Deregulated G,-cyclin expression induces
genomic instability by preventing
etticient pre-RC formation
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Although genomic instability is a hallmark of human cancer cells, the mechanisms by which genomic
instability is generated and selected for during oncogenesis remain obscure. In most human cancers, the
pathway leading to the activation of the G, cyclins is deregulated. Using budding yeast as a model, we show
that overexpression of the G, cyclin Cln2 inhibits the assembly of prereplicative complexes (pre-RCs) and
induces gross chromosome rearrangements (GCR). Our results suggest that deregulation of G, cyclins, selected
for in oncogenesis because it confers clonal growth advantage, may also provide an important mechanism for
generating genomic instability by inhibiting replication licensing.
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Cyclin-dependent kinases (Cdks) control cell cycle tran-
sitions in eukaryotic cells (Malumbres and Barbacid
2001; Ho and Dowdy 2002). In yeast, different cyclins act
with a single catalytic subunit (Cdc28 in budding yeast,
Cdc2 in fission yeast; Toone et al. 1997), whereas in mul-
ticellular eukaryotes, different cyclins act with different
catalytic subunits at different times in the cell cycle (Ek-
holm and Reed 2000; Sherr 2000).

During the G; phase, cells decide whether or not to
proceed through the cell cycle. This decision (‘Start’ in
yeast, ‘Restriction Point’ in mammalian cells) is ex-
ecuted by environmental cues acting through Cdks. In
budding yeast, nutritional status and mating pheromone,
a negative growth factor, both regulate the levels and
activities of the G, cyclins (Clns) to drive progression
through Start. In mammalian cells, mitogens and nega-
tive growth factors such as TGF-B regulate the activity of
Cdks to pass the Restriction Point.

Deregulation of the pathway leading to Cdk activation
during the G; phase occurs in most cancers by either
inactivating inhibitors of the pathway like p16 and Rb or
hyperactivating cyclins or kinase components of Cdks
(Ekholm and Reed 2000; Sherr 2000; Malumbres and Bar-
bacid 2001; Zhang et al. 2001; Ho and Dowdy 2002; Rane
et al. 2002). This deregulation presumably contributes to
oncogenesis by rendering cells less dependent on posi-
tive-acting growth factors and/or refractory to inhibition
by negative growth factors.

Evidence suggests that deregulation of this pathway
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can also cause genomic instability, another cancer hall-
mark. For example, overexpression of cyclin E can lead
to elevated levels of aneuploidy, whereas overexpression
of cyclin D can lead to increased levels of gene amplifi-
cation (Zhou et al. 1996; Spruck et al. 1999). The mecha-
nisms by which deregulation of this pathway induces
genomic instability are not known.

Cdks play a central role in limiting the initiation of
DNA replication from multiple chromosomal replica-
tion origins to once per cell cycle in yeast and humans
(Kelly and Brown 2000; Blow 2001; Diffley 2001; Bell and
Dutta 2002). Two mutually exclusive steps in the pro-
cess of initiation are separated temporally in the cell
cycle because they are regulated in opposite ways by
Cdks. First, the origin recognition complex (ORC), Cdc6,
and Cdtl act together to load the Mcm2-7 proteins into
prereplicative complexes (pre-RCs) in a reaction known
as “licensing.” Cdks inhibit this reaction and, therefore,
pre-RCs can only assemble during the G, phase, when
Cdk levels are low. Cdks act through multiple targets to
inhibit licensing. In budding yeast, for example, Cdc6,
Cdtl, Mcm2-7, and ORC are all negatively regulated by
Cdks. Cdc6 is targeted for SCF“P<*.dependent, ubiqui-
tin-mediated proteolysis by Cdk phosphorylation; Cdtl
and Mcm?2-7 are displaced from the nucleus to the cyto-
plasm by Cdk activation, and phosphorylation of the
ORC plays a role in preventing pre-RC assembly (Drury
et al. 1997, 2000; Elsasser et al. 1999; Labib et al. 1999;
Calzada et al. 2000; Nguyen et al. 2000, 2001; Perkins et
al. 2001; Tanaka and Diffley 2002). CIn-Cdc28 is prima-
rily responsible for Cdc6 proteolysis (Drury et al. 2000)
and contributes to Mcm?2-7 relocalization (Labib et al.
1999). The S- and M-phase cyclins (Clb1-Clb6) also con-
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tribute to Mcm?2-7 relocalization (Labib et al. 1999;
Nguyen et al. 2000) and are responsible for additional
negative regulation such as ORC phosphorylation
(Nguyen et al. 2001). In metazoans, Cdks also prevent
licensing by acting through multiple targets, although
the detailed mechanisms are different (for review, see
Diffley 2001).

Initiation is then triggered by Cdks in the S phase. The
initiation protein Sld2/Drcl has recently been identified
as one crucial substrate in budding and fission yeasts
(Masumoto et al. 2002; Noguchi et al. 2002). Critically, it
is the presence of Cdks in S, G,, and M phases that pre-
vents new pre-RC assembly until the next cell cycle.
Oscillations between low and high Cdk activity, there-
fore, are crucial for normal DNA replication, suggesting
a possible mechanism by which G,-cyclin deregulation
could cause genomic instability. The lack of a proper
“low Cdk” period in G; may reduce the numbers of func-
tional pre-RCs. Subsequent replication from an inad-
equate number of origins might then be responsible for
chromosome loss and rearrangements. Previous work
suggested that this is feasible. cdc14 mutants exhibit
elevated levels of simple plasmid loss that can be sup-
pressed by including multiple origins on the plasmid
(Hogan and Koshland 1992). Suppression of plasmid loss
by multiple origins is a phenotype shared with mutants
in pre-RC components such as cdcé, suggesting that
cdc14 mutants have a defect in pre-RC assembly (Hogan
and Koshland 1992). However, unlike Cdc6, Cdcl4 does
not appear to play a direct, essential role in pre-RC as-
sembly. Inactivation of Cdks in G,/M by overexpression
of Sicl is sufficient to bypass any requirement for Cdcl14
in pre-RC assembly (Noton and Diffley 2000). Cdc14 is a
protein phosphatase required for exit from mitosis (for
review, see Bardin and Amon 2001; Jensen et al. 2002;
Saunders 2002). The liberation of Cdcl4 from its seques-
tration in the nucleolus at the end of mitosis is required
to stabilize the Cdk inhibitor Sicl and to activate the
APC/C factor Cdhl. This promotes Cdk inactivation and
allows mitotic exit. Moderate elevation of Sicl levels
suppresses the plasmid-loss phenotype of cdc14 mutants
(Noton and Diffley 2000), strongly suggesting that a de-
fect in Cdk inactivation, probably at the end of mitosis,
in cdc14 mutants inhibits licensing without preventing
exit from mitosis. Similarly, recent work has shown that
deletion of Sicl causes reduced origin activity, probably
by inhibiting pre-RC assembly (Lengronne and Schwob
2002). In this paper we show that deregulation of G,
cyclins causes genomic instability by inhibiting pre-RC
assembly in budding yeast.

Results

CIn2 deregulation causes increased plasmid 1oss

We have used the GAL1,10 and MET3 promoters to in-
duce synthesis of the full-length Cln2 and a truncation
(CIn2-1) that is functional as a cyclin but has had a C-
terminal PEST domain removed (Hadwiger et al. 1989).
Cln2-1 is more stable than full-length Cln2 and, conse-
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quently, accumulates to higher levels after induction.
Figure 1A shows that expression of CIn2 and Cln2-1
from the GAL1,10 promoter leads to elevated levels of
histone H1 kinase activity. This increase in activity is
two- to threefold higher with CIn2-1 than with full-
length Cln2, consistent with the fact that it is a more
stable protein. To begin to investigate the effects of Cln2
deregulation on DNA replication, we have examined
rates of plasmid loss. We used plasmids containing a cen-
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Figure 1. Cln2 overexpression induces plasmid loss that is sup-
pressed by multiple origins. (A) Histone H1 kinase activity after
Cln2 or Cln2-1 induction. YST66 (+CLN2|, YST67 (+CLN2-1),
and YSTG69 (+vector) were grown in YP-raffinose. Each culture
was split into two, and the medium was changed to YP-galac-
tose (Induction; +) or YP-glucose (Induction; -). Cells were col-
lected after a 60-min incubation, and Myc-tagged Cln2 and
Cln2-1 were immunoprecipitated with 9E11 anti-Myc antibody
(9E11) or without the antibody (mock). The H1 kinase activity
of the immunoprecipitates was measured and compared be-
tween the samples before and after the medium change. (B)
Elevated plasmid loss rates after Cn2 or CIn2-1 expression.
YST177 (CLN2, pDK368-1), YST178 (CLN2, pDK368-7),
YST181 (CLN2-1, pDK368-1), and YST182 (CLN2-1, pDK368-7)
were grown as described in Materials and Methods, and the rate
of plasmid loss from each strain was measured. Plasmid loss
rates after growing the cells in Cln-inductive and Cln-repressive
conditions are shown by gray and black boxes, respectively.



tromere, ARS1 and either one (pDK368-1) or seven
(pDK368-7) copies of H4 ARS (Hogan and Koshland
1992). Figure 1B shows that the plasmid loss rates for all
three strains were low in the presence of methionine;
however, promoter activation (-Met) caused a significant
increase in the rate of pDK368-1 loss. This was espe-
cially true for Cln2-1, which caused a 200-fold increase
in plasmid loss. For both Cln2 and CIn2-1, the rate of
pDK368-7 loss was significantly lower. Suppression of
plasmid loss rate by multiple replication origins strongly
suggests that Cln2 overexpression induces plasmid loss
by inhibiting the initiation of DNA replication.

CIn2 overexpression inhibits DNA rereplication
induced by transient Sic1C70td overexpression

Overexpression of the B cyclin (Clb)-specific Cdk inhibi-
tor Sicl promotes the reassembly of pre-RCs at origins in
nocodazole-arrested cells. Subsequent repression of Sicl
promotes an additional round of DNA replication in
these cells. We wanted to determine whether overex-
pression of Cln2 could prevent pre-RC assembly and re-
replication in this system. This approach has two advan-
tages. Firstly, it allows us to distinguish direct effects of
Cln expression on pre-RC formation from indirect ef-
fects caused by Clb activation. And secondly, it allows
us to examine pre-RC formation in the absence of mito-
sis, which is inhibited by Cln expression (data not
shown). However, this experiment is complicated by the
fact that phosphorylation of Sicl by CIn-Cdc28 targets it
for ubiquitin-mediated degradation via the SCF<P<*
pathway (Verma et al. 1997; Nash et al. 2001). To cir-
cumvent this problem, we constructed a derivative of
Sicl lacking all Cdk consensus sites. The 70 amino acids
at the C terminus of Sicl (called Sic1C70), which does
not contain any Cdk phosphorylation sites, contains the
Cdk inhibitory domain and is sufficient to arrest the cell
cycle when expressed from the GALI,10 promoter
(Hodge and Mendenhall 1999). Sic1C70 cannot be used
in the rereplication assay described above, however, be-
cause it is an extremely stable protein and, thus, cannot
be eliminated from cells to allow CIb reactivation.
Therefore, we made an additional refinement and fused
Sicl1C70 to a temperature-sensitive degron cassette
(Dohmen et al. 1994), producing Sic1C70td. To examine
protein stability, cells were grown in raffinose-contain-
ing medium and arrested in G,/M phase with noco-
dazole. Sic1C70td synthesis was induced with galactose
and repressed with glucose. Although Sic1C70td could
be detected at 120 min after promoter shutoff at 24°C,
most of the protein had disappeared at the same time
point at 37°C (Fig. 2A, wt, lanes 6,10). We have previ-
ously shown that overexpression of Ubrl, the E3 ubig-
uitin ligase in the N-end-rule pathway of Saccharomyces
cerevisiae, accelerates the degradation of proteins fused
to the degron cassette (Labib et al. 2000). To increase the
rate of Sic1C70td degradation, Ubrl and Sic1C70td were
simultaneously expressed from the GAL1,10 promoter.
Ubrl expression caused the degradation of Sic1C70td to
be accelerated even at 24°C (Fig. 2A, cf. lanes 3-6 and
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13-16). More importantly, Sic1C70td protein promptly
disappeared at 30 min after repression at 37°C (Fig. 2A,
cf. lanes 7-10 and 17-20). Either with or without Ubrl
overexpression, the degradation of Sic1C70td is entirely
independent of SCFP<* (Fig. 2A).

To determine whether Sic1C70td could induce DNA
rereplication, cells harboring GAL-SIC1C70td and
GAL-UBR1 were grown in raffinose-containing medium
and arrested in G,/M with nocodazole at 24°C.
Sic1C70td and Ubrl were induced with galactose. The
culture was split in two, Sicl1C70td expression was
turned off with glucose, and incubation was continued at
either 24°C or 37°C. All medium used after the first ar-
rest contained nocodazole to maintain the G,/M arrest.
DNA rereplication in the Sic1C70td strain was observed
by 60 min after glucose was added to these cells at 37°C
(Fig. 2B), which is earlier than in the strain expressing
SiclANT (rereplication occurs at between 60 and 120
min). At 24°C, DNA rereplication in the Sic1C70td
strain was delayed until 180 min (Fig. 2B). The time of
rereplication reflects the time at which the Sic1C70td
protein disappears, that is, ~180 min at 24°C and ~60
min at 37°C (Fig. 2A; data not shown). Sicl1ANT, a par-
tially stabilized version of Sicl whose degradation is de-
pendent on SCF“P<* (Noton and Diffley 2000), did not
show a temperature dependence for the timing of DNA
rereplication and disappearance of the protein (Fig. 2B,
+SIC1ANT; data not shown).

Having established that Sic1C70td could be used to
induce rereplication, we next asked whether CLN2 or
CLN2-1 expression could prevent SiclC70td-induced
DNA rereplication. CLN2 or CLNZ2-1 was expressed
from the GAL promoter, together with SICIC70td and
UBR1 in nocodazole-arrested cells at 24°C. Cells were
then transferred to 37°C glucose-containing medium.
Figure 2C shows that the vector-containing control
strain (+vector) rereplicated DNA with the same kinetics
as the experiment shown in Figure 2B, whereas CLN2 or
CLN2-1 expression significantly inhibited rereplication.
Some Cln2-expressing cells partially rereplicated their
DNA, but even after 2 h the peak did not reach 4C.
Expression of Cln2-1 was more effective at preventing
rereplication. Figure 2D (lanes 3,8,13) shows that
Sic1C70td protein levels were unaffected by Cln expres-
sion. Orc6 and the B subunit of DNA polymerase o (p86/
91) are targets of Clb-Cdc28 but not Cln-Cdc28 (Foiani
et al. 1995; Weinreich et al. 1999; data not shown). Figure
2D (lanes 3,8,13) shows that Orc6 and p86/91 were effi-
ciently dephosphorylated after Sic1C70td expression
even in the presence of Cln2 or Cln2-1. These data sup-
port the idea that inhibition of DNA rereplication was a
direct effect of Cln2 expression rather than an indirect
effect of activation of Clbs.

ClIn2 overexpression inhibits pre-RC formation
by preventing nuclear localization of Mcm?2-7

To determine whether the inhibition of rereplication
correlates with inhibition of pre-RC assembly, we ana-
lyzed ARS305 by genomic footprinting, which can be
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Figure 2. Cln2 can inhibit DNA rereplication induced by Sic1C70td. (A) Temperature-dependent proteolysis of Sic1C70td. YST78
[wild type (wt), +SIC1C70td], YST48 (wt, +SIC1C70td, UBR1), YLD11 (wt, +SIC1), YST71 (cdcd-1, +SIC1C70td), YST76 (cdcd-1,
+SIC1C70td, UBR1), and YST27 (cdc4-1, +SIC1) were grown in YP-raffinose to early log phase (asyn) and arrested in G,/M with
nocodazole (noc) at 24°C for 3 h. Then the medium was changed to YP-galactose plus nocodazole, and the cells were incubated for 2
h. The culture was then split into two, the medium was changed to YP-glucose plus nocodazole, and the cultures were incubated at
24°C or 37°C. Cells were collected every 30 min (0-120 min) and processed for immunoblotting. Sic1C70td-Myc, Sicl1-Myc, and
Myc-Ubrl (data not shown) were detected with 9E10 anti-Myc antibody. (LC) Loading control. (B) Transient Sic1C70td expression
induces rereplication in nocodazole-arrested cells. YST65 (+SIC1C70td), YST64 (+SICIANT), and YST57 (+vector) were grown as in A.
Cells were collected at each time point and processed for flow cytometry. (C,D) Cln2 and Cln2-1 expression inhibits Sic1C70td-
induced rereplication. YST66 (+CLN2), YST67 (+CLN2-1), and YST69 (+vector) were grown, and cells were collected as in A. Each
sample was analyzed by flow cytometry (C) or immunoblotting (D). The second largest subunits of DNA polymerase I (p86/91), Orc6,
Cln2-Myc, Cln2-1-Myc, and Sic1C70td-Myc were detected by probing with the appropriate antibodies. The ladder bands commonly
observed in lanes 3, 8, and 13 of the Cln2/Cln2-1 panel are ubiquitinated Sic1C70td. LC, loading control from the PonceauS-stained

membrane.

used to quantify the efficiency of pre-RC assembly (San-
tocanale and Diffley 1996). The cultures of control (+vec-
tor) and GAL-CLN2-1 (+CLN2-1) strains used in Figure 2
were grown in raffinose-containing medium until early
log phase and split into three (Fig. 3). One-third was ar-
rested in G, with a-factor and the remaining two-thirds
were arrested in G,/M phase with nocodazole. One no-
codazole-arrested culture was transferred to galactose-
and nocodazole-containing medium, whereas the other
was held in raffinose- and nocodazole-containing me-
dium. In nocodazole-arrested cells, the origins are in the
postreplicative state, as evidenced by three ORC-in-
duced DNase I hypersensitive sites (asterisks). The pre-
RC in a-factor-arrested cells is seen as a region of pro-
tection (gray box) and an additional hypersensitive site
(diamond). In the control strain, the pre-RC-specific
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DNase I hypersensitive site and region of protection
were efficiently reformed after galactose incubation in
an essentially identical manner to that seen in G,-ar-
rested cells (o; Fig. 3, cf. lanes 7,8 and 11,12). In contrast,
pre-RCs were not efficiently reformed in the GAL-
CLN2-1-expressing strain as indicated by the three ORC-
induced hypersensitive sites that remain and the dimin-
ished protection (Fig. 3, lanes 3-6). These experiments
show that Cln2-1 expression can inhibit pre-RC forma-
tion.

In budding yeast, the Mem2-7 complex undergoes cell
cycle-regulated changes in its subcellular localization
(Hennessy et al. 1990; Chen et al. 1992; Dalton and
Whitbread 1995; Labib et al. 1999; Nguyen et al. 2000).
The complex enters the nucleus at the end of mitosis and
exits the nucleus as it is displaced from chromatin dur-
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Figure 3. Cln2 can inhibit pre-RC formation. DNase I genomic
footprinting. YST67 (+CLN2-1) and YST69 (+vector) were grown
in YP-raffinose to early log phase at 24°C. One-third of the cul-
ture was arrested at G, in a-factor for 3.5 h (a). The remaining
culture was arrested in G,/M with nocodazole for 3 h (noc), after
which the medium of half of the culture was changed to YP-
galactose and incubated at 24°C for a further 4 h (Gal). Genomic
DNA was prepared, and primer—extension reactions were per-
formed with an ARS305-specific primer. G;-specific DNase I
hypersensitive sites (diamond), protection (black box), and G,-
specific hypersensitive sites (*) are shown.

ing the S phase. Previous work has shown that this regu-
lated nuclear localization does not require Cdc6é and,
therefore, is independent of licensing. Relocalization of
Mcm2-7 during the S phase is caused by Cdc28. Clb-
Cdc28 is required for the export of chromatin-bound
Mcm?2-7, whereas Cln or Clb-Cdc28 can trigger the ex-
port of unbound Mcm2-7 (Labib et al. 1999). The specific
requirement for Clb-Cdc28 in relocalizing the chroma-
tin-bound fraction presumably reflects the fact that only
Clb-Cdc28 can trigger replication, which is required to
displace the Mcm2-7 complex from chromatin, a prereq-
uisite for export. We were, therefore, interested in deter-
mining whether coexpression of Cln2 prevented the ac-
cumulation of Mcm?2-7 in an experiment similar to the
one described above. We used cells harboring Mcm4—
GFP and expressed Sic1C70td together with Cln2 or
Cln2-1. Cells were grown in raffinose-containing me-
dium, arrested in G,/M phase with nocodazole, and then
transferred to galactose-containing medium with noco-
dazole. Figure 4A shows that Mcm4-GFP accumulated
in the nuclei in the control strain after Sic1C70td ex-
pression (Fig. 4A, “Gal 2hrs” and “Gal 3hrs” in +vector).
This nuclear accumulation of Mcm4-GFP was inhibited
by expression of Cln2 and, especially, Cln2-1 (Fig. 4A,
+CLN2 and +CLN2-1).

G,-cyclin deregulation and genomic instability

Recent work has shown that cyclin-dependent kinases
inhibit pre-RC formation primarily through three redun-
dant targets: Orc, Cdc6, and Mcm2-7 (Nguyen et al.
2001). Cdk-dependent phosphorylation of Cdc6 targets it
for ubiquitin-mediated proteolysis via SCFP<* (Drury
et al. 1997, 2000; Elsasser et al. 1999; Calzada et al. 2000;
Perkins et al. 2001). Cdks also prevent the accumulation
of the Mcm2-7 complex and its associated Cdtl subunit
in the nucleus (Labib et al. 1999, 2001; Nguyen et al.

A 100
+CLN2 +CLN2-1 +vector
.
5 80
=
g o0
S
S 40
[#]
w
T 20
2
g o a £'ge s sgpe
e85 72§85 72885
T © W w W ®
[OR O] O O] [O O
B +CLN2 +CLN2-1 +vector
MCM7-2NLS MCM7-2NLS MCM7-2NLS

whe i B S
60'_\% o JLVL{:\LJ N VKQMI
S *@ -

[ { UL |
1C2C  4C 1C2C 4C 1C2C 4C

+CLN2-1 +vector
MCM7-2nls3A MCM7-2nls3A MCM7-2nls3A

=
i/

180‘% e\ S AN
120' e i) J\L/ M__, /YC
60‘%1u kgkm NE

] M T
162C 4C 102C 4c 10 4

asyn

Figure 4. Prevention of nuclear localization of the Mcm2-7
complex by Cln2 is important for inhibition of DNA rereplica-
tion. (A) Cln2 or Cln2-1 expression blocks nuclear accumula-
tion of Mcm2-7. YST66 (+CLN2), YST67 (+CLN2-1), and YST69
(+vector) were grown and treated as in Figure 3 except that
samples were taken after either 2 or 3 h in YP-galactose.
Samples were prepared for microscopy to examine which cells
showed nuclear accumulation of Mcm4-GFP. (B) Cln2 or
Cln2-1 expression cannot prevent rereplication when Cdk inhi-
bition of Cdc6 and Mcm2-7 is bypassed. YST282 (+CLN2
MCM7-2NLS), YST283 (+CLN2 MCM7-2nls34), YST284
(+CLN2-1 MCM7-2NLS), YST285 (+CLN2-1 MCM7-2nls3A),
YST286 (+vector MCM7-2NLS), and YST287 (+vector MCM?7-
2nis3A) were grown as in Figure 2. Cells were collected and
analyzed by flow cytometry.
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2000; Tanaka and Diffley 2002). Rereplication can be in-
duced in nocodazole-arrested cells only when all three
targets are bypassed. This can be done by mutating all of
the potential Cdk sites in Orc2 and Orc6, by expressing
a version of Cdc6 in which the SCF“P“*-targeting se-
quences in the N terminus have been removed
(Cdc6ANT), and by adding a constitutive nuclear local-
ization sequence (NLS) to one of the Mcm subunits
(Mcm7). ORC appears to be primarily phosphorylated by
Clb-Cdc28; however, previous work from our laboratory
has indicated that relocalization of the Mcm2-7 complex
to the cytoplasm and proteolysis of Cdc6 can both be
triggered by Cln-associated forms of Cdc28. If this is
true, then the ability of Cln2 to block Sic1C70td-induced
rereplication should act only through Mcm2.-7 and Cdcé6,
not through ORC. To address this, we asked whether
bypassing CDK regulation of Mcm2-7 and Cdc6 is suffi-
cient to promote rereplication in the presence of overex-
pressed Cln2. We have used strains containing Mcm?7
fused to two copies of either wild-type or mutant SV40 T
antigen nuclear localization sequences in which trun-
cated Cdc6 is expressed from the GAL1,10 promoter. In
the absence of Cln2 or Cln2-1 expression, transient
Sic1C70td and Cdc6ANT expression induces efficient re-
replication with both wild-type and mutant Mcm?7-
ONLS (+vector MCM7-2NLS and +vector MCM7-
2nis3A). As expected based on the experiment in Figure
2C, overexpression of Cln2 and Cln2-1 prevents rerepli-
cation with Mcm7 fused to the mutant NLS (MCM7-
2nls3A). However, the presence of the wild-type NLS on
Mcm7 (MCM7-2NLS) allowed efficient rereplication
even in the presence of Cln2 and Cln2-1. Therefore, Cln2
expression inhibits rereplication and, presumably, pre-
RC formation at least in part by inhibiting the accumu-
lation of the Mcm2-7 complex in the nucleus. Because
these strains contain wild-type, phosphorylatable Orc2
and Orc6, Cln2 expression is unable to prevent rerepli-
cation through the ORC, consistent with the experiment
in Figure 2D showing that Orc6 is efficiently dephos-
phorylated after Sic1C70td expression, even in the pres-
ence of Cln2 or Cln2-1.

CIn2-1 expression induces GCR that is suppressed
by multiple origins

Survivors from Sicl-induced rereplication in nocodazole-
arrested cells are converted from haploid to diploid (No-
ton 2000). To examine DNA rereplication, we recovered
and analyzed survivors from the experiment in Figure
2C. In the case of the control strain, which did not ex-
press high levels of Cln2, 9 out of 10 survivors tested had
diploidized, and only 1 remained haploid (Fig. 5A, +vec-
tor). In contrast, only 1 out of 10 diploidized in the GAL-
CLN2-1 strain; the other 9 remained haploid (Fig. 5A,
+CLN2-1). This is consistent with our observation that
Cln2-1 expression efficiently blocks DNA rereplication.
Cln2-1 expression did not significantly reduce viability
relative to the vector control; however, Cln2 expression
reduced viability by ~50% (data not shown). Many of the
survivors after Cln2 expression grew quite slowly. Sur-

2644 GENES & DEVELOPMENT

+CLN2 +CLN2-1 +vector
Survivor #6 I\R««/N‘W’“‘/\\«, L\)‘_J .!Lm:._j ﬁ tﬂ,
Survivor #5 : ;] E I |
\ ;: ; :
Survivor #4 /’”;KJ\J\‘ J’H \M“JKJ (- L|
Survivor #3 \”’fq\ \_ ‘ ;,Fd‘\\ .
Survivor #2 ﬂ | b.j [ | e MM\
Survivor #1 \Jltk e f\\ e _M \L*
control l |‘K | ) i [ H] ‘fl |k l | 1
iC 2C 4C 1C 2C 4C 1C 2C 4C
B C s,
204
)
) [G]
5 151 = 101
s S
2 10 g .
8 g °
o
G 5 o
] 04
04 s ¢
ENEN : <
T 5 2 &
> =~ —
O CLN2-1

Figure 5. Cln2 expression can induce genomic instability. (A)
Genome instability caused by Cln2 expression. An aliquot of
the culture from the last time point of the rereplication assay in
Figure 2C was spread onto fresh YP-glucose plates, and survi-
vors were recovered. Each colony was grown in YP-glucose me-
dium, fixed, and analyzed by flow cytometry to examine the
ploidy. (B) CIn2 or CIn2-1 induces GCR. The GCR rates of
YST196 (vector), YST192 (CLN2), and YST193 (CLN2-1) were
measured as described in Materials and Methods. The ratios of
the GCR rate between growth in YP-galactose and YP-glucose
for each strain are shown. (C) Cln2-1-induced GCR is sup-
pressed by multiple origins. The GCR rates of YST248 (vector)
and YST252 (7x ARS) were measured as described in Materials
and Methods. The ratios of the GCR rate between growth in
YP-galactose and YP-glucose for each strain are shown.

vivors from the GAL-CLNZ strain showed an interme-
diate number of diploid survivors. Moreover, some of the
survivors had DNA contents with nonintegral ploidy
(Fig. 5A, +CLN2). For example, Survivor #4 had a main
peak of DNA content around 2.5C. Analysis of the chro-
mosomes in this survivor by pulse-field gel electropho-
resis did not reveal any chromosome rearrangements;
however, a subset of chromosomes appears to have been
duplicated (data not shown).

We were interested in determining whether inhibition
of pre-RC assembly caused by Cln expression could
cause genome rearrangements. We used an assay devel-
oped by Kolodner and coworkers to measure the rate of
gross chromosomal rearrangements (GCRs; Chen and
Kolodner 1999). In this assay, the rate of simultaneous
loss of two markers from the end of Chromosome V
(CANT1 and URAS3) is measured. Because the assay is per-
formed in haploid cells and Chromosome V contains
many essential genes, the loss of both markers cannot
occur by simple chromosome loss. Because the probabil-
ity of inactivating both genes by separate point muta-



tions is extremely low (<107'2), loss of both markers in-

variably occurs by chromosome rearrangement, includ-
ing chromosome truncation, internal deletion, or
translocation, known collectively as gross chromosome
rearrangements (GCR). We have tested whether overex-
pression of CIn2 affected the rate of GCR in this assay
(Fig. 5B; Table 1). In the wild-type strain, the ratio of the
GCR rate in cells grown in galactose (Gal) versus glucose
(Glc) was 0.8. This increased approximately twofold in
the GAL-CLNZ2 strain (Gal/Glc = 1.4). There was a much
more dramatic increase in GCR rate in the GAL-CLN2-1
strain (Gal/Glc = 18.7). To test whether this GCR in-
crease was related to origin activity, we introduced ei-
ther an integrating plasmid or the same plasmid contain-
ing seven copies of ARS H4 between the CANI and
URA3 markers. Figure 5C and Table 1 show that the
increased GCR rate caused by Cln2-1 was significantly
suppressed by seven copies of ARS H4 (Gal/Glc = 2.8)
relative to the vector-alone control strain (Gal/
Glc =12.2). These experiments strongly suggest that
GCR induced by CIn2-1 expression is caused by inhibi-
tion of origin firing, probably in the vicinity of the two
markers.

Discussion

Genomic instability is a hallmark of cancer (Tlsty et al.
1995; Schar 2001). Not only do tumor cells often have
highly rearranged genomes, but they also exhibit high
rates of chromosome loss, ploidy changes, and recombi-
nation rates up to 10,000 times higher than primary cells
(Mekeel et al. 1997; Schar 2001). However, the forces
that drive genomic instability in tumor cells are still
largely unknown. Our results show that deregulation of
G, cyclins in budding yeast can contribute to genomic
instability by inhibiting licensing. We have shown that
constitutive overexpression of Cln2 and CIn2-1 leads to
elevated levels of both simple plasmid loss and gross
chromosome rearrangements. Both phenotypes can be at
least partially suppressed by incorporation of multiple
origins into the test substrate. This supports the argu-
ment that the instability seen is caused by inefficient
replication-origin firing. We have shown that Cln2-1 ex-
pression can prevent pre-RC assembly and Mcm2-7
nuclear accumulation even under conditions in which
Clbs are inactive and known Clb-Cdk targets like ORC
and DNA polymerase a-primase remain dephosphory-
lated. This indicates that at least one way in which Cln
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deregulation promotes genomic instability is by direct
inhibition of licensing. We do not rule out the possibility
that indirect inhibition of licensing by promoting inap-
propriate Clb activation either by Sicl degradation or
APC/C inactivation may also make important contribu-
tions to genomic instability. In this regard, we note that
Sicl deletion increases genomic instability by a similar
mechanism (Nugroho and Mendenhall 1994; Lengronne
and Schwob 2002). Finally, our experiments provide the
first functional evidence indicating that Cln-dependent
Cdc6 proteolysis and relocalization of Mem2-7 can con-
tribute to the block to rereplication.

Our experiments do not address how reducing origin
licensing might contribute to genomic instability; how-
ever, we note that cdc6 mutants, which are defective in
licensing, also exhibit high levels of chromosome rear-
rangements (Bruschi et al. 1995). We suggest two mecha-
nisms by which reduced numbers of active origins might
cause genomic instability. First, incompletely replicated
chromosomes with duplicated centromeres that enter
mitosis will generate broken chromosomes that would
then be substrates for homologous recombination and
nonhomologous end-joining. Second, forks that have
stalled either randomly (e.g., at sites of endogenous DNA
damage) or at specific pause sites may be recombino-
genic. Such stalled forks may be “rescued” by forks from
nearby origins arriving from the opposite direction. By
reducing origin frequency and, therefore, increasing the
interorigin distance, such stalled forks may persist for
longer periods of time, thus increasing the likelihood of
recombination. We note that these two models are not
mutually exclusive and may both contribute to genomic
instability. It is interesting to consider that differences in
the density and distribution of potential replication ori-
gins may differentially affect GCR rates along chromo-
somes leading to potential hot spots for rearrangements.

Although virtually all tumor cells exhibit some form
of genomic instability, and many inherited human dis-
eases that increase genomic instability also predispose
individuals to cancer, it has been argued that genome
instability is unlikely to be selected for during oncogen-
esis because (1) genome instability, by itself, does not
confer any growth advantage to cells; and (2) mutation
rates in primary cells are sufficiently high to account for
the number of mutations needed to transform cells
(Tomlinson and Bodmer 1999). Our results suggest at
least one way to resolve this apparent paradox. We pro-
pose that cyclin deregulation is selected for during can-

Table 1. GCR rates
GCR rate
Strain Relevant genotype In glucose In galactose Fold increase in galactose
YST196 wt* + GAL vector 0.73 x 10710 0.59 x 10710 0.80
YST192 GAL-CLN2 1.49 x 1071° 2.14 x 10710 1.43
YST193 GAL-CLNZ2-1 1.06 x 10710 1.99 x 107° 18.7
YST248 GAL-CLNZ2-1, sit1A::control fragment 1.39 x 10710 1.71 x 107 12.23
YST252 GAL-CLN2-1, sit1A::ARSH4(x7) 3.54 x 10710 1.00 x 10~° 2.83

2Genotype of wild type is CAN1 argdA::ARG4 hxt13A::URAS3. See Table 2 for details.
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cer development because it confers growth advantage by
rendering cells less mitogen-dependent and more resis-
tant to negative growth factors, just as Cln2 overexpres-
sion renders cells insensitive to a-factor (data not
shown). However, by also inhibiting licensing, genome
instability is the inevitable by-product of this event.

Although our work has been done in budding yeast,
there is reason to suggest that it will be relevant to hu-
man cells as well. Firstly, the premise that Cdks inhibit
licensing appears to be true in human cells; treatment of
human cells in G, with specific Cdk inhibitors is suffi-
cient to trigger reloading of the Mcm complex (Coverley
et al. 1996, 1998), just as Cdk inhibition with Sicl is
sufficient to drive pre-RC assembly in yeast. Secondly,
overexpression of cyclins D and E can induce genomic
instability in human tissue culture cells (Zhou et al.
1996; Spruck et al. 1999). Thirdly, primary fibroblasts
from Rb-deficient embryos exhibit an extended S phase,
consistent with a defect in origin use (Classon et al.
2000).

Finally, it is interesting to consider the role of p53 in
this process. Recent work has indicated that loss of p53,
by itself, does not significantly increase genome insta-
bility (Paulson et al. 1998; Bunz et al. 2002). Wahl and
colleagues have proposed that p53-deficient cells must
undergo DNA replication under conditions that induce
DNA strand breaks for instability to occur (Almasan et
al. 1995; Paulson et al. 1998; Wahl and Carr 2001).
Agents that interfere with replication and/or damage
DNA can provide these breaks. We propose that deregu-
lation of cyclins can also generate DNA damage. In such
cells, loss of p53-mediated apoptosis might provide the
growth advantage that selects for clonal expansion of the
p53 mutant cells. In this regard, we note that cells in the
central nervous system and lenses of Rb/~ mouse em-
bryos have been shown to exhibit not only inappropriate
entry into S phase but also elevated rates of apoptosis.
This apoptosis can be suppressed by deletion of p53
(Morgenbesser et al. 1994; Macleod et al. 1996).

Materials and methods

Strains and media

The strains used in this study are listed in Table 2. All strains
are derived from W303. For efficient DNA rereplication, three
copies of the SiclC70td plasmid were introduced into the
strains used in rereplication assays (YST65, YST66, YST67, and
YST69). To introduce the MCM7-2NLS or MCM-2niIs3A muta-
tion into these strains, the Pvull fragments from pJL1208 or
pKI1273 (Nguyen et al. 2000), containing mcm7A-2NLS or
mcm7A-2nls3A, respectively, were subcloned into the Smal site
of pAURI101 (Takara Shuzo Co., Kyoto, Japan), and the plasmids
obtained were integrated at the CDC47/MCMT7 locus. To con-
struct the 7x ARSH4 strain and its control, an SphI-PshAl frag-
ment of pDK368-7 or pDK243 (Hogan and Koshland 1992) was
cloned between Sphl and the filled-in Ndel sites of YIplac204,
and then the Sphl-HindIII fragment derived from the SIT1 ORF
was introduced into these plasmids. The plasmids obtained
were introduced into YST193 after linearization with Xhol di-
gestion, thus generating YST248 and YST252, respectively.
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Cells were grown in the rich medium YP (1% yeast extract, 2%
Bacto peptone) supplemented with 2% sugar (glucose, galactose,
or raffinose) or synthetic medium supplemented with the re-
quired amino acids and nucleotides. Cell cycle block and release
experiments with a-factor, nocodazole, and temperature shift
and induction and repression of the GAL or the MET promoter
were performed as described previously (Diffley et al. 1994; La-
bib et al. 1999).

H1 kinase assay

Soluble cell extracts were prepared by centrifugation after cell
lysis with glass beads in lysis buffer (0.4 M sorbitol, 150 mM
potassium acetate, 2 mM magnesium acetate, 20 mM PIPES at
pH 6.8, 1 mM AEBSF, 1x Complete protease inhibitors from
Boehringer Mannheim, 0.5 mM sodium orthovanadate, 10 mM
sodium fluoride, and 20 mM B-glycerophosphate). Then 10 ng of
9E11 anti-myc antibody and protein G agarose beads (Sigma-
Aldrich Chemie) or protein G beads alone was added to one-
quarter of the extract and incubated at 4°C overnight. Half of
the beads were washed with H1 kinase buffer (50 mM B-glyc-
erophosphate, 20 mM EGTA, 15 mM magnesium acetate, and 1
mM DTT; pH was adjusted to 7.4). Then 6.5 uL of H1 kinase
buffer and 2.5 pL of reaction mix (1 mg/mL Histone H1, 1 mM
DTT, 15 mM magnesium acetate, 300 uM ATP, and 0.5 nCi/pL
[y-32P]ATP) were added to the washed beads and incubated at
25°C for 10 min; the reaction was stopped by adding 20 pL of
sample buffer. The samples were analyzed by SDS-PAGE, and a
phosphorimager (Molecular Dynamics) was used for further pro-
cessing of the data.

Plasmid loss assay

YST177, 178, 181, and 182 were grown to mid-log phase in
YP-glucose. Cells were diluted in synthetic medium lacking
leucine and either with or without 2 mM methionine for the
following 24 h to allow cells to grow for 5-10 generations. Cells
before and after this incubation were spread onto synthetic me-
dium supplemented with leucine, and the numbers of red and
white colonies were counted. The plasmid loss rate per genera-
tion was calculated as described previously (Noton and Diffley
2000).

GCR assay

At least five independent colonies were picked from YP-raffi-
nose plates and suspended in a small volume of water. Half of
the suspension was inoculated into YP-glucose, and the rest was
inoculated into YP-galactose. Cells were grown to stationary
phase and then spread onto synthetic medium containing 60
pg/mL canavanine (CAN) and 1 mg/mL 5-fluoroorotic acid (5-
FOA). The number of colonies formed on CAN + FOA plates
was counted, and the median was used to calculate the GCR
rate. The GCR rate was calculated as described previously
(Reenan and Kolodner 1992; Chen and Kolodner 1999; Myung et
al. 2001).

Immunoblotting

Western blot analysis was performed as described in Perkins
et al. (2001). Myc-tagged Sicl, SiclANT, Sic1C70, Sic1C70td,
Cln2, CIn2-1, and Ubrl proteins were detected with the 9E10
monoclonal antibody; p86/91 was detected with the 6D2 anti-
body (Desdouets et al. 1998); and Orc6 was detected with the
SB49 antibody (Weinreich et al. 1999; Seki and Diffley 2000).
The secondary antibody in each case was anti-mouse HRP from
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Table 2. Yeast strains

Strain Genotype

W303-1a MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100

YLDI11 W303-1a ura3::GAL1,10p-SIC1-Myc-His,

YST27 W303-1a cdc4-1 ura3::GAL1,10p-SIC1-Myc-Hise

YST48 W303-1a ubr1A::GAL1,10p-Myc-UBR1::HIS3 ura3::GAL1,10p-SIC1C70td-Myc-His,

YST57 W303-1a CDC54/MCM4-GFP ubr1A::GAL1,10p—-Myc-UBR1::HIS3 ura3::GAL1,10p-Myc-Hisy(x1)

YST64 W303-1a CDC54/MCM4-GFP ubr1A::GAL1,10p-Myc-UBR1::HIS3 ura3::GAL1,10p-SICIANT-Myc-Hiso(x1)

YST65 W303-1a CDC54/MCM4-GFP ubr1A::GAL1,10p-Myc-UBR1::HIS3 ura3::GAL1,10p-SIC1C70td-Myc—Hisg(x3)

YST66 W303-1a CDC54/MCM4-GFP ubr1A::GAL1,10p-Myc-UBR1::HIS3 ura3::GAL1,10p-SIC1C70td-Myc-Hiso(x3)
leu2::GAL1,10p-CLN2-Myc-Hiso

YST67 W303-1a CDC54/MCM4-GFP ubr1A::GAL1,10p-Myc-UBR1::HIS3 ura3::GAL1,10p-SIC1C70td-Myc-Hiso(x3)
leu2::GAL1,10p-CLN2-1-Myc-His,

YST69 W303-1a CDC54/MCM4-GFP ubr1A::GAL1,10p—-Myc-UBR1::HIS3 ura3::GAL1,10p-SIC1C70td-Myc—Hisy(x3)
leu2::GAL1,10p-Myc-Hise

YST71 W303-1a cdc4-1 ura3::GAL1,10p-SIC1C70td-Myc-Hiso

YST76 W303-1a cdc4-1 ubr1A::GAL1,10p-Myc-UBR1::HIS3 ura3::GAL1,10p-SIC1C70td-Myc-Hise

YST78 W303-1a ura3::GAL1,10p-SIC1C70td-Myc-His,

YST177 W303-1a ade3::hisG ura3::MET3p—CLN2-Myc-His, pDK368-1

YST178 W303-1a ade3::hisG ura3::MET3p-CLN2-Myc-His, pDK368-7

YST181 W303-1a ade3::hisG ura3::MET3p-CLN2-1-Myc-His, pDK368-1

YST182 W303-1a ade3::hisG ura3::MET3p—CLN2-1-Myc-His, pDK368-7

DRY1728 W303-1a designer deletion (MATa argdA::hisG his3-11,15 leu2-3,112 trp1A0::hisG ura3A0 CAN1)

YST192 DRY1728 argdA::ARG4 hxt13A::URA3 leu2::GAL1,10p—-CLN2-Myc-His,

YST193 DRY1728 arg4A::ARG4 hxt13A::URA3 leu2::GAL1,10p—CLN2-1-Myc-Hiso

YST196 DRY1728 argdA::ARG4 hxt13A::URA3 leu2::GAL1,10p-Myc-His,

YST248 DRY1728 argdA::ARG4 hxt13A::URA3 leu2::GAL1,10p—CLN2-1-Myc-His, sit1A::control fragment-TRP1

YST252 DRY1728 argdA::ARG4 hxt13A::URAS3 leu2::GAL1,10p—-CLN2-1-Myc-Hisy sit1A::ARSH4(x7)-TRP1

YST282 W303-1a CDC54/MCM4-GFP ubriA::GAL1,10p-Myc-UBR1::HIS3 ura3::GAL1,10p-SIC1C70td-Myc-Hisy(x3)
leu2::GAL1,10p-CLN2-Myc-Hisy cdcd47/mcem7A::MCM7-2NLS his3::GAL1,10p-CDC6ANT

YST283 W303-1a CDC54/MCM4-GFP ubr1A::GAL1,10p-Myc-UBR1::HIS3 ura3::GAL1,10p-SIC1C70td-Myc-Hiso(x3)
leu2::GAL1,10p-CLN2-Myc-His, cdc47/mcem7A::MCM7-2nls3A his3::GAL1,10p-CDC6ANT

YST284 W303-1a CDC54/MCM4-GFP ubr1A::GAL1,10p—-Myc-UBR1::HIS3 ura3::GAL1,10p-SIC1C70td-Myc—Hisy(x3)
leu2::GAL1,10p-CLN2-1-Myc-His, cdc47/mcecm7A::MCM7-2NLS his3::GAL1,10p-CDC6ANT

YST285 W303-1a CDC54/MCM4-GFP ubr1A::GAL1,10p—-Myc-UBR1::HIS3 ura3::GAL1,10p-SIC1C70td-Myc—Hisg(x3)
leu2::GAL1,10p-CLN2-1-Myc-His, cdc47 /mcm7A::MCM7-2nls3A his3::GAL1,10p-CDC6ANT

YST286 W303-1a CDC54/MCM4-GFP ubr1A::GAL1,10p-Myc-UBR1::HIS3 ura3::GAL1,10p-SIC1C70td-Myc-Hisy(x3)
leu2::GAL1,10p-Myc-Hisy cdc47/mem7A::MCM7-2NLS his3::GAL1,10p-CDC6ANT

YST287 W303-1a CDC54/MCM4-GFP ubr1AGAL1,10p-Myc-UBR1::HIS3 ura3::GAL1,10p-SIC1C70td-Myc—His,(x3)

leu2::GAL1,10p-Myc-His, cdc47/mcm7A::MCM7-2nIs3A his3::GAL1,10p-CDC6ANT

Vector Labs. Membranes were stained with Ponceau-S and
scanned as a loading control and to confirm even transfer during
electroblotting.

Other methods

Flow cytometry, genomic footprinting, and microscopic obser-
vation of Mcm4-GFP were performed as described elsewhere
(Perkins and Diffley 1998; Labib et al. 1999; Noton and Diffley
2000; Tanaka and Diffley 2002).
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