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1. ABTRACT

The first gap phase (G1) in the mammalian cell
cycle plays a pivotal role in determining whether or not
cells are to initiate DNA replication. Progression through
G1 phase and transition into S phase are positively and
negatively regulated by a series of factors, collectively
termed G1 regulators. Among them, D-type G1 cyclins and
a Cdk inhibitor, p27Kip1, function as the target of growth
factors to integrate extracellular signals into cell cycle
regulators. Another G1 cyclin, cyclin E, and a transcription
factor E2F are situated the furthest downstream of known
G1 regulators and seem to be directly involved in the
initiation of chromosomal DNA replication. Alterations in
G1 regulator genes are often present in human tumors,
indicating that G1 regulators participate in tumor
suppressive mechanisms as well as in cell proliferation.

2. INTRODUCTION

Proliferation of mammalian cells is strictly
regulated by extracellular signals, which largely exert their
effects on cells during G1 phase of the cell cycle.
Mitogenic signals such as growth factor stimulation are
sine qua non for target cells to progress through G1 and to
commit to replicating chromosomal DNA. However, once
cells enter S phase, they can undergo mitosis even if
deprived of growth factors during S, G2, and M phase
intervals (1). Thus, control of factors that regulate G1
progression (G1 regulators) by extracellular signals is the
key event to determining whether or not cells are to initiate
DNA replication.

Among cell cycle regulators, only G1
regulators are found mutated or altered in human tumor
cells. Thus, regulation of G1 progression plays an
important role in tumor suppression as well as in cell
proliferation in vivo (2). Interestingly, there seems to be an
inverse correlation of some G1 regulator gene
abnormalities (for example, cyclin D1, p16INK4a, and pRb)
(3). The rate abnormality of one particular gene is not

always dramatic. Yet the rate of mutation that occurs in any
of these genes is high, suggesting that disruption of the
signaling pathway consisting of these gene products, but
not the mutation of one particular gene, contributes to
neoplasia. Thus, knowledge of the pathway composed of
several G1 regulators and interactions, rather than studying
the function of one particular gene product would seem to
be an important approach to investigate mechanisms
regulating G1 progression. In this review article, I focus on
three subjects and present our latest findings on each
subject. The functional roles of each G1 regulatory
pathway in S phase induction is discussed (figure 1).

3. CELL CYCLE PROGRESSION MEDIATED BY G1
REGULATORS

Among G1 regulators, D-type cyclins serve as
targets of growth factors to integrate extracellular signals
into the core cell cycle regulators (4). D-type cyclins were
identified in three independent approaches; (I) a target gene
of chromosomal translocations in a variety of cancers (3,
5), (II) a mammalian cyclin gene that can complement
yeast G1 cyclin deficiency (6), and (III) a delayed early
growth factor inducible gene (7). D-type cyclins are
composed of three different but closely related subfamilies
(D1, D2, and D3), all differentially expressed in a wide
variety of organs and in a tissue-specific manner (7). D-
type cyclins are induced to express in response to a variety
of mitogenic signals and function as a regulatory subunit of
cyclin-dependent kinases (Cdk) (8). D-type cyclins can
interact with 4 different Cdks (Cdk2, 4, 5, and 6), among
which Cdk4 and Cdk6 are apparently the major functional
catalytic partners in proliferating cells (8, 9). When cells
are exposed to growth factor stimulation, the expression of
cyclin D is maintained regardless of the point in the cell
cycle (7). However, accumulation of active cyclin D/Cdk4
(or Cdk6) complex is rate-limiting and is required for cells
to progress through G1 and to commit to entering S phase
(10). The overexpression of D-type cyclins shortens the
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Figure 1. A model of functional interactions among G1
regulatory factors

length of G1 without affecting remainder of the cell cycle
(10). This event is clearly different from phenotype of the
cells overexpressing another G1 cyclin, cyclin E, in which
G1 is shortened but elongation of the S phase compensates
this shortening and as a result, doubling time of the cell
remains unchanged (11). Thus, the cyclin D/Cdk4 complex
largely exerts effects on commitment of cells for the S
phase entry during the G1 phase, while functions of cyclin
E/Cdk2 kinase are more directly involved in the initiation
of chromosomal DNA synthesis.

Much evidence has accumulated to prove that
one of the most important functions of cyclin D/Cdk4
complex is to phosphorylate retinoblastoma protein (pRb)
in mid to late G1 and to neutralize the anti-proliferative
activity of pRb (12). For example, introduction of the anti-
cyclin D antibody or Cdk4-specific inhibitory protein
(INK4 family of Cdk inhibitors) blocks cell cycle
progression of normal cells but not that of cells lacking
functional pRb (13). Therefore, function of the cyclin
D/Cdk4 complex is required for cells to commit to enter S
phase, and pRb is the only known substrate of cyclin
D/Cdk4 kinase, at least for G1 progression of cultured cells
in vitro. Indeed, the timing of pRb phosphorylation in
cyclin D-overexpressing cells is accelerated (14). In
contrast, although the cyclin E/Cdk2 complex also
participates in pRb phosphorylation, the kinetics of pRb-
phosphorylation remain the same regardless of whether or
not cyclin E is engineered to overexpress (14). Thus, pRb
phosphorylation by cyclin E/Cdk2 complex may be a
secondary event. Microinjection of anti-cyclin E antibody
arrests both Rb-positive and -negative cells in G1 (15),
therefore pRb may not be the only substrate for cyclin
E/Cdk2 kinase. Other candidate substrates for cyclin
E/Cdk2 complex include minichromosome maintenance
proteins (MCMs), CDC45-associated proteins (16), and
NPAT (17).

Another target of growth factors is a Cdk
inhibitor, p27Kip1, which is downregulated upon mitogenic
stimulation (18, 19). In certain circumstances, even though
some growth signals induce the expression of G1 cyclins
(cyclins D and E), cells do not progress into S phase until
second-growth signals trigger downregulation of p27Kip1

(18). Thus, G1 cyclin-production and p27Kip1-removal are
required for cells to enter S phase. Cellular abundance of

p27Kip1 is controlled by multiple mechanisms, among which
degradation by the ubiquitin/proteasome pathway (20)
seems to be the most important. Details of this pathway
will be described in chapter 5.

Components that function the furthest
downstream of the known G1 regulators are probably
directly involved in initiation of chromosomal DNA
replication. Such factors include cyclin E and a
transcription factor E2F. Cyclin E forms a complex with
and activates Cdk2 near the G1/S transition (4). Cyclin
E/Cdk2 complex neutralizes the pRb function by
phosphorylation (21) and pRb suppresses the activity of
E2F by directly binding during G1 (12). These data place
E2F downstream from cyclin E. However, the E2F-
inducible genes include the cyclin E gene (22, 23). Thus,
E2F and cyclin E (cyclin E/Cdk2 complex) create a
positive feedback loop, allowing for a rapid rise of both
activities as cells approach the G1/S boundary. Recent
findings suggest that E2F and cyclin E/Cdk2 kinase have
their own pathway to promote S phase entry (24, 25) but
details are controversial. In chapter 6, I describe our
findings obtained by our unique system used to analyze the
initiation of DNA replication.

4. REGULATION OF CYCLIN D/Cdk4 COMPLEXES

Activity of the cyclin D/Cdk4 complex, which
plays a central role in regulation of G1 progression, is
positively and negatively regulated by multiple
mechanisms (13). Activation of Cdk4 requires binding to
its regulatory subunit, D-type cyclins (26). Although the
half life of Cdk4 is relatively long (>10 hours), D-type
cyclins are unstable proteins within the cell (half life = ca
10-20 min) and depend upon extracellular signals for
expression (7, 8). Therefore, induction of cyclin D
expression is the rate-limiting step for cyclin D/Cdk4
activation. Although analyses of the cyclin D promoter
provided little information at to which signal transduction
pathway is involved in cyclin D induction, recent studies
revealed that the Ras-Raf-MEK pathway positively
regulates transcriptional activation of the cyclin D gene
(27, 28). The cyclin D protein is located and functions
within the nucleus in normally proliferating cells. But upon
phosphorylation on Thr286, cyclin D1 proteins are
exported from the nucleus to the cytoplasm and are rapidly
degraded through ubiquitin/proteasome machinery (29, 30).
In mouse fibroblasts, GSK3beta is the only kinase that
phosphorylates this residue, which suggests that the Ras-
PI3K-Akt-GSK3beta pathway regulates the stability of
cyclin D proteins (30). Thus, both induction and
degradation of cyclin D are under control of growth factor-
mediated signaling pathways.

Within proliferating cells, newly synthesized
cyclin D proteins rapidly form a complex with Cdk4 and
are transported into the nucleus. However, purified
recombinant cyclin D and Cdk4 do not bind with high
affinity in a test tube (31). Furthermore, ectopically
overexpressed cyclin D3 and Cdk4 do not assemble in
serum-deprived NIH3T3 cells (32). These observations
imply that, in contrast to other cyclins and Cdks, assembly
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of the cyclin D/Cdk4 complex may require other factors
(Assembly Factor), the activities of which are regulated by
growth factor stimulation. Molecular identity of this
"Assembly Factor" remains unknown but there is a recent
report that Cdk inhibitors, p21Cip1 and p27Kip1 are essential
activators of the cyclin D/Cdk4 complex in murine
fibroblasts (33).

In an attempt to identify regulators of the cyclin
D/Cdk4 complex, two types of molecular chaperones were
found to be Cdk4 binding proteins (Unpublished
observations), one is CDC37 and the other is a novel
member of the DnaJ/Hsp40 protein family. Both
chaperones are located in the cytoplasm and seem to hold
monomeric Cdk4 molecules until newly synthesized cyclin
D proteins become available. The function of CDC37 is
required for G1 progression of mouse fibroblasts and
inactivation of CDC37 downregulates the expression of
both cyclin D1 and Cdk4 proteins. Further analyses would
be required to identify the most essential targets of CDC37
in G1 progression.

After being transported into the nucleus,
Thr172 of the Cdk4 subunit in cyclin D/Cdk4 complex is
phosphorylated by Cdk Activating Kinase (CAK) (31, 34).
This modification is sine qua non for Cdk4 protein kinase
activation (31). CAK is also a cyclin/Cdk complex
composed of cyclin H and Cdk7 (35). In cells growth-
arrested by TGF-beta treatment or by UV irradiation, the
tyrosine residue of the Cdk4 subunit is phosphorylated and
the cyclin D/Cdk4 activity is inhibited (36, 37). The kinase
and the phosphatase responsible for phosphorylation and
dephosphorylation of the tyrosine residue remain to be
investigated. However, in analogy to other cyclin/Cdk
complexes, the enzymes are most likely to be the
Wee1/Myt1 family of kinases and the CDC25 family of
phosphatases. Thus, specific phosphorylation and
dephosphorylation positively and negatively regulate the
activity of cyclin D/Cdk4 complex.

Another negative regulation of cyclin D/Cdk4
kinase is executed by two families of small-molecular-
weight inhibitory proteins, termed Cdk inhibitors (38). The
Cip/Kip family of Cdk inhibitors (p21Cip1, p27Kip1, and
p57Kip2) inhibits a wide range of cyclin/Cdk activities
(cyclin D/Cdk4, cyclin D/Cdk6, cyclin E/Cdk2, and cyclin
A/Cdk2) by stoichiometrically binding to the cyclin/Cdk
complex. The INK4 family of Cdk inhibitors (p16INK4a, p15
INK4b, p18 INK4c, and p19 INK4d) specifically targets cyclin D-
dependent kinases, Cdk4 and Cdk6. These seven Cdk
inhibitors are induced to express or to be activated in
response to a variety of anti-proliferative signals, among
which p27Kip1 seems to play the most essential role in
regulating cell proliferation in vivo as well as in vitro
during development and tumor suppression.

5. REGULATION OF Cdk INHIBITOR, p27Kip1

p27Kip1 is subject to multiple regulatory
mechanisms. First, the level of p27Kip1 protein expression
fluctuates as cells progress through the cell cycle, high in
G0/G1 and low after entry into S phase (39, 40). Because

the amount of p27Kip1 mRNA remains constant throughout
the cell cycle (39, 40), p27Kip1-regulation is largely post-
transcriptional, which is clearly differentiated from that of
p21Cip1, which is regulated at the transcriptional level. The
abundance of p27Kip1 within the cell is regulated by at least
two factors, the rates of translation (39) and degradation
(20). Recent research interest has focused on cell cycle-
dependent degradation mechanisms. Pagano et al. reported
that p27Kip1 is degraded through the ubiquitin/proteasome
pathway (20). According to these investigators, the human
ubiquitin-conjugating enzymes (E2), Ubc2 (Rad6) and
Ubc3 (Cdc34), are specifically involved in the
ubiquitination of p27Kip1. In yeast, the SCF complex
containing CDC34 is responsible for ubiquitination of the
yeast Cdk inhibitor, Sic1 (41, 42), which suggests that a
novel mammalian SCF complex participates in p27Kip1

degradation. Sheaff et al. (43) and Vlach et al. (44) have
shown that phosphorylation of Thr187 of p27Kip1 by cyclin
E/Cdk2 complex is required for p27Kip1 degradation. This
phenomenon mirrors that of the yeast system, in which
phosphorylation of Sic1 by a G1 cyclin-dependent kinase
generates the binding site for the SCF ubiquitin-ligase and
triggers ubiquitination and subsequent degradation of the
yeast Cdk inhibitor (41, 42). Recently, three research
groups reported that the mammalian SCF complex
containing Skp2 functions as a ubiquitin ligase specific for
p27Kip1 (45-47).

The breakdown of p27Kip1 is regulated not only
in time, but also in space. In an attempt to search for novel
cellular factors which regulate p27Kip1, we isolated Jab1,
the specific interactor of p27Kip1 (48). Ectopic expression of
Jab1 facilitates the degradation of p27Kip1, overcomes the
cell cycle arrest mediated by this Cdk inhibitor and reduces
the serum dependency of the cells. These results clearly
indicate that Jab1 is a negative regulator of p27Kip1.
Interestingly, overexpression of Jab1 induces translocation
of p27Kip1 from the nucleus to the cytoplasm. Jab1 does not
function as the ubiquitin ligase or the specific protease, but
rather directly binds to p27Kip1 and delivering it to the
ubiquitin-conjugation system located in the cytoplasm.
Jab1-mediated p27Kip1 degradation requires Thr187-
phosphorylation of p27Kip1. The obvious next questions are
(I) what is the exact role of Jab1 in p27Kip1 degradation
other than shuttling it to the cytoplasm? Does Jab1
accelerate p27Kip1 phosphorylation, or does Jab1 directly
bind to the ubiquitin ligase or proteasome? and (II) how is
Jab1 activity regulated during the cell cycle? Is Jab1
induced to express in response to growth factor stimulation,
or is Jab1 subject to post-translational modifications such
as phosphorylation or interaction with other cellular
factors? Regardless of the exact mechanisms, identification
of Jab1 as a negative regulator of p27Kip1 should aid
explaining how the cell-cycle-dependent proteolytic
machinery selects the specific target proteins for
degradation.

In proliferating cells, the inhibitory activity of
p27Kip1, expressed at a low level, is neutralized by other cell
cycle regulators. The cyclin D/Cdk4 complex exhibits a
higher affinity with p27Kip1 than the cyclin E/Cdk2 complex
does, therefore, most of the p27Kip1 proteins expressed in
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Figure 2. A putative model of three distinct tumor
suppressing pathways

proliferating cells are sequestered to a large pool of the
cyclin D/Cdk4 complex (49). In another example, proto-
oncoproteins, myc and ras, facilitate  progression through
the G1 phase by downregulating p27Kip1.
Interestingly,induction of c-myc neutralizes the inhibitory
activity of p27Kip1 without downregulating expression level
of the protein (50). In cells transfected with the c-myc
vector, p27Kip1 is separated from the cyclin/Cdk complex
and moves into an ill-defined large protein complex,
suggesting that an unidentified c-myc target gene product
sequesters p27Kip1. Finally, the E1a protein, an oncoprotein
encoded in the adenovirus genome, binds to the C-terminus
domain of p27Kip1 and neutralizes the inhibitory activity
(51).

6. COOPERATIVE ACTION OF E2F AND CYCLIN
E/Cdk2 IN S PHASE INDUCTION

The transcription factor E2F and cyclin E/Cdk2
kinase are situated the furthest downstream of the known
G1 regulatory factors and maximum activation occurs near
the G1/S border (2, 22), suggesting that their functions
correlate most with initiation of chromosomal DNA
replication instead of progression through G1. The finding
that ectopic overexpression induces DNA replication in
quiescent cells (24, 25) supports this view.

pRb suppresses E2F activity by direct binding
(12, 22). Phosphorylation of pRb by cyclin E-activated
Cdk2 kinase neutralizes pRb function and facilitates E2F
activation (12, 21). These mean that cyclin E is situated
upstream of E2F. On the other hand, the cyclin E gene is
one of the most important E2F-inducible genes (22, 23),
indicating that cyclin E is located downstream from E2F.
Thus, E2F and cyclin E (cyclin E/Cdk2 complex) create a
positive feedback loop which allows for a rapid rise of both
activities as cells approach the G1/S boundary (2).

The most important question to address is the
precise roles of E2F and the cyclin E/Cdk2 complex in S
phase induction. It seems likely that both E2F and cyclin
E/Cdk2 activities are required to initiate DNA replication.
However, ectopic expression of either E2F (24) or cyclin E

(25) has been reported to be sufficient to initiate replication
without activating the other, revealing the complexity of
the E2F/cyclin E pathway. To analyze the functional roles
of E2F and cyclin E/Cdk2 complex from a different point
of view, we developed a system utilizing Xenopus oocytes
(52). Although no chromosomal DNA replication actually
occurs during Xenopus oocyte maturation, the capability
develops during the late meiosis I (MI) phase but is
suppressed until fertilization. Injection of dominant
negative E2F or universal Cdk inhibitors (p21 and p27)
blocked induction of the DNA replication ability, while co-
injection of E2F-1 and cyclin E initiated DNA replication.
Interestingly, neither E2F-1 nor cyclin E alone was
sufficient to induce replication, and cyclin E was not
regulated at the transcriptional level in this particular
system. Thus, differing from D-type cyclins and pRb, E2F-
1 and cyclin E are more fundamentally connected with the
DNA-replication-initiation machinery. Furthermore, not
being restricted to somatic cell cycle regulation, they play
an important role in a wide variety of situations.

In a mammalian system, induction of E2F-1
alone is sufficient to initiate DNA replication (53-55).
Utilizing the mouse fibroblast system, we found that both
Cdk2-dependent and –independent pathways have roles in
E2F-mediated S phase induction (Unpublished
observations). Our conclusions are as follows: (I) Cyclin E
induction and successive Cdk2 activation, but not that of
cyclin D and Cdk4, are required for S phase entry. (II) The
loading of MCM proteins onto chromatin depends on E2F
activity but not on activity of Cdk2. (III) Induction of
Cdc45 expression depends solely on E2F but binding to
chromatin requires Cdk2 activation. E2F-inducible genes
other than cyclin E include a number of genes, the products
of which function to regulate cell cycle progression and
DNA replication (22), and candidate substrates for the
cyclin E/Cdk2 complex contain pRb (12, 21), MCMs,
CDC45-associated proteins (16), and NPAT (17).
Therefore, molecular mechanisms of S phase induction
mediated by E2F and cyclin E are far more complex than
heretofore considered to be.

7. PERSPECTIVE

Among regulators of the cell cycle progression,
only those specific for G1 phase are often found altered in
human tumors (2), indicating that G1 regulation is highly
connected with tumor suppression. From this point of view,
there are three distinct signaling pathways (figure 2). The
first is the Rb pathway composed of p16INK4a-Cdk inhibitor,
cyclin D/Cdk4 complex, and Rb protein (3). The second is
the p53 pathway, which includes p19ARF, MDM2, and p53
(56). Interestingly, the furthest upstream components of
these two pathways are encoded at a single gene locus, the
INK4a gene. Therefore, deletions or mutations of one gene
locus could disrupt two important tumor suppressive
pathways. Consistent with this possibility, the mutation rate
within the INK4a locus is high among a wide variety of
human cancers (3). The third is the p27 pathway (57, 58).
This idea stems from findings that the reduced expression
of p27Kip1 Cdk inhibitor correlates well with short survival
time of patients. This correlation was originally found in



S phase induction by G1 regulators

791

breast or colorectal carcinomas (59-61) but recent data
indicate that this is the case for most types of cancers.
Because malignant tumors expressing low levels of p27
contain wild-type p27 genes, target genes should encode
proteins functioning upstream of p27. Although the
molecular identity of such gene products remains to be
investigated, our finding that Jab1 is a negative regulator of
p27 (48) will aid in understanding details of this pathway.

8. ACKNOWLEDGMENTS

This work was supported by Grants-in-Aid for
Scientific Research and for Cancer Research from the
Ministry of Education, Science, and Culture of Japan. M.
Ohara provided language assistance.

9. REFERENCES

1. Pardee AB: G1 events and regulation of cell
proliferation. Science 246, 603-608 (1989)
2. Sherr CJ: Cancer cell cycles. Science 274, 1672-1677
(1996)
3. Hall M & Peters G: Genetic alterations of cyclins,
cyclin-dependent kinases, and Cdk inhibitors in human
cancer. Adv. Cancer Res. 68, 67-108 (1996)
4. Sherr CJ: Mammalian G1 cyclins. Cell 73, 1059-1065
(1993)
5. Motokura T, Bloom T, Kim HG, Juppner H, Ruderman
JV, Kronenberg HM & Arnold A: A novel cyclin encoded
by a bcl1-linked candidate oncogene. Nature 350, 512-515
(1991)
6. Xiong Y, Connolly T, Futcher B & Beach D: Human D-
type cyclin. Cell 65, 691-699 (1991)
7. Matsushime H, Roussel MF, Ashmun RA, and Sherr CJ:
Colony-stimulating factor 1 regulates novel cyclins during
the G1 phase of the cell cycle. Cell 65, 701-713 (1991)
8. Matsushime H, Ewen ME, Strom DK, Kato J-Y, Hanks
SK, Roussel MF, Sherr CJ: Identification and properties of
an atypical catalytic subunit (p34PSK-J3/Cdk4) for
mammalian D-type G1 cyclins. Cell 71, 323-334 (1992)
9. Xiong Y, Zhang H & Beach D: D type cyclins associate
with multiple protein kinases and the DNA replication and
repair factor PCNA. Cell 71, 505-514 (1992)
10. Quelle DE, Ashmun RA, Shurtleff SA, Kato J-Y, Bar-
Sagi D, Roussel MF, Sherr CJ: Overexpression of mouse
D-type cyclins accelerates G1 phase in rodent fibroblasts.
Genes & Devel 7, 1559-1571 (1993)
11. Ohtsubo M & Roberts JM: Cyclin-dependent regulation
of G1 in mammalian fibroblasts. Science 259, 1908-
1912(1993)
12. Weinberg RA: The retinoblastoma protein and cell
cycle control. Cell 81, 323-330 (1995)
13. Sherr CJ: G1 phase progression: cycling on cue. Cell
79, 551-555 (1994)
14. Resnitzky D & Reed SI: Different roles for cyclins D1
and E in regulation of the G1-to-S transition. Mol Cell Biol
15, 3463-3469 (1995)
15. Ohtsubo M, Theodoras AM, Schumacher J, Roberts JM
& Pagano M: Human cyclin E, a nuclear protein essential
for the G1-to-S phase transition. Mol Cell Biol 15, 2612-
2624 (1995)

16. Mimura S & Takisawa H: Xenopus Cdc45-dependent
loading of DNA polymerase alpha onto chromatin under
the control of S-phase Cdk. EMBO J 17, 5699-5707 (1998)
17. Zhao J, Dynlacht B, Imai T, Hori T & Harlow E:
Expression of NPAT, a novel substrate of cyclin E-CDK2,
promotes S-phase entry. Genes & Dev 12, 456-61 (1998)
18. Nourse J, Firpo E, Flanagan WM, Coats S, Polyak K,
Lee M-H, Massague J, Crabtree GR & Roberts JM:
Interleukin-2-mediated elimination of the p27Kip1 cyclin-
dependent kinase inhibitor prevented by rapamycin. Nature
372, 570-573 (1994)
19. Kato J-Y, Matsuoka M, Polyak K, Massague J & Sherr
CJ: Cyclic AMP-induced G1 phase arrest mediated by an
inhibitor (p27Kip1) of cyclin-dependent kinase-4 activation.
Cell 79, 487-496 (1994)
20. Pagano M, Tam SW, Theodoras AM, Beer-Romero P,
Del Sal G, Chau V, Yew PR, Draetta GF & Rolfe M: Role
of the ubiquitin-proteasome pathway in regulating
abundance of the cyclin-dependent kinase inhibitor p27.
Science 269, 682-685 (1995)
21. Hinds PW, Mittnacht S, Dulic V, Arnold A, Reed SI &
Weinberg RA: Regulation of retinoblastoma protein
functions by ectopic expression of human cyclins. Cell 70,
993-1006 (1992)
22. Nevins JR: E2F: a link between the Rb tumor
suppressor protein and viral oncoproteins. Science 258,
424-429 (1992)
23. Ohtani K, DeGregori J, Nevins JR: Regulation of the
cyclin E gene by transcription factor E2F1. Proc Natl Acad
Sci 92, 12146-12150 (1995)
24. DeGregori J, Leone G, Ohtani K, Miron A & Nevins
JR: E2F-1 accumulation bypasses a G1 arrest resulting
from the inhibition of G1 cyclin-dependent kinase activity.
Genes & Dev 9, 2873-2887 (1995)
25. Lukas J, Herzinger T, Hansen K, Moroni MC,
Resnitzky D, Helin K, Reed SI & Bartek J: Cyclin E-
induced S phase without activation of the pRb/E2F
pathway. Genes & Dev 11, 1479-1492 (1997)
26. Kato J-Y, Matsushime H, Hiebert SW, Ewen ME &
Sherr CJ: Direct binding of cyclin D to the retinoblastoma
gene product (pRb) and pRb phosphorylation by the cyclin
D-dependent kinase, CDK4. Genes & Dev 7, 331-342
(1993)
27. Peeper DS, Upton TM, Ladha MH, Neuman E, Zalvide
J, Bernards R, DeCaprio JA & Ewen ME: Ras signalling
linked to the cell-cycle machinery by the retinoblastoma
protein. Nature 386, 177-181 (1997)
28. Cheng M, Sexl V, Sherr CJ & Roussel MF: Assembly
of cyclin D-dependent kinase and titration of p27Kip1

regulated by mitogen-activated protein kinase kinase
(MEK1). Proc Natl Acad Sci 95, 1091-1096 (1998)
29. Diehl JA, Zindy F & Sherr CJ: Inhibition of cyclin D1
phosphorylation on threonine-286 prevents its rapid
degradation via the ubiquitin-proteasome pathway. Genes
& Dev 11, 957-972 (1997)
30. Diehl JA, Cheng M, Roussel MF & Sherr CJ: Glycogen
synthase kinase-3beta regulates cyclin D1 proteolysis and
subcellular localization. Genes & Dev 12, 3499-3511
(1998)
31. Kato J-Y, Matsuoka M, Strom D & Sherr CJ:
Regulation of cyclin D-dependent kinase-4 (CDK4) by



S phase induction by G1 regulators

792

CDK4 activating kinase (CAK). Mol Cell Biol 14, 2713-
2721 (1994)
32. Matsushime H, Quelle DE, Shurtleff SA, Shibuya M,
Sherr CJ & Kato J-Y: D-type cyclin-dependent kinase
activity in mammalian cells. Mol Cell Biol 14, 2066-2076
(1994)
33. Cheng M, Olivier P, Diehl JA, Fero M, Roussel MF,
Roberts JM & Sherr CJ: The p21(Cip1) and p27(Kip1)
CDK 'inhibitors' are essential activators of cyclin D-
dependent kinases in murine fibroblasts. EMBO J 18, 1571-
1583 (1999)
34. Matsuoka M, Kato J-Y, Fisher RP, Morgan DO & Sherr
CJ: Activation of cyclin-dependent kinase-4 (CDK4) by
mouse MO15-associated kinase. Mol Cell Biol 14, 7265-
7275 (1994)
35. Fisher RP & Morgan DO: A novel cyclin associates
with MO15/CDK7 to form the CDK-activating kinase. Cell
78, 713-724 (1994)
36. Terada Y, Tatsuka M, Jinno S & Okayama H:
Requirement for tyrosine phosphorylation of Cdk4 in G1
arrest induced by ultraviolet irradiation. Nature 376, 358-
362 (1995)
37. Iavarone A & Massague J: Repression of the CDK
activator Cdc25A and cell-cycle arrest by cytokine TGF-
beta in cells lacking the CDK inhibitor p15. Nature 387,
417-22 (1997)
38. Sherr CJ and Roberts JM: Inhibitors of mammalian G1
cyclin-dependent kinases. Genes & Dev 9, 1149-1163
(1995)
39. Hengst L & Reed SI: Translational control of p27Kip1

accumulation during the cell cycle. Science 271, 1861-1864
(1996)
40. Millard SS, Yan JS, Nguyen H, Pagano M, Kiyokawa
H & Koff A: Enhanced ribosomal association of p27(Kip1)
mRNA is a mechanism contributing to accumulation during
growth arrest. J Biol Chem 272, 7093-7098 (1997)
41. Skowyra D, Craig KL, Tyers M, Elledge SJ & Harper
JW: F-box proteins are receptors that recruit
phosphorylated substrates to the SCF ubiquitin-ligase
complex. Cell 91, 209-219 (1997)
42. Feldman RM, Correll CC, Kaplan KB & Deshaies RJ:
A complex of Cdc4p, Skp1p, and Cdc53p/cullin catalyzes
ubiquitination of the phosphorylated CDK inhibitor Sic1p.
Cell 91, 221-230 (1997)
43. Sheaff RJ, Groudine M, Gordon M, Roberts JM &
Clurman BE: Cyclin E-CDK2 is a regulator of p27Kip1.
Genes & Dev 11, 1464-1478 (1997)
44. Vlach J, Hennecke S & Amati B: Phosphorylation-
dependent degradation of the cyclin-dependent kinase
inhibitor p27Kip1. EMBO J 16, 5334-5344 (1997)
45. Carrano AC, Eytan E, Hershko A & Pagano M. SKP2
is required for ubiquitin-mediated degradation of the CDK
inhibitor p27. Nature Cell Biol 1, 193 (1999)
46. Sutterlty H, Chatelain E, Marti A, Wirbelauer C,
Senften M, Mlller U & Krek W. p45SKP2 promotes p27Kip1

degradation and induces S phase in quiescent cells. Nature
Cell Biol 1, 207 (1999)
47. Tsvetkov LM, Yeh KH, Lee SJ & Zhang H. p27Kip1

ubiquitination and degradation is regulated by the SCFSkp2

complex through phosphorylated Thr187 in p27. Curr Biol
9, 661 (1999)

48. Tomoda K Kubota Y & Kato J-Y Degradation of the
cyclin-dependent-kinase inhibitor p27Kip1 is instigated by Jab1.
Nature 398, 160-165 (1999)
49. Polyak K, Kato J-Y, Solomon MJ, Sherr CJ, Massague J,
Roberts JM & Koff A: p27Kip1, a cyclin-Cdk inhibitor, links
TGF-beta and contact inhibition to cell cycle arrest. Genes &
Dev 8, 9-22 (1994)
50. Vlach J, Hennecke S, Alevizopoulos K, Conti D & Amati
B: Growth arrest by the cyclin-dependent kinase inhibitor
p27Kip1 is abrogated by c-Myc. EMBO J 15, 6595-6604 (1996)
51. Mal A, Poon RY, Howe PH, Toyoshima H, Hunter T &
Harter ML: Inactivation of p27Kip1 by the viral E1A
oncoprotein in TGF -treated cells. Nature 380, 262-265 (1996)
52. Akamatsu E, Tanaka T & Kato J-Y: Transcription factor
E2F and cyclin E/cdk2 complex cooperate to induce
chromosomal DNA replication in Xenopus oocytes. J Biol
Chem 273, 16494-16500 (1998)
53. Wu X & Levine AJ: p53 and E2F-1 cooperate to mediate
apoptosis. Proc Natl Acad Sci 91, 3602-3606 (1994)
54. Qin XQ, Livingston DM, Kaelin WG Jr & Adams PD:
Deregulated transcription factor E2F-1 expression leads to S-
phase entry and p53-mediated apoptosis. Proc Natl Acad Sci
91, 10918-10922 (1994)
55. Shan B & Lee WH: Deregulated expression of E2F-1
induces S-phase entry and leads to apoptosis. Mol Cell Biol 14,
8166-8173 (1994)
56. Sherr CJ: Tumor surveillance via the ARF-p53 pathway.
Genes & Dev 12, 2984-2991 (1998)
57. Steeg PS & Abrams JS: Cancer prognostics: past, present
and p27. Nat Med 3, 152-154 (1997)
58. Fero ML, Randel E, Gurley KE, Roberts JM & Kemp CJ:
The murine gene p27Kip1 is haplo-insufficient for tumour
suppression. Nature 396, 177-180 (1998)
59. Porter PL, Malone KE, Heagerty PJ, Alexander GM, Gatti
LA, Firpo EJ, Daling JR & Roberts JM: Expression of cell-
cycle regulators p27Kip1 and cyclin E, alone and in
combination, correlate with survival in young breast cancer
patients. Nat Med 3, 222-225 (1997)
60. Catzavelos C, Bhattacharya N, Ung YC, Wilson JA,
Roncari L, Sandhu C, Shaw P, Yeger H, Morava-Protzner I,
Kapusta L, Franssen E, Pritchard KI & Slingerland JM:
Decreased levels of the cell-cycle inhibitor p27Kip1 protein:
prognostic implications in primary breast cancer. Nat Med 3,
227-230 (1997)
61. Loda M, Cukor B, Tam SW, Lavin P, Fiorentino M,
Draetta GF, Jessup JM & Pagano M: Increased proteasome-
dependent degradation of the cyclin-dependent kinase inhibitor
p27 in aggressive colorectal carcinomas. Nat Med 3, 231-234
(1997)

Keywords: G1 phase, cyclin D, Cdk4, Cdk inhibitor, E2F,
cyclin E, Cdk2, Rb, Review

Send correspondence to: Dr Jun-ya Kato, Ph.D., Graduate
School of Biological Sciences, Nara Institute of Science
and Technology, 8916-5 Takayama, Ikoma, Nara 630-
0101, Japan, Tel: +81-743-72-5541, Fax:  +81-743-72-
5549, E-mail: jkata@bs.aist-nara.ac.jp

Received 9/15/99,  Accepted 10/15/99


