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The highly conserved Cdc6 protein is required for initiation of eukaryotic DNA replication and,
in yeast and Xenopus, for the coupling of DNA replication to mitosis. Herein, we show that human
Cdc6 is rapidly destroyed by a p53-independent, proteasome-, and ubiquitin-dependent pathway
during early stages of programmed cell death induced by the DNA-damaging drug adozelesin, or
by a separate caspase-dependent pathway in cells undergoing apoptosis through an extrinsic
pathway induced by tumor necrosis factor-a and cycloheximide. The proteasome-dependent
pathway induced by adozelesin is conserved in the budding yeast Saccharomyces cerevisiae. The
destruction of Cdc6 may be a primordial programmed death response that uncouples DNA
replication from the cell division cycle, which is reinforced in metazoans by the evolution of

caspases and p53.

INTRODUCTION

Initiation of DNA replication in eukaryotic cells is regulated
by a highly conserved “origin licensing” mechanism that
requires the sequential assembly of proteins into prereplica-
tive complexes (pre-RCs) at origins of replication, the sites
on chromosomes where DNA synthesis begins (reviewed in
Dutta and Bell, 1997; Diffley, 2001). Cdc6, a protein that has
been shown to be rate limiting for initiation of DNA repli-
cation in a number of eukaryotic organisms, is essential for
the establishment of pre-RCs. In addition to Cdc6, pre-RC
formation requires the six-subunit origin recognition com-
plex (ORC) and other proteins, including minichromosome
maintenance (MCM) proteins 2—-7. Pre-RCs are assembled in
late mitosis or early G1 and are maintained by Cdc6 and
other pre-RC proteins until initiation occurs in S phase me-
diated by cyclin-dependent kinase (CDK) activity. Activa-
tion of initiation of DNA replication and the establishment
of DNA replication forks at origins of replication coincide
with the conversion of pre-RCs to inactive post-RCs, and
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activated mitotic cyclin-dependent kinases block the forma-
tion of new pre-RCs until the end of mitosis, when this
activity declines and pre-RCs can once again be established.
This stringent regulatory mechanism coordinates initiation
of DNA replication with cell growth and mitosis and pro-
tects the integrity of the genome by ensuring that DNA is
replicated just once per cell cycle.

Initiation of DNA replication is also regulated by check-
points that inhibit this process in response to DNA damage
or stalled replication forks. In the budding yeast Saccharo-
myces cerevisiae, the inhibitory effects on initiation of DNA
replication of methylmethane sulfonate (Shirahige et al.,
1998) or hydroxyurea (Weinberger et al., 1999) are reduced
in a strain with a mutation in the licensing protein ORC2
(orc2-1), indicating that Orc2p is required for the intra-S-
phase checkpoint in this organism. Initiation proteins have
also been implicated in checkpoints that restrain progression
to, or exit from, mitosis. For example, some budding yeast
strains harboring temperature-sensitive mutations in initia-
tion proteins undergo mitosis with unreplicated DNA when
shifted to the nonpermissive temperature during G1 (Toyn
et al., 1995; Tavormina et al., 1997). S. cerevisine Cdc6 and its
homolog Cdc18 in fission yeast (Schizosaccharomyces pombe)
similarly inhibit mitosis in G1 cells (Bueno and Russell, 1992;
Kelly et al., 1993a,b; Piatti et al., 1995; Detweiler and Li, 1997;
Tavormina et al., 1997). In addition, the depletion of Cdc6
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(Hekmat-Nejad et al., 2000) or addition of the origin licens-
ing inhibitor geminin (Michael et al., 2000) to Xenopus egg
extracts causes nuclei formed in these extracts to undergo a
catastrophic mitosis.

Adozelesin is an experimental DNA-alkylating antitumor
agent that profoundly inhibits initiation of simian virus 40
(SV40) viral DNA replication in SV40-infected monkey cells,
and this effect occurs in trans, suggesting it corresponds to a
checkpoint (Cobuzzi et al., 1996). Adozelesin also inhibits
initiation of cellular DNA replication in S. cerevisiae, and this
effect is reduced in the same orc2-1 strain that harbors a
defective intra-S-phase checkpoint response to methylmeth-
ane sulfonate and hydroxyurea (HU) (Weinberger et al.,
1999). As expected for a strain with a defective intra-S-phase
checkpoint, the orc2-1 strain is hypersensitive to adozelesin.
In addition, a mutation in Orclp that causes a more severe
initiation defect compared with the orc2-1 mutation partially
suppresses sensitivity to adozelesin specifically in G1 cells,
and both wild-type and orc2-1 cells are completely resistant
to adozelesin’s lethal effects when they are in G2/M or are
driven out of the cell cycle into the GO state (Weinberger et
al., 1999), where pre-RCs are absent (Diffley et al., 1994;
Trabold and Burhans, unpublished observations). These
findings suggest the existence of proliferation-dependent
lethal effects of adozelesin in S. cerevisiae that are related to
drug-induced changes in the function of ORC and/or other
proteins in pre-RCs.

Adozelesin (Bhuyan et al., 1992a,b; our unpublished ob-
servations) and many other DNA-damaging drugs (Tannock
and Hill, 1998) induce similar cell cycle-specific and prolif-
eration-dependent lethal effects in mammalian cells as part
of a programmed cell death response to irreparable DNA
damage. The nature of the relationship between sensitivity
to DNA-damaging agents and proliferative state in mam-
mals remains unclear. However, similar to yeast, pre-RCs
may be absent from cells in GO (Williams ef al., 1998; Stoeber
et al., 2001), and entry into the proliferative state coincides
with the licensing of origins via the expression of Cdc6 and
other proteins through the E2F family of transcription fac-
tors, downstream of the synthesis of cyclin D1 and the
subsequent phosphorylation of members of the retinoblas-
toma protein family (Hateboer et al. 1998; Yan et al. 1998).
These facts and the high degree of conservation of origin
licensing mechanisms in yeast and mammals suggest that
the proliferation-dependent lethality of adozelesin in both
these organisms might be related to effects of DNA damage
that alter the function of origin licensing proteins.

In this study, we assessed the effects of adozelesin on
mammalian chromosomal DNA replication and on mamma-
lian and budding yeast proteins required for initiation and
cell proliferation. Adozelesin inhibited initiation of mamma-
lian chromosomal DNA replication, and this inhibition was
accompanied by the specific proteasome-dependent degra-
dation of the licensing protein Cdc6, as well as cyclin D1,
Cdc25A, and other proteins required for cell cycle check-
points and/or the establishment and maintenance of the
proliferative state. Although the destruction of Cdc25A oc-
curs as part of a DNA damage checkpoint that blocks DNA
synthesis (Mailand et al., 2000; Falck ef al., 2001), the destruc-
tion of Cdc6 did not seem to play a role in this checkpoint.
Instead, Cdc6 destruction occurred at an early stage of pro-
grammed cell death upstream of, or parallel to, the function
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of caspases. Cdc6 was also destroyed in cells undergoing
apoptosis induced by tumor necrosis factor (TNF)-a and
cycloheximide, although this destruction was mediated by
caspases instead of by the proteasome. Thus, two separate
pathways target Cdc6 for destruction in mammalian cells in
response to different agents that induce programmed cell
death. The comparable cytotoxic effects of adozelesin in S.
cerevisiae that we previously reported were also found to be
accompanied by the specific proteasome-dependent destruc-
tion of S. cerevisiae Cdc6, as well as of Cdc6é protein from
Arabidopsis thaliana, a model plant, when this protein is
expressed in S. cerevisiae. This suggests that the proteasome-
dependent destruction of Cdc6 induced by adozelesin is
conserved throughout eukaryotes. Programmed cell death
in proliferating mammalian cells is frequently associated
with the uncoupling of DNA replication from mitosis due to
the premature activation of mitotic cyclin-dependent kinases
(reviewed in Guo and Hay, 1999). We propose that the
destruction of Cdcé6 by adozelesin contributes to this uncou-
pling by abrogating checkpoints that require Cdcé and other
origin licensing proteins.

MATERIALS AND METHODS

Cell Culture, and Treatment with Adozelesin,
TNF-«, UV irradiation, and Inhibitors

All cell lines were maintained in DMEM containing 10% fetal calf
serum, except K562 erythroleukemia cells, which were maintained
in RPMI containing 10% fetal calf serum. Primary cultures of human
pulmonary fibroblasts were prepared from residual lung tissues
derived from surgical pneumectomy specimens and provided by
the Tissue Procurement Service at Roswell Park Cancer Institute.
Use of lung tissue was approved by the Institute Review Board, and
prior informed consent of the participating patients was obtained.
TNF-a (gift from Genetics Institute, Cambridge, MA) was used at
100 ng/ml final concentration, and adozelesin (gift from Pharmacia-
Upjohn, Kalamazoo, MI) was used at 4 nM final concentration.
Protein synthesis was inhibited by 10 pg/ml cycloheximide (Sigma-
Aldrich, St. Louis, MO), proteasome activity by 10 uM MG132
(Calbiochem, San Diego, CA), caspase activity by 10 uM caspase
inhibitor I (Calbiochem), protein kinase activity by 1 uM UCN-01
(National Cancer Institute, Bethesda, MD), lysosome activity by 100
uM chloroquine (Sigma-Aldrich), and calpain activity by 50 uM
acetyl-Leu-Leu-Met (Calbiochem). All compounds were dissolved
in dimethyl sulfoxide (Sigma-Aldrich) for stock solutions except for
adozelesin, which was dissolved in dimethyl acetamide (Sigma-
Aldrich). For UV radiation experiments, MDA cultures from which
medium was briefly removed were irradiated with a UV Stratal-
inker 1800 (Stratagene, La Jolla, CA), followed by replacement of the
medium and continued culture for indicated times before harvest-
ing of proteins for Western blotting as described below. Effects of
UCN-01 were analyzed by adding it to culture medium 1 h before
UV exposure or addition of adozelesin.

DNA Synthesis Measurements and Two-
Dimensional Analysis of Replicating DNA

DNA synthesis was determined by labeling nascent DNA with 2
pnCi/ml [*H]thymidine (Amersham Biosciences, Piscataway, NJ) for
20 min and measuring incorporation into perchloric acid or glacial
acetic acid/alcohol-precipitable DNA by scintillation counting. Ex-
ponentially proliferating populations of K562 cells were treated
with 40 nM adozelesin for indicated times and replication interme-
diates harvested on the nuclear matrix (Dijkwel et al., 1991) were
separated from nonreplicating DNA on neutral-neutral two-dimen-
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sional gels as described previously (Brewer and Fangman, 1987).
Gels were blotted onto Hybond N* membranes and probed with
radiolabeled sequences specific for a 5.6-kb EcoRI fragment of DNA
in the human rDNA locus. Signals were detected by PhosphorIm-
ager (Molecular Dynamics, Sunnyvale, CA).

Plasmids and Cell Transfection

The pCMV-Cdc6-wt plasmid and plasmids expressing the destruc-
tion box mutant (CDC6 d158-61) and KEN box mutant (CDC6 3A)
were a generous gift of Kristian Helin (European Institute of On-
cology, Milan, Italy) and are described in Petersen et al. (2000). Cells
were transfected with 4 ug of plasmid DNA in 6 ul of FuGENE 6
(Roche Applied Science, Indianapolis, IN) per 10-cm? cell culture
monolayer following the manufacturer’s recommendation.

Immunoprecipitation, Western Blotting, and Cell
Fractionation

For immunoprecipitations, cell monolayers were lysed in radioim-
munoprecipitation buffer (50-ul/cm? monolayers) containing 10
png/ml each of leupeptin and aprotinin (Sigma-Aldrich). Lysates
were incubated with antibodies to MYC (Upstate Biotechnology,
Lake Placid, NY) for 2 h at 4°C. Immunocomplexes were recovered
by incubation with protein G-conjugated Sepharose (Amersham
Biosciences), washed three times with radioimmunoprecipitation
buffer, and boiled in SDS sample buffer. For whole cell lysates
analysis, cell monolayers were dissolved directly in the culture by
adding boiling SDS sample buffer. To separately isolate chromatin-
bound and extractable Cdc6, MDA cells were scraped, resuspended
in 100 pl of cold lysis buffer (0.5% Triton X-100m CSK containing
proteases inhibitors), and immediately centrifuged. Pellets were
resuspended with 100 ul of cold lysis buffer and treated with DNase
I (1000 U/ml) for 30 min at room temperature. Supernatants and
pellets resuspended with 100 ul of cold lysis buffer were diluted 1:1
with SDS sample buffer and denatured by boiling as described
above. Immunoprecipitates or aliquots of lysates were separated on
7.5-12% SDS-polyacrylamide gels. Proteins were transferred to Pro-
tean membranes (Schleicher & Schuell, Keene, NH). The membranes
were probed with antibodies to Cdc6, Cdc25A, cyclin D1, and p53,
leukemia inhibitory factor receptor « (LIFR«) (Santa Cruz Biotech-
nology, Santa Cruz, CA), p21 (Calbiochem), hemagglutinin (HA)
(Sigma-Aldrich), and RPA32 and RPA70 (generously provided by
Dr. T. Melendy, SUNY, Buffalo, NY), Mcm2 and appropriate sec-
ondary antibodies (ICN Biomedicals, Aurora, OH) in phosphate-
buffered saline containing 0.1% Tween 20, 5% milk, or 3% albumin.
Results were visualized by enhanced chemiluminescence reaction
according to the manufacturer (Amersham Biosciences). Gel loading
was controlled by parallel probing with antibodies against Mcm?2 or
by Ponceau staining of protein on blots.

Detection of Apoptosis

YO-PRO and propidium iodide reagents were used as directed by
the manufacturer (Molecular Probes, Eugene, OR). For DNA lad-
dering experiments, ~2.5 X 10° cells were scraped and resuspended
in 0.5 ml of 10 mM Tris, 1 mM EDTA, 0.6% SDS, pH 7.4. The
resulting lysates were treated with RNaseA and proteinase K, and
genomic DNA was isolated by phenol/chloroform extraction. DNA
was analyzed on 1.6% agarose gels containing ethidium bromide.

S. cerevisiae Experiments

Wild-type cells expressing scCdc6 (YLD 15 containing GAL1,10-
CDCo, a gift from J. Diffley, Cancer Research UK, United Kingdom)
were grown at 30°C in YP medium containing raffinose, and to
induce Cdc6, cells were transferred to medium containing galactose.
Adozelesin was used at a final concentration of 4 uM, and MG132
at a final concentration of 250 uM. Total S. cerevisiae protein extracts
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were prepared by resuspending 1 X 10° cells in 50 ul of buffer
containing 2% SDS, 80 mM Tris pH 6.8, 10% glycerol, 1.5% dithio-
threitol, and 0.1 mg/ml bromphenol blue. Cdc6 and Mcm2 were
detected with antibodies generously provided by ]. Diffley. The
AtCDC6a cDNA (accession no. AJ271606) was cloned in-frame into
the BamHI site of pMHTgal vector to produce a C-terminal Myc-
tagged (9E10 epitope) AtCDC6 protein. This construction was di-
gested with Stul and used to transform S. cerevisite W303-1a. Ex-
tracts of cells expressing AtCDC6 were made as described in Drury
et al. (2000) and AtCDC6 detected by immunoblotting with an
anti-Myc antibody. As a loading control, immunoblots were probed
in parallel with antibodies against Orc2p (gift from J. Diffley).

RESULTS

Adozelesin Inhibits Initiation of Cellular DNA
Replication in Mammals

We first asked whether adozelesin inhibits initiation of
cellular DNA replication in mammalian cells, similar to its
effects on replication of SV40 DNA and S. cerevisiae chro-
mosomes (Cobuzzi et al., 1996; Weinberger et al., 1999).
Pulse-labeling with tritiated thymidine showed that ado-
zelesin inhibited DNA synthesis in cultured human cells
in a time- and dose-dependent manner (Figure 1, A and
B). Inhibition of DNA synthesis by adozelesin in K562
cells was accompanied by a rapid decline in numbers of
replication intermediates (RIs) in the repeated rDNA lo-
cus of these cells detected by neutral-neutral two-dimen-
sional gel electrophoresis (Figure 1C). The more rapid
decline in numbers of RIs induced by adozelesin in K562
cells compared with inhibitory effects on DNA synthesis
(Figure 1A) suggests the absence of significant inhibitory
effects on elongation of nascent chains at early times of
drug exposure, similar to the effects of adozelesin on SV40
DNA replication (Cobuzzi ef al., 1996). The number of Rls
did not diminish in cells that were also treated with the
DNA polymerase inhibitor aphidicolin to block the mat-
uration of replication forks (Figure 1C, 120" +aph). There-
fore, the decline in rDNA RIs was caused by the matura-
tion of replication forks in the absence of new initiation
events, and not by their collapse or destruction by nucle-
ases.

Levels of Cdc6 and Other Proteins Related to Cell
Proliferation Are Reduced by Adozelesin Treatment

To determine whether adozelesin alters the biochemical
properties or relative amounts of proteins required for ini-
tiation of DNA replication and cell proliferation, we ana-
lyzed proteins extracted from drug-treated K562 cells by
immunoblotting. Levels of Cdc6, but not the 32-kDa subunit
of the single-strand DNA binding replication protein RPA
(RPA32), declined in response to adozelesin treatment (Fig-
ure 2A). The loss of Cdc6 paralleled the appearance of
slower mobility forms of RPA32 that were identical to those
previously shown to be produced by hyperphosphorylation
of this protein in cells exposed to adozelesin or UV radiation
(Carty et al., 1994; Liu et al., 2000).

The reduction in the level of Cdc6 induced by adozelesin
was not limited to K562 cells. A comparable or even more
rapid decline in the amount of Cdc6 was induced by adoz-
elesin in MDA and MCF-7 human breast cancer cells (Figure
2B). In many experiments, the loss of the 62-kDa Cdc6
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Figure 1. Adozelesin inhibits initiation of mamma-
lian chromosomal DNA replication. (A) K562 and
MDA cells were treated with 40 nM adozelesin for
indicated times and DNA synthesis was assessed by
measuring tritiated thymidine incorporation into ac-
id-precipitable DNA. (B) K562 cells were treated
with indicated concentrations of adozelesin for 2 h
and DNA synthesis was assessed as in A. (C) Rep-
licating and nonreplicating DNA isolated from K562
cells treated with adozelesin or adozelesin + aphidi-
colin (aph) for the indicated times were separated
from one another by neutral-neutral two-dimen-
sional gel electrophoresis, and blots of gels were
probed with a fragment of DNA from the tandemly
repeated human rDNA locus. Schematic shows mi-
gration of single branched replication intermediates
and nonreplicating DNA molecules (IN DNA).

protein was accompanied by the appearance of a faster
migrating form at ~48 kDa that seemed to be a proteolytic
degradation product (Figure 2B, degr). Levels of Mcm2, a
protein that interacts with Cdcé6 in pre-RCs, remained stable.
However, other cell cycle regulatory proteins also declined
in abundance in MDA and MCF-7 cells exposed to adozele-
sin, although with significantly different kinetics compared
with Cdc6. These included the phosphatase Cdc25A, which
regulates initiation of DNA replication upstream of the cy-
clin-dependent kinase Cdk2 (Vigo et al., 1999), and cyclin D1,
which activates CDK 4 and 6 phosphorylation of retinoblas-
toma protein (reviewed in Lipinski and Jacks, 1999) and
subsequent E2F-regulated expression of Cdc6 and other li-
censing proteins as cells reenter the cell cycle. Both Cdc25A
and cyclin D1 were recently shown to be degraded by the
proteasome in response to DNA damage as part of p53-
independent late G1- or S-phase checkpoints (Agami and
Bernards, 2000; Mailand ef al., 2000; Falck ef al., 2001). Al-
though MCEF-7 cells produce wild-type p53 and this protein
increased in levels upon adozelesin treatment, MDA cells
produce a mutant p53 protein (Thor et al., 1992) at constitu-
tively elevated levels that were not altered upon exposure to
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adozelesin (Figure 2B). Thus, similar to the DNA damage-
induced destruction of Cdc25A and cyclin D1, the adozele-
sin-induced decline in Cdcé6 levels did not seem to require
p53. In parallel with the increase in p53 induced by adoz-
elesin in MCF-7 cells, low levels of the cyclin-dependent
kinase inhibitor p21 observed in these cells were reduced
even further by adozelesin treatment (Figure 2B). A similar
reduction in levels of p21 has been reported to occur during
apoptosis (Levkau et al., 1998).

The loss of proteins induced by adozelesin was not con-
fined to the nuclear compartment. For instance, adozelesin
treatment of MDA cells also induced loss of the processed
190-kDa form of LIFRa, which resides in the plasma mem-
brane (Figure 2B). In certain cell types such as embryonic
stem cells (Stewart, 1994) and breast cancer cells (Kello-
kumpu-Lehtinen et al., 1996), LIFRa plays a role in stimu-
lating proliferation upstream of Cdc25A, cyclin D1, and
Cdcé. Levels of two other DNA replication proteins ana-
lyzed in parallel, the 32- and 70-kDa subunits of RPA
(RPA32 and RPA70), remained stable in MDA and/or
MCEF-7 cells (Figure 2B).
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Cdc6 can be found in two fractions in mammalian cells,
one that is readily extracted from chromatin, and a second
that remains tightly bound to chromatin and resists diges-
tion of DNA with DNase I (Fujita et al., 1999). To determine
whether adozelesin induces a decline in levels of one or both
of these populations of Cdc6, chromatin-bound proteins in
lysates of adozelesin-treated MDA cells were separated from
nonchromatin-bound proteins and separately analyzed on
immunoblots (Figure 2C). The loss of Cdc6 that was appar-
ent in whole cell lysates occurred in both the extractable
population of Cdc6 and the fraction bound to chromatin,
including that which resisted DNase I digestion. The chro-
matin fraction presumably includes Cdc6 found in licensing
complexes at origins of replication.

Cdcb levels were also diminished by adozelesin treat-
ment in primary lung fibroblasts and in the normal dip-
loid fibroblast cell line WI-38 (Figure 2D). Basal levels of
Cdc6 were much lower in these cells compared with K562,
MDA, and MCEF-7 cancer cells. Therefore, to facilitate
detection of Cdc6, these cells were first treated with the
DNA polymerase inhibitor aphidicolin to accumulate
large numbers of cells at the G1/S boundary, where Cdc6
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expression is expected to be high (Mendez and Stillman,
2000; Petersen et al., 2000). Because adozelesin caused a
reduction in the level of Cdc6 in these cells while they
remained blocked in S phase (Figure 2D), the loss of Cdc6
was not related to an adozelesin-induced block of cell
cycle progression in early G1, which is the only portion of
the cell cycle where Cdc6 levels are normally very low
(Mendez and Stillman, 2000; Petersen et al., 2000). Simi-
larly, adozelesin caused a decrease in levels of Cdc6 in
MDA cells that were blocked in S phase before and during
adozelesin treatment (Figure 2E). Redistribution by ado-
zelesin of large numbers of cells to early G1 in log phase
cultures was ruled out by fluorescence-activated cell sort-
ing (FACS) analysis of MDA (our unpublished data) and
MCE-7 cells (Figure 5C), which showed that after 6 h of
adozelesin treatment, only 10-12% of these cells had pro-
ceeded through mitosis. Cdc6 levels also declined in the
Li-Fraumeni fibroblast cell lines ¢11 and MDAO041 blocked
in S phase (Figure 2D). Because MDAO041 cells are func-
tionally p53-null (Yin et al., 1992), the decline in levels of
Cdc6 induced by adozelesin cannot depend on p53.
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Figure 3. Adozelesin induces
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antibody.

Adozelesin Induces Proteasome- and Ubiquitin-
dependent Destruction of Cdc6

Three recent studies report that DNA damage induces the
proteasome-dependent destruction of Cdc25A (Mailand et
al., 2000; Falck et al., 2001) and cyclin D1 (Agami and Ber-
nards, 2000) as part of late G1- or S-phase checkpoints that
transiently block DNA replication. To determine whether
the decline in Cdc6 levels induced by adozelesin in parallel
with the decline in levels of these other proteins was also
caused by a proteasome-dependent mechanism, we com-
pared the kinetics of this decline in the presence or absence
of the proteasome inhibitor MG132. The decline in Cdc6
levels observed in adozelesin-treated MDA cells (Figure 3A,
Ado) did not occur in cells exposed to both adozelesin and
MG132 (Figure 3A, Ado+MG), suggesting that adozelesin
engages the proteasome. Moreover, treatment of cells with
MG132 alone (Figure 3A, MG) caused a twofold increase in
levels of Cdc6, supporting recent reports that the normal
turnover of Cdcé6 also requires the proteasome (Mendez and
Stillman, 2000; Petersen ef al., 2000). When the rate of Cdc6
degradation in cells treated with the protein synthesis inhib-
itor cycloheximide was determined, the results indicated
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that in the absence of drug treatment, Cdc6 has a half-life of
2-3 h (Figure 3A, CHX). This half-life was reduced to 1-2 h
by adozelesin treatment (Figure 3A, CHX+Ado). In the
presence of MG132, the normal (Figure 3A, CHX+MG) as
well as adozelesin-mediated (Figure 3A, CHX+Ado+MG)
degradation of Cdc6 was significantly reduced. The small,
but detectable decline in levels of Cdcé6 in cells treated with
cycloheximide, MG132, and adozelesin (Figure 3A,
CHX+Ado+MG) may reflect the contribution of protea-
some-independent effects of adozelesin on levels of Cdc6
(see below). These proteasome-independent effects were not
mediated by lysosomal proteases or calpain, because treat-
ment of cells with chloroquine, a lysotropic agent, or N-
acetyl-leucyl-leucyl-methional, an inhibitor of calpain, did
not change the rate of Cdc6 degradation in adozelesin-
treated cells (our unpublished data). Similar results were
obtained in a parallel analysis of the effects of adozelesin,
cycloheximide, and MG132 on levels of Cdc25A (Figure 3A,
Cdc25A). In contrast, levels of Mcm?2 remained stable
throughout these treatments (Figure 3A, Mcm?2).

The normal turnover of mammalian Cdc6 involves ubig-
uitination and requires specific destruction box and KEN-
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box motifs (Petersen et al., 2000). Therefore, we next asked
whether these motifs and/or ubiquitination play a role in
the proteasome-dependent degradation of Cdc6 induced by
adozelesin. Cells were transfected with plasmids expressing
wild-type or mutant myc-tagged Cdc6 and levels of myc-
tagged proteins in cell lysates were determined by immu-
noblotting with antibodies against the myc epitope. Levels
of wild-type myc-Cdc6 were reduced by adozelesin treat-
ment or when protein synthesis was inhibited with cyclo-
heximide [Figure 3B, Myc-Cdc6 (wt)]. The less dramatic
reduction in levels of myc-Cdc6 compared with endogenous
Cdcé6 (Figures 2 and 3A) induced by adozelesin may reflect
saturation of the proteasome by the high levels of ectopic
myc-Cdcé in these cells. The level of myc-Cdc6 containing a
mutation in a destruction box motif that previously had
been shown to partially block Cdc6 turnover in early G1
(Petersen et al., 2000) was reduced by adozelesin to a similar
extent compared with wild-type Cdc6 [Figure 3B, Myc-
Cdc6(A)], suggesting that this destruction box was not re-
quired for adozelesin-induced degradation. Moreover, in
our experiments, the decrease in the level of myc-Cdc6(A)
that occurred in cycloheximide-treated cells was similar to
that of wild-type Cdc6, suggesting that the mutation also did
not interfere with normal degradation. The biochemical na-
ture of the difference between our results and a previous
study (Petersen et al., 2000) is not clear, but may be attrib-
utable to the use of different cell types. In contrast, the level
of myc-Cdc6 protein containing a mutation in the KEN box
motif did not decline significantly in cells treated with either
cycloheximide or adozelesin [Figure 3B, Myc-Cdc6(KEN)].
Therefore, the KEN box motif plays a role in the normal
turnover of Cdc6 as reported previously (Petersen ef al.,
2000), and also plays a role in the destruction induced by
adozelesin.

To determine whether the proteasome-dependent de-
struction of Cdc6 was related to increased ubiquitination
that might be altered by the KEN-box mutation, we next
examined the levels of ubiquitin-conjugated wild-type and
mutant Cdc6 proteins as a function of adozelesin treatment.
Cells were transfected with the expression vectors for myc-
tagged wild-type or mutant Cdc6 molecules described
above and with a vector expressing HA-tagged ubiquitin.
Transfected cells were treated with adozelesin for 6 h, and
myc-tagged Cdc6 proteins were recovered by immunopre-
cipitation with antibodies against Myc. The immunoprecipi-
tates were then analyzed for HA-ubiquitinated proteins by
immunoblotting (Figure 3C).

In the absence of adozelesin treatment, immunoprecipi-
tates of cells transfected with plasmids expressing either
wild-type Cdc6 [Figure 3C, Myc-Cdc6(wt)] or Cdc6 that
harbored a destruction box mutation [Figure 3C, Myc-Cdcé6-
(A)] showed modest levels of a HA-ubiquitin—containing
protein that migrated slower than intact Myc-Cdc6. Adoz-
elesin treatment dramatically increased the amount of this
protein in both cases. Slower migrating HA-ubiquitin—con-
taining protein was also observed in immunoprecipitates of
adozelesin-treated cells transfected with the plasmid ex-
pressing myc-Cdc6 containing the KEN-box mutation [Fig-
ure 3C, Myc-Cdc6(KEN)]. However, in several repetitions of
this experiment, the amount of this protein was reproduc-
ibly reduced compared with immunoprecipitates of cells
expressing wild-type myc-tagged Cdc6. Reprobing of immu-
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noblots with an antibody against myc to detect the unmod-
ified myc-tagged Cdc6 (Figure 3C, bottom) indicated that
the changes in amount of HA-ubiquitin-containing protein
were not related to differences in the efficiency with which
cells were transfected or myc-tagged Cdc6 was immunopre-
cipitated. Because slower migrating HA-ubiquitin—contain-
ing proteins were only observed in immunoprecipitates
from cells expressing myc-tagged Cdc6 molecules, and not
from empty vector-transfected cells (Figure 3C, vector),
these proteins correspond to polyubiquitinated Cdc6- or
Cdcé-interacting proteins that were specifically precipitated
by the anti-myc antibody. These results strongly suggest
that adozelesin stimulates the ubiquitination of Cdc6, and
this stimulation is partially prevented by the KEN-box mu-
tation. Because this mutation also partially stabilizes Cdc6 in
adozelesin-treated cells (Figure 3C), the degradation of Cdc6
induced by adozelesin seems to be largely ubiquitin depen-
dent.

Destruction of Cdc6 Occurs in Association with
Programmed Cell Death

The inhibitory effect of adozelesin on initiation of DNA
replication and the similarity of the proteasome-dependent
and p53-independent degradation of Cdc6, Cdc25A, and
cyclin D1 induced by adozelesin and other DNA-damaging
agents suggests the possibility that the proteolytic destruc-
tion of all three proteins is part of a DNA damage check-
point response that inhibits initiation and occurs indepen-
dently of the type of DNA damage lesion. To test this
hypothesis, we analyzed the effects of UV radiation on levels
of Cde6 and Cdc25A in MDA cells (Figure 4A). Exposure to
25 J/m? UV radiation did not appreciably affect Cdc6 levels,
but caused a rapid loss of Cdc25A that was comparable with
the loss recently reported in UV-irradiated U20S cells
(Mailand et al., 2000). However, when MDA cells were sub-
jected to 50 J/m? UV radiation, both Cdc25A and Cdc6
levels rapidly declined. This decline occurred in parallel
with the apparent hyperphosphorylation of the 32-kDa sub-
unit of RPA, similar to that induced by adozelesin in these
cells (Figure 2B). Under the same conditions, the amount of
Mcm?2 protein in MDA cells was not altered (Figure 4A).
The failure of the lower dose of 25 J/m? UV radiation to
induce the destruction of Cdc6 at the same time that it
induced the destruction of Cdc25A suggests these two pro-
teins are either targeted by different DNA damage response
pathways or are fundamentally different in their sensitivity
to a common pathway. To test these possibilities further, we
asked whether the destruction of Cdc6 induced by UV ra-
diation could be blocked by treating cells with the kinase
inhibitor UCN-01, which previously had been shown to
abrogate the destruction of Cdc25A and the resulting DNA
damage checkpoint induced by UV radiation in U20S cells
(Mailand et al., 2000). Although UCN-01 partially prevented
the UV-induced destruction of Cdc25A in MDA cells, the
level of Cdc6 in cells irradiated with 50 J/m? UV was re-
duced even further in cells also treated with UCN-01 (Figure
4A). Therefore, the destruction of Cdc6 induced by UV
radiation is accomplished at least in part by a pathway that
is different from the one that targets Cdc25A. To determine
whether adozelesin treatment also engages these different
pathways, we asked whether UCN-01 had a similar effect on
levels of these proteins in adozelesin-treated cells. Indeed,
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Figure 4. Cdcé6 destruction is induced by UV radiation and TNF-« and coincides with a caspase-dependent apoptotic response. (A) MDA
cells were irradiated (25 or 50 J/m? UV radiation) and returned to normal culture conditions in the presence or absence of 1 uM of the kinase
inhibitor UCN-01 for 0-6 h. Proteins extracted at indicated times after irradiation were analyzed by immunoblotting. (B) MDA cells were
treated with 1 uM UCNO1, 40 nM adozelesin (Ado), or both (Ado+UCNO01) for indicated times and extracted proteins analyzed by
immunoblotting. (C) DNA was isolated from MDA cells treated with various combinations of Ado, 100 ng/ml TNF-« (TNF), and 10 ug/ml
cycloheximide (TNF-CHX) with or without 10 uM MG132 (MG) or 10 uM caspase inhibitor I (CI) for indicated times and then size-
fractionated on ethidium bromide-containing agarose gels. The standard (std) is a 100-base pair ladder. (D) Cells were treated with the
indicated compounds for 0-6 h and protein extracts analyzed by immunoblotting.

similar to its effects in UV-irradiated cells, UCN-01 partially
stabilized the level of Cdc25A, but enhanced the reduction
in the level of Cdc6 (Figure 4B).

These results are not consistent with the hypothesis that
the destruction of Cdc6 occurs as part of a checkpoint that
inhibits initiation of DNA replication and requires the de-
struction of Cdc25A. The destruction of Cdc6 induced by
high, but not low doses of UV radiation suggests it might
occur instead as part of a programmed death response to
irreparable DNA damage. This was also suggested by the
coincidental hyperphosphorylation of RPA and loss of p21
(Figure 2B), both of which have been shown to occur during
apoptosis (Levkau et al., 1998; Treuner et al., 1999; Chai et al.,
2000). Therefore, we asked whether Cdc6 destruction by
adozelesin occurs in association with an apoptotic response
that results in DNA laddering and includes a caspase inhib-
itor-sensitive component. Within 4-6 h of adozelesin treat-
ment, DNA laddering was apparent in MDA cells (Figure
4C, Ado). Moreover, adozelesin-induced DNA laddering
was significantly reduced by treating MDA cells with the
proteasome inhibitor MG132 or caspase inhibitor I. There-
fore, adozelesin induces a proteasome- and caspase-depen-
dent apoptotic response in MDA cells that occurs coinci-
dently with the destruction of Cdc6. However, parallel
analysis of Cdc6 levels in these cells when they were also
treated with caspase inhibitor I indicated that, unlike inhi-
bition of the proteasome (Figure 3), inhibition of caspases
did not prevent a significant loss of Cdc6 (Figure 4D,
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Ado+(lI). It did, however, reduce the apparent Cdc6 cleav-
age product of ~48 kDa produced by adozelesin treatment
(Figure 4D, Cdc6 fragment). Therefore, although Cdcé6 is
primarily degraded by the proteasome in response to ado-
zelesin treatment, adozelesin induces a minor, but detect-
able cleavage of Cdc6 by caspases as well.

To determine whether other triggers of apoptosis would
induce a similar proteasome- and/or caspase-dependent de-
struction of Cdc6, MDA cells were treated with a combina-
tion of TNF-a and cycloheximide. This treatment induced a
strong apoptotic response that resulted in extensive DNA
laddering within 4-6 h (Figure 4C, TNF+CHX), which
could be suppressed by either proteasome or caspase inhib-
itors (Figure 4C). Immunoblot analysis of Cdc6 indicated
that the combined treatment with TNF-a and cycloheximide
reduced the amount of Cdc6 below levels induced by TNF-«
(Figure 4D, TNF) or cycloheximide (Figure 4D, CHX) alone.
The prominent appearance of the caspase inhibitor-sensitive
48-kDa Cdc6 breakdown product suggested a more exten-
sive involvement of caspase-dependent pathways in this
decline. In fact, comparison of Cdc6 levels in cells treated
with TNF-a/cycloheximide and caspase inhibitor (Figure
4D, TNF+CHX+CI) with levels in cells treated with cyclo-
heximide alone (Figure 4D, CHX) indicated that caspase
cleavage could completely account for the degradation of
Cdc6 induced by TNF-a/cycloheximide, in contrast to the
predominantly proteasome-dependent destruction of Cdc6
induced by adozelesin.
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Proteasome Destruction of Cdc6 Occurs in Early
Apoptosis Independently of Caspase 3 Activity

The role of the proteasome in apoptosis may occur at an
early precaspase stage, upstream of the mitochondrial
events associated with a commitment to cell death (Dalla-
porta et al., 2000). To determine whether the proteasome-
dependent destruction of Cdc6 occurs in early apoptosis, we
used an assay that distinguishes earlier stage apoptotic cells
from nonapoptotic and late-stage apoptotic or necrotic cells
on the basis of permeability changes that result in the dif-
ferential uptake of fluorescent dyes. Early apoptotic cells are
detected by their permeability to the green fluorescent dye
YO-PRO, but not propidium iodide, whereas late-stage ap-
optotic or necrotic cells stain positively with both YO-PRO
and propidium iodide. Although untreated MDA cells were
impermeable to either dye (Figure 4E, MDA, no drug),
~50% of MDA cells treated with adozelesin for 6 h stained
positively with YO-PRO, but not propidium iodide (Figure
5A, MDA, 6h). These cells were morphologically similar in
appearance to the untreated controls (Figure 5A, phase).
When adozelesin was withdrawn from the medium after 6 h
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iodide. (C) FACS analysis of
MCEF-7 cells after adozelesin
treatment. (D) Western blot anal-
ysis of Cdc6 and Mcm?2 in MCE-7
cells after adozelesin treatment.

and cells were cultured for an additional 18 h in the absence
of drug, 100% of the cells stained positively with both dyes
(Figure 5A, MDA, 24h) and large numbers had rounded up
and/or detached from the substratum (Figure 5A, phase),
indicating they were now in a late stage of apoptosis or
completely inviable. Thus, in MDA cells, the proteasome-
dependent destruction of Cdc6 during the first 6 h of drug
treatment (Figures 2-4) occurs during an early stage of
apoptosis.

We repeated this analysis in MCF-7 cells, which are rela-
tively insensitive to genotoxic and nongenotoxic inducers of
apoptosis due to mutational inactivation of the caspase-3
gene (Kurokawa ef al., 1999). Caspase-3 seems to play an
apical role among the effector caspases during caspase-de-
pendent apoptosis (Hengartner, 2000), and a number of the
downstream elements of caspase-dependent apoptotic re-
sponses, such as DNA laddering, do not occur in MCF-7
cells (Kurokawa et al., 1999). Despite the fact that Cdc6 was
undetectable in MCE-7 cells 6 h after adozelesin treatment
began (Figures 2B and 5D), these cells remained imperme-
able to both YO-PRO and propidium iodide and maintained
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anormal morphology for at least 6 days after adozelesin was
withdrawn (Figure 5B). After a period of time that varied
between 7 and 11 days after drug treatment in different
experiments, MCF-7 cells detached from the substratum in
large numbers and stained positively with both YO-PRO
and propidium iodide (Figure 5B). FACS analysis indicated
that, after an initial decline in the number of cells with a
G2/M content of DNA during the 6 h of adozelesin treat-
ment, cells remained arrested in G1 and/or S phase for up to
6 d. After 6 days, a population of cells with a sub-G1 content
of DNA accumulated and the number of cells with a G1
content of DNA declined (Figure 5C). As expected for cells
lacking caspase-3, adozelesin treatment did not cause DNA
laddering in MCE-7 cells (our unpublished data). Parallel
Western blot analysis of Cdc6 protein indicated that after the
decline in Cdc6 during the initial 6-h drug treatment (Fig-
ures 2B and 5D), Cdc6 remained absent from adozelesin-
treated MCF-7 cells for up to 11 days (Figure 5D, Cdc6).
Levels of Mem2 remained stable for 7-11 days after adoz-
elesin treatment and then declined in parallel with the up-
take of YO-PRO and PI and the degradation of DNA de-
tected by FACS (Figure 5D, Mcm?2). These results and the
failure of a general caspase inhibitor to block the protea-
some-dependent destruction of Cdc6 in MDA cells (Figure
4D) establish that the specific, proteasome-dependent de-
struction of Cdc6 induced by adozelesin occurs upstream of,
or parallel to, the action of caspase-3 and other caspases
during apoptosis. Furthermore, in MCF-7 cells, Cdc6 de-
struction precedes by several days an adozelesin-induced
necrotic-like cell death accompanied by a more general de-
struction of proteins.

Proteasome-dependent Destruction of Cdc6 Induced
by DNA-damaging Agents Is Conserved in Yeast

The cytotoxicity of adozelesin in S. cerevisiae cells is related
at least in part to drug-induced alterations in the function of
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proteins that interact with Cdc6 in pre-RCs, because muta-
tions in these proteins can result in resistance to adozelesin
(Weinberger et al., 1999). To determine whether adozelesin
cytotoxicity might be related to a proteasome-dependent
destruction of scCdc6 in budding yeast cells, we asked
whether adozelesin also induces the degradation of Cdc6 in
this organism. To increase the level of detection of scCdc6,
which is normally very low, these experiments used cells
that were genetically altered to express scCdc6 at high levels
from a galactose-inducible promoter (Drury et al., 2000).
Although scCdc6 was not detectable by immunoblotting of
proteins extracted from these cells before galactose induc-
tion (Figure 6A, scCdc6, lane 1), a significant amount of
scCdc6 was detected in cells switched to galactose-contain-
ing medium for 1 or 2 h (Figure 6A, scCdc6, lanes 2 and 3).
In contrast, levels of scCdc6, but not the pre-RC protein
scMcm?2, were greatly reduced in cells exposed to adozelesin
for 1 h beginning an hour after galactose induction (Figure
6A, lane 4). Treatment of cells with the proteasome inhibitor
MG132 for 1 h beginning an hour after induction of Cdc6
reproducibly increased the level of scCdc6 slightly, which
presumably reflects inhibition of the normal proteasome-
dependent turnover of scCdc6 (Figure 6A, scCdc6, lane 5).
The combined treatment of cells with adozelesin and MG132
blocked the decline in scCdc6 levels induced by adozelesin
alone (Figure 6A, scCdc6, lane 6), indicating that the protea-
some was responsible for this decline.

To confirm that adozelesin induces the degradation of
scCdc6, we analyzed the effects of adozelesin treatment on
scCdc6 levels in the presence of cycloheximide to block
protein synthesis (Figure 6B). This experiment used a strain
with a temperature-sensitive mutation in CDC4 that causes a
defect in the normal degradation of scCdc6 in S-phase cells
shifted to the nonpermissive temperature (Drury et al., 1997).
Cells remained trapped in early S phase with hydroxyurea
for the duration of this experiment to rule out the possibility
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that Cdc6 destruction was caused by adozelesin-induced
redistribution of cells to other points in the cell cycle where
destruction of Cdc6 might normally occur. In the absence of
adozelesin, scCdc6 remained stable for a period of at least
2 h after a shift to the nonpermissive temperature (Figure 6B,
no drug). Addition of adozelesin and cycloheximide after
galactose induction of scCdc6 resulted in a substantial de-
crease in levels of scCdc6 over this same time period (Figure
6B, scCdc6, +Ado), but not levels of an actin-related protein
detected in the same extracts (Figure 6B, arp, +Ado). Thus,
similar to its effect on mammalian Cdc6, adozelesin induces
the proteasome-dependent degradation of scCdc6, and this
degradation is specific. Furthermore, unlike the normal
turnover of scCdc6, adozelesin-induced destruction does not
require Cdc4p.

The similarity of the proteasome-dependent effects of ado-
zelesin on Cdc6 in yeast and mammalian cells suggests they
might be conserved in all eukaryotes. Cdc6 of A. thaliana
(AtCDC6) shares a number of features with Cdc6 from
mammals, including primary sequence, E2F-regulated ex-
pression, and degradation in a ubiquitin- and proteasome-
dependent manner (Castellano et al., 2001). We have so far
been unable to detect endogenous AtCDC6 in plant cells by
immunoblotting. However, we hypothesized that if the
mechanism underlying the proteasome-dependent destruc-
tion of Cdc6 induced by adozelesin is highly conserved, the
same structural determinants in Cdc6 that regulate mamma-
lian and S. cerevisiae Cdc6 destruction might also participate
in the destruction of AtCDC6 expressed in S. cerevisiae cells.
Therefore, we repeated the immunoblot analysis by using an
S. cerevisiae strain that ectopically expresses a Myc-AtCDC6
protein under the control of a galactose-inducible promoter
(Figure 6C, Arabidopsis). Levels of AtCDC6 were similarly
reduced by adozelesin treatment in these experiments, and
this decline could be reversed by treatment with MG132.
Thus, AtCDC6 can also serve as a substrate for proteasome-
dependent destruction induced by adozelesin in budding
yeast. This suggests that the mechanism underlying the loss
of Cdc6 induced by adozelesin may be conserved in plants
as well.

DISCUSSION

The induction by adozelesin and TNF-a/cycloheximide of
multiple independent pathways targeting the initiation pro-
tein Cdc6 for destruction may be important for understand-
ing how adozelesin and other drugs exert their cytotoxic and
antitumor effects. We previously showed that adozelesin
profoundly inhibits initiation of SV40 DNA replication in
trans, with little effect on elongation of nascent DNA strands
at replication forks (Cobuzzi et al., 1996). Adozelesin also
inhibits initiation of cellular DNA replication in budding
yeast, and this inhibitory effect is reduced by a mutation in
the origin licensing protein Orc2p (Weinberger et al., 1999).
In this study, we show that adozelesin inhibits initiation of
mammalian cellular DNA replication (Figure 1) in concert
with the proteasome-dependent destruction of Cdc6, an-
other origin licensing protein that interacts with ORC and is
also required for initiation of DNA replication in all eu-
karyotes. Cdc6 destruction is also induced by UV radiation
(Figure 4), and is accompanied by the destruction of other
cell cycle regulatory proteins, including Cdc25A and cyclin
D1 (Figures 2—-4).
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Both Cdc25A and cyclin D1 were recently shown to be
destroyed in a proteasome-dependent manner in response
to DNA damage as part of multiple checkpoints that inhibit
DNA replication (Agami and Bernards, 2000; Mailand ef al.,
2000; Falck et al., 2001). This suggests that perhaps the pro-
teasome-dependent destruction of Cdcé also occurs as part
of a checkpoint that inhibits DNA replication in response to
adozelesin and UV radiation, and perhaps other DNA-dam-
aging agents. However, both Cdc25A destruction and the
initiation-inhibitory effect of adozelesin occur much faster
than Cdc6 destruction. In addition, Cdc25A destruction in-
duced by UV radiation occurs at lower doses that are insuf-
ficient to induce the destruction of Cdcé observed at higher
UV doses. Furthermore, the destruction of Cdc25A induced
by either adozelesin or higher doses of UV radiation can be
distinguished from the destruction of Cdc6 by the differen-
tial effects of the Chk1 kinase inhibitor UCN-01, which sta-
bilizes Cdc25A (Figure 4; Mailand et al., 2000), but destabi-
lizes Cdc6 (Figure 4) in cells subjected to these DNA-
damaging agents. Therefore, although the inhibitory effect of
adozelesin on initiation of cellular DNA replication in mam-
mals probably involves the activation of a Cdc25A-depen-
dent DNA damage checkpoint, similar to the effects of UV
radiation (Mailand et al., 2000), it is unlikely that the destruc-
tion of Cdc6 is required for this checkpoint.

Instead, our data show that Cdc6 is destroyed in adozele-
sin-treated cells by a p53-independent, proteasome-depen-
dent pathway in association with an irreversible arrest of
DNA replication and programmed cell death. Cdcé6 is also
destroyed in cells undergoing a p53-independent pro-
grammed cell death through an extrinsic apoptotic pathway
induced by TNF-a, although in this case, its destruction is
mediated by an entirely different mechanism involving
caspases (Figure 4). The proteasome-dependent destruction
of Cdc6 induced by adozelesin occurs during an early stage
of apoptosis (Figure 5A) upstream of, or parallel to, classical
caspase-dependent apoptotic pathways, because a general
caspase inhibitor does not block Cdc6 destruction by the
proteasome (Figure 4D). Adozelesin also induces the specific
destruction of Cdc6 in MCF-7 cells lacking an important
effector of apoptosis, caspase 3 (Figure 2). In these cells,
elimination of Cdc6 and arrest of DNA replication occur
many days before they die coincidentally with a more gen-
eralized proteolysis (Figure 5). Thus, the proteasome-depen-
dent destruction of Cdcé6 is unlikely to be a simple conse-
quence of the cellular disassembly that occurs during the
latter stages of apoptosis or necrosis. This is consistent with
the suggestion that the proteasome plays a role in apoptosis
at an early stage, upstream of mitochondrial events (Dalla-
porta et al., 2000). Finally, S. cerevisiae Cdc6 and ectopically
expressed Arabidopsis Cdc6 are also specifically targeted for
destruction by the proteasome in budding yeast cells treated
with adozelesin (Figure 6). Conservation of the proteasome-
dependent destruction of Cdc6 in yeast and mammals and
the evolution in mammals of two fundamentally different
pathways that target Cdcé6 for destruction, depending on the
type of apoptotic trigger, suggest that the elimination of
Cdc6 has an important function, most likely as part of a
commitment to programmed cell death.

The complexity of the factors regulating Cdc6 stability has
so far precluded the construction of stable mutants that
could be used to ask whether Cdc6 destruction plays a
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participatory role in cell death pathways. However, a num-
ber of observations in yeast and Xenopus suggest how the
destruction of Cdcé6 or alterations to other licensing proteins
might contribute to cell death. The experimental elimination
of Cdc6 from budding (Piatti et al., 1995; Detweiler and Li,
1997) or fission (Kelly et al., 1993) yeast cells activates mitosis
in cells with unreplicated chromosomes, producing a mitotic
catastrophe. In S. cerevisiae, the mitotic catastrophe caused
by eliminating Cdc6 can be blocked by the parallel elimina-
tion of mitotic cyclins (Piatti et al., 1995; Elsasser ef al., 1996;
Detweiler and Li, 1997; Desdouets et al., 1998), which indi-
cates that it requires the induction of mitotic CDK activity.
Furthermore, Cdc6 (Bueno and Russell, 1992; Calzada ef al.,
2000; Perkins et al., 2001) and the licensing protein Orc6
(Weinreich et al., 2001) interact with the mitotic form of the
S. cerevisiae cyclin-dependent kinase Cdc28 and inhibit its
activity. Inactivation of other proteins required for initiation
of DNA replication also induces mitotic cyclin-dependent
kinase activity and mitosis in the absence of DNA replica-
tion in S. cerevisine (Toyn et al., 1995). Mitotic catastrophe
was also recently observed in nuclei assembled in Xenopus
extracts from which Cdc6 had been depleted (Hekmat-Nejad
et al., 2000) or when pre-RC formation was blocked in these
extracts by the addition of geminin, a protein that blocks
pre-RC formation until the end of mitosis (Michael et al.,
2000). Again, this catastrophic mitosis requires the activation
of a mitotic cyclin-dependent kinase. Recently, Xenopus
Cdc6 was shown to recruit cyclin-dependent kinase com-
plexes required for initiation of DNA replication to origins
of replication (Furstenthal et al., 2001). Recruitment of this
complex by Cdc6 may serve to spatially constrain its regu-
lation to sites where DNA replication is initiated (Furst-
enthal ef al., 2001).

All of these findings suggest that coordination of DNA
synthesis with mitosis requires the reciprocal regulation of
licensing protein and cyclin-dependent kinase activity by
Cdc6 and other proteins in complexes at origins of replica-
tion, and that loss of the integrity of these complexes inter-
feres with this coordination, with lethal consequences. Al-
though it is not yet known whether Cdc6 plays a role in
regulating cyclin-dependent kinases in mammals, conserva-
tion of its structure and other aspects of its function from
yeast to mammals suggest this may be the case. Moreover, a
growing body of evidence suggests that disruption of the
coordinate regulation of DNA synthesis and cyclin-depen-
dent kinase activity is an important, although not obligatory,
feature of programmed cell death that causes the unsched-
uled activation of cyclin-dependent kinases in cells with
unreplicated or partially replicated chromosomes (reviewed
in Guo and Hay, 1999). An intriguing possibility, therefore,
is that the destruction of Cdc6 deregulates the cell cycle
during programmed cell death by activating cyclin-depen-
dent kinases at the same time that it disrupts functional
origin licensing complexes in cells with unreplicated or in-
completely replicated chromosomes. Subsequent inhibition
of the reassembly of these complexes by activated mitotic
cyclin-dependent kinases, which normally provides an irre-
versible block to reinitiation in the same cell cycle as part of
the origin licensing mechanism, would ensure that these
cells would never recover from the ensuing cell cycle arrest.
The irreversible nature of this state may be important for the
commitment to programmed cell death.
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This model has important implications for understanding
how adozelesin and other drugs might exert their cytotoxic
and antitumor effects, particularly in cells with defective p53
responses to DNA damage. For instance, nonproliferating
cells do not have fully assembled origin licensing complexes
(Williams et al., 1998; Madine et al., 2000), and down-regu-
lation of Cdc6 and Mcm proteins in particular may be im-
portant for establishing the quiescent state during differen-
tiation and replicative senescence (Stoeber ef al., 2001). Thus,
cells that are not in the proliferative state should be refractile
to a pathway that targets Cdc6 and perhaps other origin
licensing proteins. Because the destruction of Cdc6 induced
by DNA damage does not require p53, normal proliferating
cells may be protected from the consequences of Cdc6 de-
struction by p53-dependent DNA damage checkpoints,
which, despite the loss of Cdc6, continue to restrain cyclin-
dependent kinases until this damage is repaired.

The complexity of mammalian genomes and the large
extent to which they are altered in cancer cells (Folkman et
al., 2000; Anderson et al., 2001) complicates efforts to delin-
eate cell death pathways and their relationship to antitumor
action. The conservation of a proteasome-dependent path-
way that destroys Cdc6 in a simple, genetically tractable
organism such as budding yeast should facilitate efforts to
dissect its mechanisms and potential relationships to pro-
grammed cell death. Indeed, we predicted the existence of a
DNA damage response that targets origin licensing in mam-
mals in our study of adozelesin effects in S. cerevisiae (Wein-
berger et al., 1999). This highlights the utility of yeasts as
model organisms for studying complex pathways related to
cancer and its effective treatment.
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