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Effects of Aneuploidy on Cellular
Physiology and Cell Division in

Haploid Yeast

Eduardo M. Torres,* Tanya Sokolsky,'* Cheryl M. Tucker,? Leon Y. Chan,* Monica Boselli,*

Maitreya ]. Dunham,? Angelika Amon®t

Aneuploidy is a condition frequently found in tumor cells, but its effect on cellular physiology is not
known. We have characterized one aspect of aneuploidy: the gain of extra chromosomes. We created a
collection of haploid yeast strains that each bear an extra copy of one or more of almost all of the yeast
chromosomes. Their characterization revealed that aneuploid strains share a number of phenotypes,
including defects in cell cycle progression, increased glucose uptake, and increased sensitivity to
conditions interfering with protein synthesis and protein folding. These phenotypes were observed only
in strains carrying additional yeast genes, which indicates that they reflect the consequences of
additional protein production as well as the resulting imbalances in cellular protein composition. We
conclude that aneuploidy causes not only a proliferative disadvantage but also a set of phenotypes that
is independent of the identity of the individual extra chromosomes.

he cell division cycle is a highly con-
I trolled process that generates two daugh-
ter cells of identical genetic makeup.
Surveillance mechanisms known as checkpoints
ensure that this process occurs with high fidelity.
However, despite these surveillance mecha-
nisms, chromosome missegregation occurs once
every 5 x 10° cell divisions in yeast (/) and on
the order of once every 10* to 10° divisions in
mammalian cells (2), producing a condition
known as aneuploidy.

More than a century ago, aneuploidy was
postulated to be a common characteristic of can-
cer cells (3). Since then, it has been proposed that
aneuploidy contributes to tumorigenesis by pro-
viding a mechanism by which oncogenes are
gained or tumor suppressor genes are lost (4).
Studies examining the effects of aneuploidy on
cell proliferation in Schizosaccharomyces pombe
(5) and Drosophila (6) and the effects of trisomy
on cell proliferation in humans (7) suggest that
aneuploidy can also interfere with cell prolifera-
tion. To address how aneuploidy affects the pro-
liferation and physiology of normal cells, we
generated a set of yeast strains in which each
strain bears an extra copy of one or more of al-
most all of the yeast chromosomes. Their charac-
terization represents a comprehensive analysis of
the effects of aneuploidy on cellular physiology.
We found that in addition to chromosome-
specific phenotypes, aneuploid strains share a
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number of traits, pointing toward the existence of
a general cellular response to aneuploidy.

Generation of aneuploid yeast strains. To
create yeast cells that contain an additional chro-
mosome, we used a chromosome transfer strate-
gy. During mating, if one of the mating partners
lacks the karyogamy gene KARI, nuclear fusion
does not occur (8). However, occasionally indi-
vidual chromosomes are transferred from one
nucleus to the other during these abortive matings
(8, 9). When the two mating partners carry
different selectable markers at the same genomic
location, these rare chromosome transfers can be
selected for (fig. S1). Using this technique, we
generated 13 of the 16 possible disomic strains
(tables S1 and S2) (10).

To ensure that strains with the correct marker
combination were indeed disomic for the entire
chromosome, we performed comparative ge-
nomic hybridization, which allows for the quan-
tification of gene copy number on a genome-wide
scale. This analysis also revealed that some of
the strains obtained from the chromosome trans-
fer procedure carried one or two extra chromo-
somes in addition to the one we selected for (fig.
S2A). Although the second chromosome cannot
be selected for, these strains were karyotypically
stable enough to conduct a phenotypic charac-
terization.

Aneuploidy causes a transcriptional re-
sponse. To characterize the effects of aneu-
ploidy on gene expression, we grew each
aneuploid yeast strain to mid-log phase in batch
culture and measured genome-wide gene expres-
sion relative to the wild-type strain with the use
of DNA microarrays. An approximate doubling
of gene expression was observed along the entire
length of the disomic chromosomes, indicating
that most if not all genes are expressed propor-
tionally to the number of DNA copies in the cell

(Fig. 1A). A similar result has been reported for a
smaller data set (/7).

To reveal more subtle correlations masked by
the strong chromosome-specific signals (fig.
S3A), we applied a clustering program that al-
lows the assignment of a reduced weight to genes
on disomic chromosomes (/0) (Fig. 1B). This anal-
ysis showed that many aneuploid yeast strains—
particularly strains disomic for chromosomes
1V, X111, XV, and X VI and strains with multiple
extra chromosomes—exhibited a gene expression
signature characteristic of the yeast environ-
mental stress response (ESR). Of the 870 genes
identified by Gasch et al. to constitute the ESR
cluster, 615 also showed the same transcriptional
change in yeast strains with additional chromo-
somes (Fig. 1B) (/2). These same expression
changes are also observed in yeast strains grow-
ing at slower growth rates (/3). Mutants defective
in cell proliferation, such as temperature-sensitive
cdc28-4 or cdc23-1 grown at the permissive tem-
perature (cdc28-4 mutants exhibit a G, delay;
cdc23-1 mutants exhibit a metaphase delay), also
exhibited some of the same changes in gene ex-
pression (Fig. 1B), raising the possibility that de-
fects in cell proliferation could also cause this
transcriptional response.

All aneuploid strains that we examined
proliferated more slowly than did wild-type cells
(fig. S4, A, B, F, and G). Gene expression
patterns that are linked to growth rates could thus
mask gene expression patterns common to all
aneuploid strains. To eliminate differences in
gene expression caused by differences in doubl-
ing time, we grew all aneuploid strains and the
wild type at the same growth rate in the che-
mostat under conditions where phosphate was
limiting. Because the set doubling time of ~6
hours was longer than the doubling time of each
strain in batch growth, all strains grew at the same
rate. When cells reached steady state, samples for
gene expression were harvested for microarray
analysis. Slow-growing strains carrying the
cdc28-4 and cdc23-1 mutations were also grown
under the same conditions. The gene expression
changes that correlated with growth rate differ-
ences were not present in any of the chemostat-
grown samples. The remaining gene expression
changes included a transcription pattern shared
by most of the aneuploid strains and not
detectable or not present in exponentially grow-
ing cultures, nor in wild-type cells or cdc28-4 and
cdc23-1 mutants grown in the chemostat under
phosphate-limiting conditions (Fig. 1C and fig.
S3B).

Of the 4963 genes whose expression change
was greater than the control threshold (factor of
1.3) in at least one strain, 397 genes showed
changed expression in 10 or more of the 14
aneuploid strains. We used the program GO Term
Finder, available from the Saccharomyces Ge-
nome Database (/4), to identify the functional
categories enriched in each gene set. The group
that showed increased expression was enriched
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in ribosomal biogenesis genes, particularly those
related to ribosomal RNA processing (Fig. 1D
and table S4). Genes with annotations related to
nucleic acid metabolism were also enriched
(table S4). The more variable set of genes whose
expression was decreased was enriched for genes
involved in carbohydrate metabolism (Fig. 1D
and table S4). We conclude that aneuploid
strains, when normalized for growth rate in
phosphate-limited chemostats, are somehow per-
turbed with respect to ribosomal biogenesis and
energy production.

Most aneuploid yeast strains exhibit a G,
delay. To determine how aneuploidy affects
cell physiology, we characterized the prolifera-
tion properties of strains carrying one or several
extra chromosomes. The doubling time and cell
size were slightly increased in most aneuploid
strains in complete medium [yeast extract, pep-
tone, and dextrose (YPD); fig. S4A] and synthet-
ic medium that selects for the presence of the
disome (—His+G418; fig. S4B). Even disomic
strains that did not exhibit a proliferation delay,
such as cells disomic for chromosomes I or II,
showed decreased proliferative capacity relative
to wild-type cells when the strains were cocul-
tured (fig. S4, F and G). Furthermore, some of the
aneuploids, such as strains disomic for chromo-
somes 1V, XI, or XIII, also exhibited poor viabil-
ity as judged by their inability to form colonies
on plates (fig. S4E). The proliferative disadvan-
tage and increase in cell size were also observed
in diploid cells carrying an extra chromosome
(fig. S4, C and D), indicating that the gain of an
extra chromosome interferes with cell prolifera-
tion of both haploid and diploid cells. Thus, con-
trary to what we would have expected from studies
on cancer cells, where aneuploidy is thought to
bring about a proliferative advantage (4), aneu-
ploidy causes a proliferative disadvantage in yeast.

To determine in which stage of the cell cycle
the aneuploid yeast strains were delayed, we ex-
amined cell cycle progression after release from a
pheromone-induced G; phase arrest. Entry into
the cell cycle, as judged by bud formation (Fig.
2A) and DNA replication (Fig. 2B), was delayed
in 16 of 20 aneuploid strains. With the exception
of cells disomic for chromosomes I, II, V, or IX,
all aneuploid strains exhibited a delay in entry
into the cell cycle (fig. S5 and table S1), with
most strains (disome VIII, X, XI, XII, XIII, XTIV,
V+IX, VIII+XV, and XI+XV strains) showing a
delay ranging from 10 to 20 min. Cells disomic
for multiple chromosomes (disome V+VII, VIII+
X1V, XI+XVI, and [+VI+XI1II strains), as well as
cells disomic for chromosome IV or XVI,
exhibited a G; delay of 25 min or more.
Aneuploids exhibited few other cell cycle delays.
The metaphase to anaphase transition was
delayed in only 2 of the 20 aneuploid strains
(fig. S5 and table S1), and only 7 of 20 exhibited
a delay in entry into mitosis (as determined by a
delayed appearance of cells with metaphase
spindles) (Fig. 2C, table S1, and fig. S5). We
conclude that most aneuploid strains are delayed
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in G; phase. In general, the delay appears to be
larger in strains carrying an extra copy of a large
chromosome or extra copies of multiple chromo-
somes (fig. S6), which suggests that the amount
of additional yeast DNA may contribute to
determining the length of the G, delay.

The molecular events underlying the G, to S
phase transition are well characterized in S.
cerevisiae. The cyclin-dependent kinase (CDK)
Cdc28 associated with the cyclin CIn3 inhibits
Whi5, an inhibitor of the transcription factor
complex SBF (75, 16). SBF in turn induces the
transcription of genes encoding two other
cyclins, CLNI and CLN2, which, when
complexed with Cdc28, promote entry into the
cell cycle (/7). We analyzed the abundance of
CLN2 RNA and CIn2 protein in strains disomic
for chromosomes 1V, XIII, or VIII+XIV. Accu-
mulation of CLN2 RNA and CIn2 protein was
delayed and paralleled the delay in bud formation
and DNA replication (Fig. 2, D and E). Our
results indicate that in the strains that we ana-
lyzed, aneuploidy interferes with the G, to S
phase transition upstream of CLN2 transcription.
How the presence of additional yeast chromo-
somes prevents CIn2 accumulation remains to be
determined. CIn3-CDKs promote CLN2 accu-
mulation and are the target of events such as cell
growth that control the G; to S phase transition
(18, 19). Thus, the presence of extra chromo-
somes might affect Cln3-CDK function.

Aneuploids exhibit increased glucose
uptake. To further investigate the effects of
aneuploidy on cell proliferation, we examined
the kinetics with which aneuploid cells enter
stationary phase. Most aneuploids reached satu-
ration at a smaller population size [as measured
by optical density at 600 nm (ODgq0)] (Fig. 3, A
and B) and lost viability upon prolonged cul-
turing in stationary phase (Fig. 3C). In general,
the maximum ODgoo was lower in strains carry-
ing two copies of large chromosomes or two
copies of multiple chromosomes (Fig. 3, A and
B). Thus, biomass accumulation appears to be
inversely correlated with the amount of addition-
al yeast DNA present in the aneuploid strains and
the severity of their proliferation defects.

To determine whether the lower ODgg at
which aneuploids enter stationary phase was due
to nutrient depletion, we simultaneously mea-
sured glucose uptake and accumulation of bio-
mass. This comparison revealed that wild-type
cells generated more biomass per internalized
glucose molecule than did aneuploid cells.
Whereas wild-type cells reached cell densities
of ODggo = 9, having taken up 75% of the
glucose in the medium, cells disomic for chromo-
some IV only reached a cell density of ODgg of
less than 4 (Fig. 3D). The increase in glucose
uptake correlated with the severity of the cell
cycle delay, with strains with a shorter doubling
time accumulating more biomass per glucose
molecule (Fig. 3E).

Consistent with the idea that aneuploids take
up more glucose, we observed that the gene loci
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encoding the high-affinity glucose transporters
Hxt6 and Hxt7 were amplified (fig. S2B) and
more highly expressed (Fig. 1 and fig. S2B) in
most of the aneuploid strains we generated (n =
42). Strains that did not show this amplification
and increased expression were those that carried
an extra copy of chromosome VIII, which carries
three genes encoding other high-affinity glucose
transporters. Together with the microarray ex-
periments indicating changes in gene expression
relating to carbohydrate metabolism, our results
suggest that aneuploids require more carbohy-
drates or energy (or both) for cell survival and
proliferation than do wild-type cells.

Most genes on the aneuploids’ extra
chromosomes are expressed. Why would
aneuploids need additional glucose? Because an
estimated 60 to 90% of the intracellular chemical
energy is devoted to protein production (20), we
hypothesized that macromolecule biosynthesis
from the additional chromosome present in
aneuploid strains could be one reason. Indeed,
our expression profile analysis of aneuploids
showed that most genes present on the additional
chromosomes were transcribed: 93% of genes
carried on the chromosome that was present in
two copies were overexpressed by a factor of at
least 1.3 over the wild type, and expression of
83% of genes went up by a factor of 1.5 or more
(Fig. 1, A and C). To determine whether the
transcripts produced from the extra chromosomes
were also translated, we measured the amounts of
a small number of proteins. The amounts of
ArpS5, Tepl, and Cde28 protein were increased in
strains disomic for the chromosomes containing
the genes encoding these proteins (Fig. 4A). Our
results suggest that at least some of the genes
present on the additional chromosomes are not
only transcribed but also translated.

Interestingly, most of the proteins (13 of 16)
that we analyzed showed no change in abun-
dance, even though the amount of transcript was
increased in accordance with the increase in gene
copy number (Fig. 4A and fig. S7). With the
exception of Leb4 and Feyl (for which it is not
known whether they are components of protein
complexes), all 13 proteins analyzed are compo-
nents of protein complexes. Rpal is a component
of the replication machinery, Mrell of the RMX
complex, Rps2 and Rpl32 of the ribosome, Rpt1
of the proteasome, Nop! of the nucleolus, his-
tone H3 of the nucleosome, Yaf9 and Eaf3 of the
NuA4 histone H4 acetyltransferase complex,
and Elp3 of the elongator complex. These
findings indicate that many proteins synthesized
from the additional chromosomes are either not
translated or, more likely, degraded shortly after
synthesis (27).

Consistent with the idea that increased protein
degradation occurs in aneuploid yeast strains, the
proliferation of a number of aneuploid strains (IV,
XII, XIII, XTIV, and XVI) was inhibited by con-
centrations of the proteasome inhibitor MG132 at
which wild-type cells grow, as judged by their
ability to form colonies on plates containing the
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Fig. 1. Effects of aneuploidy on gene expression. (A) Gene expression of wild-type and aneuploid strains
grown in batch cultures, ordered by chromosome position. Experiments (columns) are ordered by the
number of the chromosome that is present in two copies. The expression patterns of aneuploid strains were
compared to those of wild-type cells (A11311) grown under the same conditions. Data were renormalized to
account for the disome. The arrow points to the genomic location of HXT6 and HXT7. The data are provided
in table S5. Strain order [note that the number after each strain number denotes the experiment number;
the same nomenclature is used in (B)]: A11311 #1, A11311 #2, A11311 #3, A11311 #4, A12683 #1,
A12683 #2, A6863 #1, A6863 #2, A12685 #1, A12685 #2, A6865 #1, A6865 #2, A12687 #1, A12687 #2,
A14479 #1, A13628 #1, A13628 #2, A15615 #1, A15615 #2, A13975 #1, A13975 #2, A12689 #1,
A12689 #2, A6869 #1, A6869 #2, A13771 #1, A13771 #2, A12691 #1, A12691 #2, A12699 #1, A12699
#2, A12693 #1, A12693 #2, A12695 #1, A12695 #2, A13979 #1, A13979 #2, A12697 #1, A12697 #2,
A12700 #1, A12700 #2. (B) Hierarchically clustered gene expression data obtained from strains grown in
batch cultures. Data from (A) were filtered for genes changing by a factor of >1.8 on at least two arrays.
Genes present on chromosomes in two copies were downweighted and all data were clustered using the
program WCluster. Clustering with all genes weighted equally is shown in fig. S3A. Gene expression for
strains, ordered by increasing doubling time, carrying a cdc15-2, cdc28-4, or cdc23-1 mutation compared to
a matched wild type (A2587) grown at 23°C is shown adjacent to the main cluster. The columns labeled WT
are biological replicates. Note that cdc15-2 mutants do not show the ESR expression profile, which is
consistent with the fact that cdc25-2 mutants show only a slight proliferation defect at 23°C. Green and red
bars correspond to putative clusters associated with ESR or growth rate that are down- and up-regulated,
respectively. Replicates for each strain were more related to each other than to any other strains, indicating
that the expression arrays were highly reproducible. Strain order: A11311 #4, A12685 #2, A12685 #1,
A12683 #2, A12683 #1, A12689 #2, A12689 #1, A6865 #2, A6865 #1, A12699 #2, A12699 #1, A12700
#2, A12700 #1, A12687 #2, A12687 #1, A12695 #2, A12695 #1, A12691 #2, A12691 #1, A12697 #2,
A12697 #1, A14479 #1, A13979 #2, A13979 #1, A15615 #2, A15615 #1, A13975 #2, A13975 #1,
A13771#2, A13771 #1, A12693 #2, A12693 #1, A13628 #2, A13628 #1, A11311 #3, A11311 #2, A6869
#2, A6869 #1, A6863 #2, A6863 #1, A11311 #1, A2596, A2594, A755. (C) Hierarchically clustered gene
expression data obtained from strains grown in a chemostat under phosphate-limiting conditions. The
expression patterns of aneuploid strains were compared to wild-type cells (A11311) grown under the same
conditions. Data were renormalized, filtered for genes changing by at least a factor of 1.3 in at least one
experiment, and clustered with genes present on chromosomes present in two copies downweighted.
Clustering with all genes weighted equally is shown in fig. S3B. Gene expression for strains carrying a
cdc15-2 (A2596), cdc28-4 (A2594), or cdc23-1 (A755) mutation as compared to a matched wild type
(A2587) grown at 23°C is shown adjacent to the main cluster. Green and red bars indicate putative common
transcriptional responses that are down- and up-regulated in aneuploid strains, respectively. The data are
provided in table S5. Strain order: A12697, A12695, A12689, A12699, A13771, A13628, A14479,
A12693, A13979, A12687, A13975, A12700, A12685, A12683, A11311, A2596, A2594, A755. (D) Pie-
chart representation of genes changing expression significantly in at least 10 of 14 disomic strains grown
under phosphate-limiting conditions grouped by GO terms. Full GO results, including genes annotated to
each term, can be found in table S4.

drug (Fig. 4F; note that strains with multiple
additional chromosomes could not be tested
because of the need to delete PDRS to test the
effects of MG132) (22, 23). Furthermore, prolif-
eration of all aneuploid strains was hampered by
the protein synthesis inhibitor cycloheximide
(Fig. 4C), which can be a sign of ubiquitin de-
pletion (24). Several proteins such as o-tubulin and
histones, which are components of multiprotein
complexes, are degraded if they are overexpressed
or their binding partners are missing (25, 26). Such
a mechanism might regulate the amounts of the
proteins that did not increase in abundance, in
accordance with gene dosage in the aneuploid
strains. Thus, transcription, translation, and
degradation of proteins produced from the
additional chromosomes present in aneuploids
may contribute to the increased glucose uptake of
these cells.

Proliferation of aneuploids is inhibited by
protein synthesis inhibitors and high temper-
ature. To determine whether the synthesis of
proteins from the additional chromosomes and
their presence in the cell represents an increased
burden on the cell’s protein production machin-
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ery, we examined the ability of aneuploid strains
to grow under conditions that interfere with tran-
scription, protein synthesis, and protein folding.
Proliferation of all aneuploids, with the exception
of strains disomic for chromosomes I, X, or XIV,
was inhibited by a high (20 pg/ml) concentration
of the RNA polymerase inhibitor thiolutin (Fig.
4B). At low concentrations of the RNA poly-
merase inhibitor (5 pg/ml to 15 pg/ml), prolifer-
ation of only a subset of strains was impaired (fig.
S8H). However, all aneuploid strains showed
decreased proliferation when exposed to the pro-
tein synthesis inhibitor cycloheximide at concen-
trations of 0.1 and 0.2 pg/ml, and proliferation
of most strains was impaired at a concentration of
0.05 pg/ml (Fig. 4C). With the exception of
strains disomic for chromosomes I, II, or IX,
aneuploid strains also showed increased sensitiv-
ity to the protein synthesis inhibitors hygromycin
and rapamycin (Fig. 4D; cells disomic for chro-
mosome X were not sensitive to rapamycin,
perhaps because TOR! is located on this chro-
mosome). The proliferation-inhibitory effects of
protein synthesis inhibitors on aneuploids was
not a consequence of the proliferation defect of
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aneuploids, because cdc28-4 and cdc23-1 mutants,
which are severely impaired in cell division even
at 23°C, did not exhibit increased sensitivity to
cycloheximide or rapamycin (Fig. 4, C and D).

Proliferation of aneuploids was also de-
creased under conditions that led to the accumu-
lation of unfolded proteins. All strains carrying
an extra chromosome, with the exception of cells
disomic for chromosome I, showed impaired
proliferation at increased temperatures (37°C;
Fig. 4E) and were modestly sensitive to the
Hsp90 inhibitor geldanamycin (except cells
disomic for chromosome X; Fig. 4F).

Aneuploids did not exhibit increased sensi-
tivity to any toxic agents. Aneuploids formed
colonies as well as did wild-type cells on me-
dium containing the DNA replication inhibitor
hydroxyurea (fig. S8B) or medium containing
the proline analog azetidine 2-carboxylic acid
(AZC; fig. S8E) or 6-azauracil (AZA; fig. S8I),
which interferes with uridine triphosphate and
guanosine triphosphate biosynthesis. None of the
aneuploids showed altered proliferation in the
presence of the autophagy inhibitor chloroquine
(fig. S8D) or hydrogen peroxide (fig. S8G).
Strains were also respiration-proficient as judged
by their ability to grow on the nonfermentable
carbon source glycerol (fig. S8, C and I) and did
not exhibit increased sensitivity to the F1FO
adenosine triphosphate synthase inhibitor oligo-
mycin (fig. S8I). About half of the aneuploid
strains analyzed exhibited increased sensitivity to
the microtubule-depolymerizing drug benomyl
(fig. S8F), the basis of which warrants further
investigation. Our results indicate that the prolif-
eration of aneuploid strains is specifically impaired
under conditions interfering with transcription,
translation, and protein folding.

The phenotypes shared by aneuploid yeast
strains are due to the presence of additional
yeast genes. The phenotypes shared by aneu-
ploids might result from the mere presence of
additional DNA or from the RNAs and proteins
synthesized from these chromosomes. Thus, we
tested the effects of seven yeast artificial chro-
mosomes (YACs) containing human or mouse
DNA inserts ranging from ~350 kb to 1.6 Mb in
size (table S3). Although we cannot exclude the
possibility that some transcription and transla-
tion occurs from the mammalian DNA in yeast,
the YACs do not produce yeast proteins, and it
is highly likely that the amount of transcription
and translation from the YAC:s is less than that
occurring from yeast chromosomes, which are
densely packed with mostly intronless genes.

The gene expression profile shared by aneu-
ploid strains grown under phosphate-limiting
chemostat conditions was also observed in
YAC-carrying strains (Fig. 5A), which suggests
that the mere presence of extra DNA is mainly
responsible for this gene expression pattern. The
other phenotypes observed in aneuploids were
not shared by the YAC-bearing strains. With the
exception of a minor (5 min) delay observed in
cells carrying the largest YAC (YAC-1; 1.6 Mb),
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none of the YAC-bearing strains exhibited delays
in entry into the cell cycle (Fig. 5C). Nor was
progression through other cell cycle stages
affected, as judged by DNA content analysis
(Fig. 5D). Furthermore, YAC-bearing strains did
not exhibit increased sensitivity to thiolutin,
cycloheximide, rapamycin, or high temperature
(Fig. 5B). Curiously, the strain bearing the largest
YAC exhibited increased sensitivity to hygro-
mycin, the basis of which is at present unclear.
We conclude that at least two aspects of aneu-
ploidy may contribute to the phenotypes shared
by aneuploid strains: (i) The expression signa-
ture shared by aneuploid strains appears to be
elicited by the presence of extra DNA, and (ii)
the cell cycle delays and proliferation defects
under conditions interfering with protein syn-
thesis and folding are in large part due to yeast
transcripts and yeast proteins generated from
extra chromosomes.

Discussion. Our analysis of aneuploid yeast
strains was, by virtue of the way they were iso-
lated, limited to aneuploid strains that are viable.
Thus, most strains we characterized contained
one additional chromosome, a few carried two,
and one carried three. Strains with many addi-
tional chromosomes were not obtained, likely
because they are inviable. The characterization of
the 20 viable aneuploids that we analyzed none-
theless revealed that in addition to phenotypes
that are chromosome-specific (for example,
several aneuploid strains exhibit cell cycle defects
in addition to the G; delay observed in most
strains), these strains share several phenotypes.

Diploid yeast cells do not exhibit the pheno-
types shared by the aneuploid strains we ana-
lyzed (figs. S4 and S8A). This result shows that
the duplication of the entire genome is not nearly
as deleterious as the duplication of a subset of
chromosomes; moreover, it indicates that the ge-
nomic imbalance that results from aneuploidy is
responsible for the phenotypes we observed. The
finding that the severity of the phenotypes shared
by aneuploids is generally greater in strains diso-
mic for large or multiple chromosomes supports
this idea. Our data further suggest that an increase
in ploidy buffers the detrimental effects of the
imbalances caused by aneuploidy. The pheno-
types shared by aneuploids were generally less
severe in trisomic than in disomic cells.

Our analysis of strains carrying YACs with
mammalian DNA inserts suggests that most
phenotypes common to aneuploids are caused
by the additional yeast gene products. Only the
gene expression pattern of aneuploids observed
under phosphate-limiting conditions is also seen
in the YAC-carrying strains, which suggests that
the mere presence of extra DNA elicits this gene
expression response. The cell cycle delay and
impaired proliferation in the presence of tran-
scription antagonists, translation inhibitors, or
high temperatures were not observed in YAC-
bearing strains. Most of the phenotypes shared by
aneuploids—such as the increase in glucose
uptake, the gene expression pattern observed in

logarithmically growing cells, impaired prolifer-
ation in the presence of proteasome inhibitors,
and G; delay—appear to correlate with the num-
ber of additional yeast genes. In the case of other
phenotypes, such as increased sensitivity to pro-
tein synthesis inhibitors and conditions requiring
increased protein folding activity, the correla-

tion is not as striking. These findings, together
with the observation that disomy for the small
chromosome VI is lethal (/0), indicate that the
total amount of additional RNA and protein
produced by aneuploids, the cellular imbalances
caused by these extra proteins, and specific gene
products present on individual chromosomes all
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Fig. 2. Delay in G of the cell cycle in aneuploid cells. Wild-type cells (A11311), cells disomic for
chromosome IV (A12687), disomic for chromosome XlII (A12695), and disomic for chromosomes
VIIl and XIV (A15615), all carrying a CLN2-HA fusion with the exception of strain A15615, were
arrested in G, with o-factor pheromone and released from the block as described (10). Samples
were taken at indicated times to determine the percentage of budded cells (A), DNA content (B),
the percentage of cells with metaphase and anaphase spindles (C), and the amount of CLN2 RNA
(D) and Cln2 protein (E). ACT1 was used as a loading control in Northern blots (D). Pgk1 was used
as loading control in Western blots (E). In strain A15615, we only examined CLN2 RNA levels
because chromosome XIV is not marked in this strain and we were therefore not able to select for
the presence of two copies of this chromosome when introducing the Cln2-HA allele.
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likely contribute to the phenotypes shared by
aneuploids.

Striking among the phenotypes shared by
aneuploid yeast strains are those indicative of
protein degradation and folding distress. These
observations suggest that proteins synthesized
from the additional chromosomes disrupt cellular
physiology, interfering with metabolic pathways
and other basic cellular processes. We propose
that the cell responds to this state of imbalance in
a multilayered fashion not dissimilar to that of a
stress response. The cell’s attempt to restore wild-
type physiology is reflected by the fact that al-
though most genes present on the additional
chromosomes are transcribed, the amounts of

many proteins are not increased. The decrease in
biomass produced per glucose molecule may be
an indicator that more energy is being used to
degrade proteins and induce mechanisms that
shield the cell from the effects of excess
proteins or compensate for their effects. Even
the delay in G; might be a reflection of basic
cellular pathways (such as growth) being slowed
down.

Cancer cells, most of which are aneuploid,
share several properties with yeast cells carrying
additional chromosomes. Proliferation of both
types of cells is impaired in the presence of
protein synthesis inhibitors (27) and geldanamy-
cin (28), and both exhibit increased glucose

RESEARCH ARTICLE I

uptake (29). These parallels between tumor cells
and aneuploid yeast strains raise the possibility
that some phenotypes exhibited by tumor cells
are elicited by their aneuploid state. Thus, the
phenotypes exhibited by aneuploid yeast strains
could be the starting point to determine whether
aneuploid mammalian cells also share a set of
phenotypes. These shared properties would be
ideal targets for chemotherapeutics.

Our analysis shows that aneuploidy causes a
proliferative disadvantage in yeast. The same
could be true in human cells, not only because of
the high degree of conservation of basic cellular
processes among eukaryotes but also because
trisomy 21 foreskin fibroblasts proliferate more
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slowly than normal diploid fibroblasts (7). Is it
thus possible that aneuploidy does not contribute
to carcinogenesis but rather antagonizes it? Aneu-
ploidy provides a means of gaining additional
copies of oncogenes or losing tumor suppressor
genes (4, 30), and the cellular imbalances caused
by aneuploidy could create a selective stress that
could promote the accumulation of growth and

proliferation-promoting genomic alteration. Un-
der selective conditions, even in yeast, certain
aneuploidies may be advantageous (37). How-
ever, our data show that aneuploidy in itself re-
sults in a proliferative disadvantage for the cell.
Clearly, this disadvantage must be overcome
during tumor formation through the acquisition
of mutations that allow cells to tolerate aneu-

ploidy. The aneuploid yeast strains described
here could provide the opportunity to identify
such genes.
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Detection of Circumstellar Material
in a Normal Type la Supernova

F. Patat,®* P. Chandra,? R. Chevalier,? S. Justham,® Ph. Podsiadlowski,> C. Wolf,3

A. Gal-Yam,* L. Pasquini,® I. A. Crawford,” P. A. Mazzali,%’ A. W. A. Pauldrach,®
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Type la supernovae are important cosmological distance indicators. Each of these bright supernovae
supposedly results from the thermonuclear explosion of a white dwarf star that, after accreting material
from a companion star, exceeds some mass limit, but the true nature of the progenitor star system
remains controversial. Here we report the spectroscopic detection of circumstellar material in a normal
type la supernova explosion. The expansion velocities, densities, and dimensions of the circumstellar
envelope indicate that this material was ejected from the progenitor system. In particular, the relatively
low expansion velocities suggest that the white dwarf was accreting material from a companion star that
was in the red-giant phase at the time of the explosion.

s a result of their extreme luminosities
Aand high homogeneity, type la super-

novae (SNe la) have been used exten-
sively as cosmological reference beacons to trace
the evolution of the universe (/, 2). However,
despite recent progress, the nature of the pro-
genitor stars and the physics that govern these
powerful explosions remain poorly understood
(3, 4). In the presently favored single-degenerate
model, the supernova (SN) progenitor is a white
dwarf that accretes material from a nondegener-
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ate companion star in a close binary system (5);
when it approaches the Chandrasekhar limit, the
white dwarf explodes in a thermonuclear blast. A
direct method for investigating the nature of the
progenitor systems of SNe la is to search for
signatures of the material transferred to the ac-

creting white dwarf in the circumstellar material
(CSM). Previous attempts have aimed at detect-
ing the radiation that would arise from the
interaction between the fast-moving SN ejecta
and the slow-moving CSM in the form of narrow
emission lines (6), radio emission (7), and x-ray
emission (8). The most stringent upper limit to
the mass-loss rate set by radio observations is as
low as 3 x 10”® solar masses per year (Mo year ')
for an assumed wind velocity of 10 km s™' (7).
Two notable exceptions are represented by two
peculiar SNe Ia, SN 2002ic and SN 2005gj,
which have shown extremely pronounced hydro-
gen emission lines (9, 10) that have been inter-
preted as a sign of strong ejecta-CSM interaction
(11). However, the classification of these super-
novae as SNe Ia has recently been questioned
(12), and even if they were SNe Ia, these
supernovae are unlikely to account for normal
SNe Ia explosions (7) that, of those observed so
far, lack any signature of mass transfer from a
hypothetical donor. Here we report direct evi-
dence of CSM in a SN Ia that has shown
normal behavior at x-ray, optical, and radio
wavelengths.

SN 2006X was discovered in the Virgo clus-
ter spiral galaxy NGC 4321 (13). A few days
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