is
a glutamic or aspartic acid. There is also a slightly de-
generate higher order repeat motif of 8 amino acids,
EPVEEQXX, shown in Figure 1E. Domain IV has se-
quence conservation with the carboxyl terminus of
p27%7 (Fig. 1E). The center of the most conserved
stretch of sequence identity has the amino acids QT, and
we will refer to this conserved motif as the QT box. The
carboxy-terminal region of p27K* is distinct from the
carboxy-terminal region of p21¢/71, which is involved in
PCNA binding. Sequence conservation with p27%/"" in-
dicates that the QT box is a structural motif that is likely
to function in protein-protein interaction.

The human KIP2 homolog, hKIP2, was isolated by low
stringency hybridization screcning of a human embry-
onic cDNA library in Agt10. Two cDNAs were recovered
and sequenced. The deduced amino acid sequence of one
of these revealed a protein of 316 amino acids and is
shown in Figure 1B aligned with mKIP2. hKIP2 shares
two of the four sequence domains of the mouse gene. It
has highly conserved the amino- and carboxy-terminal
domains; however, it has replaced the intcrnal domains
11 and 11I with a distinct rcgion consisting primarily of an
alternating proline—alanine repcat termed the PAPA re-
peat (Fig. 1B,C}. The second hKIP2 cDNA contains
amino acids 1-96, deletes the entire PAPA region, and is
spliced back in at nucleotide 1076 in the +1 reading
frame. Thus, the protein potentially encoded by this
smaller cDNA consists primarily of the Cdk inhibitory
domain. Whether this cDNA represents a normal splic-
ing variant remains to be determined.

The amino acid sequence alignment derived from the
longest mouse and human cDNAs revealed that the hu-
man cDNA encodes an extra 13 amino acids at its amino
terminus. Limited scquence analysis of the mouse geno-
mic region directly 5’ of the initiating mcthionine (P.
Zhang and S.J. Elledge, unpubl.} revealed further amino
acid sequence identity with the amino terminus of the
human cDNA. These additional 13 amino acids arc un-
derlined in the sequence alignment (Fig. 1). The differ-
ence between the human and mouse cDNAs and the
correspondence of the human ¢DNA and mouse geno-
mic sequence suggest that there may be a mouse cDNA
with the 5’ end corresponding to the human cDNA.
Thus, the difference between the 5' ends may result from
alternative splicing. However, analysis of the genomic
DNAs indicates that the difference between the internal
domains does not result from alternative splicing (P.
Zhang and S.J. Elledge, unpubl.}.

p57%'*2 can bind to cyclin/Cdk complexes
in a cyclin-dependent manner

To examine the association of p57//" with cyclin/Cdk
complexes, in vitro-translated [**SJmethionine-labeled
mouse p57¥7? was incubated with [3*S]methioninc-la-
beled Cdks or cyclin/Cdk complexes produced in insect
sf9 cells, and association was determined by immuno-
precipitation with anti-Cdk antibodies. p57%/"? was
found to efficiently bind Cdk2, Cdk3, and Cdk4 in a
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cyclin-dependent manner (Fig. 24). p57%2 showed a
weaker association with Cdké6/cyclin D2 complexes and
no detectable association with Cdk7/ cyclin H com-
plexes.

Because p57X/72 was identified in a two-hybrid screen
using cyclin D, it is possible that it associates with cy-
clin/Cdk complexes via direct interaction with cyclins.
This is consistent with the fact that association with
Cdks is cyclin dependent (Fig. 2A). Furthermore, it has
been reported previously that p27%/"1 can associate di-
rectly with in vitro-translated cyclin D (Toyoshima and
Hunter 1994]. p57%/"2 was tested for its ability to bind
cyclins D1, D2, and A in the absence of Cdk subunit
using cyclin and p57%/" proteins produced and [>*S]me-
thionine labeled in sf9 cells. Because insect cells contain
endogenous Cdks, association of cyclins with p57%/"2
could potentially be mediated by endogenous Cdks such
as Cdk2 and Cdc2 present in crude sf9 extracts. To re-
duce the levels of these Cdks and associated cyclins, ex-
tracts were precleared with immobilized p13°°’'*,
which is known to bind both monomeric and cyclin-
associated Cdks with high affinity. Using such lysates,
association between cyclins and p57%'"? was not ob-
served under conditions in which ~5% binding could be
detected (Fig. 2B). Similar results have been obtained us-
ing p21€'"" and p27*'"" (Harper et al. 1995). Thus, if
contacts are made with cyclins, they are very weak. In
this situation, the cyclin dependency could result from
the integration of weak interactions with surfaces on
both cyclins and Cdks. Alternatively, the cyclin depen-
dence could result from conformational changes on the
Cdk or cyclin induced upon formation of the cyclin/Cdk
complex that favor p57*/" binding. It is also likely that
the endogenous Cdk in yeast, Cdc28, contributed to the
intcraction between cyclin D and p57%/" detected in the
two-hybrid system.

p57%'*2 can inhibit cyclin/Cdk activity

Having cstablished in vitro association of p57%/"2 with
cyclin/Cdk complexes, we wished to examine the pos-
sible biochemical consequences of this association. Pro-
teins that associate with cyclin-dependent kinases could
influence the activity or substrate specificity, modify in-
teractions with other proteins, or alter subcellular local-
ization. We have shown previously that the structurally
related protein p21</*7 is an inhibitor of Cdk activity
(Harper et al. 1993). To examine whether the p57¥/72
alters Cdk function, kinase activities of several cyclin/
Cdk complexes were measured in the presence of GST—
KIP2 using histone HI or Rb as substrate {Fig. 2C).
p57X/72 is an efficient inhibitor of cyclin E/Cdk2, cyclin
A/Cdk2, cyclin E/Cdk3, and cyclin D2/Cdk4 kinase
complexes. It shows considerably less activity toward
cyclin B/Cdc2 and cyclin D2/Cdké6 complexes. The re-
duced ability of p57¥"2 to inhibit Cdké complexes is
consistent with the weak association observed in bind-
ing assays (Fig. 2B). A potential caveat is that the assays
for Cdk6 were performed on cyclin D2/Cdk6 immune
complexes, unlike the assays for other kinases, and it is
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Figure 2. p57%/" binds and inhibits Cdk family members in vitro. (4] Cyclin-dependent association of p57%/"? with Cdks. [>3S|Me-
thionine-labeled sf9 extracts prepared from cells infected with baculovirus cxpressing a cyclin or Cdk alone, or coinfected with the

indicated cyclin/Cdk pairs were mixed with [**Smethionine-labeled mouse p5

7¥1°2 produced by in vitro translation and Cdk-asso-

ciated proteins isolated by immunoprecipitation of the Cdk subunit. Immune complexes were separated by SDS-PAGE and analyzed
by autoradiography. {C-) The position of the cyclin component; {K-) the kinase component. CyA is a GST fusion protein. Cdk3isaT7
genel0 fusion protein and is immunoprecipitated with anti-T7 Tag antibodics (Novagen). Cdk7 contains a carboxy-terminal hemag-
glutinin A (HA) tag and was immunoprecipitated with anti-HA antibodies. (B) p57%'" does not directly associate with CyA, CyD1, or
CyD2. [?5S|Methionine-labeled sf9 lysates for the indicated cyclins were precleared with p13 beads and then incubated with or without
T7 Tag-p57 and immune complexes isolated using either antibodies directed against the cyclin or anti-T7 Tag to immunoprecipitate
p57%!72 and any associated proteins. As a control for nonspecific binding of the antibodies, cyclin extracts alone were also immuno-
precipitated with anti-T7 Tag antibodies. Immune complexes were scparated by SDS-PAGE and analyzed using a Molecular Dynamics
Phosphorlmager. (C) Inhibition of Cdk activity by mouse GST-p57. Inhibition of cyclin A/Cdk2 and cyclin E/Cdk2 (at ~0.4 nM} was
examined using kinase complexes purified from insect cells as GST fusion protcins employing histone H1 as substrate. Inhibition of
Cdc2/cyclin B, Cdk3/cyclin E, and Cdk4/cyclin D2 was examined using crude inscct cell lysates {~1-5 nm in kinase) and 1 pM
GST-Rb as substrate (Matsushime et al. 1992; Harper ct al. 1993}, Cdké/cyclin D was assayed using anti-Cdk6 immune complexes
from insect cells coexpressing Cdk6 and cyclin D2. The concentrations of GST-p57 used were 0, 1.3, 2.7, 5.3, 10.6, 21.3, 42.5, and 85
nM except for Cdc2/cyclin B where the concentrations were 0; 2.7, 5.3, 10.6, 21.3, 42.5, 85, and 170 nm. Counts incorporated into
GST-Rb or histone H1 were quantitated using a Molecular Dynamics Phosphorlmager. Counts present in the Cdk or cyclin alone lanes
were subtracted from total counts in reactions using Cdk/cyclin complexes to calculate percent activities.

possible that the presence of antibodies could interfere
with p57%2 function. Regardless, it is clear that it is a
potent inhibitor of cyclin-dependent kinase activity and
shows preference for cyclins and Cdks involved in the
G,- to S-phase transitions.

p57%'°2 can associate with Cdk2 in vivo

To establish that p57%/"2 can associate with cyclin-de-
pendent kinases in vivo, extracts prepared from SAOS-2
cells transfected with either pPCMV-p57 or pCMV {neg-
ative control) were immunoprecipitated with either anti-
p57 or normal rabbit sera and immune complexes sub-
jected to immunoblotting using anti-Cdk2 antibodies.
Cdk?2 protein was present only in cells transfected with
pCMV-p57 and immunoprecipitated with anti-p57X/"2
antibodies {Fig. 3C). The presence of Cdk2 in the p57Kir2
immunoprecipitates confirms the in vitro binding anal-
ysis and demonstrates that p57*/" can bind to Cdks in
vivo.

SAOS-2 cells transfected with mouse pCMV—p57 spe-
cifically express KIP2 protein that migrates as a doublet
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of 57 kD as detected with anti-p57%/"2 affinity-purified
antibodies (Fig. 3B). As a control, endogenous mouse
KIP2 was detected in placental extracts by Western blot.
Placental extracts were chosen because placenta express
high levels of p57%/"2 mRNA (see below). The placental
protein also migrates as a doublet but slightly more
slowly than p57%/*2 from transfected cells. This may be
due to the fact that the transfected cells are expressing
the mouse KIP2 cDNA whose protein begins at amino
acid 14 of the human cDNA (amino acids MERL). The
slight diffcrence in mobility could be explained if the
placental form of the KIP2 mRNA has an additional 13
amino acids at the amino terminus like the human
¢DNA (see Fig. 1). Furthermore, human p57%/"? made by
in vitro translation of the full-length cDNA produced a
protein that comigrated with the faster migrating form of
the mouse p57%/"2 (data not shown).

Overproduction of p57%'"* leads to G, arrest

To investigate whether p57%"?can arrest the cell cycle,
we utilized a transient transfection assay (Zhu et al.
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Figure 3. pS57%'"2 can associate with Cdk2
in vivo and cause G, arrest. (A) SAOS-2
cells were transiently transfected with 2 pg
of pPCMVCD20 and 20 pg of either pCMV,
pCMV-p57, pCMV-p57AC, or pCMV-
Cdk2DN using the calcium phosphate
method. Forty-eight hours after removal of
the precipitate, cells were stained for CD20
and DNA content, and analyzed by flow
cytometry. In the histograms shown, DNA
content is shown on the abscissa and cell
number on the ordinate. The percentages
of cells in G, S, and G,/M are given below
each histogram. pCMV-p57AC expresses
an amino-terminal fragment of mouse p57
{residues 1-167). pCMV-Cdk2DN is a
dominant-negative Cdk2 mutant (de-
scribed previously by van der Heuvel and
Harlow 1993}, which is used here as a pos-
itive control for G, arrest. (B) Expression
levels of p57 and p57AC in transfected cells
as determined by immunoblotting. Whole-
cell lysates (10 pg} from SOAS-2 cells
transfected with pCMV, pCMV-p57, and
pCMV-p57AC were separated by SDS-
PAGE along with 100 pg of placental ex-
tract as a positive control for p57%/" pro-

tein. Proteins were transferred to nitrocellulose and immunoblotted using affinity-purified p57%/"? antibodies, and visualized by ECL
{Amersham) detection with an exposure time of 10 sec. The positions of molecular mass markers are shown at Ieft. The size of the
pS7AC protein (29 kD) is consistent with the size of the truncated protein observed after in vitro translation (data not shown]. (C)
p57XI"2 expressed in SAOS-2 cells associates with Cdk2. Whole-cell extracts from SAOS-2 cells transfected with either pPCMV-p57 or
pCMV (negative control] were immunoprecipitated with either anti-p57 or normal rabbit scra and immune complexes subjected to
immunoblotting using anti-Cdk2 antibodies. As controls, 10 pg of extracts from pCMV-p57 and pCMV-transfected cells were also
subjected to immunoblotting with anti-Cdk2 antibodies. The exposure time for ECL detection was 10 sec.

1993). By this approach, it was shown previously that
dominant-negative forms of Cdk2 and Cdk3 can block
cells in G, (van der Heuvel and Harlow 1993) and that
overexpression of p21¢/"! and p27%'"! causc G, arrest
(Toyoshima and Hunter 1994; Harper et al. 1995). Ex-
pression plasmids for mouse KIP2 expressing full-length
p57%1P2 pCMV-p57, or a version expressing the first 167
amino acids, pCMV—p57AC, were transfected into
SAOS-2 cells along with a plasmid expressing the cell
surface marker CD20, and after 48 hr the DNA content
of cells expressing high levels of CD20 was measured by
flow cytometry {Fig. 3A). SAOS-2 cells are defective for
p53 and Rb and have been characterized extensively with
respect to cell cycle arrest by both Cdk2-DN {dominant
negative) and Rb, both of which lcad to predominantly a
G, arrest {Hinds et al. 1992; van der Heuvel and Harlow
1993). SAOS-2 cells also accumulate in G, when trans-
fected with pCMV—p57 {(47% vs. 77% in G,} or pCMV—~
p57AC, indicating that the carboxy-terminal domains
are not required for arrest. The overall distribution of cell
cycle phases in p57%/"2-arrested cells is similar to cells
arrested with Cdk2-DN (Fig. 3A), consistent with the
fact that p57%72 preferentially inhibits Cdks involved in
the G,/S transition. These data indicate that p57%/"?
alone can function to arrest the cell cycle in G, and docs
not require p53-regulated proteins or Rb.

’

KIP2 transcription is not regulated by p53

p21€"1 s transcriptionally regulated by p53. To exam-
inc whether KIP2 shares this regulation, we employed
Rat Al-5 cells, which contain a temperature-sensitive
p53 gene {Martinez et al. 1991). A1-5 cells can grow at
39.5°C when p53 is inactive, but cells arrest in G, at
32.5°C when p53 becomes active. We examined whether
KIP2 mRNA expression increased when p53 became ac-
tive. Although CIP1 expression increased upon incuba-
tion at 32.5°C, KIP2Z mRNA remained constant (Fig. 4B).
Thus, p57%'"2 is not regulated by p53 under conditions in
which p21€"? transcription is induced in these cells.

p57¥1P2 shows tissue-specific patterns of expression

In contrast to p21¢/"? and p27%"!, p57¥/"2 mRNA was
detectable in only a subset of adult mouse and human
tissues. In general, the mouse expression pattern corre-
lates well with the human distribution. p57%/*2 is ex-
pressed in heart, brain, lung, skeletal muscle, kidney,
pancreas, and testis by Northern analysis (Fig. 4} and by
in situ hybridization (see below). It is expressed most
highly in placenta and has low levels in liver and is un-
detectable in spleen (human spleen has not been tested].
Furthermore, although the major transcript is ~1.7 kb,
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Figure 4. Northern analysis of human and mouse p57*'"2. (A}
Tissue specificity of KIP2 expression. Blots containing the in-
dicated polyA* RNA (2 pg per lane} from the indicated tissues
were probed with human or mouse p57%/"2 cDNAs as described
in Materials and methods. The human and mouse probes con-
sisted of the entire cDNA. Exposure times were 15 hr. {B) KIP2
is not regulated by p53. Blots containing total RNA prepared
from A1-5 cells plated at 39.5°C or 32.5°C for 48 hr were probed
with mouse CIP1 or KIP2 probes. The exposure time was 15 hr
for CIP1 and 48 hr for KIP2.

there is a minor 1.4-kb species in most human tissues. In
addition, there are a number of alternatively sized
mRNA species apparent in mouse heart and testis, and
human skeletal muscle. The 6-kb mRNA detected in
mouse heart is not observed when a probe is used that
contains only the kinase-inhibitory domain.

p57%!"2 expression during mouse development
partially overlaps with p21/"

The ability of p57%/*2 to function as a cell cycle inhibitor
suggests that it might also function to mediate cell cycle
arrest during development. Knowledge of the specific
timing and location of p57%/"2 embryonic expression in
vivo could provide evidence that this CKI is involved in
terminal differentiation in a developing organism. The in
vivo expression pattern of mouse p57%/"? mRNA was
examined during embryogenesis and in adult tissues by
in situ hybridization. Embryos from day 9.5 postcoitum
[pc) through day 15.5 pc were examined. p57%/"? was
expressed widely in brain, lens epithelium of the eye,
skeletal muscle, and cartilage at all ages examined. A
transverse section through the head of a 10-day pc mouse
embryo showed expression of p57%/"2 in the neural cpi-
thelium, Rathke’s pouch, and the otocyst {Fig. 5A). In a
more caudal region, mRNA expression was observed in
the dermamyotome where the first determined myo-
cytes are localized (Fig. 5B), based on coexpression of
myogenin in adjacent sections {data not shown). High
level expression of p57%/"? was seen later in develop-
ment in skeletal muscle and cartilage of the cervical re-
gion {Fig. 5D} and developing forelimb {Fig. 5E} of 13.5- to
14.5-day pc embryos. Also at this stage in development
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Figure 5. Expression of p57%/"? during mouse embryogenesis.
In situ hybridization was performed on specimens as described
in Materials and methods. Antisense KIP2 RNA was used as
probe for A-F whercas p21<'"" was used as probe for G. {4}
Transverse section through the head of a 10-day pc embryo. (B)
Transverse section through the tail area of a 10-day pc embryo.
(C) Coronal section through the head of a 13.5-day pc embryo.
{D) Transverse section through the cervical region of a 14.5-day
pc embryo. (E) Transverse section through the forelimb of a
14.5-day pc embryo. {F) Coronal section through the head and
neck of a 14.5-day pc embryo. (G) Coronal section through the
head and neck of a 14.5-day pc embryo probed for p21¢'™
[Parker et al. 1995). Abbreviations are (c) cartilage; {dg) dorsal
root ganglion; {dm) dermamyotome; {e) eye; (ep) ependymal
layer; {fv} fourth ventricle; (ic) intercostal muscle; {le) lens epi-
thelium; {Im) limb muscle; {m} muscle; (mp) maxillary process;
{nb) migrating neuroblasts; (nr) neural retina; (ns) nasal septum;
{nt) neural tube; {0} otocyst; (oe) oesophagus; {r) Rathke’s pouch;
[sk) skin; (sc) spinal cord; {t) tongue; {tv] third ventricle. The
scale bar in A is 100 um and represents A and E-G. The scale bar
in D is 100 pm and represents B-D.




the lens epithelium showed intense expression of
p57¥IP2 (Fig. 5C). In general, p57%/" expression corre-
lates with cells that have left the cell cycle.

The expression pattern for p21€'"" has been estab:
lished during embryogenesis and in adult tissues (Parker
et al. 1995). It shows specific expression in a number of
tissues during development including muscle, epider-
mis, certain epithelial cells, and cartilage, among others.
For comparison, adjacent sections were probed for
p21€/°" and p57%/72. As seen in Figure 5, F-G, p57%'"®
and p2177 coexpress in skeletal muscle, cartilage, and
tongue muscle, although p57X/72 seems to be expressed
more heavily in these tissues. Differences in expression
patterns of p57"/"2 and p21€!"1 can be observed in the
nasal region (Fig. 5F-G)and in the skin of the developing
forelimb where p57%/"# is not expressed (Fig. 5E] in con-
trast to p21€/°1 expression in the outer layers of embry-
onic epidermis {Parker et al. 1995; data not shown). Ow-
ing to the abundance of muscle and cartilage tissue in an
animal, the coexpression in these lineages gives the in-
correct impression that p57K172 and p21<! P! gre generally
coexpressed. However, during development, most sites
of expression including the brain, epidermis, hair folli-
cles, nasal epithelium, and eyes are nonoverlapping.

A survey of p57%/"? expression by in situ hybridization
in adult tissues revealed that it is expressed widely in
brain, kidney, heart, Jung, liver, and skeletal muscle (Fig.
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6A,B,E-H). Expression is limited to the muscularis mu-
cosa layer of the stomach and is completely absent in the
small intestine (Fig. 6C,D). In contrast, p21CiPt is ex-
pressed heavily in the intestinal villi of the small intes-
tine and in the surface epithelium of the stomach (Parker
et al. 1995) but not in the muscularis mucosa layer of the
stomach.

KIP2 localizes to chromosome 11p15.5, a locus
implicated in several human cancers

The chromosomal localization of the KIP2 gene was
identified by fluorescent in situ hybridization (FISH]
(ido et al. 1992). It localized to the telomeric end of
human chromosome 11 at 11pl5.5 (Fig. 7), a position
implicated in a number of human cancers [see Discus-
sion). Thus, the CKI p57K1”2 is a candidate tumor sup-
pressor gene, consistent with a role in maintenance of
the nonproliferative state in adult tissues.

Discussion

We have employed a genetic approach to identify genes
encoding proteins that physically associate with cyclins
and cyclin-dependent kinases. Using a modified version
of the two-hybrid system, we identified KIP2, which en-

Figure 6. Expression of p57¥"2 in adult
mouse tissues by in situ hybridization. Sec-
tions of brain (A); kidney (B); stomach {C);
small intestine (D); heart {E); lung (F); liver
(G); and skeletal muscle (H) from a
4-month-old C57B mouse were probed for
KIP2 mRNA as described in Materials and
methods. Abbreviations are (cx) renal cor-
tex; {md) renal medulla; (mm]) muscularis
mucosae; and (v} intestinal villi. The scale
bar in A is 100 pm and represents A, B, and
D-H. The scale bar in C is 100 pm.
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Figure 7. The human KIP2 gene is located on chromosome 11p15.5. In situ hybridization was performed on mitotic chromosomes
using fluorescently labeled KIP2 DNA. Three independent spreads of metaphase chromosomes are shown. Arrows indicate the
localization of KIP2 on the telomeric end of chromosome 11 at 11pl15.5.

codes a novel inhibitor of cyclin-dependent kinases.
KIP2 encodes a 335 amino acid protein in mouse and a
316 amino acid protein in humans, both of which mi-
grate as 57 kD by SDS-PAGE, very close to cyclin A at 58
kD. Comigration with cyclin A may have prevented ear-
lier biochemical detection. KIP2 shows specificity for G,
Cdks. It can bind several Cdks in a cyclin-dependent
manner, including cyclin A/Cdk2, cyclin E/Cdk2, cyclin
E/Cdk3, cyclin D2/Cdk4, and, to a lesser extent, cyclin
D2/Cdk6. Furthermore, p57%/"2 can inhibit the kinasc
activity of the G, cyclin Cdk2, Cdk3, and Cdk4 com-
plexes. Thus, KIP2 is capable of inhibiting several cyclin-
dependent kinases with demonstrated roles in the G,/S-
phase transition. This places KIP2 in a position to play
an important regulatory role in control of cell prolifera-
tion.

The cyclin dependence of binding and inhibition of
p57X'72 s similar to that observed for p21¢" and
p27X!P1 (Harper et al. 1995) and suggests that p57%/" can
also act as a buffer to titrate cyclin/Cdk complexes as
they are formed. One notable difference is the reduced
activity toward cyclin D2/Cdké complexes that are ef-
ficiently inhibited by p21<'*? {Harper et al. 1995). This
difference may indicate -a potential mechanism of
p57X1P2 resistance, that is, dependence on Cdk6 instead
of Cdk4 for cyclin D kinase activity. Overproduction of
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p57%"2 can efficiently arrest SAOS2 cells in the G,
phasc of the cell cycle, consistent with its specificity for
inhibition of G, cyclin/Cdk complexes. Furthermore, it
can be found associated with Cdk2 in these transfected
cells indicating that p57%/" is likely to mediate cell cy-
cle arrest through its known biochemical activity of
binding and inhibiting Cdks in vivo.

p57X172 is the most structurally diverse member of the
p21¢"! family of CKIs, consisting of four distinct re-
gions. It is more closely related to p27%/" in the kinase
inhibitory domain. In addition, it shares strong similar-
ity with p27%/"! in the carboxy-terminal region termed
the QT box. The relatedness suggests that the QT box
has a defined function, most likely in protein—protein
interaction. Because p21¢/"! appears to have a dual in-
hibitory function in vitro, it is tempting to speculate that
the other members of this class will also have dual func-
tions. However, a cytomegalovirus ([CMV) expression
construct expressing domains II-1V of p57%/"? or the car-
boxy-terminal domain of p21</*? had no effect on cell
cycle distribution of SAOS2 cells (C. Bai, ].W. Harper,
and S.J. Elledge, unpubl.). Thus, a secondary inhibitory
function for cither of these CKIs has not been demon-
strated in vivo.

The most striking featurcs of the primary structure of
KIP?2 are the internal repeat domains. Mouse p57%/P2 has
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a proline-rich region and an acidic repeat region. The
human cDNA that we have isolated has a proline-ala-
nine repeat region termed the PAPA repeat. A number of

issues concerning these motifs remain unanswered. For |

example, it is not known definitively whether the mouse
and human genes are true homologs or members of a
related family. The sequence conservation in the Cdk
inhibitory and QT box domains suggests that they are
closely related. The absence of sequence conservation in
the internal region could be attributable to the lack of
functional conservation. It is possible that the internal
domains are merely spacer regions needed to appropri-
ately separate the amino- and carboxy-terminal domains,
and their length, not their composition, is the critically
conserved feature. Alternatively these sequences may
serve as important sites of protein—protein interaction.
One possible function for domains II-1V is to recruit sub-
strates to the Cdk/cyclin complexes. It has been shown
recently that multiple molecules of p21<'"" are neces-
sary to inhibit Cdks (Zhang et al. 1994; Harper et al.
1995). Thus, these inhibitors can be part of active com-
plexes and any additional proteins recruited into these
complexes are potential substrates of these Cdks. These
multidomain inhibitors could serve as adapters that al-
low signals to be generated from Cdks in a cell during the
process of terminal differentiation.

p57X1P2 s expressed in several embryonic and adult
tissues derived from the ectoderm, mesoderm, and en-
doderm. Overall there is a strong correlation between
arrest of cell proliferation and p57%/"® expression,
strongly suggesting that expression of p57%/" and other
cyclin kinase inhibitors will be coupled to activation of
cell differentiation in multiple cell lineages. In muscle it
has been shown that p21€/"7 is also induced during ter-
minal differentiation indicating a potentially redundant
role with p57%772 in this tissue. It is likely that a number
of redundant mechanisms will cooperate to ensure per-
manent exit from the cell cycle in terminally differenti-
ated tissues. Although there may be some redundancy
with p21€777, there are also complementary patterns of
expression suggesting unique functions for each protein.
In adults, p57¥"*2 mRNA is found in a wide range of
tissues, indicating a role in maintenance of the nonpro-
liferative state throughout life.

The chromosomal location of human KIP2, 11pl5.5,
marks it as a candidate tumor suppressor gene. This re-
gion has been investigated intensively because of fre-
quent loss of heterozygosity at this locus in a number of
human cancers including breast cancer, bladder, lung,
ovarian, kidney, and testicular carcinomas (for review,
see Seizinger et al. 1991). Several types of childhood tu-
mors, including Wilms’ tumor, adrenocortical carci-
noma, rhabdomyosarcoma, and hepatocellular carci-
noma, display a specific loss of maternal 11pl15 alleles,
suggesting a role for genomic imprinting. Chromosome
transfer experiments have provided evidence that a tu-
mor suppressor gene resides at this locus, the WT2 gene
involved in Wilms’ tumor and possibly rhabdomyosar-
coma (for review, see Hastie 1994}, either of which could
be attributable to loss of a Cdk inhibitor. In addition,
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rearrangements in the 11p15 region have been linked to
Beckwith-Wiedemann Syndrome (BWS), which is char-
acterized by numerous growth abnormalities, including
macroglossia [enlarged tongue), gigantism, viscerome-
gely (enlarged organs), exomphalos {umbilical protru-
sion}, and an increased risk (7.5%]) of childhood tumors
(Weidemann 1983). The BWS occurs with an incidence of
1 in 13,700 births, 85% of which are sporadic and 15%
familial (Pettenatti et al. 1986). Genetic analysis indi-
cates maternal carriers, also suggesting a role for geno-
mic imprinting (for review, see Junien 1992). Several fea-
tures of the KIP2 gene make it a reasonable candidate for
a mediator of some of the phenotypes associated with
BWS. First, a Cdk inhibitor could potentially explain
both overgrowth and tumorigenesis phenotypes. Fur-
thermore, the expression pattern of KIP2 in mouse cor-
relates with areas known to be affected in BWS, includ-
ing the tongue, kidney, and muscle. Finally, the presence
of the PAPA repeat region might provide a high fre-
quency mechanism for expansion mutation akin to the
triplet repeat mechanism known to operate in fragile X
syndrome and other diseases. Genetic analysis of alter-
ations in the KIP2 gene in tumors or affected individuals
will be necessary to determine which, if any, of these
11pl5-associated diseases are attributable to p57%/".

Materials and methods
Isolation of p57%1"2 ¢cDNAs

Two-hybrid screens were performed using pASl-cyclin D1 in
yeast strain Y190 (Durfee et al. 1993; Harper et al. 1993} and a
mouse day-10.5 pc embryonic ¢cDNA library fused with the
GAL4 activation domain. Plasmids were recovered into Esche-
richia coli strain JA226 and reintroduced into Y190 strains con-
taining either pASl—cyclin D1 or other pAS2 plasmids express-
ing various GAL4 DNA-binding domain fusion proteins to test
for specificity of the interaction with cyclin D1. Clones selec-
tive for interaction with cyclin D1 were subjected to DNA se-
quence analysis (Sequenase, U.S. Biochemical} using either li-
brary plasmids or pBluescript subclones.

A human homolog of mouse p57%/"? was isolated by low
stringency hybridization (Elledge and Davis 1990) using a em-
bryonic library in AgtlO and a probe containing nucleotides
1-581 of the mouse cDNA. Phage inserts were subcloned into
pBluescript for sequence analysis. .

Protein expression and purification

For expression of mouse p57%'"2 as a glutathione S-transferase
{GST) fusion protein, the open reading frame was engineered to
contain an Ncol site at the initiation codon (MERL), cloned into
a modified version of pGEX—2TK, and purification was accom-
plished as described previously for GST-p21 (Harper et al. 1993).
The concentration of GST-p57 was determined by Bradford
analysis. p57%/" in vitro translation was accomplished using
TnT reticulocyte system (Promega) in conjunction with pBlue-
script-p57. For expression of p57%/™ in sf9 cells, the KIP2 open
reading frame was cloned into pBlueBacHis {Invitrogen) and re-
combinant baculovirus gencrated using Baculogold {Pharmin-
gen) as described by the manufacturer. This virus produces a p57
protein with a 41 amino acid amino-terminal extension con-
taining a polyhistidine tag and sequences from T7 gene 10,
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which are recognized by anti-T7 Tag antibodies {Novagen}.
[35S]Methionine-labeled sf9 extracts and purificd cyclin/Cdk
complexes were generated 44 hr postinfection as described pre-
viously {Matsushime et al. 1992; Harper et al. 1993, 1995).
GST-Rb and histone HI kinase assays were performed as de-
scribed {Harper et al. 1993).

Antibody production

Polyclonal antibodies against mouse p57%/"? were generated in
rabbits using GST-p57AC (residues 1-167) purified by prepara-
tive SDS-PAGE. Antibodies for immunoprecipitation were de-
pleted of GST antibodies using GST protein covalently linked to
glutathione-Sepharose followed by affinity purification using
GST-p57 linked to glutathione-Sepharose. Proteins were cou-
pled to Sepharose using dimethyl palmidate (Harlow and Lane
1988). Antibodies for immunoblotting were purified by first de-
pleting antisera of GST reactive antibodies and then affinity
purifying p57-specific antibodies using GST-p57 immobilized
on nitrocellulose. Antibody concentrations were determined by
Bradford analysis.

In vitro binding

To examine the interaction of p57%'"2 with Cdks, 10 pl of
[35S|methionine-labeled sf9 cell lysate containing the indicated
proteins were mixed with 4 ul of in vitro translated p57. After
10 min on ice, extracts were diluted with 150 ul of binding
buffer {40 mm Tris-HCI, 150 mm NaCl, 0.5% NP-40, 10 mm
NaF, 2 mm EDTA, 5 pg/ml of antipain, leupeptin, and aproti-
nin) and Cdks then were immunoprecipitated using 10 pl of
protein A-Sepharose {Pharmacia) and 0.5-2 pg of the appropri-
ate antibody. Immune complexes were washed three times with
1 m! of binding buffer prior to SDS-PAGE and autoradiography.
To examine the interaction of p57 with cyclins, [3*S|methion-
ine-labeled sf9 lysates for cyclins A, D1, and D2, and T7Tag~-p57
were first depleted of Cdk-associated cyclins using 25 ul of p13—
agarose {Oncogene Science). The indicated extracts were mixed
and immunoprecipitated with cither antibodics dirccted against
the cyclin or anti-T7 Tag prior to SDS-PAGE and autoradiogra-
phy. Cyclin A antibodies were from a previous study (Elledge ct
al. 1992}, whereas anti-cyclin D1 and D2 were from Santa Cruz
Biochemicals.

To examine the association of p57%/"2 with Cdk2 in trans-
fected SAOS-2 cells, extracts were generated from cells trans-
fected with either pPCMV—p57 or pCMV, a negative control, as
described below. Cells from two 10 cm dishes were lysed in
binding buffer. Extracts (0.4 mg of protein} were immunprecip-
itated with 0.3 pg of either affinity purified anti-p57 or normal
rabbit sera. Immune complexes washed three times with bind-
ing buffer and immune complexes separated by SDS-PAGE prior
to immunblotted with anti-Cdk2 (Santa Cruz). Detection was
accomplished using ECL {Amersham).

Transfections

SAOS-2 cells were maintained in Dulbecco’s modified Eagle
medium containing 10% fetal bovine serum at 37°C in 5% CO,.
Transient transfections for flow cytometry were performed us-
ing the calcium phosphate method (van der Heuvel and Harlow
1993; Zhu et al. 1993). Briefly, the indicated plasmids {20 pg)
were cotransfected with pPCMV-CD20 {2 pg) into SAOS-2 cells
(20% confluence). Forty-eight hours post-transfection, cells
were harvested with phosphate-buffered saline (PBS) containing
0.1% EDTA prior to staining with fluoroscein isothiocyanate-
conjugated anti-CD20 antibodies (Becton-Dickinson}. Cells
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were washed with PBS, then fixed with 80% ethanol,
DNA stained with propidium iodide {10 pg/ml} contain{
pg/ml of ribonuclease A prior to flow cytometry using a B
Dx(_kmson FACScan DNA content in 4000—6000 CD20

analysns of transfected cells, 10 pg of wholc cell lysates w
scparated by SDS-PAGE, transferred to nitrocellulose,’ 8
probed with affinity-purified anti-p57.

p57KIP2 expression

Human and mouse tissue Northern blots [Clonetech) were
probed at high stringency with full-length human or mouse
¢DNAs labeled with [a-32P]dCTP. For in situ hybridization, em-
bryos or tissues were collected at the indicated times, fixed in
3% paraformaldehyde, embedded in paraffin, and sectioned on a
Microm microtome at 6 pm. Specimens were hybridized with
riboprobes labeled with a-3%S-labeled UTP essentially as de-
scribed previously (Lutz et al. 1994). pBluescript p57 was lin-
earized with Kpnl or BamHI, and sense and antisense tran-
scripts generated using either T7 or T3 polymerase, respec-
tively. Specimens were photographed by double exposure using
dark-field illumination with a red filter and Hoechst epifluores-
cence optics.
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ABSTRACT Cdk-interacting protein 1 (Cipl) is a p53-
regulated 21-kDa protein that inhibits several members of the
cyclin-dependent kinase (CDK) family. It was initially observed
in complexes containing CDK4, cyclin D, and proliferating cell
nuclear antigen (PCNA). PCNA, in conjunction with activator
1, acts as a processivity factor for eukaryotic DNA polymerase
(po) 8, and these three proteins constitute the pol  holoenzyme.
In this report, we demonstrate that Cip1 can also directly inhibit
DNA synthesis in vifro by binding to PCNA. Cipl efficiently
inhibits simian virus 40 replication dependent upon pol «,
activator 1, PCNA, and pol 8, and this inhibition can be
overcome by additional PCNA. Simian virus 40 DNA replica-
tion, catalyzed solely by high levels of pol a—~primase complex,
is unaffected by Cipl. Using the surface plasmon resonance
technique, a direct physical interaction of PCNA and Cipl was
detected. We have observed that Cip1 efficiently inhibits syn-
thesis of long (7.2 kb) but not short (10 nt) templates, suggesting
that its association with PCNA is likely to impair the processive
movement of pol 8 during DNA chain elongation, as opposed to
blocking assembly of the pol & holoenzyme. The implications of
the Cipl-PCNA interaction with respect to regulation of DNA
synthesis, cell cycle checkpoint control, and DNA repair are
discussed.

The eukaryotic cell cycle is regulated by a family of cyclin-
dependent kinases (CDKs). Several small proteins have been
detected that bind and inhibit CDKs (reviewed in ref. 1); one
such protein, cdk-interacting protein 1 (Cipl; also known as
wild-type p53-activated fragment 1, or WAF-1), was initially
observed in a quaternary complex that also included cyclin
D, CDK4, and proliferating cell nuclear antigen (PCNA) (2).
Cipl can directly interact with CDKs (3-5), indicating that
PCNA is not required for the interactions between Cipl and
CDKs.

Cipl is regulated by the tumor suppressor gene p53, a
transcription factor that controls the G; cell cycle arrest
checkpoint in response to DNA damage (6). Cipl is tran-
scriptionally induced by DNA damage in a p53-dependent
fashion and may mediate cell cycle arrest (7). The G; check-
point is thought to arrest the cell cycle to prevent DNA
replication of damaged templates while allowing repair.

Although kinases are thought to regulate DNA synthesis,
the appearance of Cipl and PCNA in a complex suggested the
possibility of a more direct link to replication. PCNA, in
conjunction with activator 1 (Al; also known as RF-C), acts
as a processivity factor for DNA polymerase (pol) 6 (8-10).
Recent studies have shown that PCNA (as a trimer) and the

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement”’
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

8655

B subunit (a dimer) of DNA pol III holoenzyme of Esche-
richia coli both form a tight clamp that tethers their cognate
DNA polymerase to the template and translocates along the
DNA with the polymerase during replication (11-13). Thus
any agent that can interact with the sliding clamp might
impede the movement of the replication complex.

Here we demonstrate that Cipl directly binds PCNA to
form a complex that inhibits the activity of the PCNA-
dependent pol & holoenzyme, which reduces the replication
of simian virus 40 (SV40) DNA and the elongation of primed
DNA templates. However, SV40 DNA replication carried
out with the pol &-independent monopolymerase system was
unaffected by Cipl. The inhibitory effects of Cipl were
independent of the cdk2-cyclin A complex.

MATERIALS AND METHODS

Preparation of DNAs and Proteins. (dT)12-1s and (dA)ssoo
were obtained from Life Sciences Inc.; poly(dA) was an-
nealed to oligo(dT) (20:1) as described (14). Singly primed
DNA was prepared by hybridizing a 2-fold molar excess of a
34-nt oligonucleotide to circular single-stranded M13 mp7
(7.2 kb) DNA (containing 10-15% linear molecules) at nu-
cleotide positions 6300—6633. The annealed product was
labeled by the incorporation of a single dCMP residue (cor-
responding to position 6299) using the Klenow fragment of
DNA pol L. The resulting product (=~2000 cpm/fmol), after
phenol extraction, was isolated by filtration through a G-50
Sephadex column. Cytosolic extracts of HeLa cells, SV40
origin-containing DNA (pSV01AEP), human single-stranded
DNA-binding protein (HSSB; 600 units/mg of protein; also
called RP-A), pol a—primase complex (3.7 x 10°and 4.9 x 10*
units/mg, respectively), SV40 large tumor antigen (T anti-
gen), and PCNA (2000 units/mg of protein) were prepared as
described (15-17). pol 8, isolated from HeLa cells, was
purified as described by Lee et al. (14). The preparation used
here contained 1500 units/mg of protein. The purification of
Al, based on its ability to stimulate pol 8 activity, was carried
through procedure 2, as described (14). In all experiments
reported here, the single-stranded DNA-cellulose fraction
(1200 units/mg of protein) was used. Cipl was expressed in
E. coli and isolated as described (3). Cip1 (at concentrations
between 0.5 and 1 mg/ml) was stored at a salt concentration
of 0.2-0.4 M NaCl to avoid aggregation and was diluted 5- to
10-fold prior to use. Human cyclin A and cdk2 (kindly

Abbreviations; HSSB, human single-stranded DN A binding protein;
SSB, single-stranded DNA binding protein; Al, activator 1; PCNA,
proliferating cell nuclear antigen; pol, DNA polymerase; SV40,
simian virus 40; T antigen, SV40 large tumor antigen; Cipl, p21
cdk-interacting protein 1; CDK, cyclin-dependent kinase; RU,
response units.
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provided by E. Gibbs, Memorial Sloan-Kettering Cancer
Center), overexpressed in E. coli, were prepared as described
(18). The B and & subunits of the E. coli pol III holoenzyme
were both overexpressed and cloned in E. coli and prepared
as described (19, 20).

Binding and Replication Assays. The immobilization of
PCNA and the E. coli B subunit to sensor chips was carried
out using the carbodiimide covalent linkage procedure fol-
lowing the manufacturer’s (Pharmacia Biosensor) instruc-
tions. The response units (RU) indicated the concentration of
PCNA and B subunit covalently linked to the chip and are
reported in the figure legend.

SV40 DNA replication, the elongation of poly(dA)-
oligo(dT), and singly primed M13 DNA were carried out as
described (14). Where indicated, elongation reactions were
analyzed by alkaline agarose gel electrophoresis as detailed
in the figure legends.

RESULTS

Influence of Cipl on SV40 DNA Replication by Crude
Extracts and the Monopolymerase System. The influence of
Cipl on the T antigen-dependent replication of SV40 DNA
using crude extracts of HeLa cells was examined. In this
reaction, DNA synthesis is dependent on the combined
action of the pol a—primase complex for the initiation of DNA
chains and the pol & holoenzyme for their elongation. As
shown in Fig. 1, DNA synthesis, measured by incorporation
of labeled deoxynucleotides, was inhibited by increasing
levels of Cipl. In contrast, SV40 DNA synthesis carried out
by the monopolymerase system was not affected by Cipl. In
the monopolymerase system, relatively high levels of pol a
carry out both leading- and lagging-strand synthesis, obviat-
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Fig. 1. Influence of Cipl on SV40 DNA replication by crude
extracts of HeLa cells and by the monopolymerase system. Repli-
cation of SV40 DNA by crude extracts was carried out in reaction
mixtures (40 ul) containing 0.3 ug of pSVO1AEP, 0.83 ug of SV40 T
antigen, 0.3 ug of HSSB, 186 ug of crude extract of HeLa cells, Cipl
as indicated, and other reagents as described (14, 17). Reaction
mixtures were incubated for 90 min at 37°C, and the amount of
acid-insoluble radioactivity formed (using [a-32P]dCTP) was mea-
sured. In the absence of Cip1, 74.4 pmol of dCMP was incorporated.
In the monopolymerase reactions, reaction mixtures (40 ul) con-
tained the same amount of DNA, SV40 T antigen, and HSSB as
above, but in place of the crude extract of HeLa cells, purified pol
a-primase complex (0.4 and 1.1 units, respectively), 12 ng of E. coli
cloned vaccinia topoisomerase 1 (a gift from S. Shuman, Memorial
Sloan-Kettering Cancer Center), and 3 ug of bovine serum albumin
were added. Cipl was added as indicated and other reagents were
added as described (14). In the absence of Cipl, 28.2 pmol of dCMP
was incorporated into DNA after 90 min at 37°C.
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ing the requirement for the PCNA-dependent pol & holoen-
zyme (16). Since SV40 DNA replication with crude extracts
and the monopolymerase system depend upon SV40 T anti-
gen, HSSB, and the pol a-primase complex for activity, these
observations suggest that Cipl blocked SV40 replication in
crude extracts by inhibiting the pol 8 holoenzyme system.

The inhibition of replication with crude extracts by Cipl
could be partially reversed by supplementing reactions with
purified PCNA. Thus, in the presence of 50 and 100 ng (120
nM) of Cipl, which inhibited replication 38% and 65%,
respectively, the addition of 100 ng (86 nM monomer) of
PCNA reduced the inhibition to 14% and 45%, respectively
(data not presented). The addition of this level of PCNA had
virtually no effect on DNA synthesis in the absence of Cipl.
This suggests that the inhibition by Cipl in this system is
specifically due to an effect on the action of PCNA.

Influence of Cip1 on the pol § Holoenzyme-Catalyzed Elon-
gation of Primed DNA Templates. A direct measurement of
the activity of the pol & holoenzyme, which consists of
PCNA, Al, and pol §, and of the influence of Cipl was carried
out using primed DNA templates. For this purpose,
(dA)4s00(dT)12-18 Was used as the primer template. The syn-
thesis of poly(dT) with this substrate is dependent on ATP,
a SSB, PCNA, Al, pol 8, and dTTP. As shown in Fig. 2,
elongation of oligo(dT) was markedly inhibited by Cip1, and
the extent of inhibition depended on the level of PCNA
added. In the presence of 10 ng (11.4 nM monomer) of PCNA,
50% inhibition of poly(dT) synthesis was observed in the
presence of 50 ng (80 nM) of Cipl. Higher levels of PCNA
require higher Cipl levels to inhibit the reaction. Under the
conditions of the experiment, the inhibitory effects of Cipl
were unaffected by increasing the levels of A1, pol 8, HSSB,
or addition of cdk?2 in the presence or absence of cyclin A
(data not presented). These observations suggest that Cipl
inhibits the activity of PCNA independent of the presence of
cdk2-cyclin A.

1001

10 ng PCNA

o2
o
T

100 ng PCNA

Inhibition (%)
3

20

0.17 0.34 0.51 0.68 0.85
Cip 1 added (uM)

FI1G. 2. Influence of Cipl on the synthesis of poly(dT) by the pol
8 holoenzyme. Reaction mixtures (30 ul) contained 10 mM Tris-HCI
(pH 7.8), 10 mM creatine phosphate (di-Tris salt, pH 7.7), 1 ug of
creatine phosphokinase, 2 mM dithiothreitol, bovine serum albumin
(150 ng/ml), 30 uM [a-32P]dT TP (1200 cpm/pmol), 2 mM ATP, 7 mM
MgCl,, 300 pmol of (dA)4s00(dT)12-18 (20:1), 0.6 ug of HSSB, 0.2 unit
of Al, 0.1 unit of pol 5, PCNA, and Cipl as indicated. After 20 min
at 37°C, the amount of acid-insoluble poly(dT) formed was measured.
In these reactions, Al and pol & were added after the addition of all
other reagents, which were assembled at 0°C. In the absence of Cipl,
dTMP incorporation with 100 and 10 ng of PCNA was 132 and 55.2
pmol, respectively. In the absence of PCNA, Al, or pol 8, dTMP
incorporation was 1.80, 1.46, and <0.1 pmol, respectively.
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If the loading of PCNA onto primer ends was completely
blocked by Cipl, the pol &-catalyzed elongation reaction
would be totally inhibited. Such a mechanism would result in
an all-or-none synthesis of DNA chains. In reactions partially
inhibited by Cipl, the size of extension products would be
unaffected, but their yield would be reduced. To determine
whether Cipl blocked the elongation of primed templates in
an all-or-none manner, the elongation of a single labeled
primer annealed to single-stranded circular M13 DNA was
carried out. In these experiments, two different amounts of
PCNA, 50 ng (84 nM monomer) and 100 ng were used, each
in the presence of 50 ng (120 nM) and 100 ng of Cipl. Under
these conditions, nucleotide incorporation was inhibited be-
tween 30% and 80% (data not presented). Analysis of the
replication products by alkaline agarose gel electrophoresis
indicated that Cipl caused a marked reduction in the forma-
tion of longer products, concomitant with an increased ac-
cumulation of shorter chains (Fig. 3, lanes 5-8). Again, the
addition of cdk2 (450 nM) and cyclin A (260 nM) did not alter
the quantitative distribution of products formed in the pres-
ence (lanes 7-10) or absence (lanes 3, 4, 11, and 12) of Cipl.

These results indicate that Cip] inhibition does not lead to
an all-or-none effect on the pol 8-catalyzed elongation reac-
tion and most likely interferes with the sliding of PCNA along
the DNA or its association with pol 6.

Further support for this notion was obtained by examining
the influence of Cipl on short-chain elongation of the singly
primed M13 DNA containing a labeled primer. In these
experiments, chains were elongated for only 10 nt by the
inclusion of ddCTP as a chain terminator (Fig. 4). In the

Cipi(ng) - - - - 100 50 50 - -100
a1

PCNA(ng) - 2838338888888

cdk-cycA - - - - - - SRR I

M 12345678910111213

7—
5—

16—

1.0—

05—

03—
02—

0.1

Fic. 3. Influence of Cipl on the elongation of labeled singly
primed DNA by pol & holoenzyme. Reaction mixtures (20 pl)
contained 30 mM Tris-HCI (pH 7.8), 2 mM dithiothreitol, bovine
serum albumin at 150 ug/ml, 100 uM dNTPs, 2 mM ATP, 7 mM
MgCl,, 16.2 fmol of singly primed M13 DNA (2600 cpm/fmol), 0.6 ug
of HSSB, 0.15 unit of Al, 0.1 unit of pol 8, and where indicated 0.3
ug of cdk?2 plus 0.3 pg of cyclin A, PCNA, and Cipl (in amounts
indicated). Reaction mixtures lacking Al and pol 8 were incubated
for 5 min at 37°C and cooled to 0°C, and then Al and pol é were
added. After 40 min at 37°C, reaction mixtures were adjusted to 10
mM EDTA, loading dye containing SDS was added, and the mixtures
were subjected to alkaline agarose gel (1.8%) electrophoresis. The
gel was dried and autoradiographed. In lane 13, pol 8 was omitted
from the reaction; the lane marked M indicates the position of
polynucleotide markers (in kb).
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Fic. 4. Influence of Cipl on the synthesis of a 10-nt DNA
fragment by the pol & holoenzyme. Reaction mixtures (20 ul)
containing 60 mM Tris'HCI (pH 8.0), 60 mM creatine phosphate, 10
mM MgCl,, 1 mM dithiothreitol, 5 ug of bovine serum albumin, 3 mM
ATP, 100 mM each of dATP, dGTP, dTTP, and ddCTP, 5 fmol of
labeled, singly primed M13 mp7 single-stranded circular DNA, and
the indicated amounts of Cipl were preincubated at 37°C for 10 min.
HSSB (210 ng), pol 8 (0.025 unit), Al (0.05 unit), and PCNA (2 ng,
22 fmol of trimer) were added, and primer extension was carried out
at 37°C for 8 min. Reactions were terminated by the addition of 3 ul
of 0.1 M EDTA/2% SDS, boiled for 5 min to dissociate the labeled
oligonucleotide products from the M13 circular templates, and
electrophoresed through a 12% polyacrylamide gel containing TBE
buffer. (A) Autoradiograph of the dried gel. Lane 1, enzymes
omitted; lane 2, no PCNA; lane 3, complete reaction but lacking
Cipl. (B) Quantitation of the Cipl inhibition of primer extension.
Extension of 2.7 fmol of substrate corresponded to 100% activity.

presence of 0.25 nM template and 2 ng of PCNA (3.3 nM
monomer), short-chain elongation was reduced <10% by
concentrations of Cipl up to 50 ng (120 nM). At higher levels
of Cip1 (480 nM), this reaction was inhibited up to 70%. This
inhibition was probably due to impaired loading of PCNA on
the primer end; when PCNA was first loaded onto the primer
end in the presence of Al and the complex was then treated
with 200 ng of Cipl (480 nM), the short-chain elongation
reaction was reduced by only 10% (data not shown).

We interpret the short-chain elongation results as follows.
In the presence of levels of Cipl that inhibit extensive
elongation, there is no inhibition of short-chain elongation
because the enzyme translocates over a distance that is not
long enough to reflect its impaired movement. The likely
mechanism by which Cipl interferes, in this short chain
reaction, is by blocking the loading of the PCNA clamp on the
primer end.

Direct Interaction Between Cipl and PCNA. Direct evi-
dence that Cipl physically interacts with PCN A was obtained
using the surface plasmon resonance technique (21). For the
experiment shown in Fig. 5, human PCNA (expressed in E.
coli) was coupled to the sensor surface over which a solution
containing Cipl was passed. An immediate burst in accumu-
lation of mass was observed upon exposure to Cipl, plateau-
ing at a stoichiometry of =~2.3 molecules of Cipl (as mono-
mer) per molecule of PCNA trimer (Fig. SA). After 7 min,
equilibration buffer lacking Cipl was passed over the surface,
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F1G. 5. Analysis of direct Cipl-PCNA interaction by SPR. (A)
PCNA (4900 RU) was attached to a sensor chip by carbodiimide
coupling. Assuming 1000 RU is equivalent to 10 mg/ml and a volume
of 120 pl on the chip surface, the chip contained 67 fmol of PCNA (as
trimer). During a 7-min time interval, 0.14 nmol of Cip1 (as monomer)
was passed over the chip in a volume of 35 ul of 10 mM Hepes-HCI
(pH 7.4), 150 mM NaCl, 3.4 mM EDTA, and 1% glycerol, followed
by a wash using the same buffer but lacking Cip1. (B) During a 7-min
period, 0.13 nmol of E. coli 8 subunit was passed over the PCNA chip
followed by a wash as in A. (C) E. coli 8 subunit (3600 RU; 53 fmol
as dimer in 120 pl) was linked to a sensor chip by carbodiimide
coupling, and then Cip1 was passed over the chip, followed by a wash
lacking Cip] as described in A. (D) E. coli 8 subunit was passed over
the B chip followed by a wash as described in A.

resulting in the dissociation of Cipl, which was detected by
a loss in mass that followed a first-order decay (ko = 6.2 X
104 s71). To demonstrate that PCNA is specific in binding
Cipl, the 8 subunit of E. coli pol III holoenzyme was passed
over PCNA, and no interaction was observed (Fig. 5B). The
sliding clamp analogous to PCNA in the E. coli system is the
B subunit, which tethers the pol III holoenzyme to DNA
(summarized in ref. 22). When the B subunit was attached to
a sensor chip and then Cipl was passed over it, no significant
interaction between Band Cipl was detected, which indicates
that Cipl interacts specifically with PCNA (Fig. 5C). The 8
subunit binds directly to the & subunit of the pol III holoen-
zyme (22). To show that the immobilized B subunit was active
in protein binding, the & subunit was passed over g (Fig. 5D).
As shown, a strong signal was observed that plateaued at a
stoichiometry of 0.85 molecule of & (as monomer) per mol-
ecule of B (as dimer), consistent with the 8,8; stoichiometry
measured by other techniques (V. Naktinis and M.O., un-
published observations).

The interaction between Cipl and PCNA was further
confirmed by analysis of the complex by gel filtration. The
Cipl-PCNA polypeptides comigrated and shifted the elution
volume of the PCNA trimer (molecular mass = 87 kDa) to a
larger Stokes’ radius that corresponded to a mass of 120-150
kDa (data not presented).

DISCUSSION

The results presented here demonstrate that Cipl directly
interacts with PCNA, forming a complex that can be readily
detected by real-time interaction analysis using the BIAcore
(Pharmacia Biosensor). The strong RU observed revealed
that each mol of PCNA trimer complexed 2.3 mol of Cipl,
almost equivalent to the binding of one Cipl molecule to one
PCNA molecule. The lower observed value may represent
the unavailability of portions of the PCNA trimer covalently
linked to the sensor chip. Analysis of Cipl interaction with E.
coli pol B subunit revealed specificity for PCNA. Further
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direct evidence for the interaction between Cipl and PCNA
was obtained by gel-filtration analysis.

The complex formed between PCNA and Cipl reduced the
ability of PCNA to support the pol 8-catalyzed elongation
reactions. At molar ratios of Cipl to PCNA trimer between
2 and 5, the elongation of singly primed M13 templates was
inhibited, resulting in a marked decrease in the synthesis of
full-length products and the accumulation of DNA chains
0.1-1 kb in length. At higher molar ratios, the accumulation
of short DNA chains was reduced.

The steps involved in formation of the PCNA clamp and its
loading by Al on primed DNA templates in the eukaryotic
system (pol 8 and pol €) have been elucidated (8—11). The
initial step in this process involves the selective binding of A1l
to a primer terminus on SSB-coated template DNA. The
primed template-Al complex, in the presence of ATP, then
interacts with PCNA, forming a PCNA adduct that is stable
to gel filtration. This DNA-A1-PCNA complex can then
interact with pol 8, or pol ¢, which, in the presence of ANTPs,
catalyzes processive DNA synthesis. The interaction of Cipl
with PCNA could interfere with the binding of PCNA to Al,
to pol 8, or to both. Cipl complexed to PCNA could also
impair the movement of the replication complex along the
DNA. The data presented above suggest that probably each
of these reactions can be affected by Cipl. Results supporting
this suggestion include the following. (i) The most pro-
nounced effect of relatively low levels of Cipl (preincubated
with PCNA prior to the addition of Al and pol 8) was on the
synthesis of long DNA products. (ii} Inhibition of the elon-
gation of chains over a short 10-nt stretch required high molar
ratios of Cipl to PCNA (>40-fold). (iii) When PCN A was first
loaded on to primed DNA by A1, subsequent incubation with
Cipl only slightly inhibited the 10-nt elongation reaction. This
indicates that Cipl can block the clamp-loading step when
present at high molar ratios to PCNA. (iv) Preliminary
experiments indicated that the loading of PCNA on Al-
primed DNA was the same in the presence and absence of
2-fold molar excess of Cipl (data not presented). These
observations suggest that Cipl, when present at molar ratios
to PCNA of 4:1 or lower, interferes with the rate of pol
&-catalyzed DNA synthesis. It could do this by interfering
with only the sliding of the complex along DNA or by
decreasing the association of pol & with PCNA. The latter
possibility, however, seems less likely since the inhibition by
Cipl was unaffected by supplementation of reactions with
more pol 8, and preincubation of A1 and PCNA with the
singly primed substrate prevented inhibition by Cipl of the
short-stretch elongation reaction.

The finding that Cipl can alter rates of DNA synthesis may
have significant implications for understanding cell cycle
checkpoints. Previously checkpoints were thought to block
major cell cycle transitions in order to prevent replication and
segregation of damaged templates. Available data are con-
sistent with a direct role for Cipl in this p53-dependent G;
checkpoint induced by DNA damage via its ability to asso-
ciate with and inactivate cyclin E-Cdk2 complexes, which
function at the G;/S transition (7). The data presented here
indicate that Cipl may provide a second checkpoint function
by directly inhibiting PCN A-dependent chain elongation cat-
alyzed by pol 6. While PCNA has been shown to participate
in repair reactions (23), it is likely that only very high levels
of Cipl complexed to PCNA would inhibit repair, because it
involves the synthesis of relatively short lengths of DNA.
The polymerase that participates in the repair of damaged
DNA has been shown in some instances to be pol & (24, 25),
whose activity can utilize the PCNA sliding clamp (10, 26).
We suspect that, as for pol 8, the elongation of primed
templates by pol € will also prove to be sensitive to Cipl.
D-type cyclins have been shown to physically associate with
PCNA in the absence of a Cdk (27). Thus, it is possible that
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the affinity of Cipl for PCNA could be substantially en-
hanced in the presence of Cdk—cyclin D complexes through
the formation of multiple protein—protein interactions.

pS3 has also been implicated in DNA damage-dependent
apoptosis, and Cipl is induced during this process (7). The
decision to remain arrested or undergo apoptosis may depend
in part on the extent of damage or the presence of conflicting
growth control signals. Cipl, through its association with
PCNA, could play a role in transducing signals leading to
apoptosis, perhaps by permanently inhibiting DNA synthe-

S1S.
* Several DNA tumor viruses express proteins that bind and
inactivate p53. If replication of these agents were sensed as
DNA damage by the cell, Cipl could prevent their replication
by sequestering PCNA. Thus the necessity to remove pS3
may not only facilitate exit from G; to S but could also
optimize cells for high-level viral DNA synthesis by blocking
Cipl formation. Whether Cipl is involved in checkpoints,
apoptosis, or both, it is likely that the alteration of the rate
and extent of DNA synthesis by Cip1 is an important aspect
of the cell’s ability to regulate S phase in response to signals
elicited by DNA damage.

Note Added in Proof. Recently, a cyclin-dependent kinase inhibitor
implicated in G; phase arrest, p27%iP!, has been isolated (28). This
protein possesses some regions of sequence similarity to Cipl.
However, recombinant p27¥i! did not inhibit the elongation of
primed DNA templates in reaction mixtures as described in Fig. 3,
nor did it interact with PCNA, measured by SPR as described in Fig.
54 (K. Polyak, J. Massagué, A. Koff, Z.K., M.O., and J.H.,
unpublished results).
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- A question of
balance: the role of
cyclin-Kkinase
inhibitors in
development and

tumorigenesis

 Stephen ). Elledge, Jeffrey Winston
and |. Wade Harper

Cyclin-kinase inhibitors (CKIs) are versatile negative regulators of
cell proliferation that function in developmental decisions,
checkpoint control and tumour suppression. Phenotypic
examination of mice lacking individual CKIs has begun to reveal
the specialized roles that each of these proteins play in vivo. This
review focuses on what has been learned about the role of CKIs in
development and cancer through the generation of knockout
animals. The authors discuss whether differences in knockout
phenotypes between CKIs reflect differential use of these inhibitors
by the organism or a fundamental difference between the
inhibitors, and suggest a balance hypothesis to explain the
different effects observed.

The development and maintenance of multicellular
organisms requires precise temporal and spatial con-
trol of cell division. During development, mitogenic
signals function within particular proliferative do-
mains and are opposed by antimitogenic signals that
bring about the cessation of proliferation. These sig-
nals are integrated through the activity of cyclin-
dependent kinases (CDKs), enzymes composed of a
CDK (the catalytic subunit) and an essential activator
subunit called cyclin. CDKs are regulated by many
mechanisms, reflecting both the diversity of sig-
nals they integrate and the central importance of
their role in cell-cycle control. These regulatory
mechanisms include variations in cyclin abundance!,
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similarity, and they differ in specificity and mecha-
nism of inhibition**¢. All of these inhibitors function
to block the activity of G1 CDKs, but, unlike the
CIP-KIP family, which effectively inhibits multiple
classes of G1 kinases including CDK2, CDK3, CDK4
and CDKS, the INK4 family is specific for CDK4 and
CDK6 (Fig. 1). When the first CKI was discovered in
mammals, it was hypothesized that these molecules
would play roles in development and differentiation,
cell-cycle checkpoints and tumour suppression.
These predictions have now been realized through
the analysis of CKI-deficient mice. This review will
focus on what has been learned about the role of CKIs
in development and tumorigenesis. Owing to space
limitations, a number of areas related to CKI bio-
chemistry and function in tissue-culture cells have
not been reviewed extensively here. Many of these
topics are covered in previous reviews*5,

Linking CKIls to developmental events and cancer
predisposition

An emerging theme in cancer research and devel-
opmental biology is that tissues that show a special
dependency on particular genes to control their pro-
liferation during development seem to be driven to
malignancy by alterations in those same genes’. The
finding that individual CKIs including p21¢#!/Wafl
and p57Xi? are expressed in particular cell types
during development suggests that these proteins con-
tribute to maintenance of the nonproliferative state
in a cell-type-specific manner®-1° In general, these
two CKIs are expressed at the highest levels in cells
that are postmitotic and terminally differentiated
(Table 1), although, in principle, these and other
inhibitors may also function in the many starts and
stops in proliferation that cells must undergo during
a developmental programme.

The striking tissue- and cell-type-specific expression
patterns observed for CKIs suggests that a variety of
antimitogenic signalling pathways will influence the
expression of particular target CKIs. Although in-
duction of CKI expression is observed in a number
of different in vitro differentiation systems (reviewed
in Refs 4 and 5), it is not clear whether CKiIs drive
differentiation or whether their induction is a con-
sequence of it. The two different possibilities have
been observed in vitro and may be interlinked (see
Fig. 2). Expression of p21 is induced by the vitamin
D receptor in myelomonocytic cells, suggesting that
certain CKIs can be direct targets of differentiation-
inducing agents!!. In muscle cells, the transcription
factor MyoD induces the expression both of the gene
encoding p21 and of genes required for myotube for-
mation®12, Expression of the bZIP protein C/EBPa in
fibrosarcoma cells leads to increased amounts of p21,
both through activation of the Cipl promoter and
increased stability of p21 (Ref. 13). In addition, trans-
forming growth factor p (TGF-B)-dependent acti-
vation of CKI expression, including p15™# and
p21€¥#1, has also been observed (reviewed in Ref. 4).
Evidence that CKIs can promote differentiation
comes from the finding that ectopic expression
of p21 or p27 in myelomonocytic cells leads to
both cell-cycle arrest and induction of cell-surface
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macrophage-specific markers indicative of differenti-
ation!!. Thus, the relationship between CKI expression
and differentiation may be one of interdependency
and mutual reinforcement.

While tissue-culture systems are useful to analyse
certain responses, cells in animals exist in a much
more complex environment that is not recreated
in vitro. Thus, the true significance of a CKI to the
control of proliferation and development is perhaps
best realized through analysis of CKI-deficient ani-
mals. In principle, this approach identifies cell types
where a particular inhibitor makes a crucial contri-
bution to the balance of negative and positive growth-
control factors that must be maintained for homeo-
stasis or proper development and identifies cell types
where loss of a particular CKI leads to cancer pre-
disposition. Furthermore, knockouts of multiple CKls
will ultimately reveal the cell types that possess re-
dundant or alternative pathways for negative growth
control.

To date, mice deficient in genes encoding p21<¥/,
p27K#! and p16M4# have been reported, and together
the phenotypes observed span the gamut of what one
might expect for loss of a cell-cycle inhibitor. All
three mice are viable, and display intermediate-to-
severe phenotypes with respect to development and
tumorigenesis (Table 2).

Cip/Kip-knockout mice - checkpoint deficiency
and proliferative miscues

p21¢#! is unique among the known CKIs in that it
is utilized in the DNA damage response pathway and
is a transcriptional target of the tumour-suppressor
protein p53 (reviewed in Refs 4-6). Loss of p53 func-
tion leads to defects in the G1 checkpoint in response
to DNA damage, the G2 checkpoint in response to
spindle malfunction, and the apoptotic response of
some cell types to DNA damage'4. Some combination
of these functions is thought to be necessary for
tumour suppression by p53. Because of the central
position occupied by p21 with respect to DNA dam-
age and cell-cycle control, it seemed possible that p21
was required for some or perhaps all of the effects of
p53. The generation of p21-knockout mice'* and
p21-null chimeric mice!® provided an in vivo setting
in which to test the contribution of p21 to pS3 func-
tion. Unlike p53-deficient mice, which incur tumours
with high frequency, p21-null mice do not develop
spontaneous tumours at a frequency higher than that
of wild-type mice!s. This is consistent with the low
frequency of p21 mutations in human cancers!’'%.
Also, unlike p53-mutant cells, p21-deficient cells do
not display alterations in apoptosis induced by DNA
damage (thymocytes or epithelial cells)!>!¢ or in the
G2 spindle checkpoint (fibroblasts)'®. However, mouse
fibroblasts lacking p21 are partially defective in the
DNA-damage G1 checkpoint!*16, a result confirmed
in human cells!®. These results indicate that other
pS3-dependent functions (e.g. apoptosis), alone or in
combination with its checkpoint function, are the
essential components of its tumour-suppressor ac-
tivity. Additional studies are required to determine
whether loss of p21 contributes to increased tumori-
genesis induced by DNA damage.
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CDK1 (CDC2)

CDK2
CDK3 p21 Cip1/Watt
CDK5 p2r!
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CDK7
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FIGURE 1

Chromosoiniat
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6p21
12p12-13
11p15.5

9p21
9p21
1p32
19p13

Kinase inhibitory specificity of the CIP/KIP and INK4 classes of cyclin-dependent kinase
(CDK) inhibitors. A family tree of the known CDKs, as determined by sequence
comparisons, is depicted along with the inhibitory specificity of each cyclin-kinase
inhibitor (CKI). The chromosomal location of each CKl is also indicated.

In contrast to p21¢¥#!, p27Kirl-deficient mice dis-
play several obvious developmental phenotypes
(Table 2)20-22, First, p27-null mice are larger than
wild-type or heterozygous litter mates, indicating a
proliferative advantage in the absence of p27 func-
tion. Although most of the major organs are all larger
in p27-null mice, the sizes of two organs that nor-
mally express the highest levels of p27 (thymus and
spleen) were increased to the largest extent. Increased

MOUSE BY IN SITU HYBRIDIZATION®

TABLE 1 - MAJOR SITES OF EXPRESSION OF p21 AND p57 IN THE

. Prostate epithelium

p21 p57
Embryo  Muscle/dermomyotome D8.5-10  Muscle/dermomyotome
D8.5-10
Apical ectodermal ridge D10 Brain D10

Respiratory epithelium D12.5-15.5 Migrating neuroblasts D1 0

Skin D15.5 Rathke’s pouch D10
Hair follicles D15.5 Lens D13.5

Adult intestinal epithelium Kidney (cortex)
Stomach epithelium Muscularis mucosae
Skeletal muscle (stomach)
Liver Skeletal muscle

in the prostate was documented in Ref. 9.

aThe days post coitus (D) where expression has been observed are indicated.
p21 expression is obtained from data in Ref. 8, and p57 from Ref. 10. Expression
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agents promoting genes
FIGURE 2

A model depicting a differentiation switch linking cyclin-
dependent kinases (CDKs), differentiation factors and
cyclin-kinase inhibitors (CKIs). The model is based on an analysis
of activation of muscle-cell differentiation set in motion by
MyoD, a transcription factor that is sufficient to specify the
muscle-cell differentiation pathway® 3. Activation of transcriptional
targets of MyoD and vitamin D receptor leads to expression of
certain CKls (Cip1 in these cases) as well as expression of additional
genes required for establishment of the differentiated state. CKls
function presumably to inhibit CDKs, which may, directly or
indirectly, maintain differentiation factors in an inactive state.
Other genes may potentiate the activity of differentiation factors,
which maintains the cell-cycle switch in the off configuration.

thymus size is correlated with increased proliferation
in both the cortical and medullary regions, but nei-
ther the distribution of T-cell markers nor the extent
of apoptosis is altered. Second, female p27-deficient
mice are infertile, probably because of a lack of luteal
cell differentiation, although a role for pituitary mal-
function cannot be ruled out. Third, p27-null mice
display defects in neural retina development®. Since
p27 is expressed selectively in the photoreceptor cells
in the eye, it seems likely that the disorganized reti-
nal phenotype results from loss of growth control.

Finally, p27-null mice display intermediate lobe

pituitary hyperplasia or adenoma, consistent with
the increased size of this organ, but malignant pituitary
tumours are rare. The low frequency of tumours in

p27-deficient mice is also consistent with the absence
of mutations in the gene encoding p27%*! in human
cancers?2.

A variety of tissue-culture experiments have impli-
cated p27 as a central regulator of cellular responses
to a large number of antimitogenic signals, including
arrest induced by TGF-B (Ref. 25), rapamycin?®é, growth
factor deprivation?”28 and contact inhibition?. How-
ever, analysis of cells from p27-null animals reveals
that these pathways do not absolutely require p27
(Ref. 20). T lymphocytes from p27-null mice are re-
sponsive to cell-cycle arrest by both TGF-§ and rapa-
mycin?, indicating that p27 is not required for these
processes. Previous data indicate that total amounts
of p27, or p27 in association with CDK2, increase in
fibroblasts upon serum deprivation or contact inhi-
bition2527.28, However, fibroblasts from p27-null mice
do not display alterations in saturation density and
are readily arrested upon serum deprivation?. These
differences bring into question the predictive value
of in vitro experiments for determining the in vivo
roles of inhibitors and emphasize the importance of
mutational analysis of CKIs for determining non-
redundant functions.

Mice deficient in p5S7X#2 have not yet been reported.
The human KIP2 gene is located at 11p15.5 (Ref. 10),
a region of the genome linked to Wilms tumour
(WT2) and Beckwith-Weidemann syndrome, which
display embryonic tumours, organ overgrowth and
sporadic cancers. Both of these diseases show evi-
dence of the involvement of imprinting, where loss
of heterozygosity or chromosomal translocations in-
volve only the maternal allele. Interestingly, KIP2Z has
recently been shown also to be imprinted in both hu-
mans?%30 and mice3!, and is expressed preferentially
from the maternal allele in all tissues tested except
brain. Whether the Kip2-deficient mice will shed any
light on these two diseases and the role of p57 in de-
velopment and cancer remains to
be seen.

TABLE 2 - PHENOTYPES OF CKI-DEFICIENT MICE*

p16"+4, a component of a

Genotype  Developmental Transformation Cellular
p21-- None None G1 checkpoint defect
High saturation density
p27-t- Increased animal size Intermediate pituitary No defect in response
_and organ overgrowth hyperplasia (adenoma) to TGF-B, rapamycin
with particular effects on or contact inhibition
spleen and thymus
Female infertility
Defect in luteal cell
differentiation
Disorganization of retina
Ink4a- Mild proliferative expansion High incidence of Increased sensitivity to

of the spleen

fibrosarcoma and
lymphoma
Increased susceptibility

to tumour induction by

carcinogens

transformation by
Ha-Ras
Failure to senesce
High saturation density
Decreased doubling time

aAbbreviation: TGF-B, transforming growth factor .
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pathway frequently targeted
for transformation

The potential involvement of
pl6/*4 in the development of tu-
mours was suggested initially by
the finding that the gene encod-
ing it maps to a chromosomal re-

_ gion frequently mutated in hu-

man cancers and by the fact that
it was mutated or repressed by
methylation in a high percentage
of tumour-derived cell lines and
a substantial fraction of primary
tumour samples (Ref. 32; reviewed
in Ref. 33). It is not surprising,
therefore, that Ink4a-deficient
mice develop spontaneous tu-
mours at an early age and are
highly sensitive to carcinogens®*.
However, examining the unique
involvement of p16™*# in tumour
suppression at this locus was
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complicated by the fact that the gene encoding the
related CKI p15M# is located adjacent to the Ink4a
locus, and this gene is also frequently deleted along
with Ink4a in primary tumours and in cell lines in
which Ink4a is deleted. Furthermore, the Ink4a locus
can produce two transcripts derived from two dis-
tinct promoters*s. The alternative transcript produces
a protein called p1947 (for: alternative reading frame).
mRNAs for p16M#e and p1947 contain different LY
exons (Elo.and E1B, respectively) but share common
second and third exons that are translated in differ-
ent reading frames. Although the mechanism does
not involve CDK association, p19*7 blocks cell-cycle
progression in both G1 and G2 phases when over-
expressed®. In addition, Arfis expressed more ubiquit-
ously than is Ink4a as judged by probe-specific
northern analysis.

While a role for p1947is not ruled out by the mu-
tational data collected on the Ink4a locus, much of
the data is consistent with the primary involvement
of p16, particularly in familial melanoma, pancreatic
cancer and oesophageal cancer. Approximately 50%
of all mutations affect p16 alone, with the remaining
fraction affecting both p16™+# and p1947; mutations
found in familial melanoma kindreds are most fre-
quently in Ela (reviewed in Ref. 33). Many nonsense
mutations specifically affect p16, and a number of
missense mutations in p16 have been shown to affect
association with CDK4/CDK6 and cell-cycle arrest3637,

‘some in a temperature-sensitive fashion38. However,

the fact that there are four known missense mu-
tations in E2 that affect p1947 but not p16"*# leaves
open the possibility that p1947contributes to tumour
suppression in some cell types®$, although these
alleles have not been shown to be defective in growth
suppression.

Deletion of exons 2 and 3 has no effect on mouse
embryo viability?, indicating that neither pl6ikia
nor p1947 is required for development. However,
young Ink4a-null mice display a mild proliferative ex-
pansion of the spleen, indicative of an abnormal
extramedullary process. This suggests a role for
p16"*# in control of proliferation and/or differenti-
ation in particular haematopoietic lineages. The ab-
sence of a strong developmental phenotype might
have been predicted since two cases of pl 6-null
humans have been reported that do not have obvi-
ous developmental defects®.

While it is no surprise that Ink4a-null mice are
susceptible to spontaneous and carcinogen-induced
cancer, the tissue spectrum observed is somewhat
surprising. Although the number of spontaneous
tumours analysed is still relatively small, fibro-
sarcomas and lymphomas are by far the most com-
mon?. In humans, both of these tumour types have
frequent p16 mutations33. However, melanoma, pan-
creatic or oesophageal tumours, which are frequent
in humans, have not been detected yet in Ink4a-
deficient mice*. This reiterates the difference in
tumour-type specificity that is frequently observed
when mice are compared with humans. For example,
mice lacking the retinoblastoma protein Rb develop
pituitary tumours, but not retinoblastoma as found
in humans (reviewed in Ref. 40). The strength of the
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INK4 —— cyclin-D-CDK4 — Rb " targets > S phase
T E2F

FIGURE 3

The cyclin-D-Rb pathway is targeted for mutation in a large percentage of human
tumours. Rb functions to block the action of a number of proteins, such as E2F,
required for S-phase entry. Phosphorylation of Rb by cyclin-D-CDK4, and perhaps
other cyclin-dependent kinases (CDKs), is required for Rb inactivation. INK4
homologues function to block the action of cyclin-D-CDK4, thereby impeding entry
into S-phase. Loss-of-function mutations in either Rb or INK4 occur in a large number
of tumours. In addition, cyclin D1 is overexpressed in some tumour types, thereby
decreasing the effectiveness of p16™*. In addition, mutations in CDK4 that block
inhibition by INK4 homologues have also been observed*, thereby providing an
alternative mechanism for bypassing p16™ function.

tumour-suppressor function of Ink4a is indicated by
the low survival rate, which is comparable to that
observed for p53-null mice (reviewed in Ref. 41).

INK4 family members participate in a genetic
pathway that includes cyclin-D-CDK4, Rb and E2F
(Fig. 3)*642. Rb acts to restrain the action of the E2F
family of transcription factors, which coordinate the
transcriptional programme of genes involved in DNA
synthesis, and association with E2F may also allow
Rb to function as a repressor of growth-promoting
genes (reviewed in Ref. 43). Rb appears to be the
sole essential substrate of CDK4-cyclin-D complexes.
Therefore, mechanisms that lead to unregulated Rb
kinase activity, including overexpression of cyclin D
and disruption of the inhibitory function of p16fkia
[through mutation in either Ink4 or CDK4 (Ref. 44)],
facilitate inappropriate Rb inactivation and cell-cycle
entry. Thus, this pathway serves as a single gen-
etic target for transformation, and its disruption
may be required for the genesis of the majority of
human cancers.

The balance hypothesis

Mice defective in p16/ (or the Rb pathway in
general) display high rates of tumorigenesis, whereas
Joss of the p21 or p27 inhibitors leads to, at most,
hyperplasia. This brings into focus the question of
the biochemical and physiological basis for this dif-
ference. Is this merely a reflection of how an organ-
ism differentially utilizes two classes of equivalent
inhibitors? Does the p16 pathway happen to be the
primary means used to maintain the differentiated
and nonprotiferative state, while p21 and p27 are
used primarily to control proliferation during devel-
opment? Or does the answer lie in the distinct bio-
chemical properties characteristic of each class of
inhibitors? We would like to explore this latter possi-
bility and put forward a speculative model termed
the ‘balance hypothesis’ to explain the phenotypic
differences observed in these mutants. In this model,
the constellation of active cyclin-CDK complexes
resulting from the loss of particular inhibitors results
in different consequences for genomic stability and
tumorigenesis.

While both classes of CKIs may contribute to
growth control in a tissue-specific manner, their loss
might result in significantly different effects that re-
flect the distinct inhibitory specificities of each class.
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CIP/KIPs inhibit both CDK4/CDK6 and CDK2/CDK3
kinases in a cyclin-dependent fashion. Loss of these
inhibitors might simultaneously elevate the kinase
activity of both cyclin-D- and cyclin-E-dependent
kinases, producing a state that mimics a normal
S-phase entry. By contrast, p16 is known to inhibit
specifically only the cyclin-D-dependent kinases,
CDK4 and CDK6 (Fig. 1), and its loss would activate
predominantly these cyclin-D-dependent kinases,
leading to Rb inactivation and release of bound fac-
tors that promote S-phase entry (e.g. E2F). Itis known
that overproduction of E2F can cause S-phase entry
without full cyclin-E-CDK2 activation?s. However,
this S phase is defective and results in apoptosis. The
balance hypothesis predicts that for an optimal,
error-free S phase, the cell requires coordinate acti-
vation of both cyclin E and cyclin D kinases (i.e. co-
ordinated activation of cyclin-E-CDK2 and inacti-
vation of Rb). Mutants in the plé-cyclin-D-Rb
pathway would produce an imbalanced activation of
S phase, resulting in genomic instability and in-
creased rates of aneuploidy, chromosomal rear-
rangements or point mutations. Consistent with this
notion, diploid fibroblasts expressing the E7 protein
of human papillomavirus, which binds and inacti-
vates Rb, display hallmarks of genomic instability
including aneuploidy as a mechanism of drug resist-
ance647 and enhanced rates of karyotypic abnor-
malities®8. Thus, loss of the Rb pathway results not
only in reduced growth control, but also in an accel-
eration in the rate of accumulation of genetic alter-
ations that further reduces proliferation restraints.
This interpretation relies on the assumption that the
main effects of E7 are mediated via inactivation of Rb
and not additional pathways.

It is, perhaps, this difference in balance through
which p16 loss may exert its profound oncogenic
potential. While this model remains speculative, it
does generate certain testable hypotheses. For exam-
ple, p16- or Rb-deficient mouse embryonic fibroblasts
should show signs of genomic instability. Further-
more, the relative instability should be enhanced by
reducing cyclin-E-CDK2 activity (i.e. enhancing the
imbalance). It is not clear whether the converse would
also be true, increasing cyclin-E-CDK2 activity would
reduce instability. This is because those conditions
would not restore the relative timing of the inacti-
vation of Rb and the activation of cyclin E kinases
that occurs in a normal cell cycle and that, too, may
be important to genomic stability. If the balance
hypothesis is true, it may have implications for many
oncogenic events. Since inappropriate activation of
the cell cycle by a mutagenic event, such as proto-
oncogene activation, is unlikely to precisely recreate
a normal balance of kinases, it is possible that many
of these events will also have effects on genomic
stability, and this may be an important aspect of their
oncogenic potential.
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p21%*! is a cyclin-dependent kinase (Cdk) inhibitor that is transcriptionally activated by
p53 in response to DNA damage. We have explored the interaction of p21 with the
currently known Cdks. p21 effectively inhibits Cdk2, Cdk3, Cdk4, and Cdké kinases (K;
0.5-15 nM) but is much less effective toward Cdc2/cyclin B (K; ~400 nM) and Cdk5/p35
(K, >2 uM), and does not associate with Cdk7/cyclin H. Overexpression of p21 arrests
cells in G1. Thus, p21 is not a universal inhibitor of Cdks but displays selectivity for G1/5
Cdk/cyclin complexes. Association of p21 with Cdks is greatly enhanced by cyclin
binding. This property is shared by the structurally related inhibitor p27, suggesting a
common biochemical mechanism for inhibition. With respect to Cdk2 and Cdk4 com-
plexes, p27 shares the inhibitory potency of p21 but has slightly different kinase speci-
ficities. In normal diploid fibroblasts, the vast majority of active Cdk2 is associated with
p21, but this active kinase can be fully inhibited by addition of exogenous p21. Recon-
struction experiments using purified components indicate that multiple molecules of p21
can associate with Cdk/cyclin complexes and inactive complexes contain more than one
molecule of p21. Together, these data suggest a model whereby p21 functions as an
inhibitory buffer whose levels determine the threshold kinase activity required for cell
cycle progression.

INTRODUCTION activating and inhibitory phosphorylation (reviewed

in Sherr, 1994). The best characterized cyclins fall into

Passage through the eukaryotic cell cycle is regulated
by the progressive activation and inactivation of a
family of cyclin-dependent protein kinases (Cdks)
(reviewed in Draetta, 1993; Pines, 1993; Hunter and
Pines, 1994; Sherr, 1994). The temporal activation of
individual Cdks is dictated in part by the timing of
expression of their cognate cyclins together with both

+ Corresponding author: Department of Biochemistry, Baylor
Coliege of Medicine, One Baylor Plaza, Houston, TX 77030.

1 Abbreviations used: Cdk, cyclin-dependent kinase; DTT, dithio-
threitol; GST, glutathione S-transferase; HEPES, N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid; Tris, tristhydroxymethyl)-
aminomethane.

© 1995 by The American Society for Cell Biology

four classes (D, E, A, and B type) and are required in
the G1, G1/S, S, and G2/M phases of the cell cycle,
respectively (reviewed in Sherr, 1994). A number of
Cdks, including Cdc2, Cdk2, Cdk4, and Cdké have
been characterized with respect to their temporal ac-
tivation and cyclin partners (Matsushime ef al., 1992;
Meyerson and Harlow, 1994; reviewed in Pines, 1993
and Sherr, 1994).

An additional layer of Cdk regulation has emerged
with the discovery of the Cdk inhibitors p21, p27, p16,
and pl5 (reviewed in Elledge and Harper, 1994;
Hunter and Pines, 1994; Nasmyth and Hunt, 1993;
Peter and Herskowitz, 1994). p21F! is a potent inhib-

387




J.W. Harper et al.

itor of Cdk2 and Cdk4 kinase complexes in vitro (Gu
et al., 1993; Harper et al., 1993; Xiong et al., 1993b), is
induced in senescent cells (Noda et al., 1994), and is
transcriptionally regulated by p53 (El-Deiry et al.,
1993). p21 is induced by DNA damage in a p53-de-
pendent manner and is found to be associated with
inactive cyclin E/Cdk2 complexes (Dulic et al., 1994;
El-Deiry et al., 1994), consistent with a role in mediat-
ing the p53-dependent cell cycle arrest. In some fibro-
blast cell lines, including those from Li-Fraumeni cells
homozygous for mutant p53 (Li et al., 1994), p21 ex-
pression is largely dependent on p53. However, p21
expression in embryonic and adult mice is p53 inde-
pendent (Parker ef al., 1995), indicating that the regu-
lation of p21 is more complex than originally thought.

p21 is found in complexes with the replication factor
PCNA in extracts from normal cells (Xiong et al., 1992;
Zhang et al., 1993) and can associate directly with
PCNA in vitro (Florez-Rozas et al., 1994; Waga et al.,
1994). Association of p21 with PCNA leads to inhibi-
tion of PCNA-dependent DNA synthesis catalyzed by
DNA polymerase & and RF-C in vitro. The ability to
inhibit DNA replication has been hypothesized to be
part of a checkpoint during S phase that is activated by
DNA damage to prevent replication beyond poten-
tially mutagenic lesions while allowing repair pro-
cesses time to eliminate damage.

p275"P! (Polyak et al., 1994; Toyoshima and Hunter,
1994) is structurally related to p21 and inhibits both
Cdk2 and Cdk4 in vitro. It is not regulated by p53 and
does not associate with PCNA in vitro (Flores-Rozas et
al., 1994), suggesting specialization for a non-check-
point function. In contrast, p16 and p15, which form a
family of structurally related inhibitors distinct from
the p21 family, are apparently specific for Cdk4 and
Cdké (Serrano et al., 1993; Hannon and Beach, 1994;
Jen et al., 1994).

Although p21 is found to be associated with several
Cdk complexes in normal diploid fibroblasts, its role
in proliferating cells is not well understood. For ex-
ample, it is not known whether p21 associates tightly
with monomeric Cdks, thus inhibiting a percentage of
cyclin/Cdk complexes as they form, or whether p21
binds preferentially to cyclin bound kinases, thereby
acting as a titratable buffer. Furthermore, the cellular
targets remain unknown. Does p21 inhibit all Cdks, or
only a subset and with what affinities? In this paper,
we examine the interaction of all known Cdk family
members with p21. The data indicate that p21 prefer-
entially inhibits Cdks that function in the G1 and S
phases, consistent with our finding that cells overex-
pressing p21 arrest with a G1 DNA content. In addi-
tion, we have observed that the affinity of both p21
and p27 for Cdks is greatly enhanced by cyclin asso-
ciation. Moreover, greater than 95% of the active Cdk2
in normal diploid fibroblasts contain bound p21 but
can be completely inactivated by exogenous p21. The
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data presented in this paper are consistent with the
notion that p21 acts as a cell cycle buffer that must be
titrated to exit G1.

MATERIALS AND METHODS

Expression Plasmids and Insect Cell Viruses

PET-p21 and GST-p21 were from a previous study (Harper et al,
1993). pET-HAp21 was constructed by ligating the p21 coding se-
quence into pET-HA (Elledge et al., 1992). This plasmid produces an
N-terminal fusion of p21 containing a 16-amino acid hemagglutinin
A epitope tag. pPCMV-p21 was constructed by ligating a 1.6-kb
Xhol/Bglll fragment from p21 into pCMV. pCMV-CD20 and
PCMV-Cdk2-DN (containing the mutation Asp-145 — Asn) were
provided by Dr. S. van der Heuvel. pCMV-Rb was provided by Dr.
S. Dowdy. pET21a(+)-p27 containing the mouse p27 open reading
framed fused to a C-terminal six-histidine tag was provided by Dr.
J. Massague (Sloan Kettering Institute, New York, NY). p21 dele-
tions were generated by polymerase chain reaction (PCR) using a
single 5' primer (containing an Ndel site at the initiation codon) and
a nested set of 3" primers (containing a BamHI site and a stop codon)
to give truncations at amino acids 60, 80, 100, 120, and 140. PCR
fragments were ligated into pCRII and appropriate fragments were
subcloned into a modified version of pGEX2TK. pCRII-p27 for in
vitro translation was obtaining by ligating the p27 open reading
frame (obtained by PCR using a mouse cDNA library and primers
flanking the start and stop codons) into pCRII (Invitrogen, San
Diego, CA). For expression of p21, GST-Cdk4, GST-cyclin E, and
Hisg-tagged Cdk3 in sf9 cells, appropriate open reading frames were
subcloned into either pVL1393 or pBlueBacHis. Viruses were gen-
erated using Baculogold (PharMingen, San Diego, CA) as recom-
mended by the supplier. Other viruses (Cdk2HA, Cdc2, Cdk2,
Cdk4, Cdké, cyclin A, GST-cyclins A and B, and cyclins D1, D2, and
D3, Cdk7HA, and cyclin H) were generously provided by either
Drs. H. Piwnica-Worms (Washington University, St. Louis, MO), C.
Sherr (St. Judes Children’s Research Hospital, Memphis, TN), M.
Meyerson (Massachusetts General Hospital Cancer Center, Charles-
town, MA), and D. Morgan (University of California, San Francisco,
CA). Cyclin A and HA-Cdk2 purified to homogeneity from Esche-
richia coli are from a previous study (Connell-Crowley ef al., 1993).

Antibodies

Polyclonal antibodies against p21 or p27 were generated either in
rabbits or mice using proteins purified from E. coli. Anti-p21 anti-
bodies were affinity purified using GST-p21 covalently cross-linked
to glutathione-Sepharose. Antibodies against the C-terminus of p21
(anti-p21°) were generated using the peptide CKRRLIFSKRKP and
affinity purified using immobilized GST-p21. Anti-cyclin A (Elledge
et al., 1992), anti-Cdk5 (Tsai et al., 1993), and anti-p35 (Tsai ef al.,
1994) were from previous studies. Other antibodies were purchased
from Santa Cruz (Santa Cruz, CA; anti-Cdk4, anti-Cdk?2), Pharmin-
gen (anti-CyD1 and anti-CyD2), Babco (Richmond, CA; anti-HA), or
Becton-Dickinson (San Jose, CA; anti-CD20).

Protein Expression and Purification

p21, HA-p21, and p27-His6 (Polyak et al., 1994) were expressed in
strain BL21(DE3) as described (Harper ef al., 1993) except that in-
duction was performed at 25°C. For purification, cells from 250 ml
of culture were suspended in 17 ml of lysis buffer (LS: 25 mM
Tris-HCl [pH 8], 25 mM NaCl, 10% sucrose, 5 ug/m! leupeptin, 5
pg/ml antipain, 1 mM phenylmethylsulfonyl fluoride) containing
0.1 mg/ml lysozyme and the cells were lysed by sonication. Cell
suspensions were boiled for 10 min and insoluble proteins were
removed by centrifugation. Approximately 10% of p21 present in
total E. coli lysate was soluble and >80% of this p21 remained
soluble after boiling. Extracts were passed over a HighTrap-Q col-
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umn (Pharmacia, Piscataway, NJ) and the dropthrough applied to a
HighTrap-S column. After washing with column buffer (CB: 25 mM
Tris-HCI [pH 8], 2 mM EDTA, 5 mM DTT) containing 0.2 M NaCl,
p21 and HA-p21 proteins were eluted with CB containing 0.4 M
NaCl (p27 was eluted with 0.2 mM NaCl). Protein purity of such
preparations was 90-95% for p21 and ~98% for p27. Removal of
trace contaminating proteins from p21 preparations was achieved
by chromatography on a MonoS column using a linear gradient of
NaCl in 25 mM Tris-HCl (pH 8), 2 mM EDTA, 5 mM DTT, 1 mM
phenylmethylsulfonyl fluoride, 1 pg/ml leupeptin (25-600 mM
NaCl in 60 min). p21 eluted at ~450 mM NaCl and is greater than
98% pure by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). Proteins were stored at —70°C in elution
buffer containing 10% glycerol. Protein concentrations were esti-
mated by Bradford assays (Bio-Rad, Richmond, CA) using bovine
serum albumin as a standard. GST-Rb, GST-p21, and GST-p21 de-
letion proteins were expressed and purified as described previously
(Harper et al., 1993). Purified Erk2 was provided by Dr. M. Cobb
(University of Texas Southwestern, Dallas, TX). A 56-kDa C-termi-
nal fragment of Rb purified from E. coli was provided by Dr. D.
Goodrich (M.D. Anderson Cancer Center, Houston, TX).

GST-cyclin A/Cdk2, GST-cyclin E/Cdk2, and GST-cyclin B/Cdc2
were purified after co-infection of sf9 cells as described (Harper et
al., 1993). GST-Cdk4/cyclin D2 was purified after co-infection using
buffers containing Tween-20 as described (Matsushime et al., 1994).
Proteins were stored in glutathione elution buffer containing 10%
glycerol at —70°C. For some experiments, GST-cyclin A/Cdk2 met-
abolically labeled with [*°SImethionine (see below) was removed
from the GST protein by cleavage with thrombin. Gel filtration of
purified Cdk2/cyclin A complexes was performed on a Pharmacia
Superose-12 column as described previously (Gu et al., 1993) at a
flow rate of 0.3 ml/min.

Crude insect cell lysates containing activated Cdk/cyclin com-
plexes, individual components, or p21 were prepared by lysing ~2
X 10 cells in 200 ul of 50 mM HEPES (pH 7.5), 10 mM MgCl,, 10
mM DTT, 0.5 mM NaF, 0.1 mM sodium vanadate, 5 ug/ml leupep-
tin, 5 pg/ml antipain (Matsushime ef al., 1992) and the solution was
brought to 150 mM NaCl before centrifugation (14,000 X g for 10
min). Extracts were stored at —70°C. Proteins were labeled with
[?S]methionine at 40 h post-infection using established procedures
(Matsushime et al., 1992).

Kinase Assays

Routine histone H1 kinase assays were performed in 65 mM potas-
sium-B-glycerolphosphate (pH 7.3), 15 mM MgCl,, 16 mM ethylene
glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA),
10 mM DTT containing 1 mg/ml ovalbumin with 2.5 uM histone
Hi1, 40 pM [y-**PJATP (0.2-0.8 nCi/pmol), and the indicated
amounts of kinase and inhibitor proteins (37°C, 15 min-1 h). For
GST-Cdk4 assays, a 56-kDa C-terminal Rb fragment was used as
substrate. Reactions were stopped with 2X SDS sample buffer,
electrophoresed in 12% SDS-polyacrylamide gels, and the dried gels
were subjected to autoradiography. Unless otherwise noted, gel
quantitation was achieved using a Molecular Dynamics Phospho-
imager (Sunnyvale, CA). In some cases, histone H1 peptide at 50
M was substituted for histone H1 and assayed using filter binding
as described (Harper et al., 1993). GST-Rb kinase assays for Cdk3
and Cdké were performed using crude insect cell lysates containing
activated cyclin/Cdk complexes or individual components as de-
scribed previously (Matsushime et al., 1992; Harper et al., 1993). For
experiments involving Cdk5, C33A cells were cotransfected with
pCMV-Cdk5 and pCMV-p35 or with pCMV using calcium phos-
phate and cell lysates were subjected to immunoprecipitation using
normal rabbit serum, anti-Cdk5, anti-p35, or anti-Cdk2 (Tsai et al.,
1993, 1994). Immune complexes were used for histone H1 kinase
assays as described previously (Tsai et al., 1993).
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In Vitro Binding

For in vitro binding experiments emgloying crude sf9 cell ex-
tracts, 10 ul aliquots of the indicated [**Simethionine-labeled sf9
lysates or in vitro translation products were mixed on ice for 10
min. The total concentration of [**S]methionine-labeled insect cell
proteins was maintained by addition of extracts from sf9 cells
infected with a nonrecombinant baculovirus. Binding buffer (150
ul, 50 mM Tris-HCI [pH 8.0] containing 150 mM NaCl, 2 mM
EDTA, 1 mM DTT, 0.5% NP40, 10 mM NaF, 0.1 mM sodium
vanadate, 5 pg/ml leupeptin, 5 ug/ml antipain), 10 ul of protein
A-Sepharose, and 5 pl of the appropriate antibody was added
and the mixture was incubated at 4°C while rotating (60 min).
Immune complexes were washed three times with 1 ml of bind-
ing buffer and bound proteins were analyzed by 13% SDS-poly-
acrylamide gels and autoradiography.

For binding experiments using purified kinases, [**Slmethi-
onine-labeled cyclin A/Cdk2 was purified from sf9 cell co-infec-
tions as described above. A constant amount of cyclin A/Cdk2
(~50 ng Cdk2) was mixed with varying quantities of HA-p21
protein purified from E. coli in a total of 30 pl of 65 mM potas-
sium-B-glycerolphosphate (pH 7.3), 15 mM MgCl,, 16 mM EGTA,
10 mM DTT containing 1 mg/ml ovalbumin. After 20 min at 4°C,
150 ul of binding buffer was added and proteins were immuno-
precipitated with the indicated antibodies as described above
and analyzed by SDS-PAGE. For kinase assays, 20% of each
immune complex was washed with 1 ml of 20 mM Tris-HCI (pH
8.0) containing 15 mM MgCl, and histone H1 peptide kinase
reactions were performed as described above. To examine
whether p21 or p27 can associate directly with cyclin A, E. coli
cyclin A (80 nM) was immunoprecipitated with anti-cyclin A
antibodies in the presence or absence of 300 nM p21 or p27 in a
total vol of 150 ul of binding buffer. Immune complexes were
subjected to immunoblotting using anti-p21 or anti-p27 antibod-
ies and ECL detection.

Cell Culture, Transfections, and In Vivo Association

Human diploid fibroblasts (WI38), SV40 transformed human fibro-
blasts (VA13), and SAOS-2 osteosarcoma cells were grown in Dul-
becco’s minimal essential medium containing 10% fetal calf serum
at 37°C. Calcium phosphate-mediated transient transfections (16 h)
were performed using a total of 30 ug of DNA containing 2 pg of
pCMV-CD20 and 28 ug of either pCMV, pCMV-Cdk2(DN), pCMV-
p21, or pCMV-Rb. Sixty-four hours post-transfection, cells were
processed for flow cytometry as described (van der Heuvel and
Harlow, 1993; Zhu et al., 1993). Briefly, cells were washed with
phosphate-buffered saline and stained with fluorescein isothiocya-
nate conjugated anti-CD20 antibodies (Becton-Dickinson). Washed
cells were then fixed with 80% ethanol, and the DNA was stained
with a propidium iodide solution (20 pg/ml) containing 250 ug/ml
of ribonuclease A before flow cytometry using a Becton-Dickinson
FACScan. DNA content in 4000-6000 CD20 positive cells is pre-
sented in the DNA histograms.

[*°S]Methionine labeling (100 uCi/ml; 6 h) was performed with
the use of WI38 cells at 70% confluence using established proce-
dures (Xiong et al., 1992). To prepare cell lysates, cells were
washed with phosphate-buffered saline and lysed in binding
buffer containing 0.4% NP40, 50 mM NaF, 0.1 mM sodium van-
adate, before centrifugation (10 min, 14,000 X g, 4°C). Aliquots
were subjected to sequential immunoprecipitation using normal
mouse sera (6 ul), anti-p21 sera (M831 or M832, 6 wul), or anti-
Cdk2 (Santa Cruz, 5 pl) as described in the legend to Figure 6.
Immune complexes were washed three times with 1 m! of bind-
ing buffer and once with 1 ml of kinase buffer. Twenty percent of
each immune complex was taken for histone H1 kinase assays as
described above and the remainder analyzed on 13% SDS-poly-
acrylamide gels. Dried gels were amplified and subjected to
autoradiography.
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RESULTS

p21 Preferentially Inhibits Cdks Involved in G1 and
S Phases

To date, six members of the Cdc2 subfamily of protein
kinases (Cdc2 and Cdk2, 3, 4, 6, and 7) have been
shown to bind one or more proteins with homology to
cyclins (reviewed in Sherr, 1994). CdKS5 is activated by
a brain-specific protein p35, which displays no obvi-
ous sequence identity with known cyclins (Lew et al.,
1994; Tsai et al., 1994). Previously, we and others dem-
onstrated that p21 functions as an inhibitor of Cdc2,
Cdk2, and Cdk4 kinase complexes in vitro and asso-
ciates with Cdk2, Cdk4, and Cdc2 in extracts from
normal diploid fibroblasts (Xiong et al., 1992, 1993a,b;
Gu et al., 1993; Harper et al., 1993). To characterize
more fully the specificity of p21 for inhibition of Cdk
family members, we have examined the interaction of
p21 with all of the known Cdks.

The question of whether p21 is an inhibitor of Cdk3
and Cdké was addressed using kinase complexes as-
sembled in sf9 cells. Cdke6 is activated by D-type cyc-
lins (Meyerson and Harlow, 1994). Although the cy-
clin partner for Cdk3 has not yet been identified, it
close sequence relationship with Cdk2 and its putative
role in G1 (van der Heuvel and Harlow, 1993) sug-
gested that it might be activated by cyclin E. As shown
in Figure 1, co-expression of cyclin E and Cdk3 in sf9
cells results in assembly of active complexes. Both
Cdk3 and Cdké are potently inhibited by purified p21
in Rb-kinase assays (Figure 1). To avoid inhibitor de-
pletion, low levels of kinase (~1 nM) were used and
under these conditions an apparent K; value of ~15
nM for both Cdk3 and Cdké was determined. For
comparison, the apparent K; value for Cdk4/cyclin D1
in crude lysates was ~40 nM. These values represent
upper limits for K; because the interaction of insect cell
proteins with p21 could potentially influence its avail-
ability or activity (see below). In contrast with these
kinases, 500 nM p21 does not inhibit Cdk5/p35 com-
plexes generated by cotransfection of p35 and Cdk5
expression plasmids in C33A cells (Figure 1C). As
expected, Cdk2 kinase complexes from these cells
were fully inhibited by 50 nM p21 (Figure 1C). In
experiments using anti-Cdk5 immune complexes from
mouse brain extracts, Cdk5 was not inhibited with 2
uM p21 (our unpublished data). Experiments pre-
sented below show that p21 does not associate effi-
ciently with Cdk7/cyclin H.

Previous studies have shown that p21 can inhibit
Cdk2, Cdk4, and Cdc2 but the K, values for these
kinases have not been determined. Accurate K; values
cannot be reliably determined using crude extracts or
immune complexes. To determine K; values for the
various Cdk/cyclin complexes, assays were per-
formed using purified components under equilibrium
conditions and inhibition plots were analyzed by non-
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Figure 1. Inhibition of Cdk3, Cdk4, and Cdké by p21 in vitro.
(A) GST-Rb kinase assays were performed using sf9 extracts from
cells infected with the indicated baculoviruses and the indicated
concentrations of p21 purified from E. coli (see MATERIALS
AND METHODS). (B) Quantitation of Rb kinase assays was
performed by liquid scintillation counting of bands excised from
dried SDS gels. (C) Cdk5/p35 kinase activity is not inhibited by
p21. Anti-Cdk5, anti-p35, or anti-Cdk2 immune complexes were
prepared from C33A cells transfected with either pCMV
or pCMV-Cdk5 and pCMV-p35 as described under MATERIALS
AND METHODS and the immune complexes were split into
equal portions before addition of the indicated amount of
E. coli p21. Samples were then assayed for histone H1 kinase
activity.
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linear least squares. GST-cyclin E/Cdk2, GST-cyclin
A/Cdk2, GST-cyclin B/Cdc2, and cyclin D2/GST-
Cdk4 were purified from sf9 cells (Figure 2A) and
used in assays with either histone H1 (Cdc2, Cdk2) or
a C-terminal fragment of Rb (Cdk4) as soluble sub-
strates. The concentrations of Cdk employed (as esti-
mated by Coomassie Blue staining of SDS-gels using
bovine serum albumin as a standard) was typically
between 0.4—1 nM (Figure 2, legend). The apparent K;
value for inhibition of GST-cyclin A/Cdk2 by p21 is
0.5 nM. As expected based on previous studies (Harp-
er et al., 1993), cyclin B/Cdc2 is poorly inhibited by
p21(Figure 2B): the apparent K; is ~400 nM and at 2
1M, substantial activity (15%) remains.

The primary cellular targets of the p21 homologue,
p27, are cyclin E/Cdk2 and cyclin D /Cdk4 complexes
(Polyak et al., 1994; Toyoshima and Hunter, 1994). To
compare the potency of p21 and p27 toward these
targets, assays were performed with p27 purified from
E. coli using a procedure identical to that used for p21
(Figure 2A). The K; value for inhibition of Cdk2/cyclin
E by p27 (0.2-0.5 nM) was at least eightfold lower than
that found for p21 (3.7 nM) (Figure 2C). In contrast,
p21 is approximately fourfold more active toward cy-
clin D2/Cdk4 (K; = 0.6 nM) than is p27 (K; = 4.7 nM)
(Figure 2D). The K; value for Cdk4 determined using
pure components is 40-fold lower than the apparent K;
determined using crude extracts (Figure 1 and Harper
et al., 1993), indicating that the use of crude extracts
can lead to an overestimate of K; values. In cases
where K; is near [E], significant inhibitor depletion can
occur, in which case the true K; value could be lower.

Together, these results indicate that p21 most effec-
tively inhibits those Cdk family members involved in
G1 and S-phase transitions. In addition, p21 and p27
show clear differences in affinity toward their primary
cellular targets. Although it is possible that these pro-
teins also inhibit other classes of kinases, high concen-
trations of p21 (1 uM) do not inhibit protein kinase A
(Harper et al., 1993) or the MAP kinase Erk2 (our
unpublished data).

The Amino Terminal 80 Residues of p21 Are
Sufficient for Inhibition of Cdk2

C-terminal deletion analysis was used to identify a
region of p21 capable of inhibiting cyclin A/Cdk2 in
vitro. Coding sequences for the indicated p21 frag-
ments were expressed as GST fusions and the purified
proteins were used at 20 and 200 nM in H1 kinase
assays (Figure 3). GST-p21 is somewhat less potent
than untagged p21 in these assays; even at 200 nM,
3-5% activity remained. Removal of residues 81-164
had little effect on inhibitory activity, suggesting that
residues 1-80 are sufficient for inhibition. In contrast,
residues 1-60 lacked appreciable inhibitory activity at
200 nM. This is consistent with the observation that
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residues 1-80 display ~44% sequence identity with
p27 in a domain that has been shown to possess in-
hibitory activity when expressed alone (Polyak et al.,
1994) .

Overproduction of p21 Leads to G1 Arrest

Previously, we demonstrated that p21 overexpression
blocks the cell cycle outside of S-phase in normal
diploid fibroblasts (Harper et al., 1993), although these
experiments did not identify the cell cycle position
where arrest occurs. The data presented above pre-
dicts that p21 would arrest in G1. To investigate
whether p21 arrests at a unique position in the cell
cycle, we utilized a transient transfection assay (van
der Heuvel and Harlow, 1993; Zhu et al.,, 1993). An
expression plasmid for p21, pCMV-p21, was trans-
fected into VA13 or SAOS-2 cells along with a plasmid
expressing the cell surface marker CD20, and after 48
h the DNA content of cells expressing high levels of
CD20 was measured by flow cytometry (Figure 4).
Previously, it was shown by using this approach that
p27 (Toyoshima and Hunter, 1994) and dominant neg-
ative forms of Cdk2 and Cdk3 can block cells in G1
(van der Heuvel and Harlow, 1993), thus the Cdk2
dominant negative plasmid (Cdk2-DN) was used here
as a positive control for G1 arrest. Both of the cell lines
employed (VA13 [WI38 normal diploid fibroblast
transformed with SV40] and SAOS-2) have nonfunc-
tional p53 and Rb proteins and low to undetectable
levels of p21.

VA13 cells transfected with vector and pCMV-CD20
alone contain 38% G1 phase cells (Figure 4). CD20
positive cells from a p21 cotransfection display a dra-
matic G1 accumulation, with 79% of the transfected
population having a G1 DNA content. Both S and
G2/M phases are concomitantly reduced. As ex-
pected, a similar G1 arrest was found with Cdk2-DN
(Figure 4) in these cells. SAOS-2 cells have been exten-
sively characterized with respect to cell cycle arrest by
both Cdk2-DN and Rb, both of which lead to predom-
inantly a G1 arrest (Hinds et al., 1992; van der Heuvel
and Harlow, 1993). SAOS-2 cells also accumulate in
G1 when transfected with p21 (45% vs. 68% in G1).
The overall distribution of cell cycle phases in p21
expressing cells is quite similar to that resulting
from expression of Cdk2-DN or Rb (Figure 4), con-
sistent with the fact that p21 preferentially inhibits
Cdks involved in the G1/S transition. These data
indicate that p21 alone can function to arrest the cell
cycle in G1 and does not absolutely require other
p53-regulated proteins or Rb. Furthermore, these
data are consistent with the idea that p21 may be the
primary mediator of G1 arrest induced by the p53
checkpoint pathway (Dulic et al., 1994; El-Deiry et
al., 1993, 1994).
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Figure 2. Determination of the K; val-
ues for inhibition of Cdks by p21 and
p27. (A) SDS-PAGE analysis of puri-
fied proteins. Proteins were purified as
described under MATERIALS AND
METHODS. The arrowheads indicate
the position of insect cell glutathione
binding proteins, K- indicates the po-
sition of the designated kinase subunit,
C- indicates the position of the desig-
nated cyclin subunit, and the bar indi-
cates the designated inhibitor protein.
(B) Inhibition of purified GST-cyclin
A/Cdk2 (~0.4 nM) and GST-cyclin
B/Cdc2 (~10 nM) by p21. Assays were
carried out at [E] < K, for 1 h (Cdk2) or
30 min (Cdc2) at 37°C. Reaction mix-
tures were analyzed by SDS-PAGE and
autoradiography. (C) Inhibition of
GST-CyE/Cdk2 by p21 and p27. As-
says were performed with purified
GST-cyclin E/Cdk2 (0.5 nM) using the
indicated quantity of p21 or p27 puri-
fied from E. coli. One-half of reaction
products were used for filter binding
quantitation (see MATERIALS AND
METHODS) and the remainder was
analyzed by SDS-PAGE. (D) Inhibition
of GST-Cdk4/cyclin D2 by p21 and
p27. Assays were performed using pu-
rified GST-Cdk4/cyclin D2 (~1 nM)
and soluble Rb (2 uM) as substrate.
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Figure 3. Deletion analysis of p21. The indicated C-terminal
deletions of p21 were purified from E. coli as GST-fusion proteins
and assayed for inhibition of Cdk2/cyclin A using histone H1 as
substrate. Activities were quantitated by filter binding (solid
symbol, 20 nM GST-fusion; open symbol, 200 nM GST-fusion).

Association of p21 and p27 with Cdks Is Greatly
Enhanced by Cyclin

‘Cdks exist in both monomeric and cyclin-bound
forms. High concentrations of immobilized GST-p21
can bind low but detectable amounts of in vitro-
translated Cdk2 in the absence of added cyclin
(Harper et al., 1993). However, the high affinity ob-
served in inhibition assays using Cdk/cyclin com-
plexes led us to examine whether the affinity of p21
for Cdks is altered by association with cyclins.
[*°*S]Methionine-labeled Cdk2HA and p21 sf9 ly-
sates were mixed under conditions where p21 is
limiting and increasing amounts of GST-cyclin E
lysate was added (Figure 5A). The total quantity of
labeled sf9 cell extracts was kept constant. Cdk2HA
and associated proteins were then isolated using
anti-HA antibodies and analyzed by SDS-PAGE. In
the absence of added cyclin, p21 was not detected in
association with Cdk2HA. However, the addition of
increasing amounts of GST-cyclin E led to accumu-
lation of p21 in Cdk2HA immune complexes (Figure
5A). These data indicate that cyclin substantially
increases the affinity of p21 for complexes contain-
ing Cdk2. Analogous experiments with Cdk4/cyclin
D2 (Figure 5B), Cdk2/cyclin A (Figure 5C), and
Cdké6/cyclin D2 (our unpublished results) indicate
that cyclin-dependent association with Cdks is a
general property of p21 and does not strictly depend
on the identity of the cyclin subunit. In addition, at
the low concentrations of Cdk2 and cyclin A used in
these mixing experiments, the data in Figure 5C
indicates that p21 stabilizes the cyclin A/Cdk2 com-
plex. In contrast with these cyclin/Cdk complexes,
p21 does not associate efficiently with Cdk7/cyclin
H (Figure 5D).
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VAI13 (WI38-SV40) SAQOS-2
CMV plasmid: vector p21 Cdk2-DN vector p2l Cdk2-DN Rb
G1 386 794 797 45.1 68.2 72.1 78.5
S 26.2 9.0 9.8 31.4 15.4 10.5 6.6
G2/M 352 116 10.5 23.5 16.4 17.4 14.8
B VA3 SA0S-2
# 8

pCMV

pCMV.p21

408 608

58

FrEE

pCMV-Cdk2-DN

pCMV-Rb

o

Figure 4. Induction of Gl arrest by transient transfection of
pCMV-p21. VA13 fibroblasts or SAOS-2 cells were cotransfected
with 28 ug of either pCMV, pCMV-p21, pCMV-Cdk2-DN, or
pCMV-Rb and 2 pg of pPCMV-CD20, and analyzed for DNA content
by FACS as described under MATERIALS AND METHODS. In the
histograms shown, DNA content is shown on the abscissa and cell
number on the axis. The percentages of cells in G1, 5, and G2/M are
provided in the table.

Like p21, association of p27 with cyclin A/Cdk2 and
cyclin D2/Cdk4 is cyclin dependent (Figure 5E). This
together with the sequence similarity between p21 and
p27 suggests that other features of their inhibitory
mechanism may be conserved.

Enhanced association in the presence of cyclin could
potentially reflect a strong and direct interaction of
these inhibitors with cyclin that is independent of the
kinase subunit. To test this possibility, we examined
the interaction of 300 nM p21 or p27 with 80 nM cyclin
A using immunoprecipitation of proteins purified to
homogeneity from E. coli, followed by immunoblot-
ting of immune complexes to detect any associated
p21 or p27 (see MATERIALS AND METHODS). The
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Figure 5. Association of Cdks with
p21 and p27 is enhanced by cyclin.
(A) A constant amount of [**S]me-
thionine-labeled sf9 cell lysate con-
taining Cdk2HA was incubated
with a constant limiting amount of
labeled p21 lysate for 10 min at 4°C.
The indicated amount of labeled
GST-cyclin E lysate or control lysate
was added and anti-HA immune
complexes were collected as de-
scribed under MATERIALS AND
METHODS. Samples were fraction-
ated by SDS-PAGE before autora-
diography. (B) Cyclin-dependent
association of p21 with Cdk4/cyclin
D2. Labeled p21 lysate was mixed
with either Cdk4 lysate, Cdk4/cy-
clin D2 lysate, or D2 lysate and the
indicated immune complexes were
collected as described under MATE-
RIALS AND METHODS. As a con-
trol, anti-p21< directed against the
C-terminus of p21 and anti-cyclin
D2 immune complexes were also
prepared. (C) Cyclin-dependent as-
sociation of p21 with Cdk2/cyclin
A. A constant amount of Cdk2 ly-
sate was mixed with either a con-
stant amount of p21 lysate or cyclin
A lysate and increasing amounts of
either cyclin A or p21 lysates were
added as indicated. Anti-Cdk2 im-
mune complexes were isolated and
bound proteins were analyzed by
SDS-PAGE and autoradiography.
(D) The indicated sf9 lysates con-
taining Cdk7HA and/or cyclin H
proteins were mixed with control
lysates or lysates containing p21
and then immunoprecipitated with
anti-HA or anti-p21 antibodies be-
fore SDS-PAGE. (E) The indicated
sf9 cell lysates were incubated with
4 pl of in vitro-translated p27 and
the indicated immune complexes
were collected. Samples were ana-
lyzed by SDS-PAGE and autora-
diography. (F) The indicated pro-
teins purified from E. coli (300 nM
p21 or p27 and 80 nM cyclin A)
were mixed in a final vol of 150 ul of
NETN and subjected to immuno-
precipitation using anti-cyclin A an-
tibodies as described under MATE-
RIALS AND METHODS. Immune
complexes were immunoblotted us-
ing the indicated antibodies. Detec-
tion was accomplished using ECL
detection (Amersham, Arlington
Heights, IL).

cyclin A preparation employed can stoichiometrically =~ A/Cdk2 (Harper et al., 1993 and our unpublished
activate Cdk2 (Connell-Crowley et al., 1993) and this data). In addition, the cyclin A antibodies used for the
complex is inhibited by p21 with an apparent K; value ~ immunoprecipitation have been previously shown to
similar to that obtained with insect cell-derived cyclin  immunoprecipitate complexes containing p21 (Harper
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et al., 1993). As shown in Figure 5F, neither p21 nor
p27 associate tightly with cyclin A under washing
conditions identical to those employed in Figure 5,
A-E. Although less than 1% of the input p21 was
found to be associated with cyclin A, no p27 was
detected in the cyclin A immune complex. The condi-
tions of this experiment were designed such that less
than 1% of the input p21 and p27 could be readily
detected. These data indicate that the cyclin-depen-
dent association of p21 and p27 with cyclin A/Cdk2 is
not due simply to a direct avid interaction of the
inhibitor with the cyclin that is independent of the
kinase subunit.

p21 Is Associated with the Majority of Active Cdk2
in Normal Fibroblasts

Although it is clear that p21 can act as an inducible
inhibitor of S phase entry, it is not clear what role it
plays in actively growing cells. One possibility is that
it functions as a buffer to determine the level of active
kinase required for passage through particular cell
cycle transitions. To understand the physiological sig-
nificance of this buffer, it is important to know what
fraction of kinase is associated with p21 in vivo. Quan-
titative immunoblot analysis of WI38 fibroblast ex-
tracts was performed using E. coli derived HA-p21
and HA-Cdk2 as standards (see MATERIALS AND
METHODS). As shown in Figure 6A, p21 levels are
two- to fourfold higher than the total Cdk2 protein, as
determined by the relative immunoblot signals of HA-
p21 and HA-Cdk2 determined in parallel. This p21 is
presumably distributed among multiple Cdks (Xiong
et al., 1992; Zhang et al., 1993).

To determine what fraction of Cdk2 in normal dip-
loid fibroblasts is bound to p21, we depleted p21 from
[*°S]methionine-labeled WI38 extracts by sequential
immunoprecipitations and then determined what
fraction of active Cdk2 remained in the depleted ex-
tract using histone H1 as substrate (Figure 6B). As a
control for Cdk2 immunoprecipitation and kinase ac-
tivity, two sequential Cdk2 immune complexes were
prepared from an equivalent amount of lysate (Figure
6B, lanes 6 and 7). This experiment revealed the fol-
lowing: 1) the vast majority of active Cdk2 complexes
are associated with p21 in normal diploid fibroblast,
and 2) p21 immune complexes contain substantial lev-
els of H1 kinase activity. The activity of the Cdk2
immune complexes from the undepleted extract was
40% of that contained in p21 immune complexes. In
contrast, the kinase activity of the Cdk2 immunopre-
cipitates from the p21-depleted extract (Figure 6B, lane
5) was essentially indistinguishable from background
activity found in normal mouse serum immune com-
plexes (Figure 6B, lane 1).

The observation that active kinases are present in
p21 immunoprecipitations is surprising, given the fact
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that p21 inhibits Cdk activity, and was recently re-
ported by Zhang et al. (1994). This activity could be
due to several possibilities. Modified forms of p21 or
Cdk/cyclin complexes could exist that can bind each
other but do not inhibit kinase activity. Alternatively,
unrelated kinases could be present in these complexes
as part of a higher order complex containing p21 and
Cdks. Both of these explanations predict that the ki-
nase activity in p21 immune complexes would be
resistant to inhibition by exogenous p21; however,
because exogenous p21 can block the p21-associated
H1 kinase activity (Figure 6B, lanes 8 and 9), both
possibilities are eliminated. We also considered the
possibility that kinase activity was due to re-equilibra-
tion of immune complexes after isolation as a result of
changing the buffer composition. As shown in Figure
6C, greater than 93% of the anti-p21-associated kinase
activity remained associated with anti-p21 immune
complexes under the conditions of the kinase assay,
ruling out re-equilibration as an explanation for kinase
activity in p21-containing complexes.

An alternative explanation is that p21 can associate
with Cdks in a noninhibitory mode. For example,
inhibition could require association of multiple p21
molecules, with association of the first molecule being
noninhibitory, as suggested recently by experiments
utilizing crude insect cell lysates (Zhang et al., 1994). In
this scenario, p21 immune complexes from cell ex-
tracts would contain a mixture of inhibited and active
Cdks, depending upon the relative levels of p21 and
cyclin-associated Cdks in the particular extract. To test
this hypothesis, the kinase activity of anti-HA immune
complexes generated from samples containing a con-
stant amount of Cdk2/cyclin A and varying amounts
of HA-p21 was examined (Figure 7, A and B). For
these experiments, HA-p21 purified from E. coli (Fig-
ure 2A) and [*Slmethionine-labeled Cdk2/cyclin A,
purified to apparent homogeneity from sf9 cells (see
MATERIALS AND METHODS), was used. This
Cdk2/cyclin A preparation migrated at the expected
position for a monomeric complex using gel filtration
(Figure 7C). The use of pure proteins avoids potential
artifacts that could come into play when crude sf9
extracts are used (Zhang ef al., 1994).

As shown in Figure 7A, increasing amounts of
Cdk2/cyclin A were immunoprecipitated with in-
creasing amounts of HA-p21. Quantitation of labeled
proteins revealed that the maximum amount of Cdk2/
cyclin A recovered with anti-HA antibodies was
~60% of that recovered with anti-Cdk2 antibodies. At
the lower concentrations of HA-p21 used, substantial
histone H1 kinase activity was observed in these im-
mune complexes (Figure 7B), but as the concentration
of HA-p21 was increased, the Cdk2 kinase activity
diminished sharply. The specific activity of the HA-
p21/Cdk2/cyclin A complex associated with the low-
est amounts of HA-p21 was at least 20% of that of the
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Figure 6. p21 is associated with the majority of active Cdk2 in
WI38 fibroblast extracts. (A) Quantitative immunoblot analysis of
p21 and Cdk2 in extracts from WI38 cells. A dilution series of the
indicated quantities of HA-p21 and HA-Cdk2 (determined as de-
scribed under MATERIALS AND METHODS) were subjected to
immunoblotting along with a 10 pl aliquot of WI38 cell extract
(equivalent to ~210,000 cells) and the blot was probed with anti-
Cdk2 and anti-p21 antibodies. Detection was accomplished using
ECL. Assuming similar transfer efficiency for p21 and Cdk2, the
molar ratio of p21 to Cdk2 is 2—4. (B) Extracts from [**SImethionine-
labeled WI38 cells were immunoprecipitated sequentially with ei-
ther normal mouse sera (NMS), anti-p21, or with anti-Cdk2, as
indicated. Extracts corresponding to one 10-cm dish were used for
each immunoprecipitation. Twenty percent of each immune com-
plex was used for histone H1 kinase assays (30 min, 37°C) and the
remaining immune complex was separated by SDS-PAGE before
autoradiography. A third aliquot of unlabeled fibroblasts (extract
corresponding to 1/2 of a 10-cm dish) was subjected to immuno-
precipitation with anti-p21 and the immune complexes divided
equally. To one of the two immune complexes, 500 nM p21 purified
from E. coli (Figure 2) was added. Histone H1 kinase assays were
performed as described above. Histone H1 kinase activities were
assessed by SDS-PAGE and autoradiography. (C) The majority of
active Cdk2 remains associated with anti-p21 immune complexes
during the kinase assay. WI38 lysates (500 g protein) were immu-
noprecipitated with anti-p21 mIgG (in duplicate) or with NMS and
immune complexes prepared for kinase assays as described under
MATERIALS AND METHODS. One anti-p21 complex and the neg-
ative control complex were kept on ice (30 min) while the second
anti-p21 complex was incubated at 37°C in the presence of 1 uM
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Cdk2/cyclin A complex, based on the activity of the
anti-Cdk2 immune complexes assayed and quanti-
tated in parallel (Figure 7A). Interestingly, at 70 nM
HA-p21, approximately 30 nM Cdk2 was precipitated
and this complex is essentially inactive. These results
rule out bridging molecules as being involved in p21-
associated kinase activity and are consistent with the
idea that multiple molecules of p21 can associate with
Cdk/cyclin complexes (Zhang et al., 1994).

p21 Levels Can Serve to Set the Threshold for Cdk
Activity In Vitro

In previous experiments (Figure 7 and Zhang et al.,
1994), the activity of p2l-associated kinases were
examined with increasing levels of p21 and under
nonequilibrium conditions (i.e., after immunopre-
cipitation). An alternative approach for examining
p21 function that more closely resembles the situa-
tion in cycling cells is to keep p21 levels constant
and increase cyclin/Cdk levels under equilibrium
conditions. As shown in Figure 8, reaction of histone
H1 peptide with increasing levels of Cdk2/cyclin A
kinase results in an approximately linear increase in
peptide phosphorylation, except at very high kinase
concentrations. In contrast, when increasing
amounts of pure Cdk2/cyclin A are added to reac-
tion mixtures containing a fixed concentration of
pure p21 (with [I] > K)), a threshold effect is ob-
served. At low cyclin/Cdk levels, activity is com-
pletely inhibited, whereas at concentrations of ki-
nase exceeding the functional form of the inhibitor,
kinase activity increases sharply. These data suggest
that when cyclin/Cdk levels are low, compared
with the p21 levels, the majority of cyclin/Cdk in
complex with p21 is in the inhibited form. The dis-
tribution of Cdk complexes in active and inactive
forms will depend on the relative abundance of
Cdk, cyclins, p21, and other Cdk inhibitors. One
other point that can be inferred from the data in
Figure 8 is that the slopes of the curves for kinases
in the presence of inhibitor are slightly lower than
the slope for the free kinase itself. If kinases with a
single p21 bound are as active as unbound kinase,
the slopes should be the same. This may indicate
that the kinase activity of complexes containing one
p21 is slightly reduced.

histone H1 but without ATP. After 30 min, the supernatant from the
mock kinase reaction was removed to a new tube, the immune
complex was reconstituted with kinase buffer, and H1 kinase reac-
tions were performed on all of the immune complexes in the pres-
ence of [**P]ATP (30 min, 37°C). Reactions were analyzed by SDS-
PAGE and quantitated by phosphoimager analysis.
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Figure 7. Association of active forms of Cdk2/cyclin A with p21.
A constant amount of purified [*°Slmethionine-labeled cyclin
A/Cdk2 (~50 ng Cdk2) was incubated with increasing amounts of
HA-p21 purified from E. coli (see panel B for concentrations) in a
total vol of 30 ul of EB. After 10 min, 3 ug of anti-HA antibodies, 10
pl protein A-Sepharose, and 150 ul of binding buffer were added
before immunoprecipitation. As a control, anti-Cdk2 immunopre-
cipitations were carried out on ~50 and ~5 ng of cyclin A/Cdk2.
Eighty percent of the immune complex was subjected to SDS-PAGE
and autoradiography (A) while the remainder was assayed for
kinase activity using histone H1 peptide as substrate (B). The activ-
ity of the immune complex derived from 5 ng Cdk2 gave 350,000
cpm. Based on the quantitation of **S-labeled Cdk2 present in the
anti-HA and anti-Cdk2 immunoprecipitates using phosphoimager
analysis, the maximum specific activity for the anti-HA complex
was 20% of that of Cdk2/cyclin A (at 7 nM HA-p21). (C) Cydlin
A/Cdk2 migrates as a monomeric complex on a gel filtration col-
umn. Approximately 3 pg of purified cyclin A/Cdk2 (in 0.2 ml
column buffer) was chromatographed on a Superose-12 column as
described previously (Gu ef al., 1993). Two microliter aliquots were
assayed for histone HI peptide activity (1 h, 37°C). The elution
positions of molecular weight markers are shown.
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Figure 8. p21 can determine the threshold concentration of Cdk/
cyclin complexes necessary for production of active kinase. A con-
stant amount of p21 was mixed with varying quantities of purified
GST-cyclin A/Cdk2 in a total vol of 0.02 ml and kinases assays were
initiated by addition of histone H1 peptide and ATP. After 15 min
at 37°C, reactions were quenched by addition of an equal vol of 50
mM EDTA and activities determined as described under MATERI-
ALS AND METHODS.

DISCUSSION

p21<°P! was originally identified as an inhibitor of
Cdk2, Cdk4, and Cdc2 kinase complexes. Here we
show that it can inhibit with high affinity all kinases
known or suggested to have a direct role in the G1 to
S phase transition including Cdk2, Cdk3, Cdk4, and
Cdké but is a poor inhibitor of other known Cdks. For
Cdc2/cyclin B, 400-fold higher p21 levels are required
to achieve the same degree of inhibition as with Cdk2
kinases. Although p21 is found to be associated with
Cdc2/cyclin B in extracts from normal diploid fibro-
blasts (Xiong ef al., 1993a; Zhang et al., 1994), the
stoichiometry and degree of inhibition of this kinase in
this context has not been determined. Therefore, it is
not known whether the high K; value reflects poor
binding or merely an inability to inhibit once bound. It
is possible that other cellular proteins, not present in
the in vitro setting, could increase the affinity of p21
for Cdc2/cyclin B complexes. In addition, p21 shows
no inhibitory activity toward Cdk5/p35 complexes
and does not associate with the Cdk-activating kinase
Cdk7/cyclin H. Cdk5 was previously detected in ex-
tracts from normal diploid fibroblast in association
with D-type cyclins and p21; however, Cdk5 is not
activated by D-type cyclins in vitro or in vivo (Xiong et
al., 1992; Tsai et al., 1993, 1994; our unpublished re-
sults) and the relevance of association of p21 with
Cdk5 in fibroblast extracts is unclear at present. If p21
can bind Cdk5/p35, it does not effectively inhibit ki-
nase activity. Taken together, our data indicate that
p21 is not a universal inhibitor of Cdks, but shows
selectivity for kinases that regulate G1 decisions.
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Consistent with its biochemical selectivity, p21<
overproduction arrests cells in G1. This property is
consistent with its hypothesized role in the mediation
of p53’s checkpoint function (El-Deiry et al., 1993, 1994;
Dulic et al., 1994). In contrast with the Cdk2 dominant
negative protein that blocks cells in G1, the Cdc2
dominant negative arrests cells in G2/M (van der
Heuvel and Harlow, 1993). This suggests that if p21
overexpression functioned to potently inhibit Cdc2 in
vivo, then the G2/M population of cells would have
either been maintained or increased in our p21 trans-
fection experiments. p21“P* has been shown to be
capable of blocking the action of PCNA in DNA rep-
lication assays in vitro (Flores-Rozas ef al., 1994; Waga
et al., 1994). Interestingly, we do not see a large per-
centage of cells arresting in S phase. It is possible that
the kinetics of this assay are inappropriate to detect
such arrest. If lower levels of p21 are required to arrest
in G1 than for blocking DNA replication, then the
lower level will be reached first, thereby blocking G1
cells from entering S but allowing cells in S to com-
plete S phase before levels of p21 high enough to block
DNA replication are achieved. Alternatively, the abil-
ity to block DNA replication in vitro may not faith-
fully represent the in vivo situation.

Although GST-p21 interacts weakly with Cdks pro-
duced by in vitro translation (Harper et al., 1993), we
have found that the affinity of p21 for Cdks is greatly
increased if the Cdk is associated with a cyclin. This is
true for all Cdk/cyclin complexes examined and ex-
tends to its related inhibitor p27. Although GST-p27
has been reported to associate with D-type and E-type
cyclins in reticulocyte lysates (Toyoshima and Hunter,
1994), these results are complicated by the presence of
Cdks in reticulocyte lysates, which could potentially
mediate the observed interactions. Our results ob-
tained using cyclin and inhibitor proteins purified
from E. coli indicate that cyclin A does not associate
with either p21 or p27 efficiently in the absence of a
kinase subunit under conditions where trimeric com-
plexes are readily observed. Thus, if contacts are
made with cyclins, they are very weak, and the
cyclin dependency would result from integration of
weak interactions with surfaces on both cyclins and
Cdks. Alternatively, the enhanced affinity for Cdks
in the presence of a cyclin could result from confor-
mational changes on the Cdk or cyclin induced
upon formation of the cyclin/Cdk complex that fa-
vor inhibitor binding.

Cyclin-dependent association has important physi-
ologic consequences for p21“*! function. For example,
if p21“?! binds monomeric and heteromeric forms of
Cdks equally well, when cells in G1 begin to synthe-
size cyclins, those cyclins could bind either kinase
monomers that already have inhibitor bound or free
monomers. The inhibitor would reduce a straight per-
centage of active kinases as they form, dampening the
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rise in kinase activity. In contrast, if p21<'P* preferen-
tially associates with cyclin/Cdk complexes, as cyclins
are synthesized they bind Cdks and then are inacti-
vated by p21. Therefore, p21<"P! acts as a buffer, soak-
ing up potentially active kinase. This buffer must be
overcome to produce the active kinase needed to cat-
alyze the G1 to S transition. Our in vitro experiments
(Figure 8) are consistent with the idea that p21 can
function as a titratable buffer and can act to set the
cyclin threshold necessary for cell cycle progression.

Our finding that virtually all of the active Cdk2 in
extracts from growing fibroblasts is complexed with
p21“P! was unexpected. In vitro reconstitution exper-
iments utilizing purified proteins indicate that multi-
ple p21 molecules are required for inhibition, as has
been suggested recently by experiments performed
using crude cell extracts (Zhang et al., 1994). Although
in principle, the stoichiometry of inhibition could be
determined using pure proteins, uncertainties in the
concentrations of active p21 and Cdk2 caused by dif-
ferential binding of dyes used for protein quantitation
and the population of nonfunctional molecules, do not
allow firm conclusions to be made. Although detailed
structural studies are likely to be required to deter-
mine the true stoichiometry of inhibition, our mea-
surements (Figures 7 and 8) are most consistent with
the requirement of two molecules for inhibition. The
simplest model for association of p21 with Cdk com-
plexes involves binding at two kinetically indepen-
dent sites with the noninhibitory site having higher
affinity than the inhibitory site. The finding that p21-
containing complexes can contain kinase activity ar-
gues that binding of p21 to the inhibitory site is not
strongly cooperative. We cannot exclude the possibil-
ity, however, that the affinity of p21 for the inhibitory
site is altered by binding of p21 to the noninhibitory
site.

What is the physiological significance of a require-
ment for multiple molecules in the inhibition process?
First, the fact that virtually all of the active Cdk in
WI38 cells is already bound to p21 suggests that the
p21 buffering system is half titrated. This means that it
is maximally sensitive to increases in p21 levels. Thus
a twofold or greater increase in the concentration of
p21, such as that observed in the presence of DNA
damage (El-Deiry et al., 1994), should suffice to com-
pletely inhibit Cdk2 kinase activity (see Figure 7). This
is based upon the assumption that two and not more
molecules are required for inhibition. Second, a re-
quirement for two molecules could sharpen the acti-
vation curve once the buffer has been fully titrated,
although we did not observe this in vitro (Figure 8).
Third, under certain conditions p21, and possibly p27,
could serve to target active kinases to substrates or
effector molecules, as appears to be the case with
PCNA and p21.
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Many details of the biochemical mechanism of p21
action remain to be elucidated. For example, it is not
known whether there are actually two or more bind-
ing sites for p21 on the surface of the Cdk/cyclin
complex or whether the second p21 molecule associ-
ates with itself forming an active dimeric species on
the surface of the Cdk/cyclin complex. In this regard,
experiments using HA-tagged p21 and untagged p21
have failed to demonstrate direct dimerization of p21
molecules in the absence of a kinase and E. coli p21
migrates at the position expected for a monomer on
gel filtration (our unpublished data). The sequence
identity between p21 and p27 suggests that aspects
of their inhibitory mechanisms are conserved. We
have shown that both inhibitors display cyclin-de-
pendent binding to Cdks and that like p27, the
N-termial region of p21 is sufficient for inhibition.
The potential interaction among inhibitors will be
important for understanding the complex interplay
between growth regulatory pathways that utilize
different inhibitor family members. Our in vitro in-
hibition constants indicate that Cdk4/cyclin D2 is
more effectively inhibited by p21 than by p27 and
vice versa for Cdk2/cyclin E. This suggests that
these inhibitors may initially target different kinases
during cyclin accumulation.

In summary, the primary conclusions of this paper
are as follows: 1) p21<"! preferentially inhibits Cdk/
cyclin complexes that pl;éy a role in the G1/S transi-
tion; 2) high levels of p21<'P! can block the cell cycle in
G1, consistent with a role in mediating the p53-depen-
dent G1 checkpoint; 3) association of p21<P' and
p27%®! with Cdks is greatly enhanced by cyclin; 4)
multiple p21 molecules are required for inhibition of
cyclin/Cdk kinase activity; 5) nearly all active Cdk2 is
associated with p21 in extracts from normal diploid
fibroblast; and 6) active complexes containing p21,
Cdks, and cyclins can be inhibited by exogenous
p21. These data are consistent with a model
whereby p21<P! may act as a regulated buffer that
sets the threshold cyclin levels necessary to activate
the G1 to S phase transition. As cyclin D levels have
been shown to be responsive to growth factor con-
centrations (reviewed in Sherr, 1994), p21C‘p] may
act to determine the concentration and, perhaps, the
identities of growth factors necessary to activate
growth of particular cells. Mutations that reduce
p21<P! levels could have significant consequences
for endocrine dependent growth such as that ob-
served during development and in certain types of
tumors.
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INTRODUCTION

Progression through the eukaryotic cell cycle requires the action of positive
regulatory elements that catalyze passage through particular transitions. Cyclin
dependent kinases (CDKs) function in this capacity (Hunter and Pines, 1994;
Sherr, 1994). These enzymes are among the most highly regulated enzymes
known, reflecting their central importance in cell proliferation. Positive regula-
tion is achieved by both cyclin association and threonine phosphorylation
catalyzed by CDX activating kinase (CAK) (reviewed in Morgan, 1995). Nega-
tive regulation is achieved through phosphorylation of the catalytic subunit by
Weel/Mytl like kinases (reviewed in Coleman and Dunphy, 1994) and
through association with CDX inhibitory proteins (CKIs; reviewed in Elledge
and Harper, 1994; Sherr and Roberts, 1995; Harper and Elledge, 1996).

The discovery of CKIs has provided new paradigms for understanding how
extracellular and intracellular signals regulate cell cycle progression. In addi-
tion, the finding that some CKIs are tumour suppressors or are regulated by
tumour suppressors has provided a direct link between cell cycle control and
tumorigenesis. This chapter focuses on CKI function and regulation, with spe-
cial emphasis on the roles of CKIs in development and cancer as revealed
through the analysis of CKI deficient mice.
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STRUCTURE AND FUNCTION OF CKis
The CIP/KIP Family

Two classes of structurally distinct CKIs have been identified in mammals: the
CIP/KIP class and the INK4 class. The CIP/KIP class is typified by
p21CIPVWAFI the first mammalian CKI to be identified (El-Deiry et al, 1993;
Harper et al, 1993; Xiong et al, 1993a). This CKI and its family members
p27KIPl (Polyak et al, 1994; Toyoshima and Hunter, 1994) and p57KIP2 (Lee
et al, 1995; Matsuoka et al, 1995) are modular in structure and are sometimes
referred to as dual specificity inhibitors (Harper and Elledge, 1996). Although
this class of CKI is commonly referred to as "universal" CDX inhibitors (Xiong
et al, 1993a), this description is somewhat misleading. For example, p21 is a
potent inhibitor of the G; CDKs (CDK2, CDK3, CDK4 and CDKS6), with K;
values from 0.5 to 5 nm, but is a poor inhibitor of CDC2 (K; ~400 nm) and does
not associate with CDK7/cyclin H or CDK5/p35 (Harper et al, 1995). Thus,
overexpression of these inhibitors leads to arrest in G; (Polyak et al, 1994;
Toyoshima and Hunter, 1994; Harper et al, 1995; Lee et al, 1995; Matsuoka et
al, 1995). Inhibition is mediated by a conserved N-terminal approximately 60
residue domain (Harper et al, 1995; Luo et al, 1995). The interaction with
CDK/cyclin complexes is likely to involve extensive regions of p2l, and al-
though results differ depending on the experimental system used, most of the
available data indicate that high affinity association of p21 with CDKs requires
cyclin association (Zhang et al, 1994; Goubin and Ducommun, 1995; Hall et al,
1995; Harper et al, 1995; Zhu et al, 1995). It is likely that p21 contacts both the
cyclin and the kinase subunits. Alanine scanning mutagenesis of clusters of
charged residues has revealed several regions of sequence that when mutated
reduce, but do not abolish, association with CDK2 (Goubin and Ducommun,
1995). Only one point mutation (D52A) reduced association with CDK2 dra-
matically (~33-fold). This residue is in a relatively conserved region of the
protein but is not conserved in mouse p57. The N-terminal domain contains a
short conserved sequence motif that is also found in the CDK binding domain
of an otherwise unrelated negative cell cycle regulator pl07, a relative of RB
(Zhu et al, 1995). When pl107 is in complexes with CDK2/cyclin A, p107 be-
comes the exclusive substrate of the kinase and blocks phosphorylation of
exogenous substrates that do not form tight complexes with the kinase (eg
RB). Thus, in particular situations, p107 may behave as a CDK inhibitor. The
finding that induction of p21 can lead to formation of cyclin A/CDK2/p21
complexes at the expense of pl07 indicates that they share common or over-
lapping binding sites on the kinase (Zhu et al, 1995).

In addition, each inhibitor contains a C-terminal domain that is not re-
quired for inhibition but may serve as a binding site for other proteins. In
fibroblasts, p21 participates in quaternary complexes containing a CDK, a
cyclin and proliferating cell nuclear antigen (PCNA) (Xiong et al, 1993b).
PCNA functions as a processivity factor for DNA polymerase 8 and is required
for DNA replication. Association of PCNA with these complexes is mediated
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through an approximately 10 aminoacid stretch at the C-terminus of p21
(Goubin and Ducommun, 1995; Warbrick et al, 1995). Although the biological
significance of this association is not well understood at present, association of
p21 with PCNA blocks polymerase 8 dependent DNA replication in vitro
(Flores-Rozas et al, 1994; Waga et al, 1994). Contradictory reports have ap-
peared on the effects of p21 on excision repair. Whereas Li et al (1994) and
Shivji et al (1994) have found no substantial effect of p21 in excision repair un-
der conditions where DNA replication by polymerase & is largely inhibited,
Pan et al (1995) reported that p21 blocks nucleotide excision repair of DNA
damaged by either ultraviolet radiation or alkylating agents and that this in-
hibition is reversible by PCNA. Effects on PCNA in vitro do not appear strictly
to require N-terminal and central domains of p21, since a PNCA binding
domain peptide is sufficient to inhibit DNA replication in vitro (Warbrick et al,
1995). An open question concerns the role of p21-PCNA association in the
regulation of DNA replication in the normal cell cycle and during checkpoint
activation. Although transient transfection of plasmids expressing the PCNA
interaction domain of p21 can reduce the rate of passage through S phase
(Luo et al, 1995), it is not clear whether the p21-PCNA interaction normally
plays an essential part in checkpoint control. This question could be addressed
through an analysis of cells containing inactivating mutations in the CDK bind-
ing domain of p2l. In contrast to p21, p27 and p57 do not associate with
PCNA. However, these two inhibitors do contain homologous C-terminal do-
mains called the QT domain (Matsuoka et al, 1995). This domain may mediate
interactions with other proteins.

Two p21 related CKIs have been identified in Xenopus, p28Ki"1 or p27Xicl,
which appear to be hybrids between CIP and KIP family members (Su et al,
1995; Shou and Dunphy, 1996). Although the C-terminal domains contain se-
quences with similarity to the QT domains of KIP1 and KIPZ, these proteins
can associate with PCNA, albeit much more weakly than p2l. The three
residues that contribute the most to PCNA binding for p21 (Warbrick et al,
1995) are not conserved in the Xenopus homologues, suggesting that there is
an additional motif that can selectively recognize PCNA.

The INK4 Family

The INK4 class of CKlIs is composed of pl86, pl5, p18 and p19 (Serrano et al,
1993; Guan et al, 1994; Hannon and Beach, 1994; Jen et al, 1994; Chan et al,
1995; Hirai et al, 1995). Unlike the CIP/KIP family, these inhibitors are highly
selective for CDK4 and CDKG6. They are composed almost entirely of ankyrin
motifs. In transformed cells lacking functional RB, p16 levels are increased,
and in this situation, pl6 is found in complexes with CDK4 and CDKG6 at the
expense of D type cyclins (Serrano et al, 1993; Xiong et al, 1993b; Bates et al,
1994; Tam et al, 1994; Parry et al, 1995). This led to the proposal that p16 can
displace cyclin D from the CDK (Serrano et al, 1993; Guan et al, 1994). How-
ever, direct displacement of cyclin D by an INK4 homologue has thus far not

93




94

J W Harper

been demonstrated (Guan et al, 1994; Hall et al, 1995; Hirai et al, 1995). Addi-
tion of INK4 to CDK4/cyclin D complexes leads to rapid inhibition, and
studies with p19 have demonstrated that this INK4 homologue can associate
with inhibited CDK4 complexes containing cyclin D (Hirai et al, 1995). To-
gether, these data indicate that INK4 homologues can associate with both
cyclin associated and monomeric CDK4/6 and suggest that the molecular con-
tacts may not be identical in the two complexes. Binding of INK4 with
monomeric CDK4/6 would give a heterodimeric complex that cannot associate
productively with cyclin D. Any trimeric INK4/CDK4/cyclin D complexes
formed could be readily converted to the INK4/CDK complex through cyclin
turnover, since it is known that D type cyclins have short half lives compared
with CDK4. The development of an inducible system that allows the analysis
of INK4/CDK complexes immediately after induction, before secondary
events such as cyclin turnover, may help clarify the initial mechanisms of in-
hibition by INK4 family members.

Currently, the biochemical basis of CDK4 inhibition on p16 is not well un-
derstood. However, a pl6 derived synthetic peptide corresponding to
aminoacids 84-103 is sufficient to bind and inhibit CDK4 in vitro and can
block cell cycle progression in tissue culture cells (Fahraeus et al, 1996). Al-
though this peptide has the properties of pl6, its inhibitory potency is about
15 000 times lower than full length p16, which has K; values in the nanomolar
range. This suggests that other regions of the protein may be involved in con-
tacts that enhance the affinity. Several p16 mutants that lose their ability to in-
hibit CDK4 and block cell cycle progression map to the region corresponding
to the peptide (see Fahraeus et al, 1996). One of these mutants (G10IW),
found in patients with familial melanoma, displays temperature sensitive bind-
ing to CDK4, and its ability to block cell proliferation is temperature depen-
dent (Parry and Peters, 1996). An additional melanoma mutant (VI26D) dis-
plays a similar phenotype (Parry and Peters, 1996). It is not yet clear whether
this single p16 derived peptide is sufficient both to inhibit the activity of a
preformed CDK4/cyclin D complex and to block association of CDK4 with
cyclin D.

P21 AND THE MULTIPLE MOLECULE HYPOTHESIS

A curious feature of p21 is that it can be found in association with both active
and inactive CDK complexes (Zhang et al, 1994; Harper et al, 1995). For ex-
ample, anti-p21 immune complexes from diploid fibroblasts contain histone
H1 kinase activity comparable to that found in CDK2 immune complexes
(Zhang et al, 1994). In addition, most of the active CDK2 in these cells is asso-
ciated with p21 (Harper et al, 1995). However, if additional p21 is added to
these immune complexes, the kinase activity is completely inhibited. These
and other data have led to the proposal that a single molecule of p21 can asso-
ciate with the cyclin/kinase complex but that multiple inhibitor molecules
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(most likely two) are required to inhibit CDKs. In vitro reconstitution experi-
ments are consistent with this idea but suggest that the p21 containing com-
plexes may have reduced specific activity at least towards some substrates
(Harper et al, 1995). The ability of CKI bound kinase complexes to phosphory-
late substrates is potentially important, since it might allow the CKI to func-
tion in substrate targeting, perhaps through their C-terminal domains. In addi-
tion, this model is now frequently used to explain how small changes in p21
levels can dramatically alter CDK activity and cell cycle progression.

Although it is clear that p21 containing CDK complexes can phosphorylate
histone H1 in vitro, it is not clear at present whether such complexes are active
on their physiological substrates in vivo and if so what their specific activities
are. One potential model is that p21 interacts with multiple domains of the
cyclin/CDK complex, and in vitro, the CDK binding domain can "breathe" suf-
ficiently to allow for substrate entry and catalysis, perhaps at reduced rates. To
date, only histone H1 (Zhang et al, 1994; Harper et al, 1995) and a histone H1
derived peptide (Harper et al, 1995) have been used as substrate in these ex-
periments, and it is conceivable that their molecular properties allow them to
be phosphorylated by CDKs containing a single p21 molecule. The extent of
phosphorylation may depend on the relative binding constants for histone H1
and the p21/CDK inhibitory interaction. It is conceivable that the affinity of
critical cellular targets is not sufficient to compete for p21 in vivo. It is also
possible that proteins such as p107 that bind directly to cyclin through a region
that overlaps with the p21 binding site on cyclin (Zhu et al, 1995) would not be
efficiently phosphorylated by CDK/cyclin complexes containing a single p21
molecule. Therefore, the ability of p21-kinase complexes to be functional is
likely to be substrate dependent. In addition, it is not clear whether all
CDXK/cyclin complexes that associate with these inhibitors behave in the same
way, since this phenomenon has been tested only with CDK2/cyclin A. Fur-
thermore, it is not clear to what extent p27 and p57 display this property.
Whereas p57 immune complexes from HeLa cells contain histone H1 kinase
activity (Harper JW and Elledge SJ, unpublished), activity in p27 immune
complexes has not been reported. An analysis of the activities of multiple
CDK/cyclin complexes with multiple target substrates will need to be per-
formed if we are to understand the in vivo importance of this idiosyncrasy of
p2l family members. A structure of the CDK/cyclin/CKI complex will no
doubt prove to be critical in understanding the complex mechanism of inhibi-
tion displayed by this class of CKIs and may suggest ways to test the relevance
of this feature in vivo.

REGULATION OF CKI ABUNDANCE THROUGH ANTIMITOGENIC
PATHWAYS IN VIVO AND IN VITRO

When p21 was first identified, it was envisioned that CDK inhibitors would be
involved in a variety of regulatory decisions that reflect their versatility. Such
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decisions include checkpoint function, cell cycle timing and terminal cell cycle
arrest during development. Currently, there is evidence for the involvement of
one or more of the known CKIs in these processes, although it is not at all
clear in many instances how the temporal and spatial expression of CKIs is
controlled. One theme that is emerging is that CKI expression is highly cell
type specific in vivo. Analysis of p21 and p57 expression during embryonic de-
velopment and in adult tissues indicates that these two inhibitors are in gener-
al expressed in a non-overlapping pattern (El-Deiry et al, 1995; Matsuoka et al,
1995; Parker et al, 1995). The tissue of exception is muscle, where both of
these CKIs are expressed (Matsuoka et al, 1995; Parker et al, 1995). The high-
est levels of expression are found in terminally differentiated cells (El-Deiry et
al, 1995; Parker et al, 1995), suggesting that CKIs contribute to cell cycle ar-
rest during development.

CKlIs, in particular p21, are induced in several cell types undergoing dif-
ferentiation in culture (Jiang et al, 1994; Steinman et al, 1994; Halevy et al,
1995; Parker et al, 1995; Liu et al, 1996). However, it is unclear whether CKI
expression causes terminal differentiation or is a consequence of it. For exam-
ple, p21 is induced in response to expression of MyoD (Halevy et al, 1995;
Parker et al, 1995), a transcription factor that is sufficient to induce the muscle
differentiation pathway and is known to cause cell cycle arrest. However, p2l
is not required for cell cycle arrest or differentiation in this system, since mice
lacking p21 do not have an obvious defect in muscle development (Deng et al,
1995). It is possible that p21 function is redundant with another cell cycle
regulator in muscle. There is also evidence in other systems that CKIs can ac-
tually promote particular differentiation events. p21 is induced directly by the
vitamin D receptor (Liu et al, 1996). Overexpression of p21 (or p27) in the ab-
sence of vitamin D in these cells leads to both cell cycle arrest and expression
of differentiation markers (Liu et al, 1996). It is currently unclear whether in-
duction of differentiation markers is simply dependent on cell cycle arrest in
G| in this particular system.

Although little is known about the patterns of expression and regulation of
other CKIs in vivo, tissue culture experiments, particularly with p27, are be-
ginning to reveal other pathways that regulate CKI abundance. One theme to
emerge from these studies is that p27KIP1 is frequently induced upon cell
cycle exit in response to mitogen deprivation, antimitogenic signals or contact
inhibition, and its levels are reduced when cells are stimulated to enter the
cycle (Nourse et al, 1994; Poon et al, 1995; Coats et al, 1996; Hengst and
Reed, 1996; Winston et al, 1996). Increased levels of p27KIPL 4re thought to
constitute a barrier to CDK activation that must be overcome during mitogen
induced cell cycle progression. One mechanism by which this is achieved is
the downregulation of p27KIP1 protein levels after growth factor stimulation.
Furthermore, antisense inhibition of p27KIP 1 expression in cycling cells pre-
vents cell cycle withdrawal in response to serum deprivation and allows
mitogen independent initiation of DNA replication (Coats et al, 1996). Thus, a
major function of extracellular growth promoting agents is the elimination of
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functional p27KIP1. In accord with this hypothesis, antiproliferative factors
such as rapamycin antagonize the growth factor dependent decrease in
p27KIPL thereby inhibiting S phase entry (Nourse et al, 1994). It should be
noted, however, that large alterations in p27KIPl abundance are not universally
observed. In cycling Swiss 3T3 cells, p27 is present at low levels relative to its
targets and approximately doubles in quiescent cells, still far too low to ac-
count fully for CDK inhibition (Poon et al, 1995). It is not clear whether these
cells have lost the ability to induce p27XIP1 dramatically during quiescence, as
observed with human diploid fibroblasts (Hengst and Reed, 1996), or whether
another mechanism such as reduction in cyclin expression is the critical event
in cell cycle arrest.

For some cell types, signals leading to reduced p27XIF1 levels can de dis-
tinguished from signals leading to increased cyclin/’CDK accumulation. In
both Balb/c 3T3 fibroblasts and human T lymphocytes, transition from quies-
cence into S phase is dependent on the sequential and synergistic action of at
least two distinct mitogenic activities. CDK complexes assemble in response to
the initial signal that promotes cell cycle entry but is not sufficient for passage
through the restriction point. In the absence of the second signal, these com-
plexes are inactive and are associated with p27KIPL (see Firpo et al, 1994;
Winston et al, 1996). Exposure to a full complement of mitogenic factors
results in the reduction of p27 protein levels, a decrease in the level of
Kipl associated with the CDK holoenzyme and subsequent activation of the
kinase.

What controls the levels of p27KIP1? Unlike p2lCIP1, transcriptional in-
duction does not appear to be a predominant mechanism for regulating
p27KIP1 levels. KIPI mRNA levels are fairly constant during both cell cycle
progression and cell cycle exit, indicating a posttranscriptional control of KIP1
accumulation (Hengst and Reed, 1996). Two distinct mechanisms are at play.
Firstly, growth arrest leads to increased translation of KIP1 message (Hengst
and Reed, 1996). Secondly, p27 half life is increased, compared with that in
asynchronously proliferating fibroblasts (Pagano et al, 1995). In some cell
types, p27KIP1 levels fluctuate during the cell cycle, being high in G/S and
low during Go/M (Hengst and Reed, 1996). Cell cycle dependent alterations in
half life may contribute to the periodic decrease in KIP1 protein levels. Clues
as to how p27KIPl destruction is regulated have come from the finding that
pZ7KIP ! is ubiquitinated in a reaction that can be performed in vitro by the
Ubc2 and Ubc3 ubiquitin conjugating enzymes, called E2s (Pagano et al,
1995). This modification targets the protein to the proteosome for destruction.
Targeted destruction of CKIs may represent a general mechanism for reduc-
ing inhibitor levels in response to mitotic signals. This is suggested by the fact
that the budding yeast Cdc28p/Clbp inhibitor p40SICl is also regulated by ubi-
quitin mediated degradation (Schwob et al, 1994). In this system, mutational
inactivation of Cdc4p, which is thought to function together with the ubiquitin
conjugating enzyme E2 (Cdc34p), results in the accumulation of Siclp and an
inability to enter S phase. Deletion of SIC1 suppresses the S phase arrest
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phenotype of the cdc4-1, suggesting that Siclp is an essential target of this
pathway. The identification of E3 proteins that recognize and target CKIs for
destruction will help to unravel how cell cycle phase or mitogens regulate CKI
destruction.

Certain cell types respond to the action of transforming growth factor beta
(TGFB) by arresting the cell cycle in Gy, but this arrest can be overcome by
the action of the DNA virus oncoprotein E1A. Recent studies have provided a
molecular description of the changes in CKI function that occur in response to
TGFB (Reynisdottir et al, 1995) as well as the mechanism by which E1A over-
rides this antimotitic signal (Mal et al, 1996). In cycling mink lung epithelial
cells, p27XIP1 Jevels are insufficient to completely inactivate CDK2 and CDK4
complexes required for cell cycle progression. In response to TGFp, plSINK4b
is transcriptionally induced (Hannon and Beach, 1994). Through either direct
displacement or complex turnover, p15INK4b accumulates on CDK4 at the ex-
pense of p27KIP1 and cyclin D. p27KIPL, which is liberated from the CDK4
complexes, is then available for inhibition of CDK2/cyclin E complexes
(Reynisdottir et al, 1995). The ability of E1A to block the action of TGFB
results from two distinct activities (Mal et al, 1996). Firstly, association of E1A
with RB abolishes the requirement of active cyclin D/CDK4 complexes for
progression through G, thus rendering plSINK4b function irrelevant
(reviewed in Weinberg, 1995). Secondly, E1A associates with p27, thereby
blocking its ability to inhibit cyclin E/CDK2 activity, which is required for S
phase entry even in the absence of RB (Mal et al, 1996). Physical inactivation
of CKIs may ultimately emerge as a common mechanism regulating cell cycle
progression in response to mitogenic agents. Indeed, recent data suggest the
existence of a heat labile inhibitor of p21 that is activated through the MYC
pathway (Hermeking et al, 1995).

BIOLOGICAL ROLES OF CKls REVEALED THROUGH
CKI DEFICIENT MICE

Although tissue culture systems facilitate the identification of signalling path-
ways that regulate CKI expression, such systems do not necessarily recreate
the complex biological and cellular interactions found in vivo. Thus, the true
significance of a CKI to control of proliferation and development can only be
realized through analysis of CKI deficient animals. In principle, this approach
identifies cell types where a particular inhibitor makes a critical contribution to
the balance of negative and positive growth control factors that must be
maintained for homoeostasis or proper development. Furthermore, this ap-
proach will ultimately reveal the cell types that possess redundant or alterna-
tive pathways for negative growth control. The results with the three CKI
knockout mice generated to date provide a wealth of information about the
roles of these genes in cell cycle control, development and tumorigenesis.
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p21 and G, Checkpoint Function

p21 is transcriptionally regulated by TP53 in response to DNA damage (Dulic
et al, 1994; El-Diery et al, 1994), and it has been suggested in the literature
that p21 may mediate some or all of the known functions of TP53 (El-Deiry e
al, 1993, 1994). TP53 is a central factor in the DNA damage response pathway,
and this activity is thought to contribute substantially to its tumour suppressor
function (reviewed in Bates and Vousden, 1996). Cells lacking TP53 no longer
arrest in G, in response to y irradiation or in Gy in response to activation of the
mitotic spindle checkpoint. In addition, some cell types undergo apoptosis
when DNA is damaged, and TP53 is required for this process as well. Analysis
of p21 deficient cells indicates that p21 is required for complete G, arrest in
response to DNA damage (Brugarolas et al, 1995; Deng et al, 1995) but is not
required for the spindle checkpoint or for thymocytic apoptosis (Deng et dl,
1995). One unexpected outcome of this work was the finding that the G,
checkpoint with y irradiation was only partially compromised with loss of p21
(Brugarolas et al, 1995; Deng et al, 1995), but the checkpoint in response to
nucleotide pool perturbations with N-(phosphoracetyl)-L-aspartate was fully
compromised (Deng et al, 1995). This suggests that there is a second check-
point function that can partially compensate for p21 loss in the presence of
some types of damage. In TP53 null cells, both pathways are non-functional.
Unlike TP53 deficient mice, p21 deficient mice do not have increased suscep-
tibility to spontaneous tumours (Deng et al, 1995). This finding is in keeping
with the finding that p21 is infrequently mutated in human tumours (Shiohara
et al, 1994). However, two loss of function mutations in p21 have been found
during an analysis of prostate tumours, indicating that loss of p21 could poten-
tially contribute to tumorigenesis in some cell types (Gao et al, 1995). Togeth-
er, these results indicate that the anti-apoptotic and anti-oncogenic effects of
TP53 are complex and involve much more than simply induction of p21. It is
possible that TP53’s apoptotic function or Gy checkpoint function are central
to its tumour suppressor function, although a contribution of the G; check-
point function cannot be ruled out.

Proliferative Miscues in Mice Lacking p27KP1

As noted above, alterations in p27 levels or utilization is a frequent con-
sequence of changes in mitogenic signals. Mice lacking p27 display a number
of phenotypes which indicate that this CKI has an important role in limiting
the extent of cell proliferation but does not generally function in the process of
cellular differentiation (Fero et al, 1996; Kiyokawa et al, 1996). Perhaps the
most dramatic phenotype is that p27 deficient mice are substantially larger
than wild type mice, indicating a general proliferative advantage in the ab-
sence of this CKI. Although all organs generally are larger than normal, organs
that normally express the highest levels of p27 (spleen and thymus) are in-
creased to the largest extent. Increased organ size reflects cell number and not
cell size. Thus, cell division in these tissues is regulated largely by p27. Differ-
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entiation in these tissues appears to be normal. This has been best character-
ized in the thymus, where a dramatic increase in cell number and organ size
had no effect on thymic development and thymocytic differentiation. More-
over, cells from all haemopoietic lineages were normally represented (Fero et
al, 1996; Kiyokawa et al, 1996).

Also intriguing is the finding that p27 deficient mice develop intermediate
lobe pituitary hyperplasia or adenoma, consistent with the increased size of
this organ. The absence of focal lesions surrounded by apparently normal tis-
sue suggests that pituitary adenoma occurs with 100% penetrance and indi-
cates that proliferation of melanotropic cells of the pars intermedia is nega-
tively regulated largely through p27. However, malignant pituitary tumours
have not yet been observed in these mice. This phenotype is reminiscent of
RB~/+ mice, which have pituitary tumours concomitantly with the loss of the
second RB gene (reviewed in Williams and Jacks, 1996). However, unlike
RB-* mice, p27 deficient mice do not die at 9 months of age, indicating that
the RB deficient tumours are much more aggressive. Thus, RB loss is not equi-
valent to loss of p27. Although it is conceivable that pituitary pathology may
contribute to altered animal size through endocrine abnormalities, alterations
in the levels of growth hormone or insulin like growth factor 1 have not been
observed in p27 deficient mice (Fero et al, 1996; Kiyokawa et al, 1996).

A third phenotype observed in p27 deficient mice is female infertility. Al-
though ovarian follicles develop, they do not progress to form corpora lutea.
Since p27 levels are relatively high in the corpora lutea of control mice, it is
conceivable that follicle maturation by luteinizing hormone requires the action
of p27 (Fero et al, 1996; Kiyokawa et al, 1996).

Involvement of p16 in Cancer Predisposition

INK4 homologues function in a pathway that appears to be a primary target
for mutations that contribute to transformation. INK4 homologues specifically
block the activity of CDK4/6, which are thought to regulate RB inactivation
(reviewed in Sherr, 1994; Weinberg, 1995). These kinases are ‘uniquely ac-
tivated by D type cyclins. Studies carried out largely in fibroblasts indicate that
RB is the sole essential substrate of D type cyclin kinases. This is based largely
on the finding that INK4 homologues can block cell proliferation in RB+/+
cells but not RB~/~ cells (Koh et al, 1995; Lukas et al, 1995) and that anticyclin
D antibodies inhibit S phase entry in RB*+ cells (reviewed in Sherr, 1994;
Weinberg, 1995). Loss of this pathway can occur in multiple ways. Loss of pl16
(reviewed in Hirama and Koeffler, 1995) or mutation of CDK4 to a form that
no longer tightly associates with INK4 homologues (Wolfel et al, 1995; Zuo et
al, 1996) may lead to unregulated RB phosphorylation and cell cycle entry.
Alternatively, overexpression of cyclin D or CDK4 may overcome negative
growth control by INK4 (reviewed in Sherr, 1994).

Given that all four INK4 homologues occupy the same position in this
pathway, it is intriguing that p16INK4a js the only INK4 homologue strongly
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implicated in human cancer. INK4a and its homologue INK4b are located
near each other at 9p21 (reviewed in Sherr and Roberts, 1995). This region of
the genome is frequently mutated in a wide range of human cancers, and a
substantial number of alleles, including the INK4a and INK4b genes, have
been found to contain large deletions. However, whereas missense and non-
sense mutations are frequent in INK4a, they are quite rare in INK4D (Jen et al,
1994). Perhaps the clearest evidence that pl6 is a true tumour suppressor
comes from the finding that it is mutant in some familial melanomas (Hussus-
sian et al, 1994; Kamb et al, 1994; Walker et al, 1995). In addition, INK4a
mutations are frequently found in sporadic cancers of the head and neck, pan-
creas and oesophagus (reviewed in Hirama and Koeffler, 1995). In addition to
mutations, there is also evidence that expression of pl6 is blocked in some
tumour types through methylation of its promoter (Herman et al, 1995).

A complicating feature of the INK4a locus is that it produces two trans-
cripts from distinct promoters that have alternative first exons (Ela and EIf)
but share second and third exons (E2 and E3) (Quelle et al, 1995). The E1f-
E2-E3 transcript generates a novel protein, plQARF , from a different reading
frame than that for p16 (Quelle et al, 1995). Although ARF does not associate
with CDKs, it does block cell cycle progression in G and Gy when over-
expressed and thus could formally contribute to tumour suppression at the
INK4a locus. Although a role for plQAP‘F is not ruled out by the mutational
data, many of the data are consistent with the primary involvement of p16. Ap-
proximately 50% of all mutations affect p16 alone, with the remaining fraction
affecting both p16 and plQAP‘F (see Serrano et al, 1996, and references there-
in). In addition, mutations found in familial melanoma kindreds are frequently
in Elo. Many nonsense mutations specifically affect p16, and a number of
missense mutations in p16 have been shown to affect association with CDK4/6
and cell cycle arrest. However, the fact that there are four known missense
mutations in E2 that affect p19ARF but not p161NK43 leaves open the pos-
sibility that p19ARF contributes to tumour suppression in some cell types
(Quelle et al, 1995), although these alleles have not been shown to be defec-
tive in growth suppression. Because of the complexity at this locus and the
paucity of data on expression of INK4a products using specific probes, we
know little about the role of INK4a in development, although the identifica-
tion of humans that are homozygous null for INK4a (Gruis et al, 1995) indi-
cates that these genes do not have an essential role in development.

Mice have been generated that lack exons E2 and E3 and therefore delete
both the p16 and p19 proteins (Serrano et al, 1996). As expected, these mice
are viable and, consistently with data in human cancers, loss of INK4a leads to
greatly enhanced tumorigenesis. Somewhat surprising is the tissue spectrum
observed for spontaneous and chemically induced tumours. In contrast to hu-
mans, where melanoma, pancreatic and oesophageal tumours are frequently
observed with INK4a mutations, mice develop primarily fibrosarcomas and
lymphomas. Although INK4a mutations are seen in these tumour types in hu-
mans, they are relatively infrequent. This reiterates the differences in tumour
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type specificity frequently observed in mice and humans carrying mutations in
the same genes (Harlow, 1992). An additional proliferation phenotype is ob-
served in the spleen, where there is some proliferative expansion of the white
pulp along with megakaryocytes and lymphoblasts in the red pulp (Serrano et
al, 1996). These data suggest abnormal extramedullary haemopoiesis, and this
becomes more pronounced with age.

QUESTIONS FOR THE FUTURE

Since mammalian CKIs were first identified in late 1993, there has been sub-
stantial progress on many fronts, and significant insights into mechanisms of
growth control and tumour suppression have been gleaned (El-Deiry et al,
1993; Harper et al, 1993; Serrano et al, 1993; Xiong et al, 1993a). However,
there are still many fundamental questions that are not understood.

One question involves the roles of INK4 proteins in development. Al-
though some information is available on the patterns of expression of p21 and
p57 during development and in adult tissues, we know little about the cell type
specificity of INK4 homologues. Such information could help explain why p16,
but not other INK4 proteins, functions as a tumour suppressor in many cell
types. The question of functional redundancy will eventually be addressed
through the generation of multiply mutant mice.

A second area where our understanding is incomplete concerns the signal
transduction pathways that regulate the expression of CKIs during develop-
ment. We know very little about transcriptional control mechanisms. What are
the transcription factors and antimitogenic pathways that regulate induction of
CKIs in terminally differentiated cells? A related question concerns the me-
chanisms that cause destruction of inhibitors. How is p27 destruction regu-
lated and how is p27 recognized for destruction? Do other CKIs employ pro-
grammed destruction mechanisms? What is the role of the C-terminal domain
of KIP proteins in cell cycle arrest pathways and destruction? Identification of
proteins that can associate with the QT domain may help to answer these
questions.

The third question concerns the function of p57KIP2, Thuys far, point muta-
tions in KIP2 have not been identified in human tumours (Kondo et al, 1996).
However, p57 is unique among CKIs in that it is imprinted, being selectively
expressed from the maternal allele in all tissues examined except the brain
(Hatada and Mukai, 1995; Kondo et al, 1996; Matsuoka et al, 1996). Although
the relevance of this form of regulation is not known, it is consistent with the
involvement of p57 in two cancer syndromes, Beckwith-Weidemann syndrome
(BWS) and Wilm’s tumour II (WT2) (see Matsuoka et al, 1995, 1996, and
references therein). BWS is characterized by organ overgrowth and cancer
predisposition, WT2 by embryonic tumours, particular in the kidney. The p57
gene is located at 11p15.5 (Matsuaoka et al, 1995), very near lesions in these
two syndromes. Both syndromes indicate that the tumour suppressor gene(s)
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effect is imprinted, since deletions at 11p15.5 in WT2 and balanced transloca-
tions in BWS uniquely affect the maternal allele. This, coupled with the fact
that p57 is expressed in many of the tissues most affected by these two
syndromes (Matsuoka et al, 1995), suggests that loss of p57 may contribute to
these diseases. Generation of p57 deficient mice should help in understanding
the role of p57 in development and tumorigenesis.

Finally, we need to solve the riddle of why there are multiple members
and distinct classes of CKIs. The CIP/KIP family members have evolved to in-
hibit multiple G; CDKs, whereas the INK4 proteins inhibit only D type
cyclins. Available data indicate that CDK2 and CDK3 function at steps distinct
from those of CDK4 and CDK6. Why is there an inhibitor class selective for
the cyclin D/RB pathway when it is clear that CIP/KIP family members are
competent to arrest the cell cycle even in the absence of RB? Moreover, why
does loss of p16, but not p21 or p27, lead to widespread cancer predisposition.
Does it simply reflect tissue specificity and functional redundancy or does it
indicate an imbalance in kinase activity that is a reflection of the biochemical
specificity of the two classes of CKIs?

SUMMARY

Progression through the eukaryotic cell cycle is regulated by the activities of a
family of cyclin dependent kinases (CDKs). These kinases are negatively regu-
lated by phosphorylation and by the action of cyclin kinase inhibitors (CKlIs).
In mammalian cells, two classes of CKIs have been identified, the INK4 class
and the CIP/KIP class. These CKIs are versatile negative regulators of CDK
function and have potential roles in development, checkpoint control and
tumour suppression. Analysis of CKI knockout indicates that although these
inhibitors are not generally required for survival, the phenotypes observed
span the gamut of what might be expected for loss of a cell cycle inhibitor.
This chapter summarizes our current understanding of the roles of CKlIs in
growth control.
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Mice lacking the imprinted Cdk inhibitor p57%"*2 have altered cell proliferation and differentiation, leading to abdominal
muscle defects; cleft palate; endochondral bone ossification defects with incomplete differentiation of hypertrophic
chondrocytes; renal medullary dysplasia; adrenal cortical hyperplasia and cytomegaly; and lens cell
hyperproliferation and apoptosis. Many of these phenotypes are also seen in patients with Beckwith-Wiedemann
syndrome, a pleiotropic hereditary disorder characterized by overgrowth and predisposition to cancer, suggesting that
loss of p57¥'P2 expression may play a role in the condition.

Cell proliferation in the embryo is controlled by an intricate
network of extracellular and intracellular signalling pathways that
process growth regulatory signals and integrate them into the basic
cell-cycle regulatory machinery through control of cyclin-dependent
kinases (CDKs). CDKs are positively regulated by cyclins and
negatively regulated by CDK inhibitory proteins, CKIs"*. Cyclins
D and E function in the G1 phase of the cell cycle and phosphorylate
and inactivate the tumour-suppressor retinoblastoma (Rb) and the
related proteins p107 and p130, which are negative regulators of the
E2F transcription factors that facilitate cell-cycle entry’. There are
two classes of CKIs in mammals, the p21“*" and p16""* families.
Members of the family p16™<* bind and inhibit onl& Cdk4 and
Cdk6 kinases. Mice lacking the tumour-suppressor p16" ** show no
gross developmenital abnormalities but have hiﬁh rates of spontaneous
tumorigenesis®, In contrast, p21<*!, p27°"" and p57°1F? CKIs
inhibit all G1/S phase CDKs"2 p21“"™" is transcriptionally regulated
by the p53 tumour-suppressor in response to DNA damage, and is
required for the G1 DNA-damage checkpoint'. Although p21“*!
expression during development correlates with terminally dif-
ferentiating tissues’, mice lacking p21“"' develop normally®.
p278®!-deficient mice are grossly normal developmentally but
display several phenotypes that seem to be linked to cell prolifera-
tion’~. They are larger than wild-type mice, have intermediate-lobe
pituitary hyperplasia or adenomas, and females are infertile.

The most structurally complex member of the p21“*! family of
CKlsis p57KIPZ (refs 10, 11), which resides at 11p15.5 (ref. 10), a site
of frequent loss of heterozygosity in several human cancers includ-
ing those of the breast, bladder, lung, ovary, kidney and testicle.
Several types of childhood tumours display a specific loss of
maternal 11p15 alleles, suggesting the involvement of genomic
imprinting'?>. Rearrangements at 11pl5 are seen in Beckwith—
Wiedemann syndrome (BWS), which is characterized by numerous
growth abnormalities, including macroglossia (enlarged tongue),
gigantism, enlarged adrenal glands, ear creases, visceromegaly
(enlarged organs), omphalocele (umbilical hernia), kidney
abnormalities, advanced ageing and thickening of long bones, and
a 1,000-fold increase in the risk of childhood tumours®, including
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Wilms’ tumour, adrenocortical carcinoma, and hepatoblastoma.
BWS occurs with an incidence of 1 in 13,700 births, and 15% of
these are familial with maternal carriers, suggesting a role for
genomic imprinting". BWS has highly variable penetrance in
which patients usually display only a subset of all phenotypes.
BWS has a complex pattern of inheritance including uniparental
disomy (paternal), paternal trisomy of chromosome 11pl5.5,
paternal duplication of the 11p15.5 region, translocations involving
maternal 11p15.5 and karyotypically normal transmission.

The protein p57°F? is encoded by a maternally expressed,
imprinted gene in both humans® and mice', and one cluster of
BWS translocations"” is within 80 kilobases of the p575"* gene. A
recent study reported that two of nine patients with BWS
examined'® were found to be heterozygous for mutations in the
p57°"2 gene. However, there was no analysis of how frequently these
alterations were observed in an asymptomatic population. Further-
more, only one patient had an apparent null allele that was shown to
be maternally inherited. Because these mutations were found at
such low frequency, it is possible that other genes might also be
altered in these two patients. To assess directly the role of p57°"** in
development, cancer and BWS, we have generated a mouse lacking
the p57°"*% gene. These mice have a variety of developmental defects
consistent with a causative role for p57¥®? in BWS, and indicate a
role for p57°"*% in control of cell proliferation and differentiation.

Targeted disruption of mouse p57%'*2 gene

A targeting construct that removed exons 1 and 2 (Fig. 1a) (87% of
the p57¥1*? coding region) was introduced into AB2.1 embryonic
stem cells. G418/gancyclovir-resistant cells were screened for homol-
ogous recombination by Southern blot analysis (Fig. 1b). Homol-
ogous recombinant cells were injected into blastocysts from C57BL/
6 mice, and male chimaeras were mated to C57BL/6 females.
Germline transmission was confirmed by Southern blotting
(Fig. 1b). F, heterozygous animals were back-crossed to C57BL/6
mice to maintain the disrupted allele. To avoid ambiguity, we
indicate the parental origin of alleles in heterozygotes by a super-
script m for maternal or p for paternal.
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The disrupted allele is a null as demonstrated by the absence of
p57°"2 mRNA (Fig. 1e) and protein (Fig. 1c,e) in p57 '~ or
p57* ™™ animals. p57¥'"? is detected in the tectum of brain,
kidney, adrenal gland, muscle, lung and cartilage in wild-type
embryos. Levels of p21“"! and p27X™"! were unchanged in tissues
from p57°""* mutants, except in muscle where a slight increase in
p27¥1P! was detected (Fig. 1c). The p57" ~P animals had wild-type
expression of p57°*2,

Generation of p57X""2 mutant mice

Of 32 offspring from p57% ~P female to p57+'+ male matings, no
p57%'” animals were present when genotyped at two weeks of age
(Table 1). Of 82 offspring from p57* ~P intercrosses, 55% were

.
.

p57™* and 45% were p57+~ (Table 1); no p57 '~ animals
survived to two weeks of age. Mendelian inheritance predicts a
1:2 ratio for p57™* to p57+~ animals, indicating that half of the
p57"'~ animals died before genotyping. We observed dead or dying
new-born mice in several litters, and these were found to be mutant.
We concluded that p57<'"? is required for postnatal survival in a

hybrid C57BL/6-129Sv background. Although lethal in this back-
ground, we recently discovered that crossing to the outbred CD1
strain allows some p57* ~ ™ animals to survive well beyond day one.

When evaluated between embryonic day (E)18.5 and E20, geno-
types were detected at expected Mendelian frequencies (Table 1).

However, 10% of mutant embryos were dead, staged from E13 to
KIP2

E16, consistent with the fact that maternal inheritance of the p57
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Figure 1 Targeted disruption of p57<72, a, p57X"2 disruption strategy. Probes (A
and B) for Southern analysis are indicated. b, Southern blot analysis of DNA from
wild-type and mutant ES clones and embryos. ¢, Western blot analysis of p575¥2,
p27%" and p21°®! proteins in muscle and kidney. The asterisk indicates a form of
p57¥"2 resulting from phosphorylation or alternative splicing. d, A pedigree
analysis: squares, males; circles, females. Heterozygotes are represented by
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half-filled symbols. Animals displaying a mutant phenotype are indicated by
diagonal lines through symbols. e, /n situ hybridization and immunofluorescent
analysis of sagittal sections derived from E15.5 p57+*, p57*~™ and p57 '~
embryos. A combined image of p575 protein (green) and nuclei stained with
Hoechst dye (blue) is shown; |, lung; Ii, liver; r, rib; t, tectum.
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null allele is lethal (Fig. 1d ). The p57 '~ animals were pheno-
typically indistinguishable from affected p57+ ™ heterozygotes.

Mice lacking p57'*2 have omphalocele

Mutant embryos showed umbilical abnormalities as early as E16.5.
A herniated abdomen was noticeable in all mutants (Fig. 2A, d,e)
together with malrotation of the intestines resulting in placement of
the jejunum and ileum in front of the liver. Occasionally, the small
intestines were found outside the abdominal cavity (omphalocele),
a range of phenotypes characteristic of BWS in humans (Fig. 2A, b).
Most dead or dying neonates had a slit in their abdomen where the
umbilicus is normally positioned, and portions of their visceral
organs were missing, presumably devoured by their mother in the
process of removing the placenta and yolk sac (Fig. 24, c).

Figure 2 Omphalocele, umbilical hernia and cleft palate in p57*F2 mutant mice. A,
Intestines are found outside the abdominal cavity in some p575F2 mutant new-
borns (b) but not wild-type mice (a). Umbilical sacs were removed in b to expose
intestines. Typically, dead neonates (mutants) had a slit on their abdomen with
missing viscera (¢). Umbilical hernia is observed in mutants (e, arrow) but not in
wild-type littermates (d). a, b, E20; ¢, PO; d, e, E18. B, Jaws were removed from PO
wild-type (@) and mutant (b} mice to allow palate viewing. Haemotoxylin and
eosin-stained coronal sections show a fused palate in E20 wild-type (¢) mice and
cleft palate in mutant (d). p57<' expression (green} in the palate mesenchyme
and tongue muscle of an E20 embryo (e); ns, nasal septum; p, palate; t, tongue.
Scale bars, 200 pm.
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The small intestines develop outside the body until E15.5 (ref.
19), when then they enter the body cavity. How this occurs is
unknown. It is unclear how omphalocele occurs in BWS, but the
prevailing assumption is that visceral overgrowth limits abdominal
space. In p57X'"2 mutant embryos, visceral overgrowth was not
evident. p57%¥? is highly expressed in intestinal mesenteries that
form connections between the intestine folds and the abdomen and
may participate in intestine re-entry. However, no obvious histo-
logical malformation was detected in mutant mesenteries.

Body wall muscle dysplasia in p57¥'"2 mutants

E18 mutants are 10% shorter than weight-matched p57™* embryos
(Fig. 3A, a). However, skeletons are nearly identical lengths (Fig. 3A,
b), indicating a different aetiology for the body-length anomaly.
Because proper musculature is required for skeletal stature, we
investigated muscle organization. Histological examination of
mutant embryos revealed defects in the position of body wall
muscles (Fig. 3B, b,d). At the umbilicus level, the muscle did not
reach as far towards the midline of the abdomen in mutants as in
wild-type mice, leaving large areas of the abdominal wall uncovered
by muscle. To distinguish whether this was a cause or a consequence
of herniation, we examined E14.5 embryos in which a physiological
omphalocele is normally present. Muscle in the mutants also failed
to reach the midline (Fig. 3B, a,c), strongly suggesting that the
abdominal wall defect is responsible for the subsequent umbilical
herniation.

Overall muscle differentiation was not affected in p57-mutant
mice, as indicated by the normal muscle-fibre organization and
peripheral location of nuclei. Surprisingly only 50% of muscle
nuclei express p57<""* (Fig. 3B, e,f). This is consistent with the
hypothesis that there are two muscle lineages, MyoD and Myf5.
Perhaps p57°'*2, which is also expressed in E11.5 somites (data not
shown), is expressed in only one lineage, and is required for muscle-
cell migration.

Neonatal lethality in p57%'"2 mutant mice

Cleft palate (secondary palate) and difficulty in breathing were
noticeable in all mutant neonates (Fig. 2B, compare a and b). Milk
was found in their lungs, and air in their stomach and intestines,
causing inflation and stretching. No histological abnormalities were
found in mutant diaphragm, lung, bronchi or trachea. The severity
of cleft palate was variable but could compromise breathing by
allowing an accumulation of liquid in the nasopharynx that is
subsequently brought into the lungs by inhalation.

Closure of the secondary palate is a complex process™. Vertically
growing palate shelves elevate by E13 and grow together, fusing by
E16 to form the secondary palate'. Analysis of E20 mutant embryos
demonstrated that the palate failed to fuse but maintained normal
organization (Fig. 2B, ¢,d). p57<"* is expressed in mesenchymal
cells of the palate and muscle cells of the tongue, but not nasal or
oral epithelia (Fig. 2B, ). Failure of palate closure could result from
defects in mesenchymal cell migration, response to induction
signals, cell proliferation, or increased apoptosis caused by inappro-
priate proliferation. The tongue of mutant mice is not enlarged, and
is therefore not interfering in palate closure.

Renal medullary dysplasia in p57*'"2 mutants
A major histopathological finding in BWS is non-cystic medullary
dysplasia and enlargement of the kidney”. BWS medullary pyra-
mids are often poorly formed and exhibit abundant connective
tissue stroma with widely separated renal tubules? In p57<
mutants the size and organization of the kidney was normal (Fig.
4a-h), but the inner medullary pyramid was significantly smaller
than normal. Normally at E18.5 and E20 the maturing glomeruli are
juxtamedullary and nephrons have developed long loops of Henle
reaching deep into the inner medullary region (Fig. 4g). However,
mutants have fewer renal tubules (loops of Henle and collecting
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Table 1 Genotype frequencies of offspring

*Male p57++ x female p57+ ~P

p57 genotype +/+ + -

Number 32 0

Observed (%) 100 0

Expected (%) 50 50

*Male p57+ ~P x female p57*/~P

p57 genotype A+ + = -/
Number 45 37 0
Observed (%) 55 45 0
Expected (%) 25 50 25
+Male p57+* x female p57+/ "

p57 genotype +i+ A+ -

Number 24 27

Observed (%) 47 53

Expected (%) 50 50

+Male p57+ ~P x female p57+ ~P

p57 genotype +H+ + - -/
Number 16 27 14
Observed (%) 28 47 25
Expected (%) 25 50 25

*Genotyped at 2 weeks of age.
T Genotyped between E18.5 and E20.

Figure 3 Body-wall dysplasia in p57XF mutants. A, E18 p&7+*(wt) and
P57+~ ™mut) embryos (a) and skeletons (b) prepared from the same embryos.
Mutants have shorter bodies but normal skeletal length. B, Transverse embryo
sections were stained with haemotoxylin and eosin. The distance between
umbilicus and the tip of rectus abdominis muscle (arrows) is greater in mutants
than in wild-type littermates in E14.5 (a and ¢) and E18 (b and d) embryos. Skin
development is also delayed in mutants (asterisks). p577 protein was detected
in the rectus abdominis muscle, connective tissue, skin, and liver (e), and is
present in half of the nuclei in muscle (f}; in, intestine; li, liver; m, muscle; um,
umbilical cord. Scale bars, 200 um.
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ducts) and more stromal cells in the inner medulla (Fig. 4d,h), a
phenotype very similar to that of BWS patients®. No defects in
primary nephrogenesis were observed, indicating that ureter bud
branching and mesenchymal induction occurred normally in the
mutant kidney.

To determine whether medullary dysplasia is due to improper
development or to regression of a properly formed kidney, a
developmental analysis was performed. At E16 the renal pelvis
forms through fusion of initial ureter branches. A normal renal
pelvis was observed in the E16.5 mutant kidney (Fig. A, B). At this
stage the inner medulla normally begins to form, but in the mutant
this was totally absent. At E18.5 the mutant inner medulla has also
failed to develop properly (Fig. 4C, D). This indicates that the
medullary dysplasia is due to arrested or improper development.

p57%12 is expressed in podocytes of maturing glomeruli and in
interstitial stromal cells between renal tubules (Fig. 4i) but not the
tubules themselves. This expression pattern argues against an
intrinsic defect in the renal tubule, and underscores the importance
of tissue—tissue interactions between epithelia of renal tubules and
surrounding mesenchymal cells during the development of the
loops of Henle, as has been demonstrated previously for ureteric
branching and the mesenchymal to epithelial transition.

Bone development and collagen X expression

Skeletal staining with alcian blue (cartilage) and alizarin red (bone)
revealed abnormalities in mutant skeletons. At E14.5 the two sternal
bands in mutants were widely separated, whereas those in wild-type
animals had already fused (Fig. 5A, a,b). By E19, wild-type sterne-
brae were fully ossified, whereas ossification had just begun in the
mutant (Fig. 5A, ¢,d). Two separate ossification centres in each
sternebra were clearly seen in the mutant, indicating imperfect
fusion of sternal bands (Fig. 5A, d). Smaller ossification centres were
observed in mutants at all stages of development in forelimbs,
vertebra and supraoccipital bone, as shown in Fig. 5A, e-L
Although mutant limbs are shorter, they are thicker than in the
wild type (compare Fig. 5A, g and h).

Vertebrate long bones are formed through endochondral
ossification, which involves formation of a cartilage framework
that is converted to bone by replacement. Within this framework,
cells are organized into distinct zones: the epiphyseal centre zone
contains resting chondrocytes that act as stem cells for the adjacent
proliferative zone, where chrondrocytes proliferate and form
columns, and the hypertrophic zone, containing dying chondro-
cytes that are in the process of ossification. Histological examina-
tion of mutant long-bone sections showed a slight disorganization
of the columnar alignment of differentiating chondrocytes (Fig. 5B,
a,b). Furthermore, the mutant hypertrophic zone is slightly thinner
than in the wild type and contains smaller cells, suggesting impair-
ment of chondrocyte differentiation.

p575"%2 is expressed at moderate levels in resting chondrocytes,
low levels in the proliferative zone, and very high levels in the
hypertrophic zone (Fig. 5B, c). We examined cell-cycle withdrawal
in the mutant hypertrophic zone to determine whether cell division
in this zone might account for resistance to ossification. A higher
level of BrdU incorporation was observed in the resting (2.2-fold)
and proliferative (1.6-fold) chondrocytes of E15 mutant animals,
but at later times, such as postnatal day (P)0, only a small increase in
BrdU labelling was observed in resting (20%) and proliferative
(14%) chondrocytes. At E18.5 there is a 10% greater cell density in
these two zones, which may explain the bone thickening in mutant
animals (Fig. 5A, e-h). However, no BrdU labelling was observed in
either the mutant or wild-type hypertrophic zones at any stage.

Collagen X is expressed in hypertrophic chondrocytes and has
been implicated in proper bone development”. Expression of
collagen X was significantly reduced in the mutant hypertrophic
zone (Fig. 5B, d.e). Thus p57"'"* is required for expression of
collagen X, and perhaps other genes that facilitate the ossification
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of chondrocytes. Because no cell-cycle entry was observed in mutant
hypertrophic chondrocytes, the failure to express collagen X
suggests that p57%""> may play a direct role in processes of
differentiation.

Adrenal cortex hyperplasia and cytomegaly

The adrenal gland is among the most consistently enlarged organs in
BWS patients and shows extensive cytomegaly. p57*/~ ™ mutants
show a significant enlargement of the adrenal gland (a 25% to 100%
increase in volume; Fig. 6a). Although mutant adrenals were normal
histologically, there was a threefold increase in the frequency of
cytomegaly (Fig. 6¢,d). Expression of p5752 is restricted to fetal
adrenal cortex (Fig. 6b), indicating a role in controlling cell pro-
liferation.

Cycling and apoptosis in lens after loss of p57X'F2

The p57°"*% protein is present in high levels in postmitotic lens fibre
cells, with low-level, sporadic expression in the anterior epithelial
layer (Fig. 7a,b). p57¥'*? is induced in the equatorial zone (Fig. 7a,
arrows) where epithelial cells are withdrawing from the cell cycle
and initiating terminal differentiation®, suggesting a role for p57°'
in promoting one or both of these processes. Analysis of p57 '~
and p57" ~™ lenses revealed grossly normal lens structure at E13.5
with minor vacuolization, but a more pronounced vacuolization in
E15.5 and older lenses (Fig. 7e). Late-stage differentiation markers
such as <y-crystallin and membrane-intrinsic protein-26 were
unaffected (data not shown). However, p57<"** loss causes inappro-
priate S-phase entry in lens fibre cells (Fig. 7f,g) and an increase in
apoptotic nuclei (Fig. 71,j), possibly contributing to the vacuolated
appearance. Another phenotype of p57 '~ lenses was a 10-fold
increase in apoptosis in the anterior epithelial compartment (Fig.
7j). Epithelial cells that accumulate in the centralmost position of
the anterior epithelial layer are normally eliminated by a p53-
independent apoptotic mechanism to maintain the single-cell
layer anteriorly”®. Because these cells express p57~" , the increase
in apoptosis could result from an accelerated rate of proliferation
and execution of a normal mechanism designed to eliminate excess
cells in the central zone of the anterior lens.

Discussion

p57°""% acts as a regulator of cell proliferation in the adrenal gland,
the lens epithelia and certain chondrocytes. The partial dependency
on p57¥®2 for reducing cell proliferation reveals the redundant
mechanisms used to limit tissue growth. A similar situation is
observed in cell culture where agents that induce cell-cycle arrest
immediately increase levels of certain CKIs and subsequently reduce
the levels of the cyclins and CDKs. While undergoing the process of
reducing CDK activity during differentiation, the absence of CKIs
may allow additional cell cycles to occur before CDK activity is
sufficiently reduced to block cell-cycle entry.

Loss of Rb is associated with increases in proliferation, impaired
expression of differentiation markers, and inappropriate apoptosis
in lens fibre cells®. p57 '~ lenses show less cell proliferation and
apoptosis than Rb ™/~ lenses, thus p57<% is likely to play a partly
redundant role upstream of Rb. However, the increase in apoptosis
in the anterior epithelial compartment is greater in p57 ~/~ than in
Rb ™/ lenses. Thus, even in the same cell type, the relationship
between p57F* and Rb (and possibly other cell-cycle regulators)
changes with respect to differentiation state. Furthermore, the
ossification defect in p57 ~/~ mice is similar to that observed in
p107 /" p130 ™'~ double mutants®, and it is likely that p57<"* is
also regulating these proteins to control proliferation in chondro-
cytes.

Several tissues in p57 ~/~ mutants showed developmental defects
not obviously linked directly to increased cell proliferation, such as
defects in kidney development, differentiation of hypertrophic
chondrocytes, muscle organization, and formation of the secondary
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palate. These defects may indicate roles in differentiation distinct
from the biochemical role of p57%¥? as a CKI. In the case of the
ossification defects, the hypertrophic chondrocytes exit the cell cycle
properly but were disorganized and failed to express differentiation
markers such as collagen X. Non-CDK binding regions of the
p575""? protein, such as the repeat regions or the conserved QT
domains, may play cell cycle-independent roles in differentiation.
Using the p57X®2-defective mouse allows us to assess unambigu-
ously the role of p57°™* in BWS. Its BWS-related phenotypes
support a causal role for a mutation found previously”. Both
patients with p57<""> mutations displayed omphalocele, macro-
glossia, gigantism and earlobe grooves. p57°F2-deficient mice also
show omphalocele but not gigantism, macroglossia, visceromegaly
and hypoglycaemia (data not shown). However, the expression
pattern of p57°*? is consistent with a possible role in both gigantism

Figure 4 Kidney medullary dysplasia in p57“" mutants. a, b, At £16.5, the inner
medulla is absent in the p57 =/~ mutant kidney (arrow). ¢, d, At E18.5, a delayed
elongation of the inner medulla is evident in the mutant kidney. e, f, Low
magnification shows relatively normal organization of the mutant kidney at E20.
g, h, A higher magnification of e and f. The mutant inner medulla is significantly
smaller than in the wild type, containing fewer loops of Henle (asterisks} and
collecting ducts with more stromal cells in between. (i, j) p57<7 protein is
expressed in mesenchymal cells between renal tubules of the inner medulla
and in podocytes of glomeruli (arrow), but not in mutants (j); bw, body wall; c,
collecting ducts; dpc, distal and proximal convoluted tuibules; im, inner medulla;
in, intestine; li, liver; om, outer medulla; pa, pancreas; ca, renal calyx; rc, renal
cortex; rp, renal pelvis. Scale bars, 200 pm.
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Figure 6 Hyperplasia of the adrenal gland in p57%™ mutants. a, The E19 adrenal
gland is enlarged in p57+'~™ mice. b, p5757 protein is expressed in the fetal
cortex but not the medulla (arrow) in an E20 adrenal gland. ¢, d, Haematoxylin and
eosin-stained sections of E20 wild-type (e} and p57*~™ (d) adrena! glands.
Arrows indicate cytomegaly; fc, fetal cortex; m, medulla. Scale bars: b, 200 um;
c.d 50pum.
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Figure 5 Impaired endochondral ossifica-
tion in p57°"2 mutants. A, Alcian blue (car-
tilage) and alizarin red (bone) staining of
E145 skeletons showing fused sternum
rudiments in wild-type (a) and an unfused
sternum in ps7+ =™ mice (b, arrow). Ster-
nebrae are fully ossified in E19 wild-type
{e) but not mutant (d) embryos. Note the
separate sternum ossification centres
and enlargement of the xiphoid process
in d. e-h, Forelimbs of E16.5 (e, f) and
E19 (g, h} of wild-type (e, g) and mutant
{f, h) embryos. Reduced ossification is
observed in mutant E19 vertebrae (§) and
PO supraoccipital bone (1) relative to wild-
type (i, k). B, Longitudinal sections through
the tibia of E18.5 wild-type (a) and mutant
(b) embryos, stained with haematoxylin
and eosin. p57<? expression was visua-
lized by immunofluorescence (e¢). Collagen
X expression was detected in wild-type (d)
but notin mutant (e) hypertrophic chondro-
cytes; h, humerus; he, hypertrophic chon-
drocytes; pe, proliferating chondrocytes; r,
radius; rc, reserving chondrocytes; s, sca-
pula; su, supraoccipital bone; u, ulna; x,
xiphoid process. Scale bars, 200 pm.

and macroglossia; the mouse tongue has extremely high levels of
p57°"? during development, as does the human placenta, which
controls nutrient flow to embryos'!".

It is unknown which of the internal manifestations of BWS these
two patients exhibit. However, the p57 '~ mouse displays several
common internal BWS phenotypes including enlargement of the
adrenal cortex, adrenal cytomegaly, and renal medullary dysplasia,
which are now strongly predicted to be present in the two affected
individuals. Phenotypes present in the p57 "'~ mouse not fre-
quently considered to be associated with BWS are cleft palate,
endochondral ossification defects, and ocular lens impairment. It
should be noted that, unlike the mouse, human p57¥"*2 imprinting
is incomplete with 5% residual expression from the paternal allele".
Therefore, although mice lacking the maternal allele are null
mutants, the equivalent humans are hypomorphs. This may affect
the relative penetrance of phenotypes between species. Nevertheless,
increased frequency of cleft palate”®, skeletal anomalies®, and
cataract formation” have been reported in conjunction with
BWS. A very high frequency of palate defects including cleft and
soft palate have been observed in 6 of 10 BWS patients in a study
from Japan®. The high frequency of palate defects in that study
relative to others may reflect the differences in frequencies of
modifier genes in distinct populations. In response to this study it
was learned that the BWS patient from a previous study'® who had a
maternally inherited null allele in p57%¥™*? also had a cleft palate
(1. Hatada, personal communication). This provides further com-
pelling support for the involvement of p57¥/¥2 in BWS. It has also
been observed that the long bones in BWS patients often show
widened metaphyses and a thickened bony cortex®". This is con-
sistent with our observations of the thickened bones in p57<%*-
deficient mice. Thus the analysis of the p57*"**-deficient mouse has
not only provided proof of the role of p575*? in BWS, but has also
extended the range of phenotypes expected on further analysis of
BWS patients with p57X"2 mutations. Furthermore, it has provided
an explanation for the physiological basis of several phenotypes
observed in BWS patients, including skeletal abnormalities (chon-
drocyte proliferation and differentiation), omphalocele (abdominal
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muscle developmental defects) and adrenomegaly (absence of a cell
proliferation inhibitor).

Because p57~""2 is central to BWS, it is likely that most or all BWS
forms affect p57<"* function in some way. Loss of p57<"** could
account for BWS involving alterations at the maternal 11p15.5
locus. However, it is more difficult to imagine how p57<"? is directly
involved in the form of BWS caused by duplication of the paternal
11p15.5 region. It is possible that duplicating the imprinted paternal
p575"%2 allele could affect the maternal allele’s expression, but this
seems unlikely. An alternative explanation is the linked-antagonist
model, which proposes that mutations in p57<'* or overexpression
751" antagonist cause BWS. The chromosome specificity of
the paternal duplication could be accounted for by exclusive
paternal expression of the antagonist, or by the fact that, owing to
tight linkage, the duplicated region would also carry p57<"*%, and so
duplications including the maternal p57*™* would not produce
BWS. Under these conditions, duplication of the paternal 11p15
region would have an effect similar to mutating the p57°* gene,
increasing a dosage-dependent antagonist. It is possible that IGF2 is
the linked antagonist that acts in the same pathway as p57<"*%, but in
opposition. Increased IGF2 expression leads to some phenotypes
associated with BWS in mice® and humans®. The linked-antagonist
model predicts that each mutation (or increased dosage) would
have some common effects (for example, omphalocele, macro-
glossia and gigantism) and some unique effects (for example,
earlobe creases, viceromegaly and renal medulary dysplasia), and
there would be significant variability in the range of different
phenotypes, depending on which genes were mutant or over-
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Figure 7 Loss of p57% causes increased proliferation and
apoptosis in the lens. a-¢, Immunofluorescent analysis
shows strong p57¢? expression in all nuclei of the post-
mitotic lens fibre cell compartment (arrows) (a), occasional
nuclear and cytoplasmic staining in anterior epithelial cells
(arrow) (b), and no expression in p57~'~ lenses (c). d, e,
Histological presentation of haematoxylin and eosin-stained
E155 lens sections (sagittal) derived from p57+* (d) or
p57~'" (e) embryos. f, @, BrdU incorporation assays on
E13.5 lens sections derived from p57*+* (f) or p57 '~ (g)
embryos. Brackets show inappropriate S-phase entry in
normally postmitotic lens fibre cells of the equatorial
region. The arrow indicates S-phase entry in central lens
fibre cells. h-j, TUNEL assays on E13.5 lens sections derived
from p57+* (h), p57~'~ (i), pb7 =/~ (j) embryos (higher
magnification of the boxed region in i showing abundant
apoptotic nuclei in the anterior epithelial layer). Scale bars:
f-i, 10 um; §, 4 pm.

produced. Paternal uniparental disomy would cause the most
severe phenotype because all p57°** expression would be lost and
increased dosage of the antagonist(s) would occur. The linked-
antagonist model accounts for the highly variable penetrance
associated with this syndrome.

Because we now have an understanding of the molecular defects
that cause BWS, there should be a concerted effort to correlate
phenotype with genotype of BWS patients to establish whether
groups of phenotypes are linked and correlate with a particular
genotype. This analysis should help establish whether BWS is a
single disease or a collection of similar diseases that operate through
an overlapping pathway, and will definitively establish whether
p575"2 is a tumour suppressor. |
Methods
Targeting vector construction. The p57" * targeting vector was constructed
using plasmids containing PGK-neo and pMCI-HSV-tk. PGK-neo on a
Xhol-HindIII fragment was cloned into p57Salld3 cleaved with HindIII and
partly with Xhol to make p57KO-2A, containing a 7-kb fragment of p57<F2 5/~
genomic DNA. A 5.6-kb Spel—EcoRV fragment of p57<"** 3’ -genomic DNA was
ligated into Xbal—Clal (blunt)-digested pMC1TK generating p57KO-2B with
tk gene 3’ to p57°"°? genomic DNA. To generate the targeting vector p57KO-2,
the Sall/EcoRV fragment of p57KO-2A containing p57%™* 5'-genomic DNA
and neo was ligated into Sall-Clal (blunt)-digested p57KO-2B. p57KO-2
introduces EcoRI and Spel sites into p57-:2 locus.

ES cell culture and germline transmission of targeted allele. Linearized
p57KO-2 (25pg) was electroporated into 1.1 X 107 AB2.1 ES cells and
cultured®. Homologous recombinant clones were microinjected into 3.5-d.p.c.
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C57BL/6 blastocysts and a male chimaera derived from clone p57-2.2.12B
transmitted the targeted allele.

Gross and histological analysis. Embryos were fixed in 10% formalin or
Bouin’s. For histological analysis, fixed samples were dehydrated using
ascending concentrations of ethanol, cleared in xylene and embedded in
paraffin wax. Embedded samples were sectioned at 5 um.
Immunohistochemistry and in situ hybridization. Immunostaining for
collagen X was performed as described®. For cell proliferation assays, pregnant
mice were injected with BrdU (0.1 mg per g body weight) 2 h before caesarean
section, and positive cells were identified with an anti-BrdU monoclonal
antibody (Dako). In situ hybridization was performed as described”. Apoptosis
and BrdU incorporation assays were performed as described”.

Protein analysis. Tissues from E18 embryos were lysed in NP-40 buffer and
cleared by centrifugation. Protein (30 ug) was immunoblotted with anti-
p575"" (monoclonal antibody KP90)®, anti-p21“®! (monoclonal antibody
65)° or anti-p27<"" antibodies (provided by A. Koff) using ECL detection.
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p53-Independent Expression of p21© in
Muscle and Other Terminally Differentiating Cells

Susan B. Parker, Gregor Eichele, Pumin Zhang, Alan Rawls,
Arthur T. Sands, Allan Bradley, Eric N. Olson, J. Wade Harper,
Stephen J. Elledge*

Terminal differentiation is coupled to withdrawal from the cell cycle. The cyclin-dependent
kinase inhibitor (CKI) p21©®1 is transcriptionally regulated by p53 and can induce growth
arrest. CKis are therefore potential mediators of developmental control of cell proliferation.
The expression pattern of mouse p21 correlated with terminal differentiation of multiple cell
lineages including skeletal muscle, cartilage, skin, and nasal epithelium in a p53-indepen-
dent manner. Although the muscle-specific transcription factor MyoD is sufficient to activate
p21 expression in 10T1/2 cells, p21 was expressed in myogenic cells of mice lacking the
genes encoding MyoD and myogenin, demonstrating that p21 expression does not require
these transcription factors. The p21 protein may function during development as an in-
ducible growth inhibitor that contributes to cell cycle exit and differentiation.

Proper development of a multicellular or-  striction” point (2), after which cells become
ganism is complex and requires precise spa-  committed to a round of cell division (3). G,
tial and temporal control of cell prolifera-  cyclin accumulation is required for cell cycle

tion. A large network of regulatory genes has  entry and members of this family, particular-
evolved to specify when and where in the  ly D-cyclins, have been identified as targets

embryo cells divide. This control is superim-  of growth factors (1).
posed upon the basic cell cycle regulatory Equally important in the execution of
machinery. developmental programs is the arrest of

Cell proliferation requires the action of  growth once the program is complete.
cyclins, which serve as activators of their =~ Whereas the control of terminal differentia-
cognate cyclin-dependent kinases (Cdks).  tion may be mediated by multiple, possibly
(1) D- and E-type cyclins have been impli-  redundant, mechanisms, cell cycle arrest
cated in controling passage through the “re-  through inactivation of Cdks is likely to be a

central feature. Possible mediators of such
S. B. Parker and S. J. Elledge, Verna and Mars McLean ~ negative control are two classes of Cdk in-
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Houston, TX 77030, USA. inhibits G, cyclin complexes containing
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might also function to mediate cell cycle
arrest during development. Thus, knowledge
of the timing and location of p21 expression
in the embryo could provide evidence that
this CKI participates in terminal differenti-
ation in a developing organism. Because p53
regulates transcription of p21 in vitro (6, 7),
we also tested whether p21 expression in
vivo was dependent upon p53.

We used in situ hybridization (ISH) to
probe for p21 expression during mouse em-
bryogenesis (8). Embryos of day 7.5 post
coitum (p.c.} (0 to 5 somites) showed no
expression of p21. By day 8.5 p.c., we detect-
ed hybridization along the midline of the
neural tube and in the hindgut. Presomitic
paraxial mesoderm did not express p21, but
there was hybridization in the dermamyo-
tome (Fig. 1A), where the first determined

myocytes are localized. By day 10 p.c., there
was strong expression of p21 in the muscle
fibers extending from the anterior to the
posterior margin of the myotome (Fig. 1B).
Hybridization of adjacent sections with a
probe for the muscle-specific basic-loop-he-
lix protein myogenin (9) exhibited signals in
the same regions in which p21 was detected
(Fig. 1, C and G). Muscle cells in the myo-
tome are post-mitotic (10). A transverse sec-
tion through a day-10 p.c. embryo at the
position of the forelimb revealed expression
of p21 in the developing limb (Fig. 1D). In
the section shown, there is a zone of hybrid-
ization in the dorsal region of the limb mes-
enchyme, representing the emerging dorsal
muscle mass. Muscle primordia in the limb
expressed the homeobox gene Pax3 (I11) in
the same region where p21 was expressed

ns

Fig. 1. Expression of p21, myogenin, and Pax3 during mouse embryogenesis. Sections are from C57
black embryos and were subjected to in situ hybridization with the indicated 38S-labeled riboprobes (8).
(A) Transverse section through an 8.5-day p.c. embryo: p21 probe. (B and C) Adjacent transverse
sections through a 10-day p.c. embryo: p21 probe (B), myogenin probe (C). (D and E) Adjacent
transverse sections through the limb bud and the body wall of a 10-day p.c. embryo: p21 probe (D), Pax3
probe (E). (F and G) Adjacent transverse section through a 10-day p.c. embryo: p21 probe (F}, myogenin
probe (G). (H and K) Cross-section through a 15.5-day p.c. forelimb: p21 probe. (K) Higher magnification
of H. (I and J) Nearby transverse sections through the body wall and spinal cord of a 12.5-day p.c.
embryo: p21 probe (I), myogenin probe (J). (L and M) Adjacent coronal sections illustrating p21 expres-
sion (L) in the nasal cavity and tongue muscles of a 12.5-day p.c. embryo, (M) was hybridized with a
myogenin probe. (N) Coronal section through the nasal cavity of a 15.5-day p.c. embryo: p21 probe.
Abbreviations: aer, apical ectodermal ridge; ¢, cartilage; dm, dermamyotome; gl, supporting cells; hf, hair
follicle; Ig, lung; ic, intercostal muscle; ns, nasal septum; nt, neural tube; re, respiratory epithelium; s,
somite; se, olfactory sensory epithelium; sk, skin; and t, tongue. A, D, E, and K are the same magnifica-
tion; scale bar in Aiis 50 um. B, C, H, |, J, and N are the same magnification; scale bar in B is 100 pm.
F, G, L, and M are the same magnification; scale bar in F is 100 pm. Hybridization signal is in red.
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(Fig. 1, D and E). Later in development,
limb and intercostal muscle strongly ex-
pressed p21 (Fig. 1, H through ]).

At days 13 to 15 p.c. we detected expres-
sion of p21 in nasal epithelium, tongue mus-
cles, hair follicles, the outer most layer of em-
bryonic epidermis, and cartilage (Fig. 1, H
through M). With the exception of cartilage,
which has been studied in less detail, each of
these sites of expression contain post-mitot-
ic, differentiated cells (10). This is also true
of the apical ectodermal ridge (AER) where
expression of p21 was observed as early as
day 10 p.c. (Fig. 1F). During limb outgrowth,
the AER maintains the underlying mesen-
chymal tissue in an undifferentiated state,
but the cells of the AER itself do not divide.
Selective expression of p21 in differentiated
epithelium was evident in the nasal region.
Atday 15.5 p.c., p21 was expressed through-
out the post-mitotic respiratory epithelium,
whereas the adjacent olfactory epithelium
had a delimited pattern of expression (Fig.
IN). We detected no p21 mRNA in the mi-
totic germinal layer of the olfactory epithe-
lium, but p21 was expressed in the layer
containing differentiating olfactory neurons
(Fig. IN).

The mRNA encoding p53 is widely ex-
pressed in the day-12 p.c. embryo (Fig. 2A)
(12), suggesting that normal amounts of p53
are not sufficient for p21 induction in many
cell types. To determine whether expression
of p21 was dependent upon p53, we exam-
ined expression of p21 in sections of mice
lacking the gene encoding p53 [p53(—/-)]
(13). Mice that lack p53 develop normally
but incur tumors much more rapidly than do
wild-type animals (13, 14). As judged by
ISH, expression of p21 during early embryo-
genesis was independent of expression of p53
(Fig. 2A). Sagittal sections through day-11.5
p-c. embryos lacking p53 stained strongly for
p21 in somites (Fig. 2A). A survey of the
major sites of p21 expression, including car-
tilage, nasal epithelium, intercostal tongue,
and limb muscle from day-12 to -14.5 p.c.
embryos lacking p53 revealed that p21 ex-
pression in these tissues was independent of
p53 expression (Fig. 2ZA).

We determined expression of p21 in adult
mouse tissues (Fig. 2C). Because adult tissues
are a primary target for tumorigenesis, it was
conceivable that p21 expression in certain
adult tissues is p53-dependent. Analysis of
small intestine and stomach revealed that
p21 is expressed in a highly selective manner
and is found in large amounts only in the
fully differentiated columnar epithelium
(Fig. 2B). The p21 mRNA was absent from
the embryonic brain and spinal cord, but
large amounts of p21 mRNA were detected
in the adult brain (Fig. 2C), especially in the
olfactory bulbs (Fig. 2B). Uniform expres-
sion of p2l was observed in adult lungs,
heart, and skeletal muscle (Fig. 2B). In all of
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Fig. 2. Expression of p21 during em-
bryogenesis and in adult tissues in
wild-type and p53(—/—) embryos. (A)
In situ hybridization of sections through
wild-type and p53(—/—) embryos. (a)

Sagittal section through a wild-type 12-
day p.c. embryo probed with p21; (b)
adjacent section probed for p53. (c)
Sagittal section through an 11.5-day
p.c. p53(—/~) embryo probed for p21.
(d) Coronal section through a 13.5-day
p.c. p53(—/—) embryo probed for p21.
(e) Transverse section through the limb
and body wall of a 13.5-day p.c. p53-

(—=/—)embryo probed for p21. (B) Expression of p21 in tissues from wild-type
and p53(—/—) mice revealed by in situ hybridization. Sections through the

small intestine (a and ¢), stomach (b and d), lung (e and i), liver (f and j}, muscle
(g and k), and olfactory bulb (h and 1) of 4-month-old wild-type and p53(—/—)

mice as indicated were probed for p21. Arrows in (a) and (c) indicate prolifer-
ative cells at the base of the intestinal crypt. Abbreviations: ¢, cartilage; ce
columnar epithelium; dm, dermamyotome; gl, glomeruli; gr, granule cells; ic,
intercostal muscle; Ig, lung; Im, limb muscle; v, liver; mt, mitral cells; ns, nasal
septum; sm, smooth muscle; t, tongue; and vi, villi. Scale bar in Afa) is 100 um

Fig. 3. Induction of p21 mRNA dur- A

ing myoblast differentiation in vitro. 20-
(A) Northern blot analysis of p21
and myogenin mRNA in C2 myo-
blasts deprived of serum for the in-
dicated times in hours. Fold induc-
tion represents mRBNA levels nor-
malized to GAPDH relative to time
0. (B) 10T1/2 cells and 10T1/2 cells
expressing MyoD (23) were grown

104

Fold induction

® Myogenin
o p21

B

+Serum  -Serum

o 9
00‘{\&0 Ooﬂ»\"

_ -pi

-—Myogenin

in the presence of high or low con- 0
centrations of serum for 4 days; to- Y
tal RNA was isolated, and Northern

blots were probed with p21, myo-

genin, and GAPDH.

the adult tissues analyzed, p21 expression
was unaltered in p53(—/—) mice (Fig. 2B).
Consistent with this, mRNA prepared from
a typical tissue, the stomach, showed no
p53-dependent changes in the amount of
p21 mRNA (15).

Our expression studies suggest that p21
may function in muscle cell differentiation.
The myogenic program is controlled by he-
lix-loop-helix transcription factors of the
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MyoD family and expression of either MyoD,
Myf5, or myogenin is sufficient to convert a
number of cell types into muscle (9, 16).
Whereas Myf5 and MyoD can functionally
replace each other in vivo (17), myogenin
has a separate function and is required for
the formation of differentiated muscle fibers
(18). A critical step in this differentiation
process is cell cycle arrest, and overexpres-
sion of MyoD in various cell types leads to a
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p53(-/-)

p53(-)

and applies to A(a,b). Scale barin A and (¢} is 100 wm and applies to ¢ through
e. Scale bar in B(a) is 100 um and applies to ¢, e through g, and i through k.
Scale bar in B(b) is 100 pm and applies to d, h, and 1. (C) Expression of p21
mRBNA in adult mouse tissues by Northern analysis. Tissue blots of polyade-
nylated RNA (Clontech) were probed with 32P-labeled mouse p21 cDNA.

block in DNA replication (20). The process
of muscle cell differentiation can be mim-
icked in vitro in C2 myoblasts, which form
post-mitotic, multinucleated myotubes when
grown in the absence of growth factors (19).
Consistent with a role for p21 in the differ-
entiation process, withdrawal of serum from
C2 myoblasts results in induction of p2l
mRNA as detected by Northern analysis
(Fig. 3) (21). After 72 hours, at which time
~50% of the cells have been incorporated
into myotubes, p21 mRNA levels had in-
creased by 17-fold. The time course for myo-
genin mRNA induction was similar to that
of p21 mRNA. Furthermore, MyoD expres-
sion in 10T1/2 cells in low serum was suffi-
cient to induce both p21 (Fig. 3B) (22) and
differentiation into myotubes (23).

To examine whether p21 expression is
dependent upon myogenin, ISH analysis was
done with mice lacking the gene encoding
myogenin [myogenin(—/—)]. These animals
produce muscle precursor cells expressing
MyoD and Myf5 but lack fully differentiated
muscle fibers and die shortly after birth (18).
Expression of p21 was retained in myoblasts
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Fig. 4. Expression of p21 A
in  myogenin(—/—) em-
bryos and embryos lack-
ing both MyoD and myo-
genin. Afa, b) Adjacent
coronal sections, illus-
trating nasal  cavity,
tongue muscle, and hair
follicles of 15.5-day p.c.
myogenin{—/-) embryo
sections, were probed
with p21 (a) or MyoD (b)
to identify muscle precur-
sor cells. (c and d) Cross-
sections through the
forelimb of a 15.5-day
p.c. myogenin{—/—) em-
bryo probed with p21 (c)
or MyoD (d). B(g, b) Sec-
tions through the tongue
(a) and forelimb (b) of a
14-day p.c. MyoD(—/-);
myogenin(—/—) embryo
probed with p21. Abbre-
viations: ¢, cartilage; hf,
hair follicle; Im, limb mus-
cle; ns, nasal septum; re,
respiratory  epithelium;
and t, tongue. Scale bar
in A(@) is 100 pm and ap-
plies to all panels in Fig. 4.

in the forelimb and tongue of myogenin-
(—/—) embryos and in other muscle tissue
(Fig. 4A), indicating that myogenin is not
required for p21 induction during myogen-
esis. Although there is a block to myoblast
differentiation in myogenin(—/—) mice,
BrdU (bromodeoxyuridine)-labeling experi-
ments indicate that the undifferentiated
myoblasts that populate the presumptive
muscle-forming regions withdraw from the
cell cycle normally (24).

Although MyoD expression is sufficient
to induce p21 (Fig. 3B) (22), p21 is ex-
pressed in somites at day 8.5 p.c. (Fig. 1A)
before expression of MyoD at day 10.5 p.c.
(9), consistent with the possibility that other
transcription factors may control p21 induc-
tion during muscle cell differentiation in the
embryo. One caveat is that at day 8.5, MyoD
may be expressed in amounts sufficient to
activate p21 but below the limit of detection
by ISH. However, at day 14 p.c., p21 was
expressed in muscle precursor cells from fore-
limb and tongue in MyoD(—/—); myogenin-
(—/—) mice in amounts comparable to that
found in wild-type animals (Fig. 4B).

Our results revealed a strong correlation
between arrest of cell proliferation and p21
expression in vivo. This correlation was par-
ticularly evident in the skeletal muscle lin-
eage where p2l expression was similar to
that of myogenin in vivo and in vitro. Al-
though MyoD is sufficient to arrest the cell
cycle and induce muscle differentiation, nei-
ther MyoD nor myogenin is required for p21
regulation in vivo, suggesting a possibly re-

dundant role for Myf5. Other CKls and neg-

ative cell cycle regulators, such as the reti-
noblastoma gene product Rb (28), may also
contribute to differentiation of muscle and
other cell .lineages. Although the basal
amount of p21 in fibroblast cell lines in vitro
is p33-dependent (26), p21 expression in the
embryo and adult does not require p53. Tak-
en together, our results indicate that p2l
functions as an inducible growth inhibitor
both during development and in G, check-
point control, and that p53’s role in p21
expression is likely to be limited to the
checkpoint function.
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Cdk inhibitors: on the threshold of checkpoints
and development

Stephen ) Elledge and ) Wade Harper

Baylor College of Medicine, Houston, USA

The regulation of cyclin-dependent kinases is at the heart of cell cycle control

and, by inference, the control of cell proliferation. Recent advances in

regulation of these kinases have uncovered a group of small proteins that

bind to and inhibit them, thus preventing cell cycle progression. Linking

these proteins to tumor suppressor functions has provided a much sought after
connection between cancer and cell cycle control.

Current Opinion in Cell Biology 1994, 6:847-852

Introduction

Cell proliferation is controlled via an intricate network of
extracellular and intracellular signaling pathways which
process both negative and positive growth signals. The
ultimate recipients of many of these signals are cyclin-
dep- endent kinases (Cdks), a family of enzymes which
catalyze events required for individual cell-cycle trans-
itions. Cdks require association with cyclins for acti-
vation, and the timing of Cdk activation is dependent
largely upon the timing of cyclin expression (reviewed
in [1-3]). In mammalian cells, positive growth signals
ultimately lead to expression of Gy cyclins, which serve
as essential activators of Cdks 2, 3, 4 and 6, facilitating
passage through the restriction point (reviewed in [4-6]).
Cells transiting this point are generally committed to the
completion of a full cell cycle, even in the absence of
growth factors. In unicellular eukaryotes such as bud-
ding and fission yeast, a single protein kinase (Cdc28
or cdc2+, respectively; cdc stands for cell-division-cycle)
fulfills the function of the family of proteins found in
multicellular organisms [2]. Presumably, the larger num-
ber of Cdks in higher eukaryotes reflects the increased
regulatory capacity required to execute the complex in-
structions of development.

Coordination of the timing and order of cell cycle
events is critical for high-fidelity transmission of ge-
netic information. Consequently, a number of biochemi-
cal pathways, called checkpoints (reviewed in [7-9]),
have evolved to ensure that the initiation of particular
cell cycle events is dependent upon the successful com-
pletion of others. Checkpoints also monitor the physi-
cal integrity of chromosomes and coordinate cell-cycle
transitions. Cdk activities are potential targets of check-
point function.

The regulation of Cdks has been a subject of intense in-
vestigation [1,3]. Many of the molecular mechanisms of

regulation have been elucidated in outline form; how-
ever, it is still not clear which if any of these mechanisms
are utilized by particular checkpoints to control cycle
transitions. This lack of clarity results partially from the
linear dependency relationships within the cell cycle: if a
stimulus blocks a particular event, it is not clear whether
that is because it arrests the cell cycle at a point preced-
ing the execution of that event, or whether there is a
direct regulatory connection. Until recently, our knowl-
edge of the mechanisms of Cdk regulation consisted of
positive regulation by cyclin abundance, phosphorylation
by Cdk-activating kinase (CAK) and dephosphorylation

. by the Cdc25 phosphatase, and negative regulation by

inhibitory tyrosine phosphorylation through the Weel
and Mik1 proteins [1,3]. Recently, a new class of nega-
tive regulators has emerged: the Cdk inhibitors.

The discovery of genes encoding Cdk inhibitors
(Table 1) has had a major impact on our understand-
ing of the fundamental mechanisms underlying negative
growth control and checkpoint function [10-12]. The
universality of negative cell cycle control via Cdk in-
hibitors is indicated by the identification of inhibitors
in budding and fission yeast, as well as in mammalian
cells. The fact that cells contain multiple types of Cdk
inhibitors, some of which function to inhibit the same
kinases, suggests that these proteins are involved in inde-
pendent regulatory networks that have common targets
for effecting cell-cycle arrest. Loss of negative growth
control and an inability to appropriately monitor the
fidelity of DNA replication are common features of tu-
mor cells. Elucidation of mechanisms which disrupt Cdk
inhibitor function should therefore contribute to our un-
derstanding of the process of cellular transformation. It
is also likely that negative growth factor pathways that
function to arrest the cell cycle during development also
utilize Cdk inhibitors. This review summarizes current

Abbreviations
CAK—Cdk-activating kinase; Cdk—cyclin-dependent kinase; PCNA—proliferating cell nuclear antigen; pol
8—DNA polymerase 8; RF—replication factor; TGF—transforming growth factor.
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knowledge in the rapidly moving field of Cdk inhibitors
in both mammalian and yeast systems.

Table 1. Cdk inhibitors.
Inhibitor ~ Species Primary Cdk Comments
target
Farl S. cerevisiae  Cln-Cdc28 Blocks the cell cycle in G,
in response to a-factor
Regulates entry
Sicl S. cerevisiae  Clb5,6-Cdc28 into S phase
Regulates entry
rum1 S. pombe Cdc13-Cdc2 into S phase
p16 Human, Cdk4, Cdké Candidate tumor-
mouse suppressor gene
p21 Human,  A-, D- and E-cyclin Transcriptionally activated
mouse complexes by p53 after DNA damage
leading to Gjarrest
p27 Human, D- and E-cyclin  Inhibits Cdk2 and Cdk4
mouse complexes complexes related to p21

Cdk inhibitors in yeast: extrinsic and intrinsic
control of cell-cycle transitions

SIC1: an intrinsic regulator of the cell cycle

The first Cdk-inhibitory factor was detected in Sac-
charomyces cerevisiae as a protein found associated with
Cdc28 [13,14%]. The gene encoding this protein was
cloned and called both SIC1[15**] and SDB25 [16].
Sic1 was found to play a non-essential role in the
G1/S phase transition in a normal cell cycle. Its abun-
dance is tightly cell-cycle regulated by transcription and
proteolysis, and it binds to and inhibits the cyclin com-
plexes CIb5~Cdc28 and Clb6—Cdc28. Following passage
through Start, Sicl is destroyed, thereby activating the
CIb5 and CIb6 kinases, which are necessary for efficient
S phase activity [17**]. Proteolytic destruction of Sic1 is
dependent upon CDC34, which encodes an E2 ubig-
uitin conjugating enzyme. Temperature-sensitive cdc34
mutants arrest with a 1C DNA content at the non-
permissive temperature, whereas cdc34sic! double mu-
tants arrest with replicated DNA. Thus, Sicl is a negative
regulator of DNA synthesis. '

Far1 links negative growth factors to cell cycle arrest

FAR1 was identified as a mutant that failed to arrest
the cell cycle of MATa cells in response to O-factor,
but that maintained integrity of the transcriptional re-
sponse to O-factor [18]. It was subsequently shown to
bind to and inhibit Cdc28. FART is regulated both
transcriptionally and post-transcriptionally: its mRNA is
induced by a-factor, and it is phosphorylated by the a-

factor responsive FUS3 kinase [19,20*], a modification
required for Farl activity. As Farl can inhibit Cdc28,
which is required for several cell-cycle transitions, how
does it gain specificity for arresting cells in G1? Ap-
parently Farl shows some specificity for Cln1-Cdc28
and CIn2-Cdc28 complexes (which are active in Gj)
whereas it is unable to inhibit CIb2 or CIb5 kinase
complexes [21**]. A second possibility which remains
to be explored is that the stability of Farl is cell cycle
regulated in vivo [22].

Too much rum1 and S phase gets out of control

The rmum1 gene was identified in screen for cDNAs from
Schizosaccharomyces pombe that are lethal when expressed
at high levels [23**]. It has the remarkable property when
overproduced of allowing multiple rounds of DNA syn-
thesis in the absence of mitosis. The ability of S. pombe
¢dc2 mutants to re-establish the S phase state after heat
shock had been established earlier [24] and it was sug-
gested that Rum1 might act to block the mitotic form
of Cdc2. It has since been shown to inhibit Cdc2 kinase
activity in vitro (J Correa, S Moreno, P Nurse, personal
communication). nim1 is not essential and rum1 mutants
fail to arrest in Gy in response to nutrient limitation or
¢dc10 inactivation, arresting with a Go DNA content.
(cdc10 is a temperature-sensitive mutation that arrests
S. pombe at the restrictive temperature in G; prior to
DNA replication.) This is consistent with a role as an
inhibitor of Start, which is somewhat at odds with its
overproduction phenotype. Perhaps it is both an in-
hibitor of Start and mitosis, and a stabilizer of the S
phase state. This might be possible by Rum1 binding
to and inhibiting the G; and M forms of Cdc2, while
binding to and failing to inhibit S phase forms, thereby
preventing other inhibitors from functioning. It remains
to be determined how and if Rum1 is regulated in re-
sponse to starvation.

Mammalian inhibitors: the cell cycle meets
cancer

p21

p21 is currently the best studied Cdk inhibitor. This is
due largely to the fact that it was discovered in several
laboratories using completely different approaches that
simultaneously identified p21 as a Cdk inhibitor (Cip1,
p21, p20CAP1 [25ee 26e227]), as a gene regulated by
the tumor suppressor protein p53 (Wafl [28°]) and
as a protein that is likely to play a role in the inabil-
ity of senescent cells to enter the cell cycle (Sdi1 [29°*]).
In normal fibroblasts, p21 is associated with a variety of
Cdk—cyclin complexes, including Cdk2 associated with
cyclins A and E, and Cdk4 associated with D-type cy-
clins [25°°,26°%,30%,31°*], and is also found weakly as-
sociated with Cdc2—cyclin B [31**]. In vitro, p21 is a
potent inhibitor of Cdk2 and Cdk4 (Ki <10nM) and
is a much poorer inhibitor of Cdc2. p21 associates pref-
erentially with the Cdk—cyclin complex and is found in
either cyclin or Cdk immune complexes. This is in con-
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trast with p16 which appears to disrupt the Cdk4—cyclin
D complex via association with Cdk4 (see below).

The identification of p21 as a p53-regulated gene [28°°,
32**] has provided significant insight into understanding
how this critical tumor suppressor protein functions. p53
is a transcription factor that is involved in at least three
functions: cell cycle arrest in Gq in response to DNA
damage; transcriptional induction of DNA damage in-
ducible genes; and regulation of apoptosis in response to
Y-irradiation [33,34). Through a sensory pathway that
has not been elucidated, p53 levels increase in response
to DNA damage, correlating with increased transcription
of p53-regulated genes. The promoter of the p21 gene
contains two consensus p53-binding sites [28°]. The
available data are consistent with a model in which
p21 is a primary mediator of the p53-dependent Gj
arrest pathway. Treatment of cells containing wild-type
p53 (but not mutant p53) with DNA-damaging agents
leads to induction of p21 protein and accumulation of
p21 in Cdk2—cyclin E immune complexes, resulting in
reduced kinase activity [32*%,35]). G1 arrest is presum-
ably due to the reduced activity of Cdk2—cyclin E and
perhaps of other Cdks whose activities are required for
the G1/S transition. It is likely that p53 regulates other
important genes in addition to p21 during Gy arrest;
however, -it is noteworthy that overexpression of p21
alone in normal fibroblasts is sufficient for cell cycle
arrest [25°%,29°¢]. Many transformed tissue culture cell
lines containing inactive p53 also lack p21 in Cdk im-
mune complexes [28¢,31°%,32¢*]. Thus it is possible that
the basal level of p21 expression in these cells is at least
partially dependent upon p53 function. Given a potential
role for p21 in other checkpoint functions and develop-
ment, however, it is likely that this gene is regulated by
pathways that are independent of p53 [36]. The fact that
p53 is one of the most commonly mutated genes in hu-
man cancer [37-39] points to the potential importance
of p21 in negative growth control. That mutants in p21
have yet to be identified in human cancers suggests that
p21 may not be the only p53-regulated gene involved in
growth control.

Normal diploid fibroblasts differ from transformed cells
in that many Cdk—cyclin complexes contain proliferat-
ing cell nuclear antigen (PCNA) in addition to p21 [30°].
PCNA plays a positive role in cell proliferation in that
it is required for processive DNA replication carried out
by DNA polymerase 8 (pol 3). This polymerase catalyzes
leading and lagging strand synthesis and depends on the
activity of replication factor (RF) C, with which it asso-
ciates. PCNA, which exists as a trimer, associates with
the RFC/pol & complex and ‘clamps’ it to the DNA
template, thereby enhancing processivity. It has recently
been shown in vitro that p21 has the ability to block
pol 3-dependent SV40 DNA replication through its
association with PCNA in crude cell extracts requiring
SV40 T-antigen, as well as in a purified system utilizing
only PCNA, RFC and pol § [40°*,41**]. This inhibition
can be overcome by addition of excess PCNA but not
RFC or pol 8, consistent with the idea that p21 inter-
acts directly with PCNA. Interestingly, p21 efficiently

inhibits the elongation step of polymerization, prob-
ably by disturbing processivity, but does not efficiently
disrupt the initiation function of PCNA [41°*]. Presum-
ably this function of p21 slows DNA replication in S
phase to allow repair processes time to correct dam-
age, thus preventing replication of damaged templates.
Although not yet verified in vivo, these data suggest that
p21 plays a dual role in the DNA-damage checkpoint by
both arresting the cell cycle through inhibition of Cdks
and blocking DNA replication. As PCNA also functions
in excision repair, additional studies are required to test
whether p21 can also block this function of PCNA.

p27

Some cells, such as mink lung fibroblasts, arrest the cell
cycle in Gy in response to extracellular signals such
as transforming growth factor (TGF) -B. Early studies
found that one of the outcomes of TGF-P treatment
or of contact inhibition was the accumulation of an
inactive form of Cdk2—cyclin E containing a 27 kDa in-
hibitor, p27KIP1 [42,43]. The cDNA for p27 was cloned
independently using protein sequence information [44°]
and the two-hybrid system with Cdk4—cyclin D as the
target [45°*]. The amino-terminal 60 residues of p27 are
similar in sequence (44% identity) to the amino-termi-
nal portion of p21. In vitro, p27 fusion proteins inhibit
the same spectrum of Cdks as p21, although additional
studies using purified components are needed to assess
the relative potencies of the two inhibitors towards the
various kinase complexes. Association of p27 with newly
formed Cdk2—cyclin E complexes can also block phos-
phorylation of Cdk2 on Thr160 by the activating en-
zyme CAK [44°*], providing a second mode of regula-
tion. How is p27 regulated by TGF-P and other growth
arrest pathways? p27 is not transcriptionally regulated
by TGF-B in the cell types that have been examined
[44*°]; instead, accumulation of p27 in Cdk2—cyclin E
complexes appears to be triggered by altering the avail-
ability (or perhaps the activity) of p27 [44+*,46]. TGF-B
has been shown to repress Cdk4 synthesis leading to a
reduction in Cdk4—cyclin D complexes [47] that harbor
the majority of p27 in cycling cells [45**] and poten-
tially freeing p27 to inhibit other Cdks. Alterations in
the balance of active Cdk—cyclin complexes through re-
distribution of inhibitors may be a common theme in
cellular growth control.

p16

In normal cells, Cdk4 is associated with a D-type cyclin,
PCNA and p21 [30°]. In some transformed cells, how-
ever, Cdk4 is found associated with p16 and these com-
plexes lack a cyclin and PCNA [31°*]. D-type cyclins in
these cells lack an associated kinase subunit. p16 proved
to be a potent inhibitor of Cdk4~cyclin D kinases [48°°].
On the basis of the Cdk4—p16 association in transformed
cells, it is thought that binding of p16 to Cdk4 blocks
and/or disrupts cyclin association [48°*]; however, this
idea has not been verified in vitro using isolated compo-
nents. Unlike p21 and p27, p16 appears to be a selective
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inhibitor of kinases that are activated by D-type cyclins
(Cdk4 and Cdké), suggesting that it may play a more
specialized role in cell cycle control. The indication that
P16 has structural homologs (MTS2 [49°]) suggests that
there is much more to be learned about this class of Cdk
inhibitor.

p16 has not yet been placed in a regulatory pathway. The
finding that it is frequently inactivated in tumor-derived
cell lines, typically through deletion [49¢,50¢], indicated
that it plays an important role in negative growth con-
trol. Indeed, the p16 gene was isolated independently
during positional cloning of genes in a region of hu-
man chromosome 9p21 that is frequently deleted in
melanomas and gliomas [49°,50°]. As many as 70% of
tumor cell lines from various tumor types contain alter-
ations at the p16 (MTS1) locus. It is altered at a lower,
but significant, frequency in primary tumors (10 to 20%;
[49°,50¢,51,52]). That an inhibitor of cyclin D kinases
acts as a tumor suppressor is consistent with the previ-
ous discovery of cyclin D1 as the PRAD1 oncogene and
its amplification in many tumors [4]. Thus activation of
cyclin D kinase activity by increasing kinase concentra-
tion (cyclin D overexpression) or removing inhibitory
factors (mutations in p16, reduction of p21) may repre-
sent one of the central mechanisms resulting in loss of
growth control in cancer.

Conclusions

The multitude of Cdk inhibitors has given us pause to
rethink the nature of the control of cell-cycle transitions.
The results from the preliminary characterization of the
yeast inhibitors have demonstrated that order and timing
of cell-cycle transitions can be facilitated by inhibitors.
These inhibitors may provide additional layers of regula-
tion to reinforce control of particular transitions, as has
been suggested for SIC1. They may also serve unique
functions in controlling cell cycle arrest in response to
negative growth stimuli, such as the role of rum1 in nu-
trient starvation and of FART in the a-factor response.
Finally, it is clear from the little that has already been dis-
covered about the regulation of these inhibitors that all
forms of transcriptional and post-transcriptional regula-
tory mechanisms will be employed to control their levels
and activity. Homologs of these inhibitors will undoubt-
edly be found in higher eukaryotes.

Studies of developmental regulatory pathways in higher
eukaryotes have focused on growth stimulatory signals
and signal transduction pathways during early embry-
onic development, a period of rapid cell proliferation.
Equally important in the complete execution of de-
velopmental instructions is the arrest of growth once
the program is completed. It is likely that many over-
lapping and redundant mechanisms will come into play
to ensure that the cells of certain tissues and structures
permanently exit the cell cycle. The high-level expres-
sion of Cdk inhibitors would be a perfect mechanism to
carry out such a function. The pattern of expression of

these inhibitors during development should prove to be
particularly informative in this regard.

These inhibitors could also serve among the eventual
targets of morphogenic signaling pathways, providing
a threshold that growth stimulatory signals must over-
come to direct binary decisions such as cell growth versus
differentiation. By acting as regulable buffers, these in-
hibitors are versatile messengers of growth arrest signals
that can act together to integrate a variety of signaling
pathways, contributing to the combinatorial complexity
required in the development and morphogenesis of com-
plex multicellular organisms.

It is clear that we have barely scratched the surface of
the biology of inhibitor function. It is likely that many
more inhibitors will be discovered with roles in growth
control and cell cycle checkpoints, perhaps targeting spe-
cific kinases. Likewise, the regulation of these inhibitors
promises to be complex, judging from what has already
been observed. More mechanisms that negatively regu-
late the inhibitors are also likely to appear. For example,
transient cell cycle arrest after DNA damage is apparently
followed by ‘inactivation’ of accumulated p21, possibly
via proteolytic destruction or phosphorylation. These
and other mechanisms will provide much needed in-
sight into the complex control of cell-cycle transitions
and cell proliferation.

Note added in proof

A p16 homolog, p15INK4B/MTS2, has been identified re-
cently as a Cdk4/Cdké inhibitor [53]. Unlike p27, p15
appears to be transcriptionally regulated by TGF-B. In
addition, recent studies have provided further evidence
of a role for loss of p16 in cancer [54-56].
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Activation of cyclin-dependent kinases is the primary
control point of cell proliferation. Recent advances in the
understanding of cell-cycle regulation have uncovered two
families of proteins that bind and inhibit these kinases.
These proteins are likely mediators of development and
differentiation, and may provide molecular connections
between the pathways of development and tumorigenesis.
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Abbrevistions .

Cdk cyclin-dependent kinase
CKi Cdk inhibitor

INK inhibitor of Cdk

TGF transforming growth factor

Introduction

Proper development of a multicellular organism requires
precise spatial and temporal control of cell proliferation.
A large network of regulatory genes has evolved to
specify when and where in the organism cells divide.
This network is superimposed onto the basic cell-cycle
regulatory machinery, at the center of which lies the
cyclin-dependent  kinases (Cdks). These kinases are
positively regulated by cyclin association and are required
for cell-cycle progression (reviewed in [1,2]).

While much is known about how cells enter the cell
cycle, relatively little is known about the strategies
involved in exit from the cell cycle and maintenance
of the non-proliferative state. This state is of critical
importance because the vast majority of animal cells
exist in a non-proliferative state throughout adule life.
The inability to halt growth appropriately can lead to
malformation during organism development, and to cancer.
Thus, equally important to the correct execution of
developmental programs is the arrest of growth once the
program is complete. Additional control circuits, called
checkpoints, operate during cell proliferation to maintain
the order and timing of cell-cycle events. Checkpoints
also monitor the integrity of DNA and mediate cell-cycle
arrest and repair processes in response to DNA damage
(reviewed in [3]).

Given the central role of Cdks in cell-cycle progres-
sion, it was anticipated that mechanisms responsible

for cell-cycle arrest would include alterations in Cdk
activity. Conversely, mechanisms leading to increased
Cdk activity would be expected to promote uncontrolled
cell proliferation. The discovery of multiple classes of
Cdk inhibitors (CKIs) has provided new paradigms for
understanding how cell proliferation is modulated in
response to a varicty of extracellular and intracellular
signals. Moreover, the finding that some CKIs act as
tumor suppressors has provided a direct link between
tumorigenesis and the loss of negative control pathways
directly affecting Cdk activity. The identification of CKls
in single-cell eukaryotes (reviewed in [4,5]) in addition to
mammals points to the universality of this mechanism for
cell-cycle arrest.

The field of CKI activity and cell proliferation is moving
rapidly; more than 130 related papers have emerged since
the discovery of CKls in late 1993, accompanied by
reviews summarizing various aspects of the field [1,2,4-6].
In this review, we focus on the relationships between
CKIs, developmental control of cell proliferation, and
tumorigenesis.

Cyclin-dependent kinase inhibitors (CKis)

Mammals possess two classes of CKls (Table 1) which
differ in structure, mechanism of inhibition, and speci-
ficity. One class, the p21 family, comprises p21CIP1I/WAFL
the product of a p53-regulated gene and the first
mammalian CKI to be discovered [7-10], and two other
CKIs, p27KIP1 [11,12] and p57KIPZ [13°%,14¢°]. These
inhibitors have a conserved amino-terminal 60-residue
domain responsible for kinase binding and inhibition
[15°,16,17], and preferentially inhibit Cdks of the G¢/S
phase [7,8,12,13°°-15°,16]. Interestingly, a portion of the
Cdk-binding domain is found in an otherwise unrelated
negative regulator, p107, and probably mediates its
interaction with the Cdk complex [18%]. p21 is a dual
specificity inhibitor in that it not only binds to Cdks
but also associates with the DNA replication factor
PCNA [12,19] via the former’s unique carboxy-terminal
domain [17,20°°). This interaction blocks DNA replication
catalyzed by the pol-3/RFC/PCNA complex in vitro
[19,21], and overexpression of this domain in mammalian
cells has been reported to reduce the fraction of cells found
in the S phase cells [16]. p27 and p57 contain closely
related carboxy-terminal sequences, called the QT domain
[13¢*], which are distinct from that found in p21 and are
likely to mediate interactions with other proteins.

An unusual feature of the p21 family is that multiple
inhibitor molecules are required for Cdk inhibition, such
that complexes containing a single inhibitor molecule
are active in vitro (J Roberts and R Sheaff, personal
communication) [15°%,22°%). Such active forms of a CKI




Table 1
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Mammalian cyclin-dependent kinase inhibitors (CKls).

Primary Chromosomal

Inhibitor target location Regulators Comments

Ankyrin family

p15INK4b Cdk4,-6 9p21 TGFB[25°%) Frequently deleted in glioblastoma [26]

p16/NKda Cdk4,-6 9p21 ? Tumor suppressor (melanoma) {30°¢,31¢]

p18INKéc Cdk4,-6 1p32 ? Not yet associated with cancer

p19INK4d Cdk4,-6 19p13 ? Not yet associated with cancer

Dual-specificity family

p21CIP1/WAF1 Cdk2,-3,-4-6 6p21 p53 [9],TGFB [60] Functions in G1. checkpoint [43°*]
MyoD {46,474} Possible tumor suppressor in prostate [57]

p27KP1 Cdk2,-4,-6 12p12-13 rapamycin [61] cAMP [62] Not yet associated with cancer [58,59] *

pS7KIP2 Cdk2,-3,-4 11p15.5 ? Candidate tumor suppressor for both

sporadic and familial cancers

complex containing p21 and p57 can be readily found
in extracts from cycling tissue-culture cells (JW Harper
and S] Elledge, unpublished data) [15°¢,22°%]. These
multidomain CKIs potentially function as adapters, which
recruit substrates into active kinase complexes via their
carboxy-terminal domain. Thus, under certain conditions,
these proteins might actively participate in Cdk signalling
pathways. Although little is known about how the levels
of these proteins are regulated, it has been shown that
p27, but not p21, is destroyed via a ubiquitin-proteosome
pathway [23°°],

The second class of CKIs, referred to as the INK4
(Inhibitor of Cdk4) family, is comprised of ankyrin repeat
proteins and includes p15, p16, p18 and p19 (Table
1) [24,25%°,26,27°°-29°). p16 [30°*,31**] and, to a lesser
extent, pl5 [26] are found mutated or deleted in certain
types of human cancers (reviewed in [32]), and several of
these p16 mutations have been shown to be non-functional
in cell-cycle arrest and Cdk4 inhibition [33°%,34*¢]. In
contrast to the p21 family, INK4 family members are
selective for complexes of cyclin D with Cdk4 or Cdké,
and are not found associated with active kinase complexes.
INK4 homologs can associate tightly with either the
monomeric Cdk subunit or the cyclin-bound form [28**],
unlike the dual-specificity class, for which association
with Cdks is largely cyclin-dependent [15°¢]. Although
INK4 homologs cannot directly displace cyclin D from
pre-formed Cdk complexes s# vitro [28°¢], these CKIs can
form complexes with Cdks at the expense of cyclin D in
cells [24,27¢°,28°°]. This suggests that p16 homologs may
block some aspect of Cdk/cyclin D assembly i vivo.

An important consequence of the existence of multiple
classes of CKIs with differing specificities is that stimulus-
directed increases in the levels of a particular inhibitor
can cause redistribution of complex species within the
existing pool of Cdk—CKI complexes [35,36]. The clearest
example comes from mink lung epithelial cells where
treatment with transforming growth factor-B (TGF-B)
leads to induction of pl15 and displacement of p27

from existing cyclin D-Cdk4-p27 complexes [36). These
alterations in subunit distribution may be required for
cell-cycle arrest, although this remains to be demonstrated
rigorously.

P21 participates in the p53-dependent G, DNA
damage checkpoint

In response to DNA damage, mammalian cells arrest
the cell cycle via a process that is dependent upon
the tumor-suppressor protein p53 (reviewed in [3,37]).
Although the number of points at which the cycle can
be arrested have not been fully elucidated, it is clear
that entry into S phase is blocked by arrest in Gy. In
addition, p53 participates in a G, checkpoint that controls
the ploidy of cells [38**]. Not all cell types respond to
DNA damage by arrest in Gy. For example, thymocytes
undergo p53-dependent apoptosis in response to ionizing
radiation [39,40). The manner in which cell-cycle arrest
and apoptosis are coordinated is only poorly understood.

The discovery that p21 is transcriptionally regulated by
p53 provided an important link between the function of
the major human tumor suppressor and negative cell-cycle
control [7,10,41,42]. Although this relationship provided an
attractive rationale for p53’s tumor-suppression function, it
now appears that p53’s role in tumor suppression is more
complex. The contribution of p21 to p53 function has
recently been tested directly through the creation of mice
lacking p21 [43°°].

This work has revealed that p21 is involved in only a
subset of p53-dependent functions. p21-/- fibroblasts are
significantly deficient in their ability to arrest in G, in
response to DNA damage or nucleotide pool perturbation,
but some Gj-arrest potential exists in these mutants,
pointing to a second p53-dependent Gy-arrest pathway. Yet
both the G; spindle checkpoint and thymocytic apoptosis
induced by DNA damage are normal (Fig. 1). In stark
contrast to mice that lack p53, p21-deficient mice do not
have increased rates of spontaneous tumors and appear to
develop normally at the current level of analysis [43°¢].
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Although a more in-depth analysis of p21-deficient mice
is warranted, and subtle phenotypes may ecventually
emerge, these results suggest that the role of p53 as a
tumor suppressor is complex and cannot be explained
solely by its ability to induce cell-cycle arrest through
p2t. It is possible that p53’s apoptotic function or a
combination of apoptotic and G checkpoint functions
are central to p53’s tumor-suppressor function. These
findings also provide a ready explanation for the rarity
of mutations in the p21 gene in human tumors [44].
Significant questions left unanswered include the nature of
second G; checkpoint pathway (Fig. 1) and the effects of
DNA damage on tumorigenesis in p21-deficient mice. The
second G; checkpoint pathway may involve inhibition
of Cdk4 through tyrosine phosphorylation, as has been
recently suggested for the ultraviolet (UV) irradiation G,
checkpoint [45°°].

Potential roles for CKils in development

The successful collaboration between proliferation and
morphogenesis requires the permanent cessation of cell-
cycle entry once a particular structure is achieved. Thus,
multiple redundant pathways are likely to operate to keep
cells out of cycle once these pathways have been executed
and terminal differentiation has ensued. The ability of
CKIs to arrest cell proliferation when present at high levels
has led to the suggestion that these versatile molecules
may contribute to either initial cell-cycle exit during
differentiation or to the maintenance of the arrested state.

Evidence of a role for CKIs in such processes has come -

from an analysis of the expression patterns of dual-speci-

Figure 1

ficity CKIs during mouse embryogenesis [13°°,46°°], in
adult tissues [13°°,46°°,47°,48°], and through an anal-
ysis of in vitro cell-differentiation systems [46°°,47¢,
49,50,51*%,52,53]. Both p21 and p57 are expressed in
multiple cell lineages during embryonic development
[13°,46°°]. Importantly, the sites of expression frequently
correlate with terminally arrested cells, suggesting a role
for these inhibitors in maintaining cells in a non-pro-
liferative state. Early in development, p21 and p57 are
expressed at high levels in cells that have committed
to the muscle differentiation pathway [13°*,46**]. Later
in development, p21 appears to be utilized in cells of
epithelial origin, including epithelium of the stomach,
intestine, prostate, and nasal organs, in addition to skin
and specialized neural organs such as the olfaction bulb
[44,46°°]. In contrast, p57 is found at highest levels in the
brain, smooth muscle of the stomach, and the lens of the
eye [13*¢]. p21 and p57 expression overlap in several adult
tissues including liver, muscle, lung and, to some extent,
kidney.

The highly selective expression of p21 and p57 during
development points to the complex regulatory pathways
that control CKI utilization, and suggests that CKIs have
evolved to perform specialized functions. It should also
be noted that although these molecules may play a
role in terminal differentiation, they mighe also help to
control the many starts and stops in proliferation that
cells must undergo during execution of the developmental
plan. Although expression patterns of other CKIs during
development have not yet been examined, it is likely

A current view of the integrated actions
of p21 and p53. DNA damage leads
to stabilization and activation of pS3

by poorly defined mechanisms. The DNA damage
activated p53 protein (p53*) induces
transcription of p21 and other genes

ATM?

involved in cell-cycle arrest and DNA
repair. Under certain conditions, which
are not completely defined, p53 activation
can lead to apoptosis. In response to
+y-irradiation, p53-dependent cell-cycle
arrest in G4 phase functions by both
p21-dependent and p21-independent
mechanisms which are only partially
redundant. The second pathway may
involve tyrosine phosphorylation of
Cdk4, as suggested recently [45°°].
p53-dependent apoptosis in response

to yirradiation does not require p21. p53
has also been shown to regulate re-entry
into S phase when mitosis is blocked

p53 1::> p53* p53

? (Apoptosis)

p21

—~2

by anti-microtubule agents [38**]; this
function is independent of p21. pS3 may
also regulate ploidy in the absence of
spindle interference because untreated
p53-/~ cells rapidly increase ploidy with
increased passage.

> S phase =———= > G2 =——- > Mitosis
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that at least some will be utilized in the aforementioned
capacities.

How might developmental circuits that integrate cell-cycle
exit and terminal differentiation be connected? Examina-
tion of one of the best understood differentiation system,
myogenesis, has provided a clue. Expression and activation
of MyoD, a basic HLH transcription factor, is sufficient
to induce cell-cycle arrest and activate the muscle-cell
differentiation program in various cell types. Evidence for
a circuit linking CKIs, MyoD and cyclins comes from
the finding that p21 expression is activated by MyoD
{46°¢,51°%], correlating with terminal differentiation, and
that forced expression of cyclin D1 in myoblasts under
differentiation-inducing conditions can maintain MyoD in
its non-functional form, thereby blocking differentiation
[54¢°,55°°].

These observations suggest a differentiation switch model
(Fig. 2) whereby active Cdks maintain differentiation
factors such as MyoD in an inactive form in cycling
cells. Once the differentiation initiation signal is received,
differentiation factors are activated and induce the ex-
pression of cell-cycle inhibitors that block Cdks, both
potentiating differentiation factor activity and locking
cells in Gy. It is not known whether the initial signal
functions by inhibiting Cdks or by circumventing their
inhibitory function. Additional genes may then be induced
to maintain cells in the non-proliferative state.

Figure 2
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The finding that p21 is induced during myoblast differ-
entiation implicated this CKI as an important mediator of
this process. It is now clear, however, that activation of
p21 expression by MyoD is not required for muscle-cell
development, as mice that lack p21 still develop muscle
[43°°]. It is likely that p21 is redundant with other negative
regulators, such as Rb, in this tissue. Previous studies
have shown that Rb plays a key role in maintaining
differentiated myotubes out of cycle. Consistent with
this, we have found that p21 induction during C2
differentiation f» vitro occurs significantly later than the
block to the S phase, suggesting that p21 may play
primarily a maintenance role in muscle differentiation (JW
Harper and SJ Elledge, unpublished data). Clearly, much
remains to be elucidated about the intimate connections
between differentiation factors, CKIs and Cdks, but it is
likely that the logic of the MyoD differentiation circuit will
be repeated in other differentiation pathways.

A connection between development and
cancer

Appropriate cell proliferation during development re-
quires the expression of both cyclins to drive cell
division, and negative regulators, such as CKIs and
Rb, to block proliferation when required. It appears
that these negative control pathways, present in sev-
eral cell-type specific configurations, must be overcome
during oncogenesis.

Differentiation
initiation signal

D1/Cdk4
: lJ.
MyoD/E12

+ % ‘p21
% Myogenin
;::1 ?

Terminal
differentiation
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A model depicting a differentiation switch linking Cdks, differentiation factors and CKis. Muscle-cell differentiation is set in motion through

activation of the transcription factor MyoD, which functions as a heterodimer with E12. In the presence of appropriate growth factors, MyoD
is kept inactive, possibly via phosphorylation. When certain growth factors are removed, a differentiation initiation signal is unleashed, leading
to MyoD activation. MyoD activates transcription of a number of genes (including p21 and myogenin) that function to further the differentiation
process. Ectopic expression of cyclin D1 has been shown to maintain MyoD in its inactive form even in the presence of initiation signals,
suggesting that a cyclin-D-dependent pathway is normally responsible for maintaining MyoD in an inactive form in cycling myoblasts. Some

of the genes induced by MyoD may inactive Cdks that normally keep MyoD inactive, thereby potentiating the MyoD-activation process. Other
MyoD-dependent genes may function in a positive feedback loop to potentiate differentiation by maintaining MyoD in an active form.
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Figure 3

Models for alterations in cell cycle .
regulatory machinery leading to loss @)

of proliferative control. (a) Inactivation :
of negative growth pathways and

cyclin overexpression. In arrested cells,
cyclin-Cdk complexes required for

entry to S phase are held in check by
negative growth regulators including
CKls, negative phosphorylation (such

as phosphorylation of Tyr15 in Cdk2),
and Rb. These negative pathways

serve as inhibitory buffers that block

the ability of Cdks to phosphorylate
critical substrates. Loss of a significant
fraction of this buffer or re-activation

of cyclin expression, such that the total
cyclin-kinase activity exceeds that of the
buffer, results in a kinase imbalance,
leading to cell proliferation. Relative
levels of components of the inhibitory
buffer are indicated as black (Rb),

white (CKls), and light shading (other
negative regulatory mechanisms such

as tyrosine phosphorylation). The Y

axis is a measure of the proliferative

or inhibitory potential. (b) Levels of
positive and negative factors present in
terminally arrested cells display marked
cell-type specificity. Relative levels of
cyclin E/Cdk2 (dark shading) and cyclin
D/Cdk4 (light shading) are indicated (c)
Scheme depicting the regulatory circuit
for S-phase entry. Rb functions as a
growth regulator in Gy, at least in part
through its inhibition of E2F function.
Phosphorylation of Rb by cyclin D-Cdk4
and perhaps cyclin E-Cdk2 is thought
to inactivate its growth suppressive ©
function. INK4 homologs selectively
inhibit Cdks whereas CIP/KIP homologs
inhibit multiple Cdks, including cyclin
D-dependent and cyclin E-dependent
Cdks. Rb may negatively regulate cyclin
E and may also negatively regulate p16
expression in Gy. The regulators CAK,
Cdc25, and CKS function at multiple
steps and upon multiple Cdks during Gy
progression.
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An example of the connection between cancer and
development comes from the recent characterization of
mice that lack cyclin D1 [56*°]. This cyclin is expressed
at unusually high levels in the retina and is required for
retinal development. Presumably, the improper develop-
ment of the retina in cyclin D1 mutants reflects an inability
to overcome Rb, the proposed target of D-type cyclins.
In what is clearly more than a coincidence, the retina
is the same tissue in which high-frequency tumors arise
in Rb-mutant humans. It is therefore likely that the Rb

protein is important in both development of that tissue and
its maintenance in the non-proliferative state. A similar
connection can be made for the cyclin D1-dependency
of breast development during pregnancy [56°%] and the
occurrence of amplification of cyclin D genes found in
breast tumors.

The emerging theme is that tissues that show a special de-
pendency for particular genes to control their proliferation
during development may be driven to malignancy by the
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alteration of those same genes. Thus the developmental
histories of tissues give us clues as to the nature of events
required for conversion to the malignant state.

A central issue yet to be examined is the extent to
which each of the known negative regulators contributes
to maintenance of the non-proliferative state in individual
cell types, particularly in situations where multiple
mechanisms are at work. In principle, the control of cell
proliferation can be viewed as a dynamic competition
between positive and negative factors, each of which
may be individually manipulated to control the cell
cycle during development. In the dynamic competition
model, negative regulators such as Rb and CKIs act as a
potential energy barrier in the pathway that cyclin-Cdks
must overcome to cause cellcycle entry (Figs 3a and
3b). Removal of these barriers through mutation may
reduce the levels of kinase activity required for cell-cycle
entry, but some Cdk kinase activity is still necessary
for the process of DNA replication and could therefore
act as a target of further negative regulation (Fig. 3c).
Cells reach the non-proliferative state via an increase in
negative factors andfor a reduction in positive factors,
such that the remaining positive factors (i.e. Cdk activity)
are insufficient to overcome the negative potential.
Non-proliferating cells may return to the proliferative
state by enhancing the positive potential (e.g. increasing
cyclin levels) or by decreasing the negative potential (e.g.
reduction of CKI or Rb function) to a point where Cdk
activity is sufficient to overcome this negative potential
(Fig. 3a). In this scenario, different cell types will be
capable of entering the malignant state by dismantling the
particular constellation of inhibitors used by that cell (Fig.
3b); this would predicate the existence of tissue-specific
tumor-suppressor genes.

The ability of these cells to proliferate once more
may allow them to take advantage of additional alter-
ations that occur during DNA replication as a result
of mutations in tumor suppressors controlling genomic
. stability. Thus interplay between the different classes of
tumor suppressors is likely. Class 1 includes the classical
negative regulators of the cell cycle, Rb and the CKls.
Class 2 tumor suppressors act not by preventing growth
directly, but by preventing mutations in class 1 genes
and proto-oncogenes. Genes in this class include p53
and DNA-repair genes. As p53 can actively kill cells via
activation of apoptosis, it may also be considered a growth
suppressor. The third class of tumor suppressors may be
the developmental regulators, and includes the WT1 gene,
which is found as a mutant in Wilms’ tumors, embryonic
tumors of the kidney. WT1 is a transcription factor that
controls kidney development. Mutations in this gene have
been suggested to alter the developmental fate of kidney
cells in such a way that they fail to properly terminally
differentiate. If cells follow inappropriate developmental
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the proper differentiation cues are absent, leading to
inappropriate growth. It is possible that this class of tumor
suppressors tic development to the proper control of class
1 tumor-suppressor gene expression.

As it stands, we have strong evidence for the involvement
of the Rb and p16 genes in tumor suppression and there
is some evidence for p21 being a tumour suppressor in
the prostate [57]. It is possible that the Rb/p16 pathway
will need to be inactivated in nearly every tumor type.
Mutations in p21 and p27 in tumors are extremely rare [57]
or absent [44,58,59], and it remains to be seen whether this
is attributable to redundancy or whether they can act as
suppressors in combination with other negative regulators.
Other inhibitors such as p15, p16, p18 and p57 await
investigation.

Conclusion

Our knowledge base of the links between development
and cancer is in its infancy, and much remains to
be learned. A clearer understanding of the connections
between these processes will probably emerge as the phe-
notypes of mice lacking positive and negative cell-cycle
genes are uncovered. More surprises are surely just around
the corner. o

Note added in proof

Previous studies examining 14 types of human tumours
including 351 DNA samples have failed to identify loss
of function mutations in the p21 gene. A recent study
[57] has now identified mutations of p21 in a subset
of prostate cancers. Of 18 patients examined, two had
truncation mutations in the amino-terminus of p21 which
are expected to be loss of function alleles. An additional
mutation, Pro-4—Gln, was also found although it is not
clear whether this is a loss of function allele. These results,
coupled with the fact that p21 is normally expressed in
the prostate epithelium [48°], suggest that loss of p21 may
contribute to the development of some tumor types. In
addition, the role of p21 in Gy DNA damage function
has been confirmed by Brugarolas e 4/. [63] using cells
deficient for p21.
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