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o Akl AlEEL G171, DNAS] §47191 s71,
G27], FAEEE Yol MY9] AIEF71E AXA
HEHog T FANEE Pt AEFNE B
gk 2182 A= Gl7)ollA] S7)22] of3¥(G1/S) W &
A= G2710l4 M712.9] o]S¥(G2/M)& Alwiks= 771
A F23}F A Ael| os}m, cyclin-dependent kinase
(o]sl CDKE EDEF o9k A2l cyclin®] H3A)
7} 2A4gkAl QlelA] Fasdt A%E gk Gl G24h
]2} o]F-2 G1/S¢t G2/MEE Alo]o) B3Ale] 4%
sslel] ozl 7FsstckFig. 1).
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Fig. 1. CDK-Cyclin Complexes and the Cell Cycle:
Whether a cell undergoes S phase or M phase
depends on the CDK-cyclin complex. Shifting
between G1 and G2 is possible by interch-
anging the complex between the G1/S and
G2/M forms.
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Table 1. Cyclin-CDK Complexes and Their Connection with Cancer

Cyclin Cell Cycle Role Associated CDK Associated Proteins

Stabilit;ir begrada[ion Link to Cancer

A S plus G2—-M  Cdc2 and CDK2 pl07 plus E2F, p21,
PCNA
Bl G2--M Cde2 (p21), (PCNA)
B2 G2—M (p21), (PCNA)
C-type 7 CDK X? ND
D1 Gl CDK4 Rb, p21, p27, PCNA,
plé, pls
D2 Gl CDK4 Rb, p21, p27, PCNA,
pl6, pls
D3 Gl CDK4 Rb, p21, p27, PCNA,
pleé, pls '
All D-types
E Gl plus G1--§ CDK2 pl07 plus E2F, p21,
PCNA
p27 after TGF3
treatment
F ND
G ND
H All phases CDK7 ND

ND, not determined.

e g 2o, ARiake] SRER AH8st
w” STARTE %£3}0] AEE 24sl7| 9J3led CDK4
= CDK6-S BAAZI. Cyclin D 4] B4
PR AR Bl X ok AFEFTIRIEEY A
5 7hAe)l Wik g ANk gt cyclin DE
& Rbol] 9Jat AMEF7] ZHel] Hepo|thFig. 2). Cyc-
lin D DI, D2, D32] A7EAgle] &Altsle, cyclin
D28} CDK2-3ARES ARt sl 24u| Al Eel
JoiAl mjA] oiEAl eI e] AAel glojA] Fadh
oJ3-2 3ht}”. CDK4 39| slakzdg e AlEe] 3
o YolME Feg ofehg slvl, CDK4L} CDK62)
Fjehakalo] of2)FEek AEAPIA WA, CDK4=
ol AZoll ol TGEsH <l FaiElE Aol
S 232 4k ofw el ol CDK4 &

Unstable in  Ubiquitin  Stabilization in hepatoccllular
mitosis carcinoma; complex with E2F
disrupted by EIA; p21, PCNA
not associated in cancer
Unstable in  Ubiquitin - No
Mitosis
Unstable in Ubiquitin  No

mitosis
ND PEST ND
Rapid PEST PRADI, BCL! proto-oncogenes
tumover
Rapid PEST vin-1 pro(c}oncogené
tumover
Rapid PEST
tumover
p21, p27, PCNA not associated in
cancer
Rapid PEST Altered levels and protein in
tumover fumors; complex with E2F
disrupted by E1A; p21, PCNA
not assocfated in cancer
ND
ND
ND ND ND

ARt ZEs)eul, CDK49l wrlslchs TGRRZHS:
Aol Al ol 23t XS] AFEAA HAbl] F
AL oleftol CDK4= G1AIs) gl wiekildo))
YolA Fagt I&E sk

Zx LdAHCIRIEAM G1 Cyclin-CDKE9|
AMIIXIE

pl5, p15.5, pl6, pi8, p21 & p275-8& FAARIAE
24 Gl cyclin-CDK 2] ARz}l 45} (Table
1). p15¥ p27°™' 3} ) G1 7)ol 9lelA) TGEBSY) BHE
stod AZEL AAA 3k P16 cyclin Doll 73787
o2 7%}slo] CDK4E Akl Rbi= pl6g st
], Rbol| ofs}e] A55]3= cyclin D= A3HA)ol]
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Fig. 2. Cell Cycle Regulators Implicated in Cancer: Shown here is a highly schematic
view of points of action of mammalian cyclin-CDK complexes in the cell cycle.
Stippled are those components implicated in cancer through mutation or
overexpression(e.g., p53 and cyclin D) or through their absence in tumors or

transformed cells(e.g., p16 and p21).
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Fig. 3. Mammalian G1 Regulators (A) Gl progression (B) G1 arrest.
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Fig. 4. Positive and negative regulation of Cdc2 activation.

rio
1

SRTXEL NEFT|

vl o
v

& WEHTAA Bl AEFTI9L Fedo] glom
myc3} rass= GOl G17] & o]ehol] Fofaln], &zl

SHAIZENA] cyclin D13} A& g 58h) My GApEL
AER X272 G1 A3hAo]E oI AsH= cyclin DI
& FAsh= by Cyclin D2} CDK 9| Qlibslol| 2ojs}
o RbZ HE] f-2lu= E2F c-Myce] W g Z7}4)
A cyclin D12} £29*|& I} E2FE Mycoll 2J3lo]
$uk8) 4 9= cyclin ES} cyclin AZ §ULAIC)
Cyclin B-Cde 2= Al ahlol|4] v]$=84) Tl tyros-
ine kinase 2] s}Q] c-Src?] kinase A4S Z7Al7|=
R ]98] gl c-Able] DNAZIHS-S sljet
b (Fig. 4). G17)%2} Rbe| Q1Ak31= c-Abl kinase
248 BTN, c-AbloZ RE] BelA7IeH?,

c-Mos protein kinaset= 7P A2k} #edo] 9lo

ol
/\J\‘__

1} ¢-Mos protein kinase2)

ML nlx) AAe 45
A8k AL AEEENA] mitogen activating protein
(MAP) kinase 74 25 #}=rato] Ax1ste] 91glo] 5]
™ MAP kinase7d £.2] 21412 wioha} Aol 9ol Al 28
% o et

2

AR AEZA Bake] A3l glolA) AEFT)e]

THRAE} Rb Aol) 4o v AEF7S] 24
3 DNA <E4boi] oigk psae] #i3hg sb AblslA) 2
Slok dheh YAALE 9ol pl6zt p21& Edlo}
of 215 CDISe] 913 eyclins} CDK ] ¥3hale] =
Aol gloid] o UES obrlA7lm CDISe]
B4 erigatel ARt AEAE Wlulo}
gk, o} i RATTF Sic 17} Rum 17} 7
& cyclin-CDK®| 88 ZAQlx15o] shlxiol
dF, F5EEol ol oleldt ghulol vigh i
58 Tlcfelee, AZLERIES) AEAGAR 2 b
E5ol| glolA SAlol tik olalrh A des
Al AWpkol] F-gsfeka Azck

02t

1123

MO

1) Nurse P: Ordering S phase and M phase in the
cell cycle. Cell 79:547, 1994

2) Hunter T, Pines J: Cyclins and cancer II: Cyclin
D and CDK inhibitors come of ages. Cell 79:
573, 1994

3) Sherr CJ: Mammalian G1 cyclins. Cell 73:1059,
1993

4) Meyerson M, Harlow E: Identification of Gl
kinase activity for cdk6, a novel cyclin D partn-
er. Mol Cell Biol 14:2077, 1994

5) Bates S, Bonetta L, MacAllan D, Parry D, Hol-

— 127 —



6)

7

8)

9

-

10

-

I

12

-’

13)

der A, Dickson C, Peters G: CDK6 (PLSTIRE)
and CDK4(PSK-J3) are a distinct subset of the
cyclin-dependent kinases that associate with
cyclin D1, Oncogene 9:71, 1994

Wu F, Buckley S, Bui KC, Warburton D: Diff-
erential expression of cyclin D2 and cde2 genes
in proliferating and nonproliferating alveolar
epithelial cells. Am J Respir Cell Mol Biol 12:
95, 1995

Tam SW, Theodoras AM, Shay JW, Draetta
GF, Pagano M: Differential expression and
regulation ‘of Cyclin D1 protein in normal and
tumor human cells: association with Cdk4 is re-
quired for Cyclin D1 function in Gl progress-
ion. Oncogene 9:2663, 1994

Khatib ZA, Matsushime H, Valentine M, Sha-
piro DN, Sherr CJ, Look AT: Coamplification
of the CDK4 gene with MDM2 and GL1 in
human sarcomas. Cancer Res 53:5535, 1993
Hannon GJ,.Beach D: p15™*® is a potential
effector of TGF-S-induced cell cycle arrest.
Nature 371:257, 1994

Li Y, Nichols MA, Shay JW, Xiong Y: Transcri-
ptional repression of the D-type cyclin-dependent
kinase inhibitor pl6é by the retinoblastoma
susceptibility gene product, pRb. Cancer Res,
54:6078, 1994

Fang F, Newport JW: Evidence that G1-S and
G2-M transitions are controlled by different
cdc2 proteins in higher eukaryotes. Cell 66:731,
1991

Pagano M, Pepperkok R, Verde F, Ansorge W,
Draetta G: Cyclin A is required at two points in
human cell cycle. EMBO J 11:961, 1992
Waga S, Hannon GIJ, Beach D, Stillman B: The
p21 cyclin-dependent kinase inhibitor directly
controls DNA replication via interaction with
PCNA. Nature 369:574, 1994

14) El-Deiry WS, Tokino T, Velculescu VE, Levy

15)

16)

17)

18)

19

~

20

~—

21)

22)

23)

24)

— 128 —

DB, Parsons R, Trent JM, Lin D, Mercer E,
Kinzler KW, Vogelstein B: WAF-1, a potential
mediator of p53 tumor suppression. Cell 75:
817, 1993

Dulic V, Kaufmann WK, Wilson SJ, Tlsty TD,
Lees E, Harper JW, Elledge SJ, Reed Sk p53-
dependent inhibition of cyclin-dependent kinase
activities in human fibroblasts during radiation-
induced G1 arrest. Cell 76:1013, 1994

Xiong Y, Hannon GJ, Zhang H, Casso D, Ko-
bayashi R, Beach D: p21 is a universal inhibi-
tor of cyclin kinases. Nature 366:701, 1993
Lu X, Lane DP: Differential induction of trans-
criptionally active p33 following UV or ioniz-
ing radiation: defects in chromosome instability
syndromes? Cell 75:765, 1993

Hartwell L: Defects in a cell cycle checkpoint
may be responsible for the genomic instability
of cancer cells. Cell 71:543, 1992

Toyoshima H, Hunter T: p27, a novel inhibitor
of G1 cyclin-Cdk protein kinase activity, is
related to p21. Cell 78:67, 1994

Polyak K, Lee M-H, Erdjument-Bromage H,
Tempst P, Massague’ J: Cloning of p27""' a
cyclin-dependent kinase inhibitor and a potential
mediator of extracellular antimitogenic signals.
Cell 78:59, 1994

Heichman KA, Roberts JM: Rules to replicate
by. Cell 79:557, 1994

Geng Y, Weinberg RA: Transforming growth
factor 8 effects on expression of G1I cyclins and
cyclin-dependent protein kinases. Proc Natl
Acad Sci USA 90:10315, 1993

Krek W, Ewen ME, Shirodkar S, Arany Z,
Kaelin WG, Livingstone DM: Negative regula-
tion of the growth-promoting transcription fac-
tor E2F-1 by a stably bound cyclin A-dependent
protein kinase. Cell 78:161, 1994

Lees E, Faha B, Dulic V, Reed SI, Harlow E:



25)

26)

27)

28

29

)

~—

Cyclin E/cdk2 and cyclin Ajcdk2 kinases asso-
ciate with pl07 and E2F in a temporally dis-
tinct manner. Genes Dev 6:1874, 1992
Dunphy WG: The decision to enter mitosis.
Trends Cell Biol 4:202, 1994

AEE, WS, olEF, o4, o5
QA SRHEL] CIUN o AIEF7] 243} ez

QA
TR

CDC22] Hidlof] 8t wiofz=A3l3hd . ozt
kel A) 47(2):225, 1994

O’Connor PM, Ferris DK, White GA, Pines J,
Hunter T, Longo DL, Kohn KW: Relationships
between cdc2 Kinase, DNA cross-linking, and
cell cycle pertubations induced by nitrogen
mustard. Cell Growth Diff 3:43, 1992

Jinno S, Suto K, Nagata A, Igarashi M, Kanao-
ka Y, Nojima H, Okayama H: Cdc235A is a
novel phosphatase functioning early in the cell
cycle. EMBO T 13:1549, 1994

Sebastian B, Kakizuka A, Hunter T: Cdc25M2
activation of cyclin-dependent kinases by depho-

sphorylation of threonine-14 and tyrosine-15.

32

~—

33)

34)

— 129 —

Proc Natl Acad Sci USA 90:3521, 1993
Glotzer M, Murray AW, Kirschner MW: Cyclin
is degraded by the ubiquitin pathway. Nature
349:132, 1991

Shenoy S, Choi J, Bagrodia S, Copeland TD,
Maller JI., Shalloway D: Purified maturation
promoting factor phosphorylates pp60 c-src at
the sites phosphorylated during fibroblast mito-
sis. Cell 57:763, 1989

Kipreos ET, Wang JY: Differential phosphory-
lation of ¢-Abl in cell cycle determined by cdc2
kinase and phosphatase activity. Science 248:
217, 1990

Welch PJ, Wang JYJ: A C-terminal protein-
binding domain in the retinoblastoma protein
regulates nuclear c¢-Abl tyrosine kinase in the
cell cycle. Cell 75:779, 1993

Moreno S, Nurse P: Regulation of progression
through the G1 phase of the cell cycle by the
ruml+ gene. Nature 367:236, 1994



