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Abstract DNA replication is essential for accurate
transmission of genomic information from parental to
daughter cells. DNA replication is licensed once per cell
division cycle. This process is highly regulated by both
positive and negative regulators. Over-replication, under-
replication, as well as DNA damage in a cell all induce the
activation of checkpoint control pathways such as ATM/
ATR, CHK kinases, and the tumor suppressor protein p53,
which provide “damage controls” via either DNA repairs
or apoptosis. This review focuses on accumulating evi-
dence, with the emphasis on recently discovered Killin,
that S-phase checkpoint control is crucial for a mammalian
cell to make a life and death decision in order to safeguard
genome integrity.
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Introduction
DNA replication

DNA replication is a complex process that involves the
coordinated activity of many different proteins. DNA
replication occurs once per cell cycle and begins with the
formation of the pre-replication complex (pre-RC) during
the G1-phase of the cell cycle [1, 2]. This complex consists
of the origin recognition complex (ORC), cell division

Y. Cho (IX) - P. Liang

Department of Cancer Biology, Vanderbilt-Ingram Cancer
Center, Vanderbilt University Medical Center, Nashville,
TN 37232, USA

e-mail: y.cho@vanderbilt.edu

cycle 6 (Cdc6), chromatin licensing and DNA replication
factor 1 (Cdtl), and the mini-chromosome-maintenance
2-7 (Mcm2-7) complex. First, the ORC recognizes and
binds to the origin of replication. The ORC then recruits
Cdc6 and Cdtl, which in turn promote the bidirectional
loading of the Mcm2-7 complex onto each origin of rep-
lication. During the S-phase, Mcm?2-7 functions as a
replicate helicase, which can unwind the double helix at the
origin of replication. Mcm4, 6, and 7 constitute the core
helicase, while Mcm?2, 3 and 5 are regulatory subunits. The
Mcm complex is loaded bidirectionally at each origin of
replication and degraded when elongation is stalled. After
the replication fork is formed, the Mcm2-7 complex dis-
sociates from the origin so that it cannot be unwound.

The formation of the pre-RC, a critical step in replica-
tion licensing, has been shown to be dependent on cyclin-
dependent kinase (CDK) levels. In the Gl-phase, low
levels of CDK allow the formation of the pre-RC [3].
However, increased CDK levels during the transition from
G1 to S-phase lead to the disassembly of existing pre-RCs
and inhibition of the formation of new pre-RC. In verte-
brates, the pre-RC member Cdc6 is relocated from the
nucleus by CDK phosphorylation. Moreover, CDK-medi-
ated phosphorylation of Cdtl promotes its degradation
during the S-phase. Prior to DNA synthesis, two single
strands of DNA are immediately protected by binding of
replication protein A (RPA) to form a bidirectional repli-
cation fork [3, 4]. Mcml10 plays a role in elongation by
binding to the elongation factors such as DNA polymerase
(pol) ¢ and pol 6. McmlO is also necessary for activation
and disassembly of pre-RC [5].

First, DNA pol « and DNA primase are recruited to the
origin and initiate the synthesis of short RNA primers.
During DNA synthesis, this process occurs only once for
the leading strand, but it occurs for each Okazaki fragment
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on the lagging strand. After synthesis of short RNA
primers, DNA pol « is exchanged for DNA pol ¢ and ¢,
which have greater processivity. As the single-strand-
binding protein replication factor C (RFC) binds to the
primer template junction, proliferating cell nuclear antigen
(PCNA) is immediately loaded at the primer end [6, 7].
Processivity is increased by binding of the ring-shaped
PCNA (clamp structure) to DNA pol d and ¢, which results
in activating the elongation of DNA synthesis. Another
characteristic of these enzymes is proofreading (3'-to-5'-
exonuclease activity). When pol ¢ reaches the 5’ end of a
previously synthesized Okazaki fragment on the lagging
strand, this fragment is displaced by the strand currently
undergoing synthesis, leading to the generation of a flap
structure. The flap structure is excised by the endonucle-
ases Dna2 and flap endonuclease 2 (Fen2), and the
resulting nick is sealed by DNA ligase I [8, 9].

Although much progress has been made in the under-
standing of eukaryotic DNA replication, events happen
during DNA damage or replication errors that trigger cell
death remain to be fully elucidated. Below, we summarize
some of the major evidence that supports S-phase coupled
cell death as a built-in fail-safe mechanism for preventing
propagation of the damaged genome of a mammalian cell.

Replication checkpoint signaling

When replication is impeded by genotoxic stress caused by
exogenous or endogenous events such as ionizing or
ultraviolet radiation, smoke, chemical compounds such as
hydroxyurea (HU) and aphidicolin (APH), or cellular
metabolic by-products a signal transduction cascade is
activated to prevent genomic instability [10]. The cascade
consists of cell cycle checkpoints that are under the control
of members of the phosphatidylinositol 3-kinase-related
kinases (PIKK) family, such as ataxia telangiectasia
mutated (ATM) and ATM- and Rad3-related (ATR). When
cell cycle checkpoint signals are induced, the cell cycle
slows down to repair the damaged replicated chromosome;
stalled DNA replication is restarted and DNA replication
forks are stabilized. Failure of cell cycle checkpoints
results in genomic instability caused by chromosomal
abnormalities, which are hallmarks of cancer [11]. DNA
damage can arise in any phase of the cell cycle. However,
S-phase checkpoints are of particular importance because
they prevent the bypass of lesion repair processes, thus
enhancing the probability of error-free DNA replication.
S-phase checkpoints are, in comparison with G1 and G2-
phase checkpoints, of special importance [12].

There are three types of S-phase checkpoints: the DNA
replication checkpoint, the intra-S-phase checkpoint, and
the S-M checkpoint [13]. The DNA replication checkpoint
inhibits the initiation of replication by the formation of
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complexes comprising single-stranded DNA (ssDNA) and
RPA (ssDNA-RPA complexes); the complexes form in
response to replication stress and they trigger cell cycle
arrest. However, the intra-S-phase checkpoint is activated
by DNA double-strand breaks (DSBs), which occur in
response to exposure to ionizing radiation and leads to the
suppression of DNA synthesis. The checkpoint can be
divided into three steps, represented by sensor, mediator
(or transducer), and effector molecules [14]. First, the DNA
lesion is detected by sensor molecules such as ATR, ATM,
MRN, and 9-1-1 complex. The signal is then amplified by
mediator molecules and finally communicated to effector
molecules, which phosphorylate target proteins. While cell
cycle progression is arrested or retarded by the physio-
logical response of the cell, other pathway triggers stabilize
replication fork structure and activate repair.

The primary S-phase checkpoint kinase, ATR, senses a
wide variety of DNA lesions induced by UV radiation and
reagents such as HU and methyl methanesulfonate (MMS);
ATR effectively interrupts DNA replication [15]. In con-
trast to ATR, ATM kinase is activated in response to DSBs
that result from ionizing radiation [16, 17]. MRN, a core
protein kinase complex, is composed of Mre 11, Rad50,
and Nbsl; MRN is localized to DSBs independently of
ATM; however, MRN complexes are substrates for ATM
and can induce ATM activation [13]. When active ATM is
loaded to the site of DSBs by MRN complexes, Rad50 and
Nbs1 induce the exonuclease activity of Mrell. Another
sensor molecule, the 9-1-1 complex, consists of three
proteins (Rad19, Radl, and Hus1) that form a ring-shaped
structure, similar in structure and function to the sliding
clamps of PCNA [18, 19]. In response to DNA lesions,
Rad17 forms a complex with 9-1-1, which opens the PCNA
clamp complex and loads the complex onto the DNA. The
Rad17/9-1-1 complex binds not only to RPA but also to the
stalled replication fork; the recruitment of RAD17/9-1-1
occurs later than the recruitment of the ATR/ATR-inter-
acting protein (ATRIP) complex [20].

The initial response to DSBs is the activation of ATM,
followed by the activation of ATR, which results from
ssDNA (a consequence of a DSB) that retains the intra-S-
phase checkpoint. This in turn, blocks late origin firing. It
is suggested, therefore, that ATR and ATM co-operate,
even if they are activated by different types of DNA lesions
[21]. The co-operation is represented by two parallel
pathways that function during the intra-S-phase check-
point: the ATM-Chk2 and ATM/MRN pathways. The
signal detected by sensor molecules is amplified by a
mediator or transducer molecule that plays a critical role in
transmitting the signal to its targets. Claspin mediates Chks
at a stalled replication fork and activates ATR, leading to a
slower proliferation of cells and the up-regulation of
CDC25A, which in turn, is dependent on Radl7 and
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FANCD?2 [22, 23]. The second mediator group forms foci
at sites of damage resulting from DNA lesions, and has
motifs such as BRCT and FHA that transmit the signal to
Chkl and Chk2. In response to DNA damage, H2AX
phosphorylated by ATR/ATM forms foci at sites of
damaged DNA; the H2AX holds the broken chromatin end
and leads to the accumulation of MDCI1, which is an
important regulator of the damaged chromatin [24, 25].
Another mediator molecule, MDCI, is required for the
recruitment of Nbsl and binds to phosphorylated H2AX
via its BRCT domains; this molecule is required for the
recruitment of Nbs1, which functions as an anchor for the
MRN complexes at the sites of DNA breaks [26, 27]. A
component of the cohesion complex, SMC1, required for
sister chromatid cohesion during the S-phase, is activated
by phosphorylation by ATM and ATR [28]. Phosphoryla-
tion of Chkl plays a critical role in checkpoint signaling,
whereas activation of SMC1 is important for cell survival,
therefore, the activation of SMC1 and Chkl1 regulates two
branches of the checkpoint response in the event of DNA
damage [29]. The mediator molecules amplify and transmit
signals to effector molecules. Chkl and Chk2 are two
major effectors, activated by the phosphorylation of their
substrates [30, 31]. Although these kinases share similar
biochemical functions related to phosphorylation of their
target proteins, they differ in their activations of checkpoint
pathways. While Chk1 is activated by ATR and ATM in
response to cellular stress such as UV light, stalled repli-
cation, and some other compounds, the active form of
Chk2 (the dimerized form) can phosphorylate CDC25.
Chkl is strongly expressed only in the S and G2-phases,
whereas Chk2 is present through the entire cell cycle.

Apoptosis

Cells are removed by apoptosis if DNA damage is not
repairable and the cell cannot tolerate cellular stresses.
Consequently, the inactivation of apoptotic pathways
induces genomic instability and chromosomal abnormality,
which may manifest as cancer. Apoptosis is initiated either
through an extrinsic pathway, which is mediated by death
receptors on the cell surface, or through an intrinsic path-
way, known as the mitochondrial apoptotic pathway [32].
DNA-damaged cells are eliminated by the intrinsic path-
way, in which the Bcl-2 family of proteins plays a critical
role in the regulation of apoptosis.

Apoptosis is regulated by two Bcl-2 subfamilies,
depending on the type of influence: pro-apoptotic or anti-
apoptotic [33]. Bcl-2, Bel-xL, Bel-w, Mcl-1, Bfil/A-1, and
Bcl-B proteins, all of which possess four Bcl-2 homology
domains, have anti-apoptotic characteristics. Among pro-
apoptotic proteins, Bax, Bak, and Bok share the Bcl-2
“multidomain protein” homology, whereas Bim, Bad, and

Bid are members of the “BH3-only protein” domain. In
normal cells, anti-apoptotic Bcl-2 family proteins suppress
the activation of pro-apoptotic sub-families. The pro-
apoptotic BH3-only proteins, on the other hand, are acti-
vated by apoptotic stimuli and lead to the activation of Bax
and Bak. Two models have been proposed for the activation
of Bax and Bak, direct and indirect; these models describe
how Bax and Bak render the mitochondrial membrane
permeable. In the direct model, sensitizer BH3-only
proteins (such as Bad, Bik, Puma, and Noxa) are activated
by apoptotic stimuli, followed by the release of activator
BH3-only proteins such as Bim and Bid; the BH3-only
proteins bind to effector proteins such as Bax and Bak,
which activate processes leading to oligomerization [34].
According to this model, the sensitizer proteins are unable
to bind to effector proteins. In the indirect model, BH3-only
proteins bind to anti-apoptotic proteins, which suppress Bax
and Bak. This leads to the displacement and release of Bax
and Bak, which trigger their oligomerization [35]. The
activation process of Bax occurs in two steps: initially Bax
translocates to the mitochondria and then triggers a con-
formational change in the N-terminus. This results in the
oligomerization and permeabilization of the mitochondrial
outer membrane, followed by the release of apoptotic pro-
teins from the mitochondrial intermembrane space into the
cytosol, such as cytochrome c, AIF, Hsp60, endonuclease
G, and Smac/Diablo; these molecules are involved in
cysteine aspartyl-specific protease (caspase) activation
cascades. This results in the amplification of apoptotic
signaling [36]. Cytochrome ¢ binds and activates APAFI,
which triggers conformational changes and forms an ap-
optosome. The apoptosome, in turn, activates the initiator
caspase (caspase-9). Smac/Diablo and HfrA2/Omaz also
activate caspase cascades by the suppression of caspase
inhibitors such as Xiap. In both apoptotic pathways
(intrinsic and extrinsic), caspases are activated by the
release of apoptogenic factors from the mitochondrial
intermembrane into the cytosol [37]. The apoptotic caspases
are divided into initiators and effectors, depending on the
mode of activation. First, the initiator caspases, such as
capase-8 and caspase-9 are activated at the apoptosome
(intrinsic pathway) or the death-inducing signaling complex
(DISC) (extrinsic pathway), followed by a caspase-9-med-
iated cleavage in the intrinsic pathway, which leads to the
activation of effector caspases (caspase-3 and caspase-7).
This results in the destruction of cells [32, 33].

E2F transcription factors in cell cycle regulation
and apoptosis

E2F1 was originally identified as a transcription factor
essential for E1A-dependent activation of the adenovirus
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E2 promoter [38, 39]. E2F proteins are primarily main-
tained in an inactive state through sequestration into
protein complexes. E1A binding results in the dissociation
of E2F from this complex. Free E2F can then mediate E1A
actions through transactivation of both cellular and viral
E2F-dependent genes [40—-42].

The E2F family comprises eight members, which can be
further sub-divided into two groups on the basis of whether
their DNA binding activity leads to the activation or
repression of transcription [43—45]. E2F1, E2F2, and E2F3
have been reported to activate transcription in over-
expression assays. Conversely, E2F4 and E2F5 have been
shown to prevent transcriptional activation [45-47]. One
DNA binding domain and one DP dimerization domain
(DIM) are present on E2F1-E2F6. The C-terminal domain
of E2F1-E2F5 contains a transactivation domain and
sequences that are essential for binding to pocket proteins
[48]. The pocket protein family consists of pRB, p107, and
p130. Each pocket protein binds to different members of
the E2F family in vivo and has been shown to modulate
E2F transcriptional activity [45]. pRb primarily binds with
the transcriptional activators E2F1, E2F2, and E2F3, while
p130 mainly associates with the transcriptional repressor
E2FS5. In contrast to other E2F family members, E2F4 can
bind to all pocket proteins but is regulated mainly by p107
and pl130 [47, 48]. While nuclear localization signals
(NLS) are present in the transcriptional activators E2FI,
E2F2, and E2F3, the transcriptional repressors, E2F4 and
E2FS5, contain two leucine/isoleucine-rich hydrophobic
nuclear export signals (NES) [46]. Thus, unbound E2F4
and E2F5 are localized in the cytoplasm and can be
imported into the nucleus after binding with pocket pro-
teins [47]. E2F4 and E2F5 are detected in GO cells, while
E2F1, E2F2, and E2F3 are primarily detected in actively
dividing cells [48].

The major role of transcription factor E2F1 is to transit
cells from the GO/G1-phase to the S-phase of the cell cycle
[49, 50]. Several genes are needed to transactivate the cell
through the S-phase, such as DHFR, thymidine kinase, and
DNA polymerase « [49, 51, 52]. Beyond its principal role
of transactivating cells into the S-phase, E2F1 is addi-
tionally involved in the regulation of DNA replication
through the activation of S-phase checkpoints [43, 49, 53].
E2F1 is stabilized by exposure to ionizing radiation or
treatment with a DNA-damaging agent, due to the phos-
phorylation of E2F1 by ATM and ATR, leading to S-phase
delay and apoptosis.

The N-terminus of E2F1 has several binding domains,
such as the cyclin A/cdk2 binding domain, DNA binding
domain, and transactivation domain, which play important
roles in the inhibition of DNA replication to suppress
genomic instability [54, 55]. The over-expression of the
E2F1 N-terminus results in an arrested S-phase, and thus,
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the checkpoint function of E2F1 appears to be regulated by
its N-terminus [56]. By serial deletion assay, it was found
that the first 59 amino acids of E2F1 play a role in the
inhibitory effect. Therefore, it was suggested that the cyclin
A/cdk2 binding, DNA binding domain, and transactivation
domains have no effect on the inhibition of DNA replica-
tion. The full-length E2F1 and its N-terminus construct
suppressed DNA replication, whereas N-terminal deletion
of the E2F1 construct did not; thus, E2F1 appears to inhibit
the elongation phase and not the initiation of DNA repli-
cation. Additionally, E2F1 c¢cDNA has a cis-acting
inhibitory element, which was confirmed by in vitro SV40
DNA replication assays using two deletion constructs of
E2F1 [56]. One was a C-terminal deletion construct, which
expressed the first 139 amino acids of E2F1. The other was
the same construct, but containing the entire E2F1 cDNA
sequence, including the stop codon introduced between
bases 411 and 412 of the E2F1 cDNA. Analysis of the
replication level using the deleted construct, which
expressed only the first 139 amino acids of the entire
cDNA sequence, showed dramatically decreased replica-
tion, similar to what is observed using the wild-type E2F1
plasmid [56]. However, the replication level using the
deleted construct without the entire cDNA sequence
showed increased replication, similar to what is observed
using the control plasmid pCDNA3. The ability of the
C-terminal of E2F1 cDNA to bind to the N-terminus of the
E2F1 protein, which was confirmed by gel shift assay,
indicates that the N-terminus of E2F1 belongs to a DNA
binding domain and functions as a cis-acting inhibitory
element involved in the inhibition of DNA replication. The
C-terminal of E2F1 may also inhibit the activity of proteins
involved in replication elongation, such as topoisomerase I,
or the activity of processivity factors such as PCNA, RF-C,
and DNA polymerase sigma, resulting in the inhibition of
DNA replication. This sequence could contain the sites
where the S-phase checkpoint is activated [56].
Phosphorylation of Nbsl by ATM is required for the
activation of the S-phase checkpoint. The Mrell complex
(composed of Mrell, Rad50, and Nbsl) plays a role in
the activation of the S-phase checkpoint [57]. It is co-
localized with PCNA at the replication fork throughout
the S-phase, suggesting that the Mrell complex sup-
presses genomic instability as a negative regulator of the
initiation of DNA replication in response to DNA dam-
age. The interaction between Nbsl and E2F1 was
observed by yeast two-hybrid screening [58]. By serial
deletion analysis, it was found that the C-terminus of
E2F1 between amino acids 284 and 416 binds to Nbsl,
which contains the transactivation and Rb-binding
domains. Neither of these domains in E2F1 alone could
bind to Nbs1. The first 221 amino acids of the N-terminal
of Nbsl contain an FHA and BRCT domain, which are
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involved in S-phase regulatory functions of the Mrell
complex. When this region is deleted, Nbsl cannot
interact with either E2F1 or Mrell, indicating that the
N-terminus of Nbsl binds to E2F1 [58].

Nbs lymphoblastoid cells, which contain mutant Nbsl
(657del5) and Nbs1p70, in which the first 221 amino acids
are deleted, showed radio-resistant DNA synthesis (RDS),
even when Nbsl was phosphorylated at serine 343 in
response to ionizing radiation, indicating that Nbs1 phos-
phorylation is necessary, but not sufficient, for the
activation of the S-phase checkpoint [59—-62]. Immuno-
precipitation showed that the Mrell complex-E2F1
binding affinity was reduced in both A-TLD2 (R663X
Mrell mutant) and A-TLD3 (N117S Mrell mutant), but
remained intact in A-T cells, whereas RB immunoprecip-
itated with E2F1 in both types of A-TLD cells, suggesting
that defective Nbs1-E2F1 interactions are intrinsic to
the mutant Mrell complex [58]. Reduced levels of
Nbs1-E2F1 complex in A-TLD cells may result in lower
levels of Nbs1 and localization of these mutant cells in the
cytoplasm, leading to an inhibition of the activation of the
S-phase checkpoint. Abrogation of the interaction between
Nbs1 and E2F1 compromises the activation of the S-phase
checkpoint in response to DNA damage, and compromises
the capacity to suppress the initiation of replication. Nei-
ther phosphorylation of Nbsl nor Nbs1-E2F1 interaction
alone was able to activate S-phase checkpoint activation
[58].

In response to DNA damage, DNA replication could be
slowed, stopped for repair, or induced to undergo apoptosis
by activation of the S-phase checkpoint by E2F1, which
inhibits the elongation of DNA replication at the DNA
target sequence, suggesting that E2F1 may directly sense
S-phase-related DNA damage.

Deregulation of E2F by inactivation of Rb or enforced
E2F1 expression results in the accumulation of caspases-
2, 3,7, 8, and 9 through a direct transcriptional mecha-
nism [63]. By up-regulation of the initiator caspase,
caspase-8, E2F1 might sensitize cells to death-inducing
ligands such as tumor necrosis factor (TNF)-o [64]. E2F1
can induce apoptosis by inhibiting activation of anti-
apoptotic signal factors, including Bcl-2 and its family
member myeloid leukemia cell differentiation protein 1
(Mcl-1), in a p53 family-independent mechanism [65].
Both factors are inhibited by binding to the DNA-binding
domain of E2F1. Moreover, E2F1 can inhibit the acti-
vation of another anti-apoptotic signal, necrosis factor
(NF)-kB, in a p53-independent manner. This inhibition
occurs through the down-regulation of TNF receptor-
associated factor 2 (TRAF2) protein levels, which is
involved in the survival signal. Thus, E2F1 induction is
important as a fail-safe mechanism to eliminate defective
cells [66, 67].

Geminin as a sensor for accurate DNA replication

Geminin was initially discovered in an expression cloning
screen to identify degraded proteins from mitotic Xenopus
laevis egg extracts [68, 69]. At about the same time, a
second geminin was identified in a screening for early
patterning proteins from blastomeres of L-cell Xenopus
embryos. The proteins encoded by the two cDNAs are 89%
identical at the amino acid level and seem to have similar
properties. Because of their apparent similarities, the pro-
tein was named geminin, in honor of the astrological sign
for twins.

Geminin has two NLSs in its C-terminus and a
destruction box sequence at its N-terminus [68]. The
coiled-coil domain lies in the central region, which is
responsible for protein dimerization [70]. Geminin acts as
an inhibitor of DNA replication by direct binding to Cdtl,
which is essential for pre-RC formation [71]. The resulting
dimerization inhibits the recruitment of Mcm2-7 by Cdtl
on the chromatin [72, 73]. Mutations in this domain inhibit
binding to Cdtl.

The destruction box in geminin may play a critical role
in cell cycle control [74]. Levels of geminin are low in the
Gl-phase but begin to accumulate during the S and G2-
phase. Geminin expression levels subsequently decline at
the metaphase—anaphase transition due to APC-mediated
ubiquitination [68]. The conserved N-terminal destruction
box of geminin is required for APC-mediated ubiquitina-
tion and proteolysis in mammalian cells and Xenopus eggs
[68]. Mutation of the D-box inhibits APC-mediated ubiq-
uitination and leads to stabilization of geminin [74]. In
contrast to higher eukaryotes, geminin is expressed
throughout the cell cycle in early embryonic Xenopus and
Drosophila cells. In these species, if geminin binds to Cdtl
during interphase, it may be degraded by APC-mediated
ubiquitination, which in turn is dependent on CDK activity.
Therefore, CDK acts not only as an inhibitor of pre-RC
formation but also promotes the inactivation of geminin
upon exit from metaphase. Interestingly, in contrast to
other APC ubiquitination targets, degradation of geminin
does not require the proteasome. Therefore, a second
modification of geminin may occur after ubiquitination.

The mutation in the D-box of geminin inhibits its deg-
radation and leads to its stabilization and accumulation in
human cells, which causes a decrease in cell proliferation
and a cell-cycle block in the G1-phase. In accordance with
its role in proliferation, geminin has also been reported to
be involved in the development of neural tissue in
Drosophila and Xenopus. The homeobox transcription
factor Six3 was found to be a Cdtl competitor in eye
development. Competition between Six3 and Cdtl for
geminin binding determines the extent of proliferation and
differentiation [75], and this observation has led to the
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suggestion that geminin is necessary for cell proliferation
in vivo. The regulation of geminin is dependent on cell
type. Although a homolog of geminin was identified in
Drosophila, no homolog has been found in yeast. The DNA
replication mechanism may differ in higher eukaryotes, but
the possibility that yeast express a geminin homolog of
very low homology has not been excluded [76].

Knockdown of geminin has been attempted using
methods including antisense technology, mutagenesis,
RNA interference, and small interference RNA [77-79].
Because of the complexity of different regulatory mecha-
nisms in embryonic and cultured cells, studies to date have
not yet established whether geminin is necessary to main-
tain a normal cell cycle [80]. Depletion of geminin induces
DNA re-replication in normal human cells and in some
tumor cells, and geminin depletion is sufficient to induce
genomic instability. This is because over-replication within
the same cell cycle induces the activation of ATR/ATM
and CHKI1/CHK2 kinase checkpoint pathways, accompa-
nied by formation of YH2AX and RADS51 nuclear foci; this
prevents cells with re-replicated DNA from entering into
mitosis [80, 81]. Disruption of the G2/M checkpoint sup-
presses the accumulation of over-replicated cells and
causes apoptotic cell death.

In contrast, geminin depletion in HeLa [3, 82], MCF10
[83], and 293T cells [84] does not induce DNA re-repli-
cation. For instance, HeLa cells do not dramatically change
phenotype after geminin knockdown. This is because very
efficient ubiquitination and proteolysis control Cdtl levels
in the S-phase, preventing DNA re-replication [85].

Geminin is essential for maintaining genomic integrity
by preventing re-replication. Depletion of geminin is suf-
ficient to induce genomic stability. Because genomic
stability seems to be one of the major features of human
cancer, geminin may act as a putative tumor suppressor
gene [3, 82].

Over-expression of geminin induces apoptosis by
inhibiting replication licensing via a cell type-dependent
mechanism [86]. For example, over-expression of geminin
in U20S (p53+/Rb+) cells results in localization of
PCNA in replication foci and in low levels of BrdU
incorporation. This suggests that the cells enter the
S-phase, but that replication is blocked due to activation
of an intra-S-phase checkpoint. In cells experiencing this
early S-phase arrest, cyclin E is up-regulated, whereas
cyclin A is down-regulated. In Saos2 (p53—/Rb—) cells,
geminin over-expression leads to DNA synthesis and
accumulation throughout the late S and G2/M-phases,
with approximately normal levels of cyclin A and low
levels of cyclin E. These patterns are consistent with loss
of an intra-S-phase checkpoint, as though cells are unable
to complete DNA replication due to an insufficiency of
the licensed origins [86].
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Over-expression of geminin in IMR90 primary fibro-
blasts leads to very different results than those observed in
the cancer cell lines. Although geminin blocks cell prolif-
eration and reduces the levels of Mcm?2 on chromatin, cells
are arrested in the G1-phase before entry into the S-phase,
with reduced levels of cyclins A and E and no detectable
apoptosis. This appears to happen because primary cells
can respond directly to the absence of sufficient licensed
replication origins by blocking entry into S-phase with or
without a ‘licensing checkpoint’ [86].

Geminin is also known to interact with Plk1 (polo-like
kinase 1), an enzyme that is essential in mitosis [87]. Plk1l
increases during the S-phase and peaks during the M-phase
[88]. It phosphorylates Emi, which is then degraded,
leading to activation of the APC/C. This degrades mitotic
proteins, such as cyclin B1 and geminin, causing cells to
exit the M-phase when mitosis is complete [89-91]. The
depletion of Plkl and geminin leads to up-regulation of
Emil, which inhibits the APC/C and DNA pre-RC. This
disrupts the formation of DNA pre-RC and activation of
DNA damage-sensing kinases, leading to apoptosis [87].

Work in primary cells and cancer cell lines has shown
that during apoptosis, two sites at the carboxyl terminus of
geminin (C1 and C2) are cleaved by caspase-3, resulting in
the creation of two truncated forms of geminin [92]. The
cleavage is likely mediated by CKII phosphorylation.
Truncated geminin caused by CI1 cleavage is involved in
induction of apoptosis. Truncated geminin caused by C2
cleavage is unable to interact with the chromatin remod-
eling factor Brahma (Brm), a catalytic subunit of the SWI/
SNF chromatin remodeling complex; however, it maintains
the ability to interact with the cell cycle regulator Cdtl
[92].

An important first step is understanding why the
checkpoint signal is activated during over-expression of
geminin in cancer cell lines. One possibility is a reduced
number of active replication origins, followed by a stalling
of replication forks during the course of undisturbed
S-phases. This would account for the chromatin-bound
PCNA observed in geminin-expressing U20S cells [86].

Another possibility is that replication may proceed at
near-normal rates until certain replication origins are
inactivated due to reductions in Mcm2-7 levels. This
would prevent the cell from completing DNA replication,
arresting mitosis late in the S-phase and leading to apop-
tosis [86].

The knockdown of geminin in Drosophila and mam-
malian cells induced re-replication and activated
checkpoint pathways, which inhibit entry into mitosis [93,
94]. During mitosis, high levels of CDK activity are suf-
ficient to inhibit the relicensing of DNA replication
independent of geminin levels. However, geminin plays a
critical and specific role in S-phase suppression of
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relicensing, when CDK levels alone are insufficient.
Geminin has been suggested to positively regulate licens-
ing during mitosis by binding and stabilizing Cdtl and to
act as a negative regulator by inhibiting relicensing [93].
The expression levels of geminin and Cdtl remain com-
plementary throughout the cell cycle. This balance may
play a critical role in the regulation of proliferation in the
cell cycle, with geminin acting as both a negative regulator
by inhibiting pre-RC complex formation in the S-phase and
as a positive regulator by maintaining the basal expression
level of Cdtl through ubiquitin-mediated degradation [77].
Surplus Cdtl causes re-replication, DNA damage, and
genomic instability. This results in the activation of
checkpoint proteins such as the ATM/ATR kinases and the
tumor suppressor p53, whereas surplus geminin triggers
cell cycle arrest. Thus, a balance between geminin and
Cdtl expression is important for genomic stability [94, 95].

Killin as a missing link in p53-mediated S-phase control
and apoptosis

Usually, cells only replicate once per cell cycle and repli-
cation cannot occur again before mitosis. When cells are
damaged, at least two factors affect whether cells undergo
growth arrest or apoptosis. First, cells are arrested in the G1
and G2-phases as a result of activation of p21, which binds
and suppresses CDK and blocks cell cycle progression
[96-98]. During the cell cycle arrest, cells can repair the
damage before continuing the cell cycle. In this case, p21
plays an anti-apoptotic role. Since p53 stimulates p21
expression, this may be a p53-mediated mechanism.
Consequently, deletion of p21 from colon cancer cells or
mouse embryonic fibroblasts allows p53 to induce
apoptosis [99-102]. Second, cells that undergo apoptosis in
response to p53 can overcome p2l-mediated protection
because pro-apoptotic factors require cells to enter the
S-phase [103-105]. The supporting evidence for S-phase-
coupled apoptosis includes findings that forced entry into
S-phase by unrestricted E2F activity can activate caspases,
and as a result, induce apoptosis [106]. Conceivably, DNA
damage, and consequently cell cycle arrest, can occur at
any phase of the cell cycle. For example, p53 can induce
growth arrest via either p21 during G1 or p21, GADD45,
and 14-3-3 at the G2/M transition.

Killin was discovered in an attempt to systematically
identify p53 target genes through high-throughput fluo-
rescent differential display (FDD) screening using two
tetracycline inducible cell lines [107-111], the DLD-1
colon cancer cell line [112, 113] and the p53-null human
lung carcinoma cell line H1299 [114]. Both cell lines
contained tetracycline-regulated expression of the wild-
type p53 tumor suppressor gene and underwent apoptosis

within 24-48 h after removal of tetracycline. A 4.1-kb full-
length Killin cDNA was isolated from a human kidney
cDNA library [115]. After complete sequencing the cDNA
(GenBank accession no. EU552090) was shown to encode
a small 20-kDa basic protein of 178 amino acids residues
with an apparent pl of 11.3. Given its alkaline pl and the
existence of two putative nuclear localization domains,
Killin may be a nuclear protein. In fact, its localization was
confirmed by Western blot and immunofluorescent
microscopy. Additionally, Western-blot analysis showed
that Killin was induced not only by ectopic p53 expression
but also by activation of endogenous p53 in response to
genotoxic stress, such as doxorubicin or 5-FU treatment.
By DNA sequencing and genomic database search it
was revealed that Killin is localized in close proximity to
the PTEN tumor-suppressor gene on human chromosome
10 [116]. The intergenic region separating the two genes
(based on transcriptional start sites) is only 194 bp in
length and contains a divergent promoter with a high-
consensus p53-binding site. Interestingly, PTEN was pre-
viously shown to be modulated by p53 as well, although,
unlike Killin, the basal level of PTEN expression appears
to be constitutive [116—-120]. It was confirmed that Killin is
a direct p53 target gene by both ChIP and dual luciferase
reporter assays using a 140-bp intergenic region containing
the conserved p53-binding site [115]. The Killin promoter
not only was shown to bind to p53 but also conferred ~70-
fold increase in wild-type p53-dependent luciferase activ-
ity, whereas an expression vector encoding a DNA-binding
mutant p53 (R248W) failed to activate the promoter.
Moreover, mutations within the conserved p53-binding site
in the Killin promoter greatly decreased the p53-dependent
promoter strength. Taken together, these results confirmed
that Killin was a direct transcriptional target of p53 [115].
On closer inspection of the minimal 41-aa Killin peptide
sequence essential for DNA binding in vitro and killing of
bacteria in vivo, it was noted that multiple WXXR and
KXXW motifs were present [121]. Although a theoretical
protein-folding prediction could not provide the definitive
secondary structure of the Killin/N8-50 peptide, conceiv-
ably these regular motifs would bring R, K, and W residues
along the same surface for DNA binding should the peptide
fold into binary o helices that are connected by the single
proline residue within the peptide sequence [115]. The
binary DNA-binding fingers could allow Killin to bind to
more than one DNA template, causing it to tangle up,
which may explain why the DNA-Killin/N§8-50 peptide
complex had dramatically retarded mobility on the gel.
Conceivably, tryptophan (W) may interact with purine or
pyrimidine bases, whereas basic amino acid residues
arginine (R) and lysine (K) may interact with phosphates in
the DNA. The tight binding of Killin to DNA may prevent
DNA synthesis machinery from accessing or moving along
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the template, thus leading to inhibition of DNA synthesis
and S-phase arrest.

The Killin protein is highly conserved (95-100%) in
large mammals (cow, pigs, dogs, and chimps), while
rodents exhibited some local sequence homology at the
DNA level without the corresponding Killin ORF [115].
No sequence homology of Killin was found in fly, worm,
zebra fish, and yeast. Thus, Killin may be unique to large
mammals that have longer life spans than rodents,
rendering a mouse KO model for Killin irrelevant without
proving the existence of the gene.

Killin is sufficient and necessary for triggering cell
growth arrest and subsequently apoptosis

To determine whether Killin is sufficient for triggering cell
growth arrest and apoptosis, several experiments were
performed including cell proliferation, fluorescent micros-
copy, and FACS analysis using DLD-1 colon cancer cells
with inducible tetracycline-regulated expression of GFP-
Killin [115].

GFP-Killin was shown to cause rapid cell growth arrest
within 24 h after tetracycline removal, whereas GFP alone
had little effect. Interestingly, unlike p53-mediated growth
arrest, which occurs primarily at G1 via p21, FACS anal-
ysis indicated there was little decrease in S-phase DNA
content or increase in either G1 or G2 DNA content during
the first 48 h of cell growth arrest after the induction of
Killin. This rather surprising finding suggested that Killin
may function as an inhibitor of DNA replication and causes
S-phase arrest. However, massive apoptosis was observed
by FACS analysis and fluorescence microscopy 2-3 days
after tetracycline removal and induction of GFP-Killin.
This finding suggested that Killin-induced growth arrest is
coupled to cell death, in contrast to G1 arrest mediated by
p21, which prevents cells from undergoing apoptosis.

To determine whether Killin is necessary for p53-med-
iated apoptosis, RNAi technology was used to selectively
knock down Killin mRNA expression in H1299 cells,
which contain an inducible wild-type p53 gene, that were
used for the initial FDD screening [122]. Cells were stably
transfected with either the pSUPER control RNAi vector or
pSUPER-Killin. Cells receiving the latter treatment had
diminished Killin protein expression and a marked block-
ade of p53-mediated apoptosis, manifested by dramatic
inhibition of both caspase 3 activation and caspase-
dependent PARP cleavage, and as observed altered by
FACS cell cycle profiles. The reduction in Killin had little
effect on p53-induced p21 expression, and the cells were
arrested in the Gl-phase. Additionally, FACS analysis
revealed a concomitant decrease in both S and G2/M
content. This is consistent with the prediction that Killin is
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a p53-dependent checkpoint control during the S-phase.
Thus, Killin appears to be an integral part of p5S3-mediated
apoptosis, functioning in both S and G2/M cell cycle
control [115].

In addition to being necessary for exogenous p53-
induced apoptosis, Killin also appears to be a vital part of
endogenous p53-mediated apoptosis. RNAi knockdown of
Killin expression completely blocked apoptosis (mediated
by caspase 8 and PARP cleavages) after cells were given a
5-fluorouracil (5-FU) treatment [115]. PUMA and Bax are
two proteins that have previously been shown to be nec-
essary for cell apoptosis mediated by exogenous p53 over-
expression [123]. However, it was not clear whether they
were also downstream effectors of endogenous Killin-
mediated p53 apoptosis. To investigate this possibility, a
5-FU treatment was given to wild-type HCT116 cells and
derivatives containing homologous deletions of p21, p21
and PUMA, and p21 and Bax. The results suggested that,
unlike Killin knockdown, deletion of PUMA or Bax alone
was insufficient to completely abolish p53-dependent
apoptosis. However, both genes (especially PUMA),
seemed capable of partially blocking p53-mediated caspase
activation. These results suggested that PUMA works with
an as-yet-unidentified gene [or gene(s)] as a downstream
effector of Killin in p5S3-mediated apoptosis [115].

Killin is a general DNA synthesis inhibitor
with high-affinity to DNA

In bacteria cells induction of Killin by IPTG caused
immediate growth arrest of the bacterial hosts within
30 min when the expressed protein was barely detectable
by Western-blot analysis using a His-tag monoclonal
antibody [109]. Based on its extremely toxic effect of low-
level Killin expression in bacteria it is predicted that Killin
is a general DNA synthesis inhibitor, given that bacteria
have naked DNA. To overcome the difficulty in the
expression and purifying of Killin protein, full-length
Killin with predicted 20-kDa molecular mass was produced
by in vitro transcription and translation and was shown to
be able to bind to both single- and double-stranded DNA
templates.

To better define the functional domain of Killin for
DNA binding, deletional mutagenesis was then conducted
by PCR from both the N and C termini of Killin [115]. It
was revealed that the minimal sequence from 8- to 49-aa
residues were essential for Killin’s toxicity in bacteria. The
same Killin deletion mutants fused to GFP were also tested
for their ability to cause apoptosis (nuclear condensation)
in H1299 cells. The results were consistent with those seen
with toxicity assays in bacteria. It is interesting to note that
the minimum essential region of Killin contained multiple
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WXXR or KXXW motifs and was rich in basic amino
acids.

In order to investigate DNA binding kinetics in vitro, a
peptide was chemically synthesized that was 42 amino acid
residues in length corresponding to Killin N8-50 and was
introduced to 32P-end-labeled oligonucleotide probes used
as DNA templates. The Killin/N8-50 peptide was able to
bind to the double-stranded DNA and to an artificial rep-
lication fork with an apparent Kd of 1-2 uM. The peptide
had slightly higher affinity to the single-stranded DNA
template with an apparent Kd of 0.5 uM. However, since
each single-stranded DNA probe may contain more than
one binding site for the Killin peptide, the actual Kd could
be lower. Regardless, this quantitative biochemical binding
study provided strong evidence that Killin was indeed a
high-affinity DNA-binding protein [115].

Killin inhibits DNA synthesis in Vitro and in Vivo

To determine whether Killin/N8-50 peptide binding to DNA
has any consequences in DNA replication, in vitro eukary-
otic DNA replication assays were performed. This assay uses
a soluble cell-free system derived from a mammalian cell
nuclear extract that is capable of replicating exogenous
plasmid DNA molecules containing the simian virus 40
(SV40) origin of replication [124]. Replication in the system
depends completely on the addition of the SV40 large T
antigen. Using this assay, we showed that the Killin/N8-50
peptide could greatly inhibit DNA replication [115]. The
requirement of a higher concentration of Killin/N8-50
peptide for the inhibition of DNA replication than that seen in
the in vitro DNA-binding assays was most likely because of
the high concentration of chromosomal DNA present in the
nuclear extracts used as a source of the SV40 large T antigen.
Such chromosomal DNA would conceivably compete
against the plasmid template for Killin peptide binding, thus
competitively inhibiting plasmid DNA replication. This
prediction was consistent with results obtained by decreasing
the amount of nuclear extract used for the assay.

Killin inhibits DNA replication in vivo

To test whether Killin directly blocks DNA replication in
vivo, a BrdU incorporation assay was employed [125]. This
was done by transiently transfecting an RFP-Killin
expression vector into Cos-E5 cells, which were then
pulse-labeled with BrdU for 30 min to mark S-phase cells.
After immunostaining for BrdU (in green), it showed that
few of the RFP-Killin cells had BrdU signals, as predicted,
in contrast to truncated RFP-Killin and RFP-transfected
control cells [115] (Fig. 1).

However, this finding suggested only that a majority of
RFP-Killin-expressing cells could not enter the S-phase,
rather, they were arrested at the S-phase. Interestingly, we
were also able to find a few rare cells that had both BrdU
incorporation and RFP-Killin expression in the same
nuclei. When BrdU-labeled DNA replication foci (in
green) were overlaid with that of RFP-Killin (in red) in the
same cell, an amazing picture emerged: BrdU and RFP-
Killin showed an essentially mutually exclusive nuclear
pattern, with a majority of replication foci appearing
blocked by RFP-Killin when compared to truncated RFP-
Killin and RFP control. The beads-on-string nuclear
appearance of RFP-Killin is consistent with Killin being a
high-affinity DNA-binding protein with a preference for
ssDNA. We believed these were rare S-phase cells
expressing a rate-limiting amount of Killin when BrdU was
added, so there was not enough RFP-Killin to block all
replication foci. However, in reality, even if one replication
becomes blocked (e.g., by endogenous Killin induced by
p53 activation), which could be much harder to visualize,
the cell may still not be able to complete S-phase. Similar
results were obtained in H1299 cells. This crucial piece of
evidence strongly supports that Killin directly blocks DNA
replication in vivo.

Interestingly, p21 was markedly induced by GFP-Killin,
which could explain the cell growth arrest observed prior to
apoptosis. To shed light on the mechanism of p21 induc-
tion, another major p53 target gene as well as p53 itself
were tested and found both were induced by GFP-Killin
but not GFP control. Although, the DLD-1 colon cancer
cell line is known to have one wild-type and one mutant
p53 allele (Ser241 — Phe), little is known about whether
the mutation resulted in loss of function of the wild-type
pS53 allele [115]. If Killin functions as a component of a
positive feedback loop regulating p53, it would be pre-
dicted that Killin expression in the parental HCT116 cells
will lead to the induction of wild-type p53, which proved to
be the case.

To understand the molecular mechanism of Killin
activated apoptosis and whether it is coupled to S-phase
arrest, the status of Chkl and Chk2 have been evaluated,
which are key signal transducers or sensors within the
complex network of genome integrity checkpoints [115].
It is conceivable that the S-phase arrest and stalled repli-
cation forks caused by Killin could activate these kinases.
Upon induction of GFP-Killin, both Chkl (total and
phospho-) and Chk2 levels were indeed shown to be
markedly increased. At this moment, it was revealed that
the activation of Chkl was most likely through Ser317
phosphorylation. p53 is known to be activated by Chk1 and
2 through phosphorylation. In fact the increase in total p53
level was likely due to phosphorylation of p53 at multiple
sites at Ser9, Ser46, and Ser392.

@ Springer



1892

Y. Cho, P. Liang

RFP-Killin & BrdU & DAPI

Fig. 1 RFP-Killin inhibits DNA replication in vivo. The RFP-Killin
in-frame fusion protein (upper), RFP control (middle) or truncated
RFP-Killin (low) expression vectors were transiently transfected into
Cos-ES5 cells by using FUGEN-6. Twenty-four hours after transfec-
tion, S-phase cells undergoing DNA replication were visualized after
30-min pulse label with BrdU followed by FITC-labeled anti-BrdU
antibody staining (in green), under a Zeiss fluorescent microscope
(x40). For cells in which the RFP-Killin (red) and BrdU signals

Killin is directly involved in p53-mediated cell growth
arrest coupled with cell apoptosis [115]. Compelling evi-
dence from cell biological, genetic, and biochemical
analysis of the gene suggests the following possible
mechanism of action for Killin in mediating p53 tumor-
suppressor functions. Upon induction by p53 during
S-phase, Killin functions in the cell nucleus as a DNA
synthesis inhibitor via its high affinity to both double- and
single-stranded DNA (e.g., at the replication forks) and
thereby causes S-phase arrest, which in turn triggers sub-
sequent cell apoptosis. Thus, Killin-mediated checkpoint
control at S-phase would complement that at G1 mediated
by p21 and G2-M-phase by p21, GADD45, and 14-3-3 and
provides a foolproof mechanism for p53 in preventing
precancerous cells from replicating their DNA content [96,
115, 126]. Therefore, Killin represents a p53 target gene
that is directly and functionally involved in S-phase
checkpoint control, which is coupled to apoptosis, in con-
trast to p2l-mediated G1 arrest, which is anti-apoptotic.
The unique function of Killin in coupling S-phase arrest
with apoptosis may also help explain why p21-mediated
Gl arrest can be anti-apoptotic. Conceivably, prevention of
cells from S-phase entry by p21 would spare cells from
Killin-mediated inhibition of DNA synthesis. It is predicted
that p21-deficient cells will be very sensitive to Killin-
induced apoptosis and to p53 activation, which may now be
experimentally tested. Without stalled replication forks
caused by Killin, apoptosis may be avoided. The high
affinity of Killin to both double- and single-stranded DNA
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RFP-Control & BrdU & DAPI

(green) colocalized, the bulk of DNA replication foci (origins of
replication) were missing in the area where the RFP-Killin foci reside.
The overlay of fluorescent signals from BrdU labeling with RFP-
Killin (merge) always exhibit a mutually exclusive pattern, in contrast
to control cells transfected with RFP alone. DAPI was used to stain
DNA (nuclei). Results shown were representative of multiple cells
from at least two independent experiments

could also be reconciled with the beads-on-string distri-
bution pattern of RFP-Killin in S-phase nuclei. Future
efforts are needed to determine how Killin-mediated DNA
replication arrest triggers the activation of caspases and
apoptosis.

The extremely close proximity of killin and pten is
also of great interest, because it would make killin a
candidate tumor-suppressor gene. pten was originally
identified as a candidate tumor suppressor by positional
cloning from the chromosome 10q23 region, which is
frequently deleted in a variety of human tumors.
Although pten is encoded by multiple exons spanning
>100 kb, Killin resides in a single exon of only 4.1 kb
with a <200-bp intergenic region. In fact, 50% of the
human glioma cell lines with which pten deletions were
initially mapped had deletions beyond the Killin locus
[116-119]. The genomic DNA probe commercially
available for FISH analysis of pten deletion or loss of
heterozygosity spans the Killin locus, suggesting that
many previously reported pten deletions in human
cancers may also have killin deleted. The extremely short
194-bp intergenic region connecting the two genes
contains a divergent promoter that appears to be p53-
responsive for both pfen and killin, with the latter shown
here to be completely p53-dependent. One logical pre-
diction for a major p53 target gene, such as Killin, would
be that such a gene could be a tumor suppressor on its
own. This is supported by the non-overlapping mutation
spectra in human tumors for p53 and the pten region.
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Fig. 2 A positive-feedback model showing the role of Killin in p53-
mediated apoptosis. Genotoxic stress (e.g., radiation or the 5-FU
treatment) is used to activate p53 via the ATR/ATM and Chk kinase
checkpoint pathways, which function to sense and control DNA
damage/repair. Subsequent induction of the p53 target gene, p21, will
lead to growth arrest of cells that are in the G1-phase, whereas cells
that have already entered the S-phase can only be stopped by Killin.
The stalled replication forks caused by Killin further activates ATR/
ATM and Chkl/Chk2 kinase checkpoint pathways, leading to
persistent activation of p53 and induction of its apoptotic target
genes (including known genes, such as PUMA, Bax, Noxa, etc., as
well as those that may have yet to be identified). In contrast, this
positive feedback loop cannot be activated in p21-arrested G1

Thus, there is growing evidence indicating that Killin
plays an integral role as a nuclear inhibitor of DNA rep-
lication. Such activity is both a necessary and essential part
of p53-mediated apoptosis, leading us to hypothesize that
Killin is the long sought-after missing link between p53
activation and the S-phase check point control designed to
eliminate replicating precancerous cells, should they
escape G1 blockage mediated by p21 (Fig. 2). This would
help explain the apparent paradox of p21 acting as both a
growth and death inhibitor. The G1 arrest triggered by p21
can prevent cells from entering the S-phase, thereby
escaping the apoptotic process through S-phase checkpoint
control mediated by Killin.

Summary

While the mammalian cell growth is stringently regulated
at multiple checkpoints at different phases of the cell
cycle, the life and death decision of a cell is made pri-
mary during in the S-phase when genetic codes need to be
faithfully copied. Any potential jeopardy at this most
critical stage of cell cycle, such as forced S-phase entry
by E2F activation, induces p53 dependent apoptosis, so
does the transcriptional knockdown of geminin, an
inhibitor of DNA replication. Yet why S-phase cells are
prone to apoptosis is still not clearly understood. Killin, a
p53-specific target gene essential for p53-mediated
apoptosis, has all the attributes to be one of the missing

links that directly trigger S-phase specific apoptosis.
Future work along this pathway should shed more light on
the intricate regulatory network that acts as a stringent
control to ensure no detrimental mutations are passed onto
any daughter cells that could endanger the well being of
an organism.

References

1. Lei M, Tye BK (2001) Initiating DNA synthesis: from recruiting
to activating the MCM complex. J Cell Sci 114:1447-1454

2. Gillespie PJ, Li A, Blow JJ (2001) Reconstitution of licensed
replication origins on Xenopus sperm nuclei using purified
proteins. BMC Biochem 2:15

3. Nishitani H, Lygerou Z (2002) Control of DNA replication
licensing in a cell cycle. Genes Cells 7:523-534

4. Maga G, Frouin I, Spadari S, Hubscher U (2001) Replication
protein A as a fidelity clamp for DNA polymerase alpha. J Biol
Chem 276:18235-18242

5. Kawasaki Y, Hiraga S, Sugino A (2000) Interactions between
Mcm10p and other replication factors are required for proper
initiation and elongation of chromosomal DNA replication in
Saccharomyces cerevisiae. Genes Cells 5:975-989

6. Maga G, Hubscher U (2003) Proliferating cell nuclear antigen
(PCNA): a dancer with many partners. J Cell Sci 116:3051—
3060

7. Maga G, Stucki M, Spadari S, Hubscher U (2000) DNA poly-
merase switching. 1. Replication factor C displaces DNA
polymerase alpha prior to PCNA loading. J Mol Biol
295:791-801

8. Mossi R, Keller RC, Ferrari E, Hubscher U (2000) DNA poly-
merase switching. II. Replication factor C abrogates primer
synthesis by DNA polymerase alpha at a critical length. J Mol
Biol 295:803-814

9. Podust VN, Hubscher U (1993) Lagging strand DNA synthesis
by calf thymus DNA polymerases alpha, beta, delta and epsilon
in the presence of auxiliary proteins. Nucleic Acids Res
21:841-846

10. Lopes M, Cotta-Ramusino C, Pellicioli A, Liberi G, Plevani P,
Muzi-Falconi M, Newlon CS, Foiani M (2001) The DNA rep-
lication checkpoint response stabilizes stalled replication forks.
Nature 412:557-561

11. Kastan MB, Bartek J (2004) Cell-cycle checkpoints, cancer.
Nature 432:316-323

12. Zhou BB, Bartek J (2004) Targeting the checkpoint kinases:
chemosensitization versus chemoprotection. Nat Rev Cancer
4:216-225

13. Bartek J, Lukas C, Lukas J (2004) Checking on DNA damage in
S phase. Nat Rev Mol Cell Biol 5:792-804

14. Gottifredi V, Prives C (2005) The S phase checkpoint: when the
crowd meets at the fork. Semin Cell Dev Biol 16:355-368

15. Shiloh Y (2001) ATM and ATR: networking cellular responses
to DNA damage. Curr Opin Genet Dev 11:71-77

16. van den Bosch M, Bree RT, Lowndes NF (2003) The MRN
complex: coordinating and mediating the response to broken
chromosomes. EMBO Rep 4:844-849

17. Lisby M, Barlow JH, Burgess RC, Rothstein R (2004) Chore-
ography of the DNA damage response: spatiotemporal
relationships among checkpoint and repair proteins. Cell
118:699-713

18. Griffith JD, Lindsey-Boltz LA, Sancar A (2002) Structures of
the human Rad17-replication factor C and checkpoint Rad 9-1-1

@ Springer



1894

Y. Cho, P. Liang

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

complexes visualized by glycerol spray/low voltage microscopy.
J Biol Chem 277:15233-15236

Venclovas C, Thelen MP (2000) Structure-based predictions of
Radl, Rad9, Hus1 and Rad17 participation in sliding clamp and
clamp loading complexes. Nucleic Acids Res 28:2481-2493
Zou L, Cortez D, Elledge SJ (2002) Regulation of ATR substrate
selection by Radl7-dependent loading of Rad9 complexes onto
chromatin. Genes Dev 16:198-208

Shechter D, Costanzo V, Gautier J (2004) ATR and ATM reg-
ulate the timing of DNA replication origin firing. Nat Cell Biol
6:648-655

Sorensen CS, Syljuasen RG, Lukas J, Bartek J (2004) ATR,
Claspin and the Rad9-Rad1-Husl complex regulate Chkl and
Cdc25A in the absence of DNA damage. Cell Cycle
3:941-945

Yoo HY, Kumagai A, Shevchenko A, Dunphy WG (2004)
Adaptation of a DNA replication checkpoint response depends
upon inactivation of Claspin by the Polo-like kinase. Cell
117:575-588

Burma S, Chen BP, Murphy M, Kurimasa A, Chen DJ (2001)
ATM phosphorylates histone H2AX in response to DNA dou-
ble-strand breaks. J Biol Chem 276:42462-42467

Ward IM, Chen J (2001) Histone H2AX is phosphorylated in an
ATR-dependent manner in response to replicational stress.
J Biol Chem 276:47759-47762

D’Amours D, Jackson SP (2002) The Mrell complex: at the
crossroads of DNA repair and checkpoint signalling. Nat Rev
Mol Cell Biol 3:317-327

Lukas C, Melander F, Stucki M, Falck J, Bekker-Jensen S,
Goldberg M, Lerenthal Y, Jackson SP, Bartek J, Lukas J (2004)
Mdcl couples DNA double-strand break recognition by Nbsl
with its H2AX-dependent chromatin retention. EMBO J
23:2674-2683

Kim ST, Xu B, Kastan MB (2002) Involvement of the cohesin
protein, Smcl, in Atm-dependent and independent responses to
DNA damage. Genes Dev 16:560-570

Wang Y, Qin J (2003) MSH2 and ATR form a signaling module
and regulate two branches of the damage response to DNA
methylation. Proc Natl Acad Sci USA 100:15387-15392
Kaneko YS, Watanabe N, Morisaki H, Akita H, Fujimoto A,
Tominaga K, Terasawa M, Tachibana A, Ikeda K, Nakanishi M
(1999) Cell-cycle-dependent and ATM-independent expression
of human Chk1 kinase. Oncogene 18:3673-3681

Lukas C, Bartkova J, Latella L, Falck J, Mailand N, Schroeder
T, Sehested M, Lukas J, Bartek J (2001) DNA damage activated
kinase Chk?2 is independent of proliferation or differentiation yet
correlates with tissue biology. Cancer Res 61:4990-4993
Igney FH, Krammer PH (2002) Death and anti-death: tumour
resistance to apoptosis. Nat Rev Cancer 2:277-288

Kang MH, Reynolds CP (2009) Bcl-2 inhibitors: targeting
mitochondrial apoptotic pathways in cancer therapy. Clin Can-
cer Res 15:1126-1132

Willis SN, Fletcher JI, Kaufmann T, van Delft MF, Chen L,
Czabotar PE, Ierino H, Lee EF, Fairlie WD, Bouillet P, Strasser
A, Kluck RM, Adams JM, Huang DC (2007) Apoptosis initiated
when BH3 ligands engage multiple Bcl-2 homologs, not Bax or
Bak. Science 315:856-859

Letai A, Bassik MC, Walensky LD, Sorcinelli MD, Weiler S,
Korsmeyer SJ (2002) Distinct BH3 domains either sensitize or
activate mitochondrial apoptosis, serving as prototype cancer
therapeutics. Cancer Cell 2:183-192

Pradelli LA, Bénéteau M, Ricci JE (2010) Mitochondrial control
of caspase-dependent and -independent cell death. Cell Mol Life
Sci 67:1589-1597

Roos WP, Kaina B (2006) DNA damage-induced cell death by
apoptosis. Trends Mol Med 12:440-450

@ Springer

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.
50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

. Kovesdi I, Reichel R, Nevins JR (1986) Identification of a cel-

lular transcription factor involved in E1A trans-activation. Cell
45:219-228

La Thangue NB, Rigby PW (1987) An adenovirus E1A-like
transcription factor is regulated during the differentiation of
murine embryonal carcinoma stem cell. Cell 49:507-513
Blake MC, Azizkhan JC (1989) Transcription factor E2F is
required for efficient expression of the hamster dihydrofolate
reductase gene in vitro and in vivo. Mol Cell Biol 9:4994-5002
Hiebert SW, Lipp M, Nevins JR (1989) E1A-dependent trans-
activation of the human MYC promoter is mediated by the E2F
factor. Proc Natl Acad Sci USA 86:3594-3598

Thalmeier K, Synovzik H, Mertz R, Winnacker EL, Lipp M
(1989) Nuclear factor E2F mediates basic transcription and
trans-activation by Ela of the human MYC promoter. Genes
Dev 3:527-536

Ohtani K (1999) Implication of transcription factor E2F in
regulation of DNA replication. Front Biosci 4:793-804
Ivey-Hoyle M, Conroy R, Huber HE, Goodhart PJ, Oliff A,
Heimbrook DC (1993) Cloning and characterization of E2F-2, a
novel protein with the biochemical properties of transcription
factor E2F. Mol Cell Biol 13:7802-7812

Lees JA, Saito M, Vidal M, Valentine M, Look T, Harlow E,
Dyson N, Helin K (1993) The retinoblastoma protein binds to a
family of E2F transcription factors. Mol Cell Biol 13:7813-7825
Ikeda MA, Jakoi L, Nevins JR (1996) A unique role for the Rb
protein in controlling E2F accumulation during cell growth and
differentiation. Proc Natl Acad Sci USA 93:3215-3220
Moberg K, Starz MA, Lees JA (1996) E2F-4 switches from
p130 to p107 and pRB in response to cell-cycle re-entry. Mol
Cell Biol 16:1436-1449

Mulligan G, Jacks T (1998) The retinoblastoma gene family:
cousins with overlapping interests. Trends Genet 14:223-229
Helin K (1998) Regulation of cell proliferation by the E2F
transcription factors. Curr Opin Genet Dev 8:28-35

Sherr CJ (1996) Cancer cell cycles. Science 274:1672—-1677
DeGregori J, Leone G, Miron A, Jakoi L, Nevins JR (1997)
Distinct roles for E2F proteins in cell growth control and
apoptosis. Proc Natl Acad Sci USA 94:7245-7250

Cam H, Dynlacht BD (2003) Emerging roles for E2F: beyond
the G1/S transition and DNA replication. Cancer Cell 3:311-316
DeGregori J, Kowalik T, Nevins JR (1995) Cellular targets for
activation by the E2F1 transcription factor include DNA syn-
thesis- and G1/S-regulatory genes. Mol Cell Biol 15:4215-4224
Krek W, Xu G, Livingston DM (1995) Cyclin A-kinase regu-
lation of E2F-1 DNA binding function underlies suppression of
an S phase checkpoint. Cell 83:1149-1158

Logan TJ, Evans DL, Mercer WE, Bjornsti MA, Hall DJ (1995)
Expression of a deletion mutant of the E2F1 transcription factor
in fibroblasts lengthens S phase and increases sensitivity to S
phase-specific toxins. Cancer Res 55:2883-2891

Stubbs MC, Hall DJ (2002) The amino-terminus of the E2F-1
transcription factor inhibits DNA replication of autonomously
replicating plasmids in mammalian cells. Oncogene
21:3715-3726

Petrini JH (2000) The Mrell complex and ATM: collaborating
to navigate S phase. Curr Opin Cell Biol 12:293-296

Maser RS, Mirzoeva OK, Wells J, Olivares H, Williams BR,
Zinkel RA, Farnham PJ, Petrini JH (2001) Mrell complex and
DNA replication: linkage to E2F and sites of DNA synthesis.
Mol Cell Biol 21:6006-6016

Carney JP, Maser RS, Olivares H, Davis EM, Le Beau MIJ,
Yates R III, Hays L, Morgan WF, Petrini JH (1998) The
hMrel1/hRad50 protein complex and Nijmegen breakage syn-
drome: linkage of double-strand break repair to the cellular
DNA damage response. Cell 93:477-486



S-phase checkpoint control in apoptosis

1895

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

Stewart GS, Maser RS, Stankovic T, Bressan DA, Kaplan MI,
Jaspers NGJ, Raams A, Byrd PJ, Petrini JHJ, Taylor AMR
(1999) The DNA double-strand break repair gene hMrell, is
mutated in individuals with a new ataxia-telangiectasia-like
disorder (ATLD). Cell 99:577-587

Varon R, Vissinga C, Platzer M, Cerosaletti KM, Chrzanowska
KH, Saar K, Beckmann G, Seemanova E, Cooper PR, Nowak
NJ, Stumm M, Weemaes CM, Gatti RA, Wilson RK, Digweed
M, Rosenthal A, Sperling K, Concannon P, Reis A (1998)
Nibrin, a novel DNA double-strand break repair protein, is
mutated in Nijmegen breakage syndrome. Cell 93:467-476
Painter RB (1981) Radioresistant DNA synthesis: an intrinsic
feature of ataxia telangiectasia. Mutat Res 84:183-190

Polager S, Ginsberg D (2009) p53 and E2f: partners in life and
death. Nat Rev Cancer 9:738-748

Nahle Z, Polakoff J, Davuluri RV, McCurrach ME, Jacobson
MD, Narita M, Zhang MQ, Lazebnik Y, Bar-Sagi D, Lowe SW
(2002) Direct coupling of the cell cycle and cell death
machinery by E2F. Nat Cell Biol 4:859-864

Croxton R, Ma Y, Song L, Haura EB, Cress WD (2002) Direct
repression of the Mecl-1 promoter by E2F1. Oncogene
21:359-1369

Chen G, Goeddel DV (2002) TNF-R1 signaling: a beautiful
pathway. Science 296:1634—1635

Phillips AC, Ernst MK, Bates S, Rice NR, Vousden KH (1999)
E2F-1 potentiates cell death by blocking antiapoptotic signaling
pathways. Mol Cell 4:771-781

McGarry TJ, Kirschner MW (1998) Geminin, an inhibitor of
DNA replication, is degraded during mitosis. Cell 93:1043-1053
Kroll KL, Salic AN, Evans LM, Kirschner MW (1998) Geminin,
a neutralizing molecule that demarcates the future neural plate at
the onset of gastrulation. Development 125:3247-3258
Benjamin JM, Torke SJ, Demeler B, McGarry TJ (2004)
Geminin has dimerization, Cdtl-binding and destruction
domains that are required for biological activity. J Biol Chem
279:45957-45968

Lee C, Hong B, Choi JM, Kim Y, Watanabe S, Ishimi Y,
Enomoto T, Tada S, Kim Y, Cho Y (2004) Structural basis for
inhibition of the replication licensing factor Cdtl by geminin.
Nature 430:913-917

Wohlschlegel JA, Dwyer BT, Dhar SK, Cvetic C, Walter JC,
Dutta A (2000) Inhibition of eukaryotic DNA replication by
geminin binding to Cdtl. Science 290:2309-2312

Tada S, Li A, Maiorano D, Mechali M, Blow JJ (2001)
Repression of origin assembly in metaphase depends on inhi-
bition of RLF-B/Cdtl by geminin. Nat Cell Biol 3:107-113
Wohlschlegel JA, Kutok JL, Weng AP, Dutta A (2002)
Expression of geminin as a marker of cell proliferation in nor-
mal tissues and malignancies. Am J Pathol 161:267-273

Del Bene F, Tessmar-Raible K, Wittbrodt J (2004) Direct
interaction of geminin and Six3 in eye development. Nature
427:745-749

Quinn LM, Herr A, McGarry TJ, Richardson H (2001) The
Drosophila geminin homolog: roles for geminin in limiting
DNA replication, in anaphase and in neurogenesis. Genes Dev
15:2741-2754

Mihaylov IS, Kondo T, Jones L, Ryzhikov S, Tanaka J, Zheng J,
Higa LA, Minamino N, Cooley L, Zhang H (2002) Control of
DNA replication and chromosome ploidy by geminin and cyclin
A. Mol Cell Biol 22:1868-1880

McGarry TJ (2002) Geminin deficiency causes a Chkl-depen-
dent G2 arrest in Xenopus. Mol Biol Cell 13:3662-3671

Luo L, Yang X, Takihara Y, Knoetgen H, Kessel M (2004)
The cell-cycle regulator geminin inhibits Hox function through
direct and Polycomb-mediated interactions. Nature 427:749—
753

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Melixetian M, Ballabeni A, Masiero L, Gasparini P, Zamponi R,
Bartek J, Lukas J, Helin K (2004) Loss of Geminin induces
rereplication in the presence of functional p53. J Cell Biol
165:473-482

Zhu W, Dutta A (2006) An ATR- and BRCA1-mediated Fan-
coni anemia pathway is required for activating the G2/M
checkpoint and DNA damage repair upon rereplication. Mol
Cell Biol 26:4601-4611

Salabat MR, Melstrom LG, Strouch MJ, Ding XZ, Milam BM,
Ujiki MB, Chen C, Pelling JC, Rao S, Grippo PJ, McGarry TJ,
Bentrem DJ (2008) Geminin is overexpressed in human pan-
creatic cancer and downregulated by the bioflavanoid apigenin
in pancreatic cancer cell lines. Mol Carcinog 47:835-844
Machida YJ, Dutta A (2007) The APC/C inhibitor, Emil, is
essential for prevention of rereplication. Genes Dev 21:184-194
Teer JK, Dutta A (2008) Human Cdt1 lacking the evolutionarily
conserved region that interacts with MCM2-7 is capable of
inducing re-replication. J Biol Chem 283:6817-6825

Zhu W, Depamphilis ML (2009) Selective killing of cancer cells
by suppression of geminin activity. Cancer Res 69:4870-4877
Shreeram S, Sparks A, Lane DP, Blow JJ (2002) Cell type-
specific responses of human cells to inhibition of replication
licensing. Oncogene 21:6624-6632

Yim H, Erikson RL (2009) Polo-like kinase 1 depletion induces
DNA damage in early S prior to caspase activation. Mol Cell
Biol 29:2609-2621

Golsteyn RM, Mundt KE, Fry AM, Nigg EA (1995) Cell-cycle
regulation of activity and subcellular localization of Plkl, a
human protein kinase implicated in mitotic spindle function.
J Cell Biol 129:1617-1628

Hansen DV, Loktev AV, Ban KH, Jackson PK (2004) Plkl
regulates activation of the anaphase promoting complex by
phosphorylating and triggering  SCFbetaTrCP-dependent
destruction of the APC inhibitor Emil. Mol Biol Cell 15:5623—
5624

Moshe Y, Boulaire J, Pagano M, Hershko A (2004) Role of
Polo-like kinase in the degradation of early mitotic inhibitor 1, a
regulator of the anaphase promoting complex/cyclosome. Proc
Natl Acad Sci USA 101:7937-7942

Reimann JD, Freed E, Hsu JY, Kramer ER, Peters JM, Jackson
PK (2001) Emil is a mitotic regulator that interacts with Cdc20
and inhibits the anaphase promoting complex. Cell 105:645-655
Roukos V, Iliou MS, Nishitani H, Gentzel M, Wilm M, Ta-
raviras S, Lygerou Z (2007) Geminin cleavage during apoptosis
by caspase-3 alters its binding ability to the SWI/SNF subunit
brahma. J Biol Chem 282:9346-9357

Hara K, Nakayama KI, Nakayama K (2006) Geminin is essential
for the development of preimplantation mouse embryos. Genes
Cells 11:11281-11293

Stevens C, La Thangue NB (2004) The emerging role of E2F-1
in the DNA damage response and checkpoint control. DNA
Repair (Amst) 3:1071-1079

Vaziri C, Saxena S, Jeon Y, Lee C, Murata K, Machida Y,
Wagle N, Hwang DS, Dutta A (2003) A p53-dependent
checkpoint pathway prevents rereplication. Mol Cell
11:997-1008

El-Deiry WS, Tokino T, Velculescu VE, Levy DB, Parsons R,
Trent JM, Lin D, Mercer WE, Kinzler KW, Vogelstein B (1993)
WAFI1, a potential mediator of p53 tumor suppression. Cell
75:817-825

Harper JW, Adami GR, Wei N, Keyomarsi K, Elledge SJ (1993)
The p21 Cdk-interacting protein Cipl is a potent inhibitor of G1
cyclin-dependent kinases. Cell 75:805-816

Xiong Y, Hannon GJ, Zhang H, Casso D, Kobayashi R, Beach D
(1993) p21 is a universal inhibitor of cyclin kinases. Nature
366:701-704

@ Springer



1896

Y. Cho, P. Liang

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Polyak K, Waldman T, He TC, Kinzler K-W, Vogelstein B
(1996) Genetic determinants of p53-induced apoptosis and
growth arrest. Genes Dev 10:1945-1952

Brugarolas J, Chandrasekaran C, Gordon JI, Beach D, Jacks T,
Hannon GJ (1995) Radiation-induced cell-cycle arrest compro-
mised by p21 deficiency. Nature 377:552-557

Deng C, Zhang P, Harper JW, Elledge SJ, Leder P (1995) Mice
lacking p21CIP 1/WAF 1 undergo normal development, but are
defective in G1 checkpoint control. Cell 82:675-684

Waldman T, Kinzler KW, Vogelstein B (1995) p21 is necessary
for the P53-mediated G(1) arrest in human cancer cells. Cancer
Res 55:5187-5190

Yu J, Wang Z, Kinzler K-W, Vogelstein B, Zhang L (2003)
PUMA mediates the apoptotic response to p53 in colorectal
cancer cells. Proc Natl Acad Sci USA 100:1931-1936

Garner E, Martinon F, Tschopp J, Beard P, Raj K (2007) Cells
with defective p53-p21-pRb pathway are susceptible to apop-
tosis induced by p84N5 via caspase-6. Cancer Res 67:7631—
7637

Iyer NG, Chin SF, Ozdag H, Daigo Y, Hu DE, Cariati M,
Brindle K, Aparicio S, Caldas C (2004) p300 regulates p53-
dependent apoptosis after DNA damage in colorectal cancer
cells by modulation of PUMA/p21 levels. Proc Natl Acad Sci
USA 101:7386-7391

Pardee AB, Li CJ, Reddy GP (2004) Regulation in S phase by
E2F. Cell Cycle 3:1091-1094

Cho Y, Meade J, Walden J, Guo Z, Liang P (2001) Multi-color
fluorescent differential display. Biotechniques 30:562-572
Liang P, Meade J, Pardee AB (2007) A protocol for differential
display of mRNA expression using either fluorescent or radio-
active labeling. Nat Protoc 2:457—470

Liang P, Pardee AB (1992) Differential display of eukaryotic
messenger RNA by means of the polymerase chain reaction.
Science 257:967-971

Liang P, Pardee AB (2003) Analysing differential gene
expression in cancer. Nat Rev Cancer 3:869-876

Fridman JS, Lowe SW (2003) Control of apoptosis by p53.
Oncogene 22:9030-9040

Gu S, Liu Z, Pan S, Jiang Z, Lu H, Amit O, Bradbury EM, Hu
CA, Chen X (2004) Global investigation of p53-induced apop-
tosis through quantitative proteomic profiling using comparative
amino acid-coded tagging. Mol Cell Proteomics 3:998-1008
Stein S, Thomas EK, Herzog B, Westfall MD, Rocheleau JV,
Jackson R, Wang M, Liang P (2004) NDRGI is necessary for
p53-dependent apoptosis. J Biol Chem 279:48930-48940

@ Springer

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Chen X, Ko LJ, Jayaraman L, Prives C (1996) p53 levels,
functional domains, and DNA damage determine the extent of
the apoptotic response of tumor cells. Genes Dev 10:2438-2451
Cho YJ, Liang P (2008) Killin is a p53-regulated nuclear
inhibitor of DNA synthesis. Proc Natl Acad Sci USA
105:5396-5401

Stambolic V, MacPherson D, Sas D, Lin Y, Snow B, Jang Y,
Benchimol S, Mak TW (2001) Regulation of PTEN transcrip-
tion by p53. Mol Cell 8:317-325

Li J, Yen C, Liaw D, Podsypanina K, Bose S, Wang SI, Puc J,
Miliaresis C, Rodgers L, McCombie R, Bigner SH, Giovanella
BC, Ittmann M, Tycko B, Hibshoosh H, Wigler MH, Parsons R
(1997) PTEN, a putative protein tyrosine phosphatase gene
mutated in human brain, breast, and prostate cancer. Science
275:1943-1947

Steck PA, Pershouse MA, Jasser SA, Yung WK, Lin H, Ligon
AH, Langford LA, Baumgard ML, Hattier T, Davis T, Frye C,
Hu R, Swedlund B, Teng DH, Tavtigian SV (1997) Identifica-
tion of a candidate tumour suppressor gene, MMACI, at
chromosome 10q23.3 that is mutated in multiple advanced
cancers. Nat Genet 15:356-362

Yoshimoto M, Cutz JC, Nuin PA, Joshua AM, Bayani J, Evans
Al, Zielenska M, Squire JA (2006) Interphase FISH analysis of
PTEN in histologic sections shows genomic deletions in 68% of
primary prostate cancer and 23% of high-grade prostatic intra-
epithelial neoplasias. Cancer Genet Cytogenet 169:128-137
Kurose K, Gilley K, Matsumoto S, Watson PH, Zhou XP, Eng C
(2002) Frequent somatic mutations in PTEN and TP53 are
mutually exclusive in the stroma of breast carcinomas. Nat
Genet 32:355-357

Miller JH (1992) Mutagenesis with EMS in A short course in
bacterial genetics. Cold Spring harbor Laboratory Press, NY,
pp 135-142

Brummelkamp TR, Bernards R, Agami R (2002) A system for
stable expression of short interfering RNAs in mammalian cells.
Science 296:550-553

Jiang M, Wei Q, Wang J, Du Q, Yu J, Zhang L, Dong Z (2006)
Regulation of PUMA-alpha by p53 in cisplatin-induced renal
cell apoptosis. Oncogene 25:4056—4066

Li JJ, Kelly TJ (1984) Simian virus 40 DNA replication in vivo.
Proc Natl Acad Sci USA 81:6973-6977

Easwaran H, Leonhardt H, Cardoso M (2005) Cell-cycle
markers for live cell analyses. Cell Cycle 4:e53—e55

Taylor WR, Stark GR (2001) Regulation of the G2/M transition
by p53. Oncogene 20:1803-1815



	S-phase-coupled apoptosis in tumor suppression
	Abstract
	Introduction
	DNA replication
	Replication checkpoint signaling
	Apoptosis

	E2F transcription factors in cell cycle regulation and apoptosis
	Geminin as a sensor for accurate DNA replication
	Killin as a missing link in p53-mediated S-phase control and apoptosis
	Killin is sufficient and necessary for triggering cell growth arrest and subsequently apoptosis
	Killin is a general DNA synthesis inhibitor with high-affinity to DNA
	Killin inhibits DNA synthesis in Vitro and in Vivo
	Killin inhibits DNA replication in vivo
	Summary
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


