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SUMMARY

Cells with complex aneuploidies display a wide
range of phenotypic abnormalities. However, the
molecular basis for this has been mainly studied in
trisomic (2n + 1) and disomic (n + 1) cells. To deter-
mine how karyotype affects proliferation in cells
with complex aneuploidies, we generated 92 2n + x
yeast strains in which each diploid cell has between
3 and 12 extra chromosomes. Genome-wide and,
for individual protein complexes, proliferation de-
fects are caused by the presence of protein com-
plexes in which all subunits are balanced at the
3-copy level. Proteomics revealed that over 50% of
3-copy members of imbalanced complexes were ex-
pressed at only 2n protein levels, whereas members
of complexes in which all subunits are stoichiometri-
cally balanced at 3 copies per cell had 3n protein
levels. We validated this finding using orthogonal da-
tasets from yeast and from human cancers. Taken
together, our study provides an explanation of how
aneuploidy affects phenotype.

INTRODUCTION

Aneuploidy refers to karyotypes that are not an exact multiple of
the haploid genome (Birchler and Veitia, 2007; Tackholm, 1922;
Torres et al., 2008, 2010b) and is a hallmark of tumor cells
(Albertson et al., 2003; Holland and Cleveland, 2009; Siegel
and Amon, 2012; Weaver and Cleveland, 2006). At the cellular
level, aneuploidy usually exhibits a reduced proliferation rate
(Birchler and Veitia, 2012; Torres et al., 2008). For example, in
the budding yeast Saccharomyces cerevisiae, the proliferation
rate of aneuploidy is reduced significantly under non-stress con-

ditions (Parry and Cox, 1970; Pavelka et al., 2010). Similar obser-
vations were also reported in the fission yeast Schizosaccharo-
myces pombe (Niwa et al., 2006; Niwa and Yanagida, 1985)
and mammalian cells (Baker et al., 2004; Segal and McCoy,
1974; Stingele et al., 2012; Thompson and Compton, 2008; Wil-
liams et al., 2008). Aneuploidy has also been suggested to sup-
press the proliferation of tumor cells (Sheltzer et al., 2017). The
apparent fast expansion of tumor cell population is likely
because mutations in cell-cycle-related genes remove the prolif-
erative restrictions imposed on individual cells in multicellular or-
ganisms, obscuring the adverse effect of aneuploidy (Holland
and Cleveland, 2009; Torres et al., 2008, 2010b).

Although the reduced proliferation rate has been observed in
many types of aneuploid cells, the mechanistic link between
the two remains under investigation. Two mutually non-exclusive
hypotheses have been proposed. The balance hypothesis as-
serts that the disruption of the stoichiometric relationship among
subunits in a macromolecular complex perturbs its function and
can cause cytotoxicity (Birchler and Veitia, 2007, 2010; Papp
et al., 2003; Veitia, 2002, 2005). Consistent with the balance hy-
pothesis, gain or loss of some chromosomes in a genome usually
results in greater growth defects than complete duplication of all
chromosomes (Birchler and Veitia, 2010; Otto and Whitton,
2000). In addition, the overexpression of the o-tubulin gene
can partly rescue the lethality caused by the overexpression of
the B-tubulin gene (Abruzzi et al., 2002; Katz et al., 1990), demon-
strating the importance of dosage balance within a protein com-
plex. The burden hypothesis was proposed based on the obser-
vation that aneuploid cells were under proteotoxic stress
(Oromendia et al., 2012), which implies that the folding and
degradation of the extra protein subunits are a burden to aneu-
ploid cells (Dephoure et al., 2014; Geiler-Samerotte et al.,
2011; Torres et al., 2010b). In fact, 50% to 70% of extra subunits
in an imbalanced complex are degraded (Dephoure et al., 2014;
Ishikawa et al., 2017). For example, histone and ribosomal
proteins that are not assembled are rapidly degraded (Abovich
et al., 1985; Agrawal and Bowman, 1987; elBaradi et al., 1986;
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Gunjan and Verreault, 2003; Maicas et al., 1988; Warner et al.,
1985). Related to this, aneuploid cells are more sensitive to drugs
inhibiting protein folding or proteasome function (Sheltzer et al.,
2011; Torres et al., 2007; Whitesell and Lindquist, 2005). Both
balance and burden hypotheses explain why stoichiometric
imbalance leads to reduced fitness.

Previous studies investigating the causes of the reduction in
proliferation rate in aneuploid cells were mainly conducted in
disomic (n + 1) or trisomic (2n + 1) aneuploid cells (Dephoure
et al., 2014; Oromendia and Amon, 2014; Oromendia et al.,
2012; Stingele et al., 2012; Thorburn et al., 2013; Torres et al.,
2010a, 2007; Williams et al., 2008). Inn + 1 or 2n + 1 cells,
both the balance hypothesis and the burden hypothesis predict
that proliferation rate will decrease as the number of additional
genes increases because more genes result in more imbalanced
protein complexes. Indeed, proliferation rate is negatively corre-
lated with the size of the additional chromosomeinn + 1 or2n +1
cells (Sheltzer and Amon, 2011; Torres et al., 2007). However, tu-
mor cells usually exhibit karyotypical abnormalities involving
many chromosomes (e.g., 2n + x, where x > 1) (Holland and
Cleveland, 2009; Weaver and Cleveland, 2006). 2n + x cells will
contain a mixture of protein complexes balanced at the 2-copy
level, complexes that are imbalanced, and complexes balanced
at the 3-copy level. Thus, the number of imbalanced protein
complexes does not necessarily monotonically increase as the
number of additional genes increases in an aneuploid tumor
cell. Given this emergent property, new mechanisms that under-
lie variation in proliferation rate in more complex aneuploid cells
may exist. In this study, we used S. cerevisiae to generate a
variety of 2n + x cells and determined how gene copy number
affects proliferation.

RESULTS

Proliferation Rate of a 2n + x Yeast Strain Is Negatively
Correlated with the Total Number of Genes on These x
Chromosomes
We first obtained 40 2n + x (n = 16) budding yeast strains by col-
lecting the meiotic products of a heterozygous pentaploid strain
(5n, Figures 1A and S1A). We focused on 10 tetrads in which all 4
meiotic products were viable (Figure 1B). Colony size varied
among these strains (Figure 1B). We quantified the area of
each colony after a 4-day growth on the tetrad dissection plates
and used this to infer the proliferation rate of these 2n + x strains.
We performed DNA-seq and obtained the karyotypes of these
strains from the single-nucleotide polymorphism (SNP) informa-
tion (Figure 1C; Table S1). Segregation was independent among
each of the 16 chromosomes, and the number of additional chro-
mosomes per strain, x, varied between 5 and 12 in these 2n + x
strains (Figures 1D, 1E, and S1B). The total number of additional
genes varied from 1,764 to 5,376 (Figure 1D) and was negatively
correlated with proliferation rate (Figure 1F). Although this nega-
tive correlation is consistent with both the balance and the
burden hypotheses and with previous findings inn + 1 or 2n +
1 aneuploid cells (Niwa et al., 2006; Sheltzer and Amon, 2011;
Torres et al., 2007, 2008, 2010b; Williams et al., 2008), these
two hypotheses alone cannot explain the data, as we will explain
in the following sections.
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The Number of 3-Copy Balanced Protein Complexes
(N3-copy) Is Negatively Correlated with Proliferation Rate
We examined the relationship between the status of protein
complexes in a 2n + x strain and its proliferation rate. We used
a manually curated (Pu et al., 2009) set of 408 protein complexes
containing 1,617 subunits. In each strain, we defined a protein
complex as imbalanced if some subunits of it are encoded by
2 copies of DNA whereas others are encoded by 3 copies; by
contrast, a 2- or 3-copy balanced complex has all of its subunits
encoded by 2 or 3 copies of DNA (Figure 2A). We counted the
number of 2-copy balanced (N».copy), imbalanced (Nimb), and
3-copy balanced (N3.copy) protein complexes, respectively,
in each 2n + x strain (Figure 2A). The simulation shows that
N>_copy monotonically decreases and N3_gopy, monotonically in-
creases as the number of additional chromosomes increases.
In contrast, N,y first increases and then decreases (Figure 2B).
Because the total of them (No_copy + Nimb + Na_copy) is €qual to the
total number of protein complexes (408), we can draw an equilat-
eral triangle where each dot represents a 2n + x strain and the
distances to three edges represent the numbers of protein com-
plexes in the above-mentioned three categories (Figure S2A),
for the convenience of better illustration. As expected, as the
number of additional genes increased, Ny_cop, Monotonically
decreased, and N3_copy, Monotonically increased. In contrast,
Nimp first increased and then decreased (Figures 2C and S2A).
Therefore, the properties that affect proliferation in complex an-
euploidies may be fundamentally different from those in cells that
have gained or lost only a single chromosome.

The balance (or burden) hypothesis predicts a negative corre-
lation between N, and proliferation rate (Figure 2D). However,
such a correlation was not observed (r = 0.01, p = 0.94, Pear-
son’s correlation, Figure 2E). Notably, the proliferation rate of
2n + x strains was negatively correlated with N3_copy (r = —0.50,
p =1 x 1073 Figure 2E). We therefore speculated that the
reduced proliferation rate in 2n + x strains with large numbers
of 3-copy complexes was partly caused by an increase in
dosage of entire and balanced protein complexes (the “over-
dosage hypothesis”) (Figure 2D).

It is worth noting that the negative correlation between Nj_copy
and proliferation rate remains after dividing complexes into sub-
groups. For example, we further classified protein complexes
into 4 subcellular localizations and still observed a negative cor-
relation between N3_gpy and proliferation rate in each category
(p < 0.05, Figure S2B; Table S2), suggesting that this negative
relationship is independent of subcellular localizations. In addi-
tion, we separated protein complexes into two categories ac-
cording to whether some subunits of the complex are encoded
by genes from the whole genome duplication (WGD). The nega-
tive correlation between N3_.op, and proliferation rate remained
in both categories (Figure S2C), suggesting that the overdosage
of entire protein complexes reduces cell proliferation rate even
among the protein complexes that are sensitive to dosage bal-
ance (Papp et al., 2003).

To determine if the growth defects are due to hybrid incompat-
ibility between the parental non-isogenic yeast strains, we
generated 9 diploid strains, 6 heterozygous and 3 homozygous,
and measured their fitness in a competition assay (Figure S3A).
We did not observe any difference in fithess between homozy-
gotes and heterozygotes (Figure S3B). Furthermore, we
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Figure 1. Proliferation Rate Is Negatively Correlated with the Total Number of Additional Genes in 40 2n + x Strains

(A) A schematic description of the construction of 2n + x yeast strains. During meiosis | of the 5n strain, each chromosome randomly segregated into one of the
two nuclei.

(B) Colonies of 40 heterozygous aneuploid strains that were derived from 10 tetrads. Four spores generated in one meiotic event are aligned in one column.
(C) Scatter plots illustrating the karyotypes of 4 heterozygous 2n + x strains. Dots show the average sequencing depths of non-overlapping 1,000 bp windows
from DNA-seq. 2-copy and 3-copy chromosomes are shown in blue and red, respectively. The 16 chromosomes are concatenated in order along the x axis.
(D) Karyotypes of 40 heterozygous 2n + x strains. Strains are ordered by proliferation rate with the number of additional genes in each strain shown in the rightmost
column.

(E) The distribution of the number of additional chromosomes (x) among the 40 aneuploid strains. The distribution is indistinguishable from a normal distribution
centered at 8 (purple dashed line, p = 0.61, one-sample t test).

(F) Proliferation rate is negatively correlated with the number of additional genes, calculated for both Pearson’s (r) and Kendall’s Tau-a (r, these symbols represent
the respective correlation coefficients in all figures).

See also Figure S1 and Table S1.

generated 52 homozygous 2n + x strains by dissecting the negative correlation between Nj...,, and proliferation rate
meiosis products of a homozygous pentaploid line (Figures (Figure S4D).

S4A and S4B), with the number of additional chromosomes N3.copy is highly correlated with the number of additional
varying between 3 and 12 (Figure S4C), and still observed the genes (r = 0.94, Figure 2C). To determine if the correlation
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Figure 2. Overdosage of Balanced Protein Complexes Correlates with Reduced Proliferation Rate in Cells with Complex Aneuploidies
(A) In 2n + x strains each protein complex can be 2-copy balanced (N;-copy), imbalanced (Nimy), or 3-copy balanced (N3_copy). The number of protein complexes in

each category is shown for an example strain.

(B) A simulation showing how the number of 2-copy, imbalanced, and 3-copy complexes changes with the number of additional chromosomes. Boxes show the
middle 50% of 1,000 simulated strains in which each strain has x random additional chromosomes.
(C) The relationship between the number of additional genes in an aneuploid strain and the number of imbalanced (left) and 3-copy balanced (right) complexes.

Each dot represents one heterozygous 2n + x strain.

(D) Cartoon showing the expected relation between proliferation rate and the number of additional protein complexes for two models for why aneuploidy causes

slow proliferation.

(E and F) Experimental data showing the relation between proliferation rate and the number of additional protein complexes in 2n (E) and 1n (F) strains with
complex aneuploidies. The negative correlations remained after removing 4 outliers in (E) (r = —0.38, p = 0.023) and 3 outliers in (F) (r = —0.56, p = 0.045). See also

Figures S2-S5 and Tables S2 and S6.

between N3_copy and proliferation rate is a by-product of the cor-
relation between the number of additional genes and prolifera-
tion rate, we further performed a permutation test to investigate
the impact of N3_copy ON proliferation rate. We shuffled complex-
coding genes and assigned genes into “pseudo” protein com-
plexes, while keeping the total number of complexes and the
number of subunits in each complex unchanged. For each set
of “pseudo” protein complexes, we calculated the correlation
between N3_copy and proliferation rate. We performed this shuf-
fling 10,000 times and found that the experimentally observed
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correlation coefficient between Nj_cop, and proliferation rate
was significantly stronger than the random expectation based
on the number of additional genes (Figure S4E).

Aneuploid cells often exhibit reduced genomic stability. To
control this, we used the read counts from the whole-genome
sequencing to calculate the maximum possible fraction of cells
with chromosome gains or losses (Figure S4F). We observed a
bimodal distribution; some karyotypes are highly stable and
other karyotypes are highly unstable. We defined strains in which
less than 10% of cells exhibit intrapopulation karyotype variation



as stable strains (Figure S4G). The negative correlation between
N3_copy @nd proliferation rate remained only taking into account
the stable strains (Figure S4H).

The Number of 2-Copy Balanced Protein Complexes in
Homozygous and Stable n + x Yeast Strains Is Negatively
Correlated with Proliferation Rate

For a third test of the overdosage hypothesis, we used 16 ho-
mozygous and stable n + x haploid yeast strains, each con-
taining an extra copy of any chromosome between 1 to 13
chromosomes (Pavelka et al., 2010). A 2-copy complex in an
n + x strain (haploid background) is equivalent to a 3-copy
complex in a 2n + x strain (diploid background) because in
both cases the cell has one extra copy of complexes in addi-
tion to the 1- or 2-copy complement (Figure S5). In agreement
with the observations in 2n + x yeast strains, the number of
2-copy balanced complexes in n + x strains was negatively
correlated with proliferation rate (r = —0.80, p = 2 x 1074,
Figure 2F), providing additional support for the overdosage
hypothesis.

The Additional Subunits of Imbalanced but Not 3-Copy
Balanced Protein Complexes Are Degraded in Aneuploid
Strains

How can 3-copy balanced protein complexes be deleterious?
The unassembled subunits of imbalanced protein complexes
are degraded (Dephoure et al., 2014; Gongalves et al., 2017; Ish-
ikawa et al., 2017; McShane et al., 2016; Ryan et al., 2017; Stin-
gele et al., 2012) (Figure 3A). We speculated that when all sub-
units of a protein complex are balanced at the 3-copy level,
the extra proteins are assembled and less likely to be degraded,
leading to an increased protein complex dosage (Figure 3A). This
increase may create a stoichiometric imbalance at a higher level,
e.g., within a biochemical pathway or signaling pathway, be-
tween transcription factors and their DNA targets, etc., and
causes the reduction in proliferation rate.

To test this hypothesis, we quantified the transcriptomes and
proteomes in nine 2n + x strains and in a diploid (2n) strain (Fig-
ures 3B and 3C). For each 2n + x strain, we divided genes into
three classes: in an imbalanced protein complex, in a 2-copy
balanced protein complex, and in a 3-copy balanced protein
complex (Figure 3D). In balanced protein complexes, the major-
ity of 3-copy genes exhibited on average a 3n protein level (Fig-
ure 3D), consistent with their increase in both DNA and mRNA
(Figure S6A). In contrast, in imbalanced protein complexes, the
protein concentrations of ~50% of the 3-copy genes were
more similar to those of 2-copy genes (Figure 3D), although their
mRNA concentrations still exhibited a 0.5-fold increase
(Figure S6A).

Examination of two protein complexes showed that when all
subunits of a protein complex are balanced at the 3-copy level,
the protein levels of these subunits increased (Figures 3E and
S6B-S6D). In contrast, the additional subunits in imbalanced
protein complexes were specifically degraded (Figures 3E and
S6B-S6D). These observations suggest that the DNA copy num-
ber increase of all subunits in a protein complex facilitates the
escape from surveillance mechanisms that specifically degrade
individually overexpressed subunits. This escape leads to the
overdosage of the protein complex.

Deleting One Copy of a 3-Copy Balanced Protein
Complex Partially Restores Proliferation Rate

To test whether overdosage of a single balanced protein com-
plex can reduce growth rate, we knocked out one copy of
each gene in a 3-copy balanced protein complex and deter-
mined if proliferation rate was partially restored. To this end,
we randomly chose three 2-subunit protein complexes that are
balanced at the 3-copy level in a 2n + x aneuploid strain:
Cdc28p/Clb5p complex, Sgvip/Bur2p complex, and ISW1a
complex. Cdc28p/Clb5p complex regulates mitotic and meiotic
cell cycle, Sgv1p/Bur2p complex is involved in the transcrip-
tional regulation, and ISW1a complex has nucleosome-stimu-
lated ATPase activity. For each complex, one copy of one sub-
unit was knocked out with KanMX and GFP, generating an
imbalanced variant marked with GFP for the competition assay
(Figure 4A). That of the other was further knocked out with
NatMX, generating a 2-copy variant. We co-cultured the
2-copy (or imbalanced) and 3-copy variants in rich media and
used flow cytometry to measure the relative frequency of each
variant over time (Figure 4A).

The balance (or burden) hypothesis predicts that the 2-copy
and the 3-copy variants should have the same growth rate, while
the imbalanced variant should have a fitness defect (Figure 4B).
The overdosage hypothesis predicts that the 2-copy variant
should have a higher growth rate than the 3-copy variant
because it confers the wild-type concentration of the protein
complexes, while the imbalanced and 2-copy variants should
have the same growth rate (Figure 4B). Both hypotheses were
supported by these experiments on individual complexes (Fig-
ure 4C). Each hypothesis alone was not sufficient to explain
the fitness of 2-copy, imbalanced, and 3-copy variants (Fig-
ure 4C), suggesting that both balance/burden and overdosage
hypotheses play a role in explaining the fitness defect in aneu-
ploid cells.

Dosage-Sensitive Protein Complexes Are Enriched in
the Cell-Cycle Pathway

To understand why the overdosage of balanced protein com-
plexes is deleterious, we identified individual dosage-sensitive
protein complexes that lead to a reduction in proliferation
when present in 3 copies. For each complex, each of the 40
2n + x strain can be classified into one of the following three
groups (Figure 5A). If all subunits of the complex are at the
2-copy (or 3-copy) level, we classified this strain into group 2
(or group 3). By contrast, if some subunits are at the 2-copy
level whereas others are at the 3-copy level, we classified
this strain into group i (imbalance). The overdosage hypothesis
predicts that the strains in group 3, where the dosage of
balanced protein complexes is higher, will exhibit significantly
lower proliferation rates than those in group 2 (Figures 5B
and S5). We compared the proliferation rates between these
two groups of strains for each protein complex and in total
identified 123 dosage-sensitive protein complexes (p < 0.05,
t test, Table S3; Figure S7). Tubulins, as an example, were
shown in Figures 5B and S7B.

We retrieved all 387 genes encoding the subunits of these
dosage-sensitive protein complexes (Figure 5B). Intriguingly,
the only Kyoto Encyclopedia of Genes and Genomes (KEGG)
term where these genes were enriched was “cell cycle” (False
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Figure 3. The Subunits of 3-Copy Balanced Protein Complexes Are Not Specifically Degraded in 2n + x Strains

(A) The predictions of protein levels of 3-copy subunits in imbalanced and balanced protein complexes.

(B) A schematic illustration of RNA-seq and stable isotope labeling by amino acids in cell culture (SILAC) analysis on nine 2n + x strains and a diploid strain.
(C) mRNA and protein abundances largely scale with gene copy numbers (normalized by the diploid strain). Each dot represents one gene. Blue and red dots
represent 2-copy and 3-copy genes, respectively. 16 chromosomes are concatenated in order on the x axis.

(D) The measured relative abundance of each protein from each strain, split into imbalanced and balanced classes. The histograms (above) show the distribution
of protein levels in heterozygous 2n + x strain 7-A. Each dot in the bottom panel shows the average protein level of all proteins belong to the class in one of the nine

2n + x strains.

(E) Relative protein abundance of six genes from all 9 strains. Each dot represents the protein level of the gene in one of the nine 2n + x strains.

See also Figure S6.

discovery rate, FDR = 0.01, Figure 5C; Table S4). This is in agree-
ment with the previous findings that cell-cycle abnormality was
common among aneuploid cells (Beach et al., 2017; Thorburn
etal., 2013; Torres et al., 2007). To quantify the cell-cycle defects
in these strains, we used Sytox Green staining and flow cytom-
etry to analyze the cell-cycle distribution. We observed that a
cell-cycle delay in G; stage was negatively correlated with prolif-
eration rate in 2n + x cells (r = —0.71, p = 8.7 x 10~%, Figures 5D
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and 5E), consistent with previous findings that most n + 1 yeast
strains were delayed in G phase (Torres et al., 2007).

Adding One Copy of a Balanced Protein Complex in the
Diploid Background Reduces Proliferation Rate

We further randomly chose 4 additional 2-subunit protein com-
plexes from the set of complexes identified as overdosage sen-
sitive in Table S3, took a homozygous diploid background, and
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Figure 5. Protein Complexes with Support for the Overdosage Hypothesis Are Enriched in the Cell-Cycle Pathway

(A) For each protein complex, 40 heterozygous 2n + x strains were classified into three groups (group 2, group i, and group 3).

(B) The overdosage hypothesis predicts that strains in group 3 proliferating slower than that in group 2. 123 protein complexes are identified in support of the
overdosage hypothesis. Tubulins are shown as an example whose dosage is negatively associated with proliferation rate. **, p < 0.01.

(C) The results of KEGG enrichment analysis.

(D) 2n + x cells exhibit delays at various stages of a cell cycle. The box shows an example how proportion of time in each cell-cycle stage was quantified. Strains

are ordered by proliferation rate.

(E) Proliferation rate is negatively correlated with the proportion of time in G, stage.

See also Figures S5 and S7 and Tables S3 and S4.

added an extra copy of subunits for each protein complex (Fig-
ure 6A). The balance (or burden) hypothesis predicts that adding
one copy of only one subunit of a protein complex should lead to
reduced proliferation rate (Figure 6B), which was observed in two
protein complexes (Figure 6C, facilitator of chromatin transcrip-
tion, FACT, complex and Ubiquitin conjugating enzyme). The
overdosage hypothesis predicts that adding one copy of both
subunits for a protein complex should lead to reduced growth
rate although these protein complexes are stoichiometrically
balanced (Figure 6B). This was observed in three out of the
four protein complexes tested (Figure 6C, Bub2p/Bfalp com-
plex, FACT complex, and Sod1p/Ccs1p complex), indicating

that the overdosage of individual balanced protein complex is
sufficient to significantly reduce fitness.

Overdosage of Entire Protein Complexes Is Depleted in
Human Cancer Cells

To determine if what holds for yeast cells also applies to hu-
man cancer cells, we tested the overdosage hypothesis with
copy number variation data from 10,995 cancer samples
across 26 cancer types collected in The Cancer Genome Atlas
(TCGA) (Cancer Genome Atlas Research Network et al., 2013).
We retrieved the information of 1,521 human protein com-
plexes annotated in the Human Protein Reference Database

Figure 4. Experimental Test of the Balance/Burden and the Overdosage Hypotheses in the 2n + x Aneuploid Background
(A) A schematic description of the construction of the 2-copy, 3-copy, and imbalanced variants, and the competition assay. The ratio of population size between
2-copy (or imbalanced, GFP-positive) and 3-copy (GFP-negative) variants was determined by flow cytometry every hour. Taking Cdc28p/Clb5p as an example

the selection coefficient is estimated by the slope of the linear regression.
(B) Predictions of the balance/burden and the overdosage hypotheses.

(C) The 2-copy variant shows higher fitness than the imbalanced and the 3-copy variants for each of the three tested complexes. Error bars are the standard errors

of proliferation rates. *, p < 0.05; **, p < 0.01.
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(Keshava Prasad et al., 2009). For each protein complex and in
each cancer type, we counted the number of cancer samples
with this complex balanced at the 3-copy level (S3). As a con-
trol, we shuffled the DNA copy numbers of genes encoding
subunits of all protein complexes within each cancer sample
to obtain the expected S3;. We identified 85 protein complexes

Co-gain of Chr 7 and Chr 8 is rare

Gain of Chr 8 No gain of Chr 8

Gain of Chr 7 38 237
No gain of Chr 7 738 1,216

Odds ratio = 0.3
p =1x107"°

Co-gain of Chr 3 and Chr 18 is common

Gain of Chr 3 No gain of Chr 3

Gain of Chr 18 32 127
No gain of Chr 18 119 1,951

Odds ratio = 4.1
p =5%x10°

pathways.

Figure 7. Protein Complexes that Are
Avoided to Be Balanced at the 3-Copy Level,
and Chromosome Pairs Depleted to Be Co-
gained, in Human Cancer Samples

(A) 85 protein complexes (dots in blue) that Ss
are significantly smaller than the random
expectation (p < 0.05, paired t test, df = 25) are
identified. S3 is defined as the number of cancer
samples in which the complex is 3-copy
balanced. 39 protein complexes (dots in orange)
that S; are significantly greater than the random
expectation are identified. Eight protein com-
plexes exhibited a large difference (Observation
- Expectation > 60) in S3 between the observa-
tion and the random expectation because the
subunits of them are encoded by genes located
on the same chromosomes and are duplicated
together; the copy numbers of them tend to
change coordinately, and these 8 protein com-
plexes are not shown.

(B) The observed and expected S; of the 85 protein
complexes identified in (A) in each cancer type.
(C) The result of PANTHER enrichment analysis on
the genes encoding these 85 complexes. All genes
encoding subunits of human protein complexes
were used as the reference.

(D) Chromosome pairs that are enriched and
depleted to be co-gained in human cancer sam-
ples. Two example 2 x 2 contingency tables for a
pair of chromosomes are shown. Odds ratio > 1
means enrichment of the co-gain of Chr A and
Chr B and odds ratio < 1 means depletion of the
co-gain of Chr A and Chr B. Sixteen co-gain pairs
were found (orange) and 15 out of these pairs
were also identified by in Ozwery-Flato et al.
More pairs are depleted for co-gains (blue) than
are enriched for co-gains (p = 0.0004, binomial
test).

See also Table S5.

in which the observed S; were signifi-
cantly smaller than the expected Sj3
(p < 0.05, paired t test, df = 25, Figures
7A and 7B; Table S5). The subunits of
these 85 complexes were enriched in
the pathways inhibiting the proliferation
of cancer cells. In addition to the cell-cy-
cle pathway (e.g., apoptosis and

p53, Figure 7C) that was also identified in yeast, overdosage
of protein complexes related to immune reaction was avoided
as well. In contrast, significantly less protein complexes ex-
hibited greater observed Sz (39 versus 85, p = 4.4 x 1075,
binomial test) and these complexes were not enriched in any

Figure 6. Experimental Test of the Balance/Burden and the Overdosage Hypotheses in a Diploid Background
(A) A schematic description of the construction of the 2-copy, 3-copy, and imbalanced variants, and the competition assay. The ratio of population size between
2-copy (, imbalanced, or 3-copy, GFP-negative) variants and reference strain (GFP-positive, GFP fused with TDH3p, expressed from the chromosome) was

determined by flow cytometry every 2 h.

(B) Predictions of the balance/burden and the overdosage hypotheses.
(C) Three out of four tested protein complexes support the overdosage hypothesis (Bub2p/Bfa1p, FACT complex, and Sod1p/Ccs1p). Two protein complexes
support the balance (or burden) hypothesis (FACT complex and Ubiquitin conjugating enzyme). Error bars are the standard errors of proliferation rates. *, p < 0.05;

**, p<0.01.
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DISCUSSION

Aneuploid cells have a lower proliferation rate than euploid cells
(Birchler and Veitia, 2010; Otto and Whitton, 2000), most likely
due to a deviation in the balance of gene copy number (Torres
etal., 2008). However, the type of genetic imbalance that causes
slow growth remains elusive. Most previous studies focused on
imbalance within a protein complex (Papp et al., 2003). A number
of studies pointed out that aneuploidy could also lead to other
types of imbalance, of the same biochemical pathway or
signaling pathway, between transcription factors and their DNA
targets (Birchler and Veitia, 2007, 2010, 2012; Veitia, 2004,
2005), etc. However, there was no genome-wide experimental
evidence that imbalance, other than that within a protein com-
plex, could result in a growth defect. In this study, we provide
the evidence for the importance of dosage balance beyond
that within a protein complex.

In this study, we explicitly tested for the support of the bal-
ance (or burden) hypothesis as an overall determinant of pro-
liferation rate and for each complex independently. We did
find some protein complexes support the balance hypothesis
that copy-number imbalance of subunits within individual pro-
tein complexes results a proliferation defect (76 out of 408
protein complexes, Table S3 and Figure S7A). Therefore,
both the balance/burden and overdosage cause reduced pro-
liferation rates in aneuploid cells; some protein complexes
behave according to the overdosage hypothesis, some ac-
cording to the balance/burden hypothesis, and some accord-
ing to both. There are at least four possible reasons why the
genomic-scale imbalance (Ninp) does not correlate with prolif-
eration in our data (Figures 2E and 2F). First, ~34% of 2n + x
spores did not grow up to form colonies, which may be
because of the fact that severe imbalance within some protein
complexes was lethal. Spores that did not form colonies were
not included in this study. Second, mechanisms exist whose
end result is that an increase in gene copy-number of a single
subunit does not lead to an increase in protein levels (Birchler
and Veitia, 2012; Dephoure et al., 2014; Ishikawa et al., 2017;
McShane et al., 2016; Stingele et al., 2012); over 50% of sub-
units present in 3 copies in imbalanced complexes were ex-
pressed at the 2-copy level in the proteome (Figure 3). A third
possible reason for the lack of correlation between the number
of imbalanced protein complexes (N;m,) and proliferation rate
is additional effects from other factors, namely the total num-
ber of additional genes and the number of 3-copy balanced
complexes (N3_copy). INdeed, a linear model that predicts pro-
liferation rate of 40 heterozygous 2n + x strains from all three
parameters: the number of additional genes, Nimp, and N3_copy,
performs better (akaike information criterion, AIC = 60) than
models that include the number of additional genes plus one
of the other two parameters (AIC = 68.5 after removing
N3_copy @and 71.7 after removing Nimp). A similar pattern was
also observed among the 16 n + x and 52 homozygous 2n +
x strains (Table S6). Therefore, both the balance/burden and
the overdosage hypotheses are supported by our data. Lastly,
“bridge” subunits (Bray and Lay, 1997) play a central role in
the assembly of protein complexes and are likely more sensi-
tive to stoichiometric imbalance. However, such bridge sub-
units have not been identified genome widely. The effect of

the imbalance of such subunits may be masked by a large
number of other subunits that are not sensitive to stoichio-
metric imbalance.

The overdosage model predicts that co-gain or co-loss of
certain combinations of chromosomes should be avoided, as
they will produce overdosage of balanced protein complexes.
In contrast, the balance/burden hypothesis predicts that pairs
of chromosomes should be co-gained or co-lost to avoid gener-
ating imbalanced complexes. Using karyotypes in the Mitelman
database of chromosome aberrations and gene fusions in cancer
(http://cgap.nci.nih.gov/Chromosomes/Mitelman), Ozery-Flato
et al. found significant support for co-gain and co-loss of chromo-
some pairs in cancer (Ozery-Flato et al., 2011), in support of the
balance/burden hypothesis. We reanalyzed the data from the Mi-
telman database, used the cells with 48 chromosomes (46 + two
additional, + Chr A + Chr B), and asked if chromosomes A and B
are gained independently by Fisher’s exact test. Consistent with
Ozery-Flato et al., we found significant support for co-gains.
However, the avoidance of the co-gain of specific pairs of chro-
mosomes is more common (44 versus 16, p = 4 x 10~*, binomial
test, Figure 7D), in support of the overdosage hypothesis.

Protein complexes that are avoided to be balanced at the
3-copy level in human cancer samples were enriched in a number
of pathways (Figure 7C). Some of these signaling pathways seem
to promote tumorigenesis (e.g., Ras pathway), which is not ex-
pected. However, a careful inspection revealed that the overex-
pression of part of such pathways might actually suppress the pro-
liferation of cancer cells. For example, 3 proteins (KSR1, EPHB2,
and MAP2K1) in the Ras pathway form a protein complex and
this complex was not balanced at the 3-copy level in any of the
10,995 cancer samples examined (p = 0.02, Table S5), likely
because Kinase Suppressor of Ras (KSR1) suppresses tumorigen-
esis through forming a protein complex with the other two proteins
(Denouel-Galy et al., 1998; Yu et al., 1998). This is consistent with
our hypothesis that the overdosage of an entire protein complex
causes the stoichiometric imbalance at a higher level, such as in
a signaling pathway. In addition, some other pathways (e.g., Hun-
tington disease) seem to be unrelated to tumorigenesis. However,
patients with Huntington disease actually exhibited a lower cancer
risk (Serensen et al., 1999), probably due to the role of expanded
polyglutamine in stimulating p53 pathway (Bae et al., 2005).

In the tumor data, it is difficult to disentangle proliferation from
viability. Cancer cells with complex aneuploidies that result in
very low proliferation rates are unlikely to form clinically relevant
tumors and therefore will be unobserved in tumor data. However,
we can infer inviable yeast genotypes from the frequency of ge-
notypes of viable spores in tetrads. Specifically, we can count
the strains with 2-copy, imbalanced, and 3-copy balanced com-
plexes for each protein complex. If all spores are viable, the num-
ber of these strains should follow a binomial distribution (i.e., 10,
20, and 10 among the 40 heterozygous 2n + x strains, respec-
tively, for a 2-subunit complex). For tubulins, the numbers of
strains in these three groups were 15, 9, and 16, respectively
(Figure S7C), and viable spores with imbalanced tubulins were
less abundant than the random expectation (p = 3 x 1074, G
test), suggesting that imbalanced tubulin reduces viability.
Therefore, yeast, where viability and proliferation can be
analyzed independently, is a promising system for the future
determination if inviable karyotypes are similar to those with
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very low proliferation rates, or if the karyotypes that lead to invi-
ability are categorically different from those that result in
low fitness.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins

G418 Amresco Cat#97063-058
Nourseothricin Amresco Cat#6021-878
Hygromycin B Amresco Cat# 97064-454
Urea Sigma-Aldrich Cat#51456
RNase A Sigma-Aldrich Cat#R4875
Glass beads, acid-washed Sigma-Aldrich Cat#G8772
L-Arginine Amresco Cat#10118-198
L-Lysine Amresco Cat#97061-666

5N, '3Cg-arginine

5N, "3Ce-lysine

SYTOX Green Dead Cell Stain
Yeast Extract

Bacto peptone

Yeast Arg Lys minus

Cambridge Isotope Laboratories
Cambridge Isotope Laboratories
Invitrogen

Thermo Scientific

BD

FunGenome Company

Cat#DNLM-6801-PK
Cat#CDNLM-6810-PK
Cat#S34860
Cat#LP0021
Cat#211677
Cat#YGMO03A-70

Critical Commercial Assays

T5 Direct PCR Kit Tsingke Cat#TSEO011

GeneArt seamless cloning and assembly Invitrogen Cat#A14606

enzyme mix

TruSeq Nano DNA Library Prep Kit lllumina Cat#C-121-4001

TruSeq DNA Sample Prep Kit lllumina Cat#C-121-2003

TruSeq Stranded mRNA Library Prep Kit lllumina Cat#S-122-2101

Deposited Data

RNA-seq raw data this paper GSA: CRA000490

DNA-seq raw data this paper GSA: CRA000490

Mass spectrometry proteomics data this paper ProteomeXchange: PXD007157

Experimental Models: Organisms/Strains

S. cerevisiae: Strain background: Y12
S. cerevisiae: Strain background: M22
S. cerevisiae: Strain background: NCYC110

S. cerevisiae: Strain background:
UWOPS05-217.3

S. cerevisiae: Strain background: BY4741
S. cerevisiae: Strain background: BY4742
S. cerevisiae: Strain background: BY4743

Maclean et al. (2017)
Maclean et al. (2017)
Maclean et al. (2017)
Maclean et al. (2017)

Brachmann et al. (1998)
Brachmann et al. (1998)
Brachmann et al. (1998)

PMID: 28472365
PMID: 28472365
PMID: 28472365
PMID: 28472365

PMID:9483801
PMID:9483801
PMID:9483801

Oligonucleotides

Primers, see Table S7

this paper

N/A

Recombinant DNA

pFAGa-GFP(S65T)-kanMX6

Bahler et al. (1998)

RRID: Addgene_39292

pAG25 Goldstein and McCusker (1999) RRID: Addgene_35121

pAG32 Goldstein and McCusker (1999) RRID: Addgene_35122

Software and Algorithms

Matlab MathWorks https://www.mathworks.com/products/
matlab.html

BWA Li and Durbin (2009) http://bio-bwa.sourceforge.net/

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GATK McKenna et al. (2010) https://software.broadinstitute.org/gatk/

Bowtie2 Langmead and Salzberg (2012) http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml

Samtools Li et al. (2009) http://samtools.sourceforge.net/

MaxQuant Cox et al. (2009) https://www.biochem.mpg.de/5111795/
maxquant

R R Development Core Team https://www.r-project.org/

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Lucas B.
Carey (lucas.carey@pku.edu.cn).

Materials Availability Statement
This study did not generate new unique reagents.

METHOD DETAILS

Construction of Heterozygous 2n+x Strains

To obtain 2n+x yeast strains, we first constructed a heterozygous 5n-Chr lll strain. Three haploid strains (Y12 background, MATa
ho40::HygMX4; M22 background, MATa ho40::KanMX4; NCYC110 background, MATa ho40::HygMX4) and a 2n-Chr Il strain
(UWOPS05-217.3 background, MATa ho40::HygMX4) were used. The 2n-Chr Il strain contains 1 copy of chromosome Ill and 2
copies of the other 15 chromosomes. Because the locus determining the mating type of yeast (MAT) is on chromosome lll, this
2n-Chr Il strain can mate with a MAT« strain. The 5n-Chr Ill strain was constructed by two rounds of mating (Figure S1A). In the first
round, a 2n strain was generated by crossing Y12 and NCYC110 and a 3n-Chr Il strain was generated by crossing UWPOS05-217.3
and M22. After that, MAT« and MATa loci were knocked out in the 3n-Chr Il and 2n strains, respectively. In the second round of
mating, the 5n—Chr Il strain was obtained by crossing the 2n and 3n-Chr Il strains generated above. Three 5n—Chr Il strains
were independently generated. Interestingly, one of them gained a copy of Chr Il and Chr VIl and another lost a copy of Chr XIV.
These initial strains were referred to as 5n for short hereafter and in the main text.

Heterozygous 5n cells were sporulated to generate 2n+x yeast strains. Cells were pre-grown in liquid YPD culture (1% yeast
extract, 2% peptone, and 2% dextrose) and were transferred to the pre-sporulation media (1% yeast extract, 2% peptone, and
1% potassium acetate), where cells grew for 18-24h to reach the late log phase (1x10” to 2x107 cells/ml). Cells were harvested
by centrifugation (3000g, 5 min) at room temperature and were washed twice with sterile distilled H,O. Cells were further resus-
pended in the sporulation media (1% potassium acetate) at a final density of 1x 107 to 2x 107 cells/ml and were incubated in a shaking
incubator at 30°C and 200 rpm for 4 days, after which tetrad dissections were performed.

Construction of Homozygous 2n+x Strains

To obtain homozygous 2n+x yeast strains, we first constructed a homozygous 5n strain. A 2n strains (BY4743 background, his341
leu2.40 lys2 40 ura340) and a 1n strain (BY4742 background, MAT« ho 40::URA3) were used. Similar to the heterozygous 5n strain,
the homozygous 5n strain was constructed by two rounds of mating (Figure S4A). In the first round, a 4n strain was generated by
crossing two 2n strains in which MATa and MATa loci were knocked out by KanMX and NatMX, respectively. The MAT« locus
was further knocked out in the 4n strain by HygMX, and in the second round of mating, the 5n strain was obtained by crossing
the 1n and 4n strains generated above. 5n cells were sporulated to generate homozygous 2n+x strains, after which tetrad dissections
were performed. In parallel, 4n cells were also sporulated to generate 2n strains. The 2n strains were put on the same tetrad dissec-
tion plates with 2n+x strains to normalize the proliferation rate of aneuploidies on different plates.

Construction of Variants in a 2n+x Background

We performed a manipulative experiment that genetically changed a 3-copy protein complex to 2-copy or imbalanced in a 2n+x
aneuploid strain. Strain 8-C was chosen because it is the only 2n+x aneuploidy among 40 heterozygous strains in this study that con-
tains only one dominant selective marker (HygMX), and therefore, two genes can be deleted using KanMX and NatMX. Three 2-sub-
unit protein complexes in which both subunits are present in three copies in strain 8-C were randomly chosen. For each complex,
imbalanced variant (GFP-positive) was generated by deleting one copy of a subunit with KanMX & GFP. 2-copy (GFP-positive) variant
was generated by deleting one copy of both subunits with KanMX & GFP and NatMX, respectively. A 3-copy variant was generated, in
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which two copies of HO were knocked out with these two markers, respectively, in order to control for the effect of selective markers
on proliferation rate. HO is a gene required for homothallic switching and is believed to have no effect on vegetative growth (Qian
et al., 2012).

Construction of Variants in a 2n Background

Four 2-subunit protein complexes identified as overdosage sensitive complexes (Table S3) were randomly chosen. For each protein
complex, one copy of a subunit (subunit1) was inserted at HO in BY4741 using KanMX as the selective marker, and one copy of the
other (subunit2) was inserted at HO in BY4742 using NatMX as the marker. In parallel, strains with only KanMX and NatMX inserted at
HO in BY4741 and BY4742 were also generated, respectively. 2-copy variant was generated by crossing BY4741 with KanMX and
BY4742 with NatMX. Imbalanced variant was generated by crossing BY4741 with KanMX and BY4742 with subunit2 & NatMX or by
crossing BY4741 with subunit1 & KanMX and BY4742 with NatMX. 3-copy variant was generated by crossing BY4741 with subunit1&
KanMX and BY4742 subunit2 & NatMX. All primers used in PCR-based gene replacement experiments in above sections were listed
in Table S7.

DNA Sequencing

For DNA sequencing, 5 nug of genomic DNA from each aneuploidy strain was prepared. Libraries of heterozygous 2n+x strains were
generated with TruSeq Stranded mRNA Kit (lllumina) according to the manufacturer’s instructions and were sequenced for paired-
end sequencing on an lllumina HiSeq 2000 at BerryGenomics, Beijing, China. Libraries of homozygous 2n+x strains were generated
with TruSeq Nano DNA Library Prep Kit (llumina) and were sequenced with the NovaSeq 6000 sequencing system at
BerryGenomics.

mRNA Sequencing

mRNA-seq was performed to quantify the mRNA abundance of 9 aneuploid strains. For RNA sequencing, 5 ug of total RNA was used
for poly(A)+ RNA selection. Stranded cDNA libraries were generated with TruSeq Stranded mRNA Kit (Illumina) according to the man-
ufacturer’s instructions. The cDNA libraries were sequenced for paired-end sequencing on an lllumina HiSeq 2000 at
BerryGenomics.

SILAC

A strain for heavy isotope labeling (Lys8 and Arg10) was constructed on the background of BY4742 (MAT« his341 leu240 lys240
ura340), for SILAC analysis. BY4742 cannot synthesize lysine because LYS2 was knocked out. We further knocked out ARG4
and CAR1 (arg440::kanMX4 car140::LEU2) so that this strain can neither synthesize arginine nor convert arginine to proline. Primers
used in PCR-based gene replacement experiments were listed in Table S7.

Aneuploid cells were cultured overnight at 30°C in a synthetic complete medium in the presence of light amino acid isotopes (Lys0
and Arg0, 100 mg/ml each). The reference strain (BY4742 MAT« his341 leu240 lys2 40 ura340 arg4 40::kanMX4 car1 40::LEU2) was
cultured similarly but in the presence of heavy amino acid isotopes (*°N,'3Cg-lysine and "°N,'°Cg-arginine, Lys8 and Arg10 respec-
tively for short). Cells were harvested at the mid-log phase (ODggo = 0.6-0.8) and were resuspended in 150 ul lysis buffer (8 M urea,
1 mM sodium orthovanadate, 1 mM sodium fluoride, 2.5 sodium pyrophosphate, 1 mM B-glycerophosphate, 0.2% tablet of protease
inhibitor, and 1 mM PMSF). Subsequently, we mixed the cell lysate of each light amino acid-labeled 2n+x or 2n strain with that of the
heavy amino acid-labeled reference strain under the 1:1 ratio. The mixed lysate was then sonicated for 20 min (with a basic cycle of 10
seconds on and 10 seconds off, 30% power) with an ultrasonic homogenizer (Scientz Biotechnology). After a centrifugation at
12,000 rpm for 20 min at 16°C, the supernatant was subject to the tandem mass spectrometry (MS/MS) analysis at the Proteome
Core Facility at IGDB.

DNA Content Analysis Using Flow Cytometry

Aneuploid cells were cultured in YPD liquid media and 5x 10° cells were harvested at the log phase. A 2n strain generated by crossing
Y12 and NCYC110 and a 3n strain generated by crossing the 2n strain and M22 were harvested in parallel as the diploid and triploid
reference genome. Cells were fixed with 200 ul 70% ethanol for 1 h at room temperature, and were subsequently incubated in 200 pl
50 pg/ml RNase A solution for 3 h at 37°C and 200 ul 50 ng/ml proteinase K solution for 3 hours at 55°C. Both reagents were dissolved
in 0.05 M sodium citrate. Samples were sonicated using an ultrasonic homogenizer (60% power) for 2 cycles (10 seconds on and
10 seconds off) to disperse cells evenly. Cells were stained with Sytox Green (Invitrogen) for 20 minutes following the manufacturer’s
instructions. Finally, DNA content was analyzed with flow cytometry (BD FACSAria Il, excitation at 488 nm). The proportion of time in
each cell-cycle stage was qualified by fitting the cell-cycle model with FlowdJo.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantifying Proliferation Rate

Proliferation rates of 40 heterozygous 2n+x strains were estimated by calculating the areas of colonies, after a 4-day growth
on the tetrad dissection plates. The images of 40 colonies were converted to binary images with the function “im2bw” in MATLAB
(level = 0.7). The area of each colony was qualified with the function “regionprops”. To control for batch effects across plates, the
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proliferation rate of each strain was divided by the average proliferation rate of all 2n+x strains on the corresponding plate. Cells that
separated in meiosis Il usually had similar but not identical karyotypes and proliferation rates (Figures 1B, 1D, and 1E), probably due
to sister chromatid mis-segregation or chromosome translocations during meiosis (Loidl, 1995). Therefore, they were treated as in-
dependent samples. The correlations between proliferation rate and other factors in this study were calculated for both Pearson’s (r)
and Kendall’s Tau-a (t).Proliferation rates of 52 homozygous 2n+x strains were estimated similarly, and their proliferation rates were
further normalized by that of diploid strains.

Karyotyping Heterozygous 2n+x Aneuploidies

Paired-end reads (150 bp x 2) were aligned to the SGD R64-2-1 S288C reference genome (Cherry et al., 2012) with the Burrows-
Wheeler Aligner (BWA v0.7.12). The SNP information in the heterozygous strains was used to determine the copy number of each
chromosome. To this end, the genomes of four parental strains (Y12, M22, NCYC110 and UWOPS05-217.3) were also sequenced.
After sequencing reads were aligned to the S288C reference genome, the SNP information of these strains was obtained by SNP
calling with GATK and SAMtools (Li, 2011; McKenna et al., 2010). Only concordant SNPs that were called by both tools were
used for further analysis. In total, we identified 24751, 38179, 29333, and 33497 strain-specific SNPs that were unique in Y12,
M22, NCYC110, and UWOPS05-217.3, respectively. We then divided each chromosome in a 2n+x strain into non-overlapping
1000 bp windows, and counted the number of strains that contributed to the DNA in each window based on their unique SNPs. If
a chromosome contains more than 20 windows where SNPs are contributed by 3 strains, the chromosome was classified as a
3-copy chromosome. The classification was further manually curated. 3-copy chromosomes exhibited on average a ~1.5 fold
sequencing read density of that of 2-copy chromosomes, suggesting that the genome remained stable at least in the first few rounds
of cell division after sporulation. Some chromosomes are 1-copy and some are chimeric, with part of them 2-copy and the rest
3-copy, probably due to the mis-segregation or chromosome translocation during meiosis. For such chromosomes, the copy
numbers of the regions with a larger size are shown in Figure 1D. It is worth noting that SNPs may potentially affect the proliferation
rates of these 2n+x strains. Nevertheless, partial correlations between the number of additional genes and proliferation rate remained
significant after controlling for the proportion of SNPs (Y22; M22; NCYC110; UWOPS05-217.3) from each parental strain in a 2n+x
strain (r = -0.45, P = 0.005; r = -0.51 P = 0.001; r = -0.51 P = 0.001; r =-0.50 P = 0.001, respectively). Here, the SNP proportion of a
parental strain in a 2n+x strain was calculated as the total number of reads matching the unique SNPs of the parental strain divided by
the total number of reads covering the unique SNPs of this parental strain.

Karyotyping Homozygous 2n+x Aneuploidies

Genomic DNA of homozygous aneuploid strains was sequenced with the NovaSeq 6000 sequencing system. Paired-end reads
(150 bp x 2) were aligned to the SGD R64-2-1 S288C reference genome with the BWA (v0.7.16a-r1181). The average sequencing
depths of non-overlapping 1,000 bp windows were calculated. The copy number of each chromosome was manually curated based
on the fact that 3-copy chromosomes should exhibit a ~1.5 fold sequencing depths of that of 2-copy chromosomes on average.

Calculating Subcolonial Karyotype Variation

The fraction of cells with karyotype variation was estimated from the DNA-seq data. Specifically, the median sequencing depths of
non-overlapping 1,000 bp windows on chromosome / was calculated. The sequencing coverage of one copy of each chromosome
(H) were determined:

gl oA . >0
2 2n 3(16-n))’
where A; was the median coverage of 2-copy chromosome i, and B; was that of 3-copy chromosome i.
For each chromosome, the percentage of cells (P) in which this chromosome is 2-copy was calculated from the relationship:
A; = 2HP+3H(1 — P).
The fraction of cells (F) with chromosome i gains or losses was estimated:
Fi=min(|P|,|1 — P)).

The max (F;) was defined as the maximum possible fraction of cells with chromosome gains or losses.

Quantifying mRNA Abundance

Paired-end reads (150 bp x 2) were aligned to the SGD R64-2-1 S288C reference genome (www.yeastgenome.org) using Tophat
(v.2.1.0), allowing up to 5 mismatches. Transcript abundance, in the unit of Reads Per Kilobase per Million mapped reads
(RPKM), was calculated with cufflinks (v2.2.1).

Quantifying Protein Abundance

MS/MS spectra were matched to the database containing the translated sequences of all predicted open reading frames in the
S. cerevisiae genome (Cherry et al., 2012) and protein abundances were estimated with MaxQuant (v1.4.1.2) (Cox et al., 2009; de
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Godoy et al., 2008). Search parameters allowed less than 2 missed cleavages and up to 3 labeled amino acids to be detected in a
peptide sequence.

Estimating Relative Time in Cell-Cycle Stages
The proportion of time in each cell-cycle stage was qualified by fitting a cell-cycle model using FlowJo.

Data Retrieval

An up-to-date set of protein complexes in yeast (CYC2008 complexes set) was downloaded from http://wodaklab.org/cyc2008/
downloads (Pu et al., 2009). Subunits encoded by genes on the mitochondrial genome were not included in this study. Genes
from the WGD were retrieved from a previous study (Kellis et al., 2004). The karyotypes and proliferation rates of n+x aneuploid strains
(in rich media at 23°C) were retrieved from the study by Pavelka et al. and were downloaded from the Open Data Repository (ODR) of
the Stowers Institute for Medical Research (http://odr.stowers.org/websimr/). The data of copy number variation in cancer cells were
downloaded from The Cancer Genome Atlas (TCGA) database (Cancer Genome Atlas Research Network et al., 2013), which includes
the information of 22,457 human cancer samples across 26 cancer types. The information of 1,521 protein complexes in humans was
downloaded from HPRD release 9 (www.hprd.org). 1,317 of them were annotated completely and were used in this study. Chromo-
somal locations of these genes were retrieved from Ensembl release 87 (www.ensembl.org).

DATA AND CODE AVAILABILITY
The accession number for the high-throughput sequencing data reported in this paper is GSA: CRA000490 (http://bigd.big.ac.

cn/gsa) (Wang et al.,, 2017). The accession number for the mass spectrometry proteomics data reported in this paper is
ProteomeXchange: PXD007157 (http://proteomecentral.proteomexchange.org) (Vizcaino et al., 2013).
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