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2 YUERIAS ROAREDR

ptiizn) iy Z{LE (%)

[ErERREnY 34.1£6.35 34.4%£6.31 +0.87
BERESRER Y 152+459 12.7+£3.04 35
oA (mm/shr) 428+£18.7 42.01x32.4 0
VAS 74+25 62128 —-16.3
(visual analog scale)
HAQ
(health assessment questionnaire)

JEENE 1.8+0.74 1.8+0.863 0

b8t 2.0+1.83 20+1.81 0
BEDEIEITR NA 2.1+0.876 NA
EBDEIESTE NA 20x0818 NA
FDhED (min} 288+416.7 3961556 +37.6
£ (mmHg)

a 68.81+41.0 69.3x20.3 +0.72

yod 72.3x493 66.8120.4 —7.86

(Keesal INS, 1999 [4] —ZMZT)
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Treatment of rbeumatoid artbritis with anti—IL—
Greceptor monoclonal antibody
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EMTRINTe S D, ERIC RA TR, By
KKBEDOIL-6 BEEL, IL-6 I BFEEX T,
59, ¥, RACAGNIREBNLRERE o2
CRP, 747977y, 7iu4 FALEDENN
EBEHOEEROTE, Hy-r/a 7Y VI, e
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6Dy IT I IR IATRIANF= Y RILHRT
EEWBE R DI S D REIERARL NS 9, %5
Rfifdic X 3 IL-6 07 vy 7 CESMMEMI I
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KBEALE &b g R At O AT T, #
BEFIENERZHOWTFr L = —AN LA T I}
M (CHO #Bfs) TEEESWit FEiE) yu—
FAfik bt IL-6 L 7 ¥ —PifE (MRA) PHERS
N7 (@1)., =3, MRA OBEEIRIC T 250804
ZZAFNDaF—H VEHBEEL Y 2 SCID w7 R
# F\vi: RA BEOBBEEMBET FUIZBWTER
X, HiE, TEASIZ, DMARD BEHFED 1140
RABZEILBWIA -7V ERPERLENE 2
MRS L, MELE. FORE, BEER (R,
BASHREIR, S b L L) otEe L HIC CRP,
ESR QR FORE LodEsmERI L, i
WAERNSE L MEEESRNREC L aRetl
BB oRIOHK, A ¥V AT 4D RABER
g e LT, MRA 0.1 mg/kg, 1 mg/kg, 5 mg/ke,
10 mg/kg DBEAHKEI L5 77 X2 L LT
HERRRSHEGES O, Zettigishi® 20
BE, HEFRERSEETHpREITED LA
Bt FOH, bHRERBLTHEE, FHSICL h
BES I /IHERRNEES L, CoRBETH
DMARD 5D 15 40 RA BE R 15 & LT MRA
2 mg/kg, 4 mg/ke, 8 mg/kg ® 2EHERBRERS
ik s RESTbhEY, ZoORE, MEiRs 6Ek
DOERIEIZDWTIE ACR20 HERIZ 60 % TH2
(441 FAE), JigETbn-BMRRAREEL
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mouse anti-L-6R chimeric anti-IL-6R humanized anti-IL-6R
E/7O0-FLHH ®/70-FIEF B/ 7O0-FIEB(MRA)
Variable region® &< 7 X CDRsM& 722
=> —>
I mouse origin (] human origin

E1 vYAERIL-6 LEF4—F/70-FILREEOE FEME

T %, 243885 86.7 %, 48388 76.9 %, 96385
80.0 % S ERMMERFESEL -, ¥/, EEFREROEEL
g7 LT CRP, ESR, M%7 S04 FAEH, 74
LY PR EOERLSED 0, —F, BEE
CGUT DOV TIRIEE A X BIEEA L CEBZ DO TH-
[ rott, 1BlICE L ORRESOHESERE SNk &
L ERMROREL LT, HENEEEICRa VAT
F— A, FUZ YUY F, LDLOLRMH S NI,
BT H o ki, —EMOmEEY (i
CMER), FPIVRTIF—EOERMNTED SN,
FUTRLERRLOTES o,

L X5, HHRRCETHRARY 164 49D DMARD
D RA BFETBLTHEBINE O, ZoRERT
13 MRA 4 mg/kg, 8mg/kg B kU7 I HH4HT
L 28R h R s n, ZORKE, ACR20,
-50, O WTNOWRERIBVLTL 7 J 2R HA
CTHERZMREZRLE (F1), EEFRIC2WTIZ
BEORERE EIFAKOBERTH o5, MRA S
' mg/kg EFHICE LT EB 74 L ABROBEIEE
ik B SRBRLTORCHIRES I, T OER
L B ORNTTIE EB 7 4 L AOBEEBENLITEE %
AT BEETHoREDI ETYA VAL EOWER
CRBRADBESRELELOND, 4B, FLTINF-
o BB 6 N B REOTE, HIDNAYEY LE
?E%Eﬁ%@%%@%%ﬂfwtw.ﬁﬁ,%mﬁﬁ
FERDERSh TV,

EI%ﬁmgg

INETDORAICET ZEERREBRORE TR

) DETI & ERE~OERRBECH 325, EA
LB E S TH B, i, BREIZOVLT
CHETT B INF-a WH L ABES vk 2Rl E
 DERISRSEEShTVD, 51T, BETLD

F1 ShH"EEREBRORRE

75 E | 4mgkg 58 | 8 mokg 5 R
{n=53) (n=54) (n=55)
ACR20 113 % 57.4 % 78.2 %
ACR50 19% 259 % 40.0 %
ACR70 0.0 % 20.4 %.- 16.4 %
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ACRIO7tzv

FBRRRIENER

B (EEGDVIEEEE) R
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39 FEEMRIID,

g} Eaton-Lambert fEB% (= p. 1785
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TE&3,
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BADT SN AF 4 z—F—HRHEsh2 ko TELS
2 EANMSRORKTHS, BNESICIEE S A% &
EITEBIONIBROBEIIS Y, BIREELE {EaH
BEEFCONARERFSSEEN L (TR s L TLI L ORE
B MU ANMSU)ERGER), vov YEH A vy L (CPPD)
HER(EBRE), tFoeFy 7884 b (HAYE S (HA ZEEmy
BE)DIERATHS, LT, 2hPhoEBoBRER, 35, &
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AEI MSUBRIZL-TEES LW RAERERS SO/ H
FEBRTHD, PEBRUIS{LEDHER 1% UTTH2, A
RERZREICHELEY 4 BMUACRA L L 2 AT
KTHD, FHRERETHESLTH 1-2:8BMAIz 8 &REE
33, BOoBsoth 2R, ToftoiEEE, 2EE, BN
SRS THY, tHoRRARsha I r3meyz AT
55, 1HORET »FORESs @ h 2 BEML TR L
SOLFETHS, COLIRAREOHEEN > TLhITH
B TRREZPUTLES RN T2 2, MNEREEIIZHIZE
HEEAOZIELHEI, BEER T.0mg/dL L EOEEERT.
RERESHATRIMIIRBORERZWIENE{, BN AL
EEAZEAR TV, FREMAE (e 14D BRESNEEL
T Ak ERET AEFATRIFUVS A, BOITEHEERFHA
5B 512D, RLBERBHEMHTEP T MSU S £
BT 22 TH5. MSUBRIZEE 2-20 pm ORELT, ¥
WEOHBINTEEE T 300, FERLFEMET A THEWE
mEEd 5 : MSU BRRESCRETCE 2 (@ T-8-1). L» LM
SEELT y = 2 2 EL, BEER T/ RIS AEFR
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FHRERRBTHLIAREBNMESREFT L I L TERE NS
%, AMRMFGREEOTHI=ARBELERTIOT, REE
TEoOBREGNEH oM BRI E»SBhT s OBERTS
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G1 and S-Phase Checkpoints, Chromosome Instability,
and Cancer

Hiroshi Nojima

Summary

Mitogen-dependent progression through the first gap phase (G1) of the mammalian cell-
division cycle is precisely regulated so that normal cell division is coordinated with cell
growth, while the initiation of DNA synthesis (S phase) is precisely ordered to prevent
inappropriate amplification of the DNA that may cause genome instability. To ensure that
these fundamental requirements of cell division are met, cells have developed a surveillance
mechanism based on an intricate network of protein kinase signaling pathways that lead to
several different types of checkpoints. Since these checkpoints are central to the mainte-
nance of the genomic integrity and basic viability of the cells, defects in these pathways
may result in either tumorigenesis or apoptosis, depending on the severity and nature of the
defects. This review summarizes the genetic and molecular mechanisms of checkpoint acti-
vation in the G1/S and S phases of the mammalian cell cycle that monitor DNA damage and
replication. The relevance of these mechanisms to the origin of cancer is also discussed.

Key Words: Cell cycle; checkpoints; G1/S; DNA damage; chromosome; p53; MYC; CHK1;
CHK?2; ATM; ATR; pRB; E2F; p21; INK4a; CDK2; Cyclin E; Cyclin G; NBS1; MRE11;
BRCA1; MDM2; ARF; Cdc25A.

1. Introduction

Eukaryotic cells have developed a complex network of cell cycle check-
point pathways. These act as surveillance mechanisms that ensure the proper
progression of the cell cycle after exposure to various environmental stresses
or after the occurrence of spontaneous perturbations such as DNA damage and
improper progression of DNA replication (I1~4). These evolutionally conserved
surveillance mechanisms ensure that DNA replication remains faithful, thus
guaranteeing the transmission of an unaltered genome and promoting the sur-
vival of the cells. The checkpoint regulatory machineries that serve as the
guardians of proper cell cycle progression fulfill four fundamental consecutive
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Reviews and Model Systems
Edited by: Axel H. Schénthal © Humana Press Inc., Totowa, NJ

3



4 Nojima

tasks. First, upon stress, they rapidly induce cell cycle arrest or delay. They
then help activate the mechanisms that repair damaged DNA or stalled replica-
tion. They also maintain the cell cycle arrest until repair is complete. At this
point, they then actively re-initiate cell cycle progression. The cell cycle arrest
that is induced and maintained by these checkpoints gives the cell time not
only to repair the cellular damage but also to wait for the dissipation of an
exogenous cellular stress signal or to probe the availability of essential growth
factors, hormones, or nutrients.

The cell cycle checkpoints were initially defined as constituting a regulatory
mechanism that acts to arrest the cell cycle in response to DNA damage, so that
cell cycle progression and repair could be temporally coordinated (5,6). How-
ever, more recent work suggests that the checkpoints may play many more
regulatory roles in various cellular events (6). Indeed, they are now believed to
regulate the transcription of DNA damage response genes (7), the telomere
length and chromatin structure (8), the recruitment of proteins to damage sites
(2,3), the kinetochore attachment to spindle microtubules (9), the arrangement
of the cytoskeleton (10,11), meiotic recombination (12,13), metotic chromo-
some pairing and segregation (14), and the cell cycle timing in the first cell
divisions of the embryo (15). Notably, the checkpoint signaling pathways can
also result in the activation of programmed cell death if cellular damage cannot
be properly repaired (16-19).

The stability of the genome is under constant threat from chemicals, radia-
tion, and normal DNA metabolism. Therefore, if the checkpoints are not prop-
erly controlled, the cells may suffer potentially catastrophic DNA damage that
can lead to elevated mutation rates, chromosome instability, and aneuploidy,
all of which can contribute to tumorigenesis (20). Failure of the G1/S phase
and S-phase checkpoints to act properly is particularly deleterious because it
may directly elicit chromosomal aberrations and the accumulation of deleteri-
ous mutations, which increase the likelihood of the occurrence of genetic syn-
dromes and diseases such as cancer (21,4). In this review, I will discuss the
recent progress in the study of the mammalian checkpoints at the GI and S
phases that guard the entry into and the progression through the S phase and
thereby ensure proper DNA replication. Occasicnally studies on budding yeast,
fission yeast, and other eukaryotes will be mentioned if their observations aid
our understanding of mammalian checkpoint mechanisms. I will also focus on
the evidence that supports the notion that aberrant checkpoint regulatory mecha-
nisms may promote the incidence of DNA alterations that may lead to cancer.
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2. Molecular Mechanism Controlling the G1/S Transition
of Mammalian Cells

2.1. Factors Regulating G1 Phase of the Cell Cycle
2.1.1. G1 Phase CDK/Cyclin Complexes

The progression through the cell cycle is governed by the periodic activa-
tion and inactivation of cyclin-dependent kinase (CDK) complexes. The CDK
proteins are Ser/Thr protein kinases, and their kinase activities are controlled
by their association partners, which are called cyclins (22). The protein levels
of the CDKs remain constant through the cell cycle, whereas the levels of the
cyclins vary during the cell cycle, owing to periodic expression and degrada-
tion. The timely regulation of different CDK/cyclin complexes is responsible
for well-organized cell cycle progression, as these complexes act in G1 to ini-
tiate S phase and in G2 to initiate mitosis. These mechanisms are conserved
from yeast to mammals (23). The kinase activity of the CDKs is also tightly
controlled by the binding of inhibitors and phosphorylation events.

In the middle of the cyclin proteins is a domain of well-conserved amino
acid sequences called the cyclin box. While cyclins were originally character-
ized as being the regulatory subunit of CDK that is periodically expressed and
degraded during the cell cycle (24), it was later found that many cyclins do not
cycle and that they can regulate cellular functions other than the cell cycle
(25). These include: cyclin G (26), which is a regulatory subunit of protein
phosphatase 1A (27); cyclin H, which forms a complex with CDK?7 that regu-
lates not only other CDKs as a CDK-activating kinase (CAK) (28) but also
transcription and DNA repair (29); cyclin L, which is a regulatory subunit of
CDK11 and promotes pre-mRNA splicing (3@); and cyclin T, which forms a
complex with CDK9 and activates transcription by hyperphosphorylation of
the carboxyl-terminal domain of the large subunit of RNA polymerase II (31).

Eleven CDK proteins (Cdc2 = CDK1, CDK2, . .. CDK11) have been dis-
covered and examined in mammalian cells to date. Of these, CDK2, CDK3,
CDK4, and CDK6 are principally responsible for G1 progression and entry
into S phase. CDK4 and CDKG6 are activated in mid G1, whereas CDK2 is
activated in late G1. While CDK4 and CDK6 are co-expressed in many cell
types, CDK6 does not fully compensate for the function of CDK4 in most cells
(32,33). The CDK4/cyclin D and CDK 6/cyclin D complexes play pivotal
roles in early to mid G1, whereas CDK2/cyclin E and possibly CDK2/cyclin A
function at the late stage of G1(22). These cyclins are comprehensively termed
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the G1 cyclins (34). Three types of cyclin Ds (D1, D2, and D3) have been
identified, each of which functions as a regulatory subunit of either CDK4 or
CDKS6 (35). In mid G1 phase, the CDK4/cyclin D complexes phosphorylate
the pRB (retinoblastoma) family of nuclear phosphoproteins (see Subheading
2.1.4.), which are the key regulators of the G1/S transition (36), whereas CDK2/
cyclin A and CDK2/cyclin E phosphorylate pRB at the G1 to S transition
(34,37).

When quiescent cells enter the cell cycle owing to mitogenic signals, the
expression of the cyclin Ds is induced and the CDK4/cyclin D and CDK6/
cyclin D complexes are formed as the cells progress through the G1 phase (38).
The kinase activity of the complexes is then activated when they enter the cell
nucleus and are phosphorylated by CAK. This allows the complexes to phos-
phorylate target proteins such as pRBs (39,38). Thus, the cyclin D protein types
play a pivotal role in G1 by transmitting the mitogenic signal to the pRB/E2F
pathway. Notably, cyclin D1 also seems to play a CDK-independent role as a
modulator of transcription factors because it interacts with histone acetylases
and components of the transcriptional machinery. The cyclin D1-deficient
mouse is viable but does have developmental abnormalities that are limited to
restricted tissues (38). Proteasomal degradation of cyclin D1 is triggered by its
phosphorylation on a single threonine residue (Thr-286) by glycogen synthase
kinase-3p (40).

Cyclin E, which regulates CDK2 and possibly also CDK3, is expressed in
late G1 and early S phase (34). The level of cyclin E is abruptly decreased by
proteolysis after polyubiquitination mediated by SCF (Skp2) ubiquitin ligase
(41). Cyclin E regulates the initiation of DNA replication by phosphorylating
components of the DNA replication machinery (39). The CDK2/cyclin E com-
plex also triggers the duplication of centrosomes at G1/S phase by phosphory-
lating the multifunctional protein nucleophosmin (also known as B23) (42,43).
CDK2/cyclin E aiso targets NPAT (nuclear protein mapped to the AT locus) as
a phosphorylation substrate, which may explain why CDK activity is linked to
the periodic synthesis of histones (44—46).

Cyclin A can activate two different CDKs and functions in both S phase and
mitosis (47). Cyclin A starts to accumulate during S phase and is abruptly de-
stroyed before metaphase. The synthesis of cyclin A is mainly controlled at the
transcription level and involves E2F and other transcription factors. It is still
unknown why CDK2/cyclin A and CDK2/cyclin E complexes are both required
for the initiation of DNA replication and why their order of activation is tightly
regulated. Using a cell-free system, it has been shown that cyclin E stimulates
replication complex assembly by cooperating with Cdc6, a regulator of the
initiation of DNA replication, whereas cyclin A has dual functions: first, it
activates DNA synthesis by the replication complexes that are already as-
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sembled, and second, it inhibits the assembly of new complexes (48). This
regulatory mechanism allows cyclin E to promote replication complex assem-
bly while cyclin A blocks this assembly. Thus, the dual functions of cyclin A
ensure that the assembly phase (G1) ends before DNA synthesis (S) begins,
thereby preventing re-initiation until the next cell cycle.

2.1.2. INK4 Family of CDK Inhibitors

CDK activity 1s negatively controlled by association with CDK inhibitors
(CKIs), which inactivate CDK/cyclin complexes and thereby cause growth ar-
rest (39,17). CKls are grouped into either the INK4 (inhibitors of CDK4) fam-
ily or the CIP/KIP family based on their structure and which CDK they target.
There are four INK4 CKIs and three CIP/KIP CKls (see Subheading 2.1.3.).
The first class of inhibitors includes the INK4 proteins, which specifically in-
hibit CDK4/cyclin D1-associated kinase activity and are therefore specific for
early G1 phase (49). Four such proteins have been identified{\}pl6™K42,
pl15INKab 5] 8INK4e and p19INK4d (39) These INK4 CKls compete with cyclin
D for binding to CDK4 and consequently cause CDK4/cyclin D complexes to
dissociate. Note that the major portion of these molecules is composed of four
(p16™K4a and p15INK4Y) or five (p18IVK4e and p19INK4d) tandem ankyrin (ANK)
repeats (Fig. 1). This 33-residue repeat was first discovered in ANK, a mem-
brane protein of red cells. Later this motif was found in a wide variety of pro-
teins (50). The beta hairpin helix-loop-helix folds formed by the multiple
tandem ANK repeats stack in a linear manner to produce an elongated struc-
ture that is considered to be involved in macromolecular recognition. p16T™k42,
which consists of four ANK repeats (Fig. 1), represents the minimal ANK fold-
ing unit (51).

Of these CKIs, only the p16™X42 gepe (also known as major tumor suppres-
sor 1 or MTS-1) has been classified as a tumor suppressor by the genetic crite-
ria of loss of heterozygosity (LOH) (49). Unlike other tumor suppressor genes,
pl6 is often silenced by homozygous deletions at the p16™K42 Jocus (9p21)
that also often inactivate two other important genes nearby, namely pISINK4b
and pI4ARF (see Subheading 2.3.).

2.1.3. CIP/KIP Family of CDK Inhibitors .

The second family of CDK inhibitors is composed of the more broadly act-
ing CIP/KIP proteins, such as p21CFPYWAFL 527KIPL and p57KIPZ which inhibit
the activities of cyclin D-, E-, and A-dependent kinases and induce cell cycle
arrest (39). Thus, these CKls are not specific for a particular phase of the cell
cycle. Unlike the INK4 proteins, the CIP/KIP proteins associate with the CDK-
cyclin complexes and thus do not dissociate these complexes (39,52). The CIP/
KIP proteins share a homologous domain at their N-termini that is believed to
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Fig. 1. The INK4a/ARF locus encodes p16™%4a and p194RF, two degenerated tumor
suppressor proteins. Absence of pl6™X4 (composed of ANK) activates CDK4(6)/
cyclin D kinase, which phosphorylates pRB, thereby activating the E2F/DP1 tran-
scription factor. Since the transcription of the ARF gene is regulated by E2F, expres-
sion of ARF is induced. ARF separates MDM2 from p53 by recruiting MDM?2 into the
nucleolus, possibly in collaboration with cyclin G1 and cyclin G2. This stabilizes p53
in the nucleus and allows it to activate the expression of the target genes that function
in cell cycle checkpoint, DNA repair, and apoptosis. Thus, the INK4a/ARF locus in-
fluences both the pRB-E2F and p33 pathways.
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participate in the CKI role of these proteins. This amino-terminal domain con-
tains characteristic motifs that are used for binding to both the CDK and cyclin
subunits. This association of CIP/KIP proteins with CDK/cyclin complexes
has an inhibitory effect. For example, it inhibits CDK2 activity by preventing
its Thr-160 phosphorylation by CAK.

p21WAFl wag discovered almost simultaneously by several studies, ¢ach of
which employed different approaches. It was discovered as a CDK2-associ-
ated protein by a two-hybrid system (53), as a senescent cell-derived inhibitor
(Sdil) of cellular growth (54), as a potential mediator of p53 tumor suppres-
sion that was named wild-type p53-activated fragment (WAF1) (55), and as a
biochemically isolated CDK2/cyclin-binding protein (56). Transcription of the
p2IWAF1 gene can be induced by the tumor suppressor p53 (55), by the
antimitogenic cytokine transforming growth factor (TGF)-B (57), and by the
phorbol ester tetradecanoyl-phorbol acetate (TPA), which is a protein kinase C
activator (58).

Apart from their role as CDK inhibitors, the CIP/KIP proteins may also act
to bridge the bond between CDK4 (or CDK6) and cyclin D protein types (but
not other CDKs or cyclins), thereby enhancing this association and promoting
the recruitment of the CDK/cyclin D complexes to the nucleus (52,59.60). A
fact supporting this notion is that mouse fibroblasts that lack both p21WVAF! and
p27KIP1 are unable to assemble detectable amounts of CDK/cyclin D com-
plexes, and fail to efficiently direct cyclin D proteins into the nucleus (61).
These effects were reversed by returning the CKIs to these cells. Thus, unlike
the INK4 family proteins, the CIP/KIP CKIs promote the formation of CDK4/
cyclin D complexes (62).

In the nucleus, p21WAF! binds to proliferating cell nuclear antigen (PCNA)
and blocks DNA replication (63-65). p21WAF! may also regulate the transcrip-
tion of the genes involved in growth arrest, senescence, aging, or apoptosis
after DNA damage (52).

2.1.4. Retinoblastoma Family of Proteins and E2F

The tumor suppressor pRB is the protein product of the retinoblastoma (Rb)
susceptibility gene that is required for the arrest in the G1 phase of the cell
cycle (66,67). pRB, and the related p107 and p130 proteins, share structural
and functional properties and interact with a number of common cellular tar-
gets. Consequently, they form together the “pocket protein family” (36,68)
(Fig. 1). They function as transcriptional repressors in the nucleus and inhibit
the activity of the E2F (early gene 2 factor) transcription factor that regulates
the expression of the many genes required for S phase entry and DNA synthe-
sis (69). Although the pRB proteins do not interact directly with DNA, they
repress E2F-regulated genes in two ways. First, they directly bind to the
transactivation domain of E2F proteins to repress their transcriptional activity.
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Second, they recruit chromatin remodeling enzymes such as histone
deacetylases (HDACs) or methyl transferases to the nearby surrounding
nucleosome structure (46,70).

In the early G1 phase, pRBs are not phosphorylated and can associate with
more than eighty proteins, including the E2F family of transcription factors.
As G1 progresses, however, the pRB proteins become phosphorylated on mul-
tiple serine and threonine residues, primarily by the CDK4/cyclin D or CDK6/
cyclin D complexes, but also partly by CDK2/cyclin E (71). This
hyperphosphorylation inactivates the pRB proteins and causes them to release
their cargo proteins, which activates the cargo proteins and allows them to
mediate the events that are required for further cell cycle progression (39,72).
The phosphorylation of pRB by the CDK4(6)/cyclin D complexes releases hi-
stone deacetylase, which alleviates transcriptional repression, whereas the
phosphorylation by CDK2/cyclin E disrupts the pocket domain of pRB, caus-
ing the pRB-E2F complex to dissociate (73). Recently, it was suggested that
the acetylation of pRB proteins may also influence their activity (74).

The E2F transcription factor was first identified as a transcriptional activity
that influences the adenovirus E2 gene promoter (75). The family of E2F-re-
lated proteins include E2F1-E2F6. These proteins have conserved DNA-bind-
ing and dimerization domains, and three heterodimeric partners, namely DP],
DP2, and DP3 (76,77). Of the six E2Fs, E2F6 is exceptional in that it lacks the
domains required for transactivation and pRB binding that are normally in the
E2F carboxy-termini. E2F6 appears to play a pRB-independent role in gene
silencing and modulation of G0 phase (78,79). Recent studies have expanded
the roles that are played by the E2F family of transcription factors. It now
appears that apart from being transcriptional regulators of genes involved in
DNA metabolism and DNA synthesis, these proteins also seem to play con-
trasting roles in transcriptional activation and repression, proliferation and
apoptosis, tumor suppression and oncogenesis, and possibly differentiation and
DNA repair (66,69,76,80,81).

2.1.5. Cdc25A Phosphatase

Cdc25, a dual-specificity phosphatase, removes inhibitory phosphates from
the tyrosine and threonine residues of CDKs and thereby promotes cell cycle
progression (82). Three Cdc25 homologs, namely Cdc25A, Cdc25B, and
Cdc25C, have been identified in mammalian cells. Cdc25C promotes the G2/
M transition by activating CDK1 {(Cdc2), whereas Cdc25B is proposed to act
as a “starter phosphatase” that initiates the positive feedback loop at the entry
into M phase (83,84). In contrast, Cdc25A plays an important role in the G1/S
transition (85). Overexpression of Cdc25A activates CDK2/cyclin E or CDK2/
cyclin A by inducing CDK?2 tyrosine dephosphorylation. The activated CDK?2/
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cyclin complexes then abrogate checkpoint-induced arrest in S phase
(86,104,199). Without Cdc25A activity, the inhibitory tyrosine phosphoryla-
tion of CDK2 would persist, which would maintain the block of entry into S
phase and DNA replication. Cdc25A and Cdc25B (but not Cdc25C) are poten-
tial human oncogenes that have been found to be overexpressed in a subset of
aggressive human cancers (87,88). |

To activate the protein kinase activity of CDK2, it must be phosphorylated
on Thr-160 but not on Thr-14 and Tyr-15 (§9). A multi-subunit enzyme CAK,
which consists of cyclin H and CDK7, phosphorylates CDK2 on Thr-160
(90,91), whereas the KAP phosphatase dephosphorylates Thr-160 in the ab-
sence of cyclin, thereby rendering CDK2 inactive (92). CDK2 is phosphory-
lated on Thr-14 and Tyr-15 by Weel/Mik1-related protein kinases, whereas
the Tyr-15 residue and possibly also the Thr-14 residue are dephosphorylated
by Cdc25A (93). Thus, downregulation of Cdc25A leads to growth arrest in
late G1 (94). Transcription of the cdc25A gene is inhibited by the E2F-4/p130
complex, which recruits histone deacetylase to the E2F site of the cdc25A pro-
moter in response to TGF-J (95).

As a cellular response to ultraviolet light (UV)-induced DNA damage,
Cdc25A is highly degraded by ubiquitin- and proteasome-dependent proteoly-
sis (96). The same degradation also occurs after hydroxyurea (HU)-triggered
stalling of replication forks (97) as well as during the midblastula transition in
Xenopus embryos under physiological conditions (98). Following DNA dam-
age, Cdc25A is phosphorylated by checkpoint kinase 1 (CHK1) or checkpoint
kinase 2 (CHK?2) (Fig. 2B). This phosphorylation is recognized as a tag by the
proteolysis system and Cdc25A is degraded. Thus, CHK1 or CHK2 induces
the G1/S phase checkpoint by phosphorylating Cdc25A (see Subheading 4.2.).
Supporting this is the finding that the elimination of CHK1 expression through
the use of siRNA not only abrogated the S or G2 arrest, it also protected
Cdc25A from degradation(88). During the basal turnover in unperturbed S
phase, CHK1 phosphorylates serines 75, 123, 178, 278, and 292 of Cdc25A. In
contrast, ionizing radiation (IR)-induced Cdc25A proteolysis is mediated by a
combined action of CHK1 and CHK2. Thus, a CHK1-CHK?2 inhibitor may be
useful in cancer chemotherapy, as it may potentiate the cytotoxicity caused not
only by DNA-damaging drugs that induce G2 arrest but also by agents that
promote S arrest (99,100).

2.1.6. Myc

The c-myc protooncogene is a pivotal regulator of cellular proliferation,
growth, differentiation, and apoptosis (101). The Myc family proteins (Myc,
N-Myc, and L-Myc) are transcription factors with basic helix-loop-helix leu-
cine zipper protein (bHLH-ZIP) motifs that bind to the DNA sequence

—104—



