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Abstract

Whole-chromosome aneuploidy, or a karyotype that is not a multiple of the
haploid complement, is the most common cause of miscarriage and developmental
delay in humans. Aneuploidy is also a hallmark of cancer: greater than 90% of tumors
display chromosomal copy number alterations. Thus, understanding the consequences
of aneuploidy has broad relevance for human health and development. To that end, I
have studied several distinct aspects of aneuploid cell biology. In the budding yeast
Saccharomyces cerevisiae, I demonstrated that single-chromosome gains are sufficient
to induce numerous forms of genomic instability. Aneuploid yeast strains displayed
increased rates of forward mutation, mitotic recombination, chromosome loss, and
double-strand break formation, which could significantly impact the evolution of tumor
genomes. Secondly, I characterized the effects of aneuploidy on gene expression. I
established that aneuploidy induced a transcriptional stress response that was
independent of the identity of the extra chromosome and was remarkably well-
conserved among eukaryotes. This gene expression program was apparent in trisomic
primary cells as well as in chromosomally-unstable cancer cells. Thirdly, I compared
the tumorigenicity of euploid and trisomic cell lines that were genetically-identical and
differed only in karyotype. I discovered that under most circumstances, aneuploidy
impeded proliferation, anchorage-independent growth, and tumor formation in
xenografts. Thus, single-chromosome aneuploidy actually functions as a tumor
suppressor, rather than a tumor-promoting agent. In total, these results shed light on
the diverse ways that chromosomal imbalances can alter the physiology of normal cells
and of cancer.

Thesis Supervisor: Angelika Amon
Title: Professor of Biology
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This thesis is dedicated to my grandparents.
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Chapter 1: Introduction

Some sections of this chapter have been reproduced from:

Sheltzer, J.M., and Amon, A. "The aneuploidy paradox: costs and benefits of an incorrect
karyotype. Trends in Genetics, 2011:446-53.
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Introduction

Aneuploidy, an incorrect karyotype

Eukaryotic organisms have evolved robust mechanisms to ensure accurate segregation

of the genetic material during mitosis. Cell cycle checkpoints delay chromosome segregation

until DNA replication has been completed and sister chromatids are properly aligned at the

metaphase plate. However, these safeguards occasionally fail, resulting in daughter cells that

have gained or lost portions of the genetic material. Since the seminal observations of von

Hansemann and Boveri at the start of the 2 0 th century, these unequal cell divisions have been

associated with developmental defects and cancer (1). Yet, determining how exactly the

aneuploid state impacts cell physiology has remained elusive. In recent years, several models

of aneuploidy have been developed to study the consequences of chromosome segregation

errors (2-6). In my graduate work, I have investigated various aspects of aneuploid biology in

several species, including yeast, mice, and humans. In this introduction, I will summarize our

current understanding of the ways in which aneuploidy impacts cells and organisms, as well as

the molecular underpinnings of aneuploidy-associated phenotypes.

For the purposes of this introduction, we will limit our discussion to aneuploidy, defined

as changes in karyotype that are not whole-number multiples of the haploid complement.

Aneuploidy differs from polyploidy, in which cells gain a balanced set of all chromosomes.

Polyploidy appears to be better-tolerated than aneuploidy at the cellular level, and the specific

defects associated with imbalanced karyotypes are not present in polyploid cells (7-9).

Additionally, aneuploidy must be differentiated from the closely related concept of chromosomal

instability (CIN). Aneuploidy is a description of a cellular state; it specifically describes a cell

whose karyotype is not a whole-number multiple of the haploid complement. Chromosomal

instability is most accurately characterized as a rate; it refers to a cell that missegregates

chromosomes more frequently than a wild-type cell does. Cells may become aneuploid without

CIN, as chromosome missegregation events occur at low levels in normal cells. The distinction
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between aneuploidy and CIN may be particularly important for understanding genome

alterations in cancer (see Chapters 4 and 5). Though aneuploidy and CIN are not identical, the

study of CIN has contributed to our understanding of aneuploidy, and several results from CIN

cells will be described below.

Aneuploidy is detrimental to cell and organismal fitness

Aneuploidy impairs normal development and is rare in adult humans

Whole-organism aneuploidy is the most common cause of miscarriage and mental

retardation in humans (10,11). All human monosomies and 20 out of the 23 possible autosomal

trisomies are embryonic lethal. Of the three trisomies which are viable at birth, only one,

Trisomy 21/Down syndrome, can survive until adulthood (12). Similarly, in mice, all autosomal

aneuploidies are embryonic lethal, with the exception of Trisomy 19, which dies shortly after

birth (13). Aneuploidy has also been associated with developmental defects and lethality in a

variety of other model organisms, including maize (14), flies (15), and nematodes (16-18).

Thus, aneuploidy presents a considerable barrier toward successful development.

The consequences of somatic cellular aneuploidy are less well understood. It has previously

been reported that mammalian hepatocytes and neurons display significant whole-chromosome

aneuploidy (19,20). However, careful examination using single cell sequencing has revealed

that aneuploidy is present in only about 1-2% of cells in these tissues, similar to the levels

observed in skin (21). Thus, in most humans, somatic aneuploidy is rare. When somatic

aneuploidy is present, it is typically the result of a clinical condition called Mosaic Variegated

Aneuploidy (MVA), which is caused by bi-allelic mutations in either BUBIB or CEP57 (22,23).

Individuals with MVA present with random somatic aneuploidies in various tissues, and they

typically exhibit growth retardation, developmental delays, and facial dysmorphia. Thus,
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somatic aneuploidies with less than 100% cellular penetrance can still have devastating

consequences on health and development.

Cellular aneuploidy slows the rate of cell proliferation

In addition to its effects at the organismal level, several lines of evidence demonstrate

that aneuploidy decreases the rate of cell proliferation. The first studies on aneuploidy and cell

division were performed in fibroblasts from individuals with Down syndrome; these cells were

found to divide more slowly than age-matched euploid controls (24). More recently, several labs

have investigated the consequences of aneuploidies which result from genetic ablation of the

spindle assembly checkpoint (SAC). These cells exhibit CIN and develop highly aneuploid,

non-clonal karyotypes. While mouse models of CIN are generally tumor prone (see below),

individual cells with a CIN phenotype proliferate more slowly than euploid cells (25-27). An

alternate approach, pioneered by the Compton lab, has used transient treatment with spindle

poisons to induce random aneuploidy in otherwise diploid cell lines. As with other models of

aneuploidy, cells with chemically-induced aberrant karyotypes were found to proliferate more

slowly than euploid cells (5,28).

In order to gain a systematic understanding of the effects of aneuploidy on cell

physiology, our lab has created 17 haploid strains of the budding yeast Saccharomyces

cerevisiae which carry two copies of one or a few yeast chromosomes. All disomic strains were

found to proliferate more slowly than an isogenic euploid strain (2), though the doubling time

varied between the disomes. Similarly, nearly all aneuploid strains derived by sporulation of

triploid and pentaploid strains displayed impaired proliferation under normal growth conditions in

S. cerevisiae (4) and in S. pombe (29,30). Additionally, we have used a breeding scheme

involving naturally-occurring Robertsonian chromosome fusions which allows us to harvest

sibling-matched trisomic and euploid mouse embryonic fibroblasts (3). In all cases, trisomic

fibroblasts were found to divide more slowly than euploid controls. Finally, these experiments
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have been expanded to human cells by the Storchova lab, who observed reduced proliferative

capacity following microcell-mediated chromosome transfer (MMCT) of extra chromosomes into

euploid RPE-1 and HCT1 16 cells (6). The nature of the proliferative delay in aneuploid cells

has proven to be elusive, though evidence in yeast and human cells suggests that it

predominantly occurs during the G1 phase of the cell cycle (6,31). Thus, in a variety of

aneuploid models, an incorrect karyotype reduces the proliferative capacity of cells.

Why is aneuploidy detrimental to cellular fitness?

Several factors may contribute to the detrimental phenotypes associated with

aneuploidy. By definition, aneuploid cells contain different quantities of DNA than euploid cells

do. However, it is unlikely that extra DNA alone is sufficient to.impair cell fitness in most cases.

Yeast strains carrying large artificial chromosomes containing human or mouse DNA (which

presumably encode few or no genes that are expressed in yeast) do not exhibit proliferation

defects (2). An overabundance of specific DNA sequences may confer some toxicity, as cells

carrying >10 extra centromeres display a metaphase delay and increased chromosome loss,

though these effects are not observed when fewer excess centromeres are present (32,33). In

humans, Jiang et al. (2013) introduced the Xist non-coding RNA into one copy of chromosome

21 in Down syndrome IPs cells (34). Induction of Xist resulted in enhanced proliferation and

neural rosette formation in these cells, even though they still carried a now-transcriptionally

silent third copy of chromosome 21. Thus, low levels of superfluous DNA appear to be benign

at the cellular level. Instead, the most likely explanation for the detrimental phenotypes

associated with aneuploidy is the gene dosage hypothesis: gains or losses of whole

chromosomes immediately alter the dosage of hundreds of genes in a cell, thereby leading to

imbalances in critical proteins (Fig. 1A). Several lines of evidence support this hypothesis.

First, aneuploid chromosomes appear to be expressed in a variety of contexts. Tissue from
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individuals with Down syndrome generally show upregulation of transcripts from chromosome

21 (35,36), and trisomic plants as well as fibroblasts from trisomic mouse embryos display a

proportional increase in mRNA levels from the additional chromosomes (3,37). Aneuploidy

correlates with altered transcript levels in yeast and human cells (2,6,38), and, importantly,

quantitative mass spectrometry demonstrates that aberrant karyotypes cause proportional

imbalances in the relative levels of most endogenous proteins as well (4,6,39,40). Secondly,

the severity of the phenotypes caused by aneuploidy correlates with the number of genes

gained or lost. The three human trisomies which survive until birth have the fewest protein-

coding genes on them, while the survival of trisomic mouse embryos in utero correlates with the

number of genes on the additional chromosome [Fig. 1B; (41)]. Similarly, in disomic yeast, the

delay in cell division correlates with the number of ORFs on the additional chromosome (Fig.

1C), though the presence of particularly toxic genes (i.e. P-tubulin) on small chromosomes can

cause disproportionate effects (2). Finally, an increasing body of evidence demonstrates that 2-

fold and even 1.5-fold changes in gene copy number can have significant effects on cellular and

organismal phenotypes. Down syndrome is associated with a decreased frequency of solid

tumor formation (42); studies in mice suggest that single extra copies of Ets2 and DSCR1 (both

located on chromosome 21) may confer protection from tumorigenesis (43,44). Single extra

copies of Sir2 prolong lifespan in yeast (45), while a single extra copy of a-synuclein

predisposes individuals to Parkinson's disease (46). However, we note that some organisms,

including Drosophila melanogaster, appear to maintain mechanisms for dosage compensation

which dampen the phenotypic effects of aneuploidy (47,48). In these organisms, gene dosage

may not be a robust predictor of protein expression levels, and aneuploid phenotypes may

result from the overabundance of specific genes which escape attenuation.
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Figure 1. Cellular and organismal fitness vary according to the deviation from euploidy.

(A) A model of the effect of ploidy on cell fitness. Cells with balanced sets of all chromosomes

are generally healthy, although haploid and polyploid cells are moderately less fit than are

diploid cells. As cells move away from euploidy, fitness decreases, and greater karyotypic

imbalances typically cause more severe phenotypes. Note that transformed cells are able to

tolerate a high degree of aneuploidy via mechanisms that are largely unknown. (B) The survival

in utero of trisomic mouse embryos correlates with the number of genes encoded by the

additional chromosome. A linear correlation is plotted against the data. (C) The cell cycle delay

in aneuploid yeast strains correlates with the number of open reading frames (ORFs) encoded

by the additional chromosome. A linear correlation is plotted against the data. Adapted from (41)

and (2).
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How can alterations in gene dosage levels affect cell fitness? First, changes in the

concentration of a particular protein can directly modulate the efficiency of that protein's cellular

function (Fig. 2A). For instance, DSCR1 is a negative regulator of angiogenic signaling, and an

additional copy of DSCR1 in a mouse model of Down syndrome may block tumor formation by

inhibiting angiogenesis (43). Secondly, changes in gene copy number can affect the formation

or function of stoichiometry-sensitive compounds (Fig. 2B). Proper stoichiometry can be

disrupted by both under-expression [i.e., haploinsufficiency; (49,50)] and over-expression of

proteins in complexes. In S. cerevisiae, a single extra copy of the phosphatase CDC14 delays

cell cycle progression, as it is no longer inhibited by its 1:1 stoichiometric binding partner

CF1/NET1 (51). Finally, an intriguing recent report suggests that a key determinant of dosage

sensitivity is the susceptibility of some proteins to make promiscuous molecular interactions

(52). Genes which are toxic when over-expressed are enriched for those that have many low-

affinity binary interaction partners, suggesting that mass-action driven off-target interactions

may impair cellular fitness in aneuploid cells (Fig. 2C). This type of promiscuous interaction

may explain the gain-of-function phenotype in signaling pathways in certain cancers (3,52). For

instance, when lung cancers with EGFR-activating mutations are treated with an EGFR

inhibitor, some cells acquire drug resistance via amplification of the MET oncogene (53,54).

Over-expression of MET leads to activation of kinases downstream of EGFR, which are

independent of MET signaling in cells which contain normal levels of MET (53,54). Thus,

promiscuous molecular interactions may significantly alter the cellular interactome when gene

copy number is changed.
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Figure 2. Consequences of changes in gene copy number. (A) An increased dosage of a

single gene, such as a rate-limiting enzyme, can increase the output or function of a cellular

pathway. (B) Altered gene dosage can interfere with the function of stoichiometry-sensitive

complexes. (C) Protein-protein interactions depend on the concentration of each binding

partner. Altered expression of some proteins, such as signal-transduction kinases, might cause

promiscuous molecular interactions that alter cellular phenotypes. (D) Many proteins require

chaperones to fold correctly. If aneuploidy overwhelms cellular chaperones, then misfolded

proteins that escape chaperone-dependent folding might form insoluble and potentially cytotoxic
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aggregates. It is also possible that other essential clients of these chaperones remain

unfolded. (E) Quality-control mechanisms, including the ubiquitin-proteasome pathway, ensure

that misfolded or improperly expressed proteins are rapidly turned over. Regulated protein

degradation is also utilized to trigger various cellular programs, including cell cycle progression.

The overabundance of certain proteins might interfere with the folding or turnover of other client

proteins.
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The detrimental phenotypes associated with aneuploidy can also result from the

synergistic effects of changing the copy number of several hundred genes at once. Aneuploid

strains of yeast have constitutively high levels of protein aggregates and are sensitive to drugs

that interfere with protein translation, folding, and degradation (2,39,55). Similarly, trisomic

MEFs and aneuploid cancer cells are readily killed by the protein-folding inhibitor 17-AAG (56).

These sensitivities are largely independent of the identity of the additional chromosome,

suggesting that aneuploidy generally challenges a cell's ability to maintain protein homeostasis.

While the consequences of over-expressing any one protein may be unique, cells utilize a

limited number of quality-control mechanisms for protein folding and turnover. For instance,

most proteins which contain a WD40 domain require the eukaryotic chaperonin TRiC/CCT to

correctly fold (57). In the absence of sufficient chaperone capacity to accommodate over-

expressed proteins, other chaperone clients may remain unfolded, leading to loss-of-function

phenotypes and the formation of potentially cytotoxic aggregates (Fig. 2D). In yeast, misfolded

proteins exact a fitness cost, even when the misfolded proteins represent less than 0.1 % of the

total cellular proteome (58). Thus, aneuploidy may impair cell proliferation via an accumulation

of improperly folded or aggregated proteins.

Misfolded proteins, as well as properly-folded proteins which are present in excess, can

also impinge on cellular mechanisms for protein turnover. It has been demonstrated that cells

ensure the integrity of some stoichiometric complexes by rapidly degrading over-expressed free

subunits, such as histones (59) and ribosomal proteins (60,61), and we have observed that not

all proteins in aneuploid cells are proportionally over-expressed (39,40). Thus, aneuploidy-

induced stoichiometric imbalances may severely stress the proteasome (Fig. 2E). In order to

understand how cells cope with the anti-proliferative effects of aneuploidy, our lab allowed

disomic yeast strains to grow continuously for 14 days, then used whole-genome sequencing to

identify genetic alterations which improved their proliferative capacity (39). Interestingly, many

different disomic strains developed mutations in the proteasome pathway, and two strains
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independently acquired loss-of-function mutations in the ubiquitin-specific protease UBP6.

Deletion of UBP6 was found to improve the growth rates of most disomic strains, and

quantitative mass spectrometry demonstrated that loss of UBP6 led to an attenuation in the

levels of proteins overproduced due to aneuploidy (39,40). These results suggest that

proteotoxic stress is a key source of aneuploidy's anti-proliferative effects.

Lastly, aneuploidy has been found to significantly alter metabolism and increase cellular

energy needs. Aneuploid yeast and MEFs are less efficient at converting nutrients into biomass

than euploid cells are (2,3). This could result from cells wasting energy by translating and then

turning over excess proteins from the additional chromosomes. Consequently, aneuploid

fibroblasts and cancer cells display broad sensitivities to drugs that interfere with cellular energy

homeostasis (56). We and others have also noted that aneuploid cells produce significantly

more lactate during proliferation than euploid cells do (3,27), a phenotype which they share with

cancer cells (62). The underlying cause of these metabolic alterations is not known, but the

resultant energy stress is a likely limit on the proliferation of aneuploid cells. Additionally, the

metabolic similarities between aneuploid primary cells and cancer cells suggest that cancer

cells have not fully escaped the stresses associated with aneuploidy.

What proportion of aneuploidy-induced phenotypes are due to changes in the copy

number of specific genes and what proportion are a consequence of the additive effects of

imbalances across an entire chromosome? Bonney et al. (2015) expressed -50 genes on CEN

plasmids that had previously been found to inhibit growth when fewer than 20 extra copies of

the gene were present (63,64). The phenotypes of the CEN plasmid overexpression strains

were then compared to the phenotypes of aneuploid yeast strains. While all aneuploid yeast

strains divided slowly, very few of these dosage-sensitive genes were found to reduce

proliferation when present at only 2-fold increased copy number. Similarly, in humans, it has

previously been hypothesized that the phenotypes associated with Down Syndrome (Trisomy

21) are caused by the triplication of a small set of genes which lie within a 5.4Mb "Down
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Syndrome Critical Region" on chromosome 21 (65,66). However, evidence from mouse models

suggest that this region is not sufficient to recapitulate Down syndrome-like phenotypes, and

genetic mapping of individuals with partial trisomies of chromosome 21 has revealed many

individuals who lack extra copies of the purported critical region but still present with a Down

syndrome-like condition (67-69). In total, this evidence suggests that many phenotypes caused

by aneuploidy are driven by imbalances across an entire chromosome, or synergistic

interactions between many different genes, rather than extra copies of a few particularly toxic

genes.

Aneuploidy is frequently associated with enhanced cell proliferation

Despite the seemingly detrimental effects of the massive gene dosage imbalances which

result from aneuploidy, changes in karyotype are associated with proliferative advantages under

certain circumstances. Most notably, aneuploidy is a hallmark of cancer, a disease of increased

cell proliferation (70). Approximately 90% of solid tumors and 75% of hematopoietic cancers

have gained or lost entire chromosomes (71). Whether aneuploidy has a causal role in

tumorigenesis or is largely a byproduct of transformation remains a crucial and unsolved

question (see Chapter 5). However, several lines of evidence suggest that aneuploidy may be a

driver of tumorigenesis. First, aneuploidy appears prior to or coincident with malignant

transformation in a variety contexts, including in human patients (72-74) and mouse models of

cancer (75,76). Secondly, individuals with Down syndrome develop pediatric leukemias at high

rates, suggesting a link between trisomy of chromosome 21 and leukemogenesis (42). Thirdly,

individuals with Mosaic Variegated Aneuploidy are prone to developing several different types of

cancers (22). Similarly, transgenic mice with elevated rates of chromosome missegregation

usually develop cancers at elevated rates. These studies suggest that changes in karyotype
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can contribute to, if not also cause, cellular transformation, a process that enhances the

proliferative capacity of a cell.

Additionally, certain aneuploidies confer a proliferative advantage in the experimental

evolution of microorganisms. S. cerevisiae cells grown in nutrient-limiting conditions develop

aneuploidies (77,78), as do pathogenic strains of C. ablicans grown in the presence of the anti-

fungal drug fluconazole (79,80). In the yeast deletion collection, -8% of all strains have

spontaneously gained extra chromosomes (81). Lastly, in a comprehensive analysis of the

genetic alterations that result from the evolution of a yeast strain deprived of a cytokinetic motor,

Rancati et al. (2008) found that the 10 fittest evolved strains all displayed whole-chromosome

aneuploidies (38). Thus, it is clear that alterations in karyotype can improve cellular fitness

under certain circumstances.

How is aneuploidy beneficial?

As with the detrimental consequences of aneuploidy, most of the growth-advantageous

properties of aneuploidy likely result from changes in gene copy number. However, while the

disadvantages of aneuploidy result from additive imbalances across an entire chromosome,

many of the benefits of aneuploidy can apparently be explained by the change in copy number

of one or a few genes. In studies of nutrient-limited yeast, cells acquire aneuploidies that confer

extra copies of the transporters that take up the scarce nutrient (77,78). Fluconazole resistance

in C. albicans can be caused by the gain of an isochromosome containing TAC1, a

transcriptional regulator of drug-efflux pumps, and ERGI 1, the target of fluconazole (80).

Decreasing the copy number of TACI and ERG11 abolishes the protective effects of

aneuploidy. Among the aneuploid strains which arose during construction of the yeast deletion

collection. many of the strains were found to harbor extra cohp nf nnhromosome containing a

paralogue of the gene which was deleted, suggesting a dosage-dependent rescue of cell

22



proliferation (81). And, in the evolution of cytokinesis-defective yeast, improved growth due to

aneuploidy can be phenocopied in euploid strains by increasing the dosage of a transcription

factor and a signaling kinase that are present on a frequently-gained chromosome (38).

Changes in copy number of a few genes may also explain the tumorigenic properties of

aneuploidy. Karyotypic alterations can lead to the gain in copy number of growth-promoting

oncogenes and loss of tumor-suppressor loci. For instance, cervical cancers frequently gain

extra copies of chromosome 3, which contains the human telomerase gene TERC (73,82), while

Wilms' tumor, Ewing's sarcoma, and several types of leukemias frequently gain chromosome 8,

which contains the MYC transcription factor (83-86). It is believed that these genes are largely

responsible for the recurrent gain of these chromosomes because in many cancers these loci

are focally amplified (87-90). Chromosome loss can also promote cellular transformation by

decreasing the dosage of tumor suppressors (91,92). Interestingly, loss of heterozygosity at

tumor suppressors is frequently "copy-neutral," i.e. a duplication event occurs to maintain

euploid dosage levels of all genes on the affected chromosome (91,93,94). This may arise due

to selective pressure to protect cancer cells from the deleterious effects of haploinsufficiency, or

from imbalances in other genes required for proliferation. A similar result has been described in

yeast: Avihu et al. (2012) grew cells in the presence of thermal stress for several thousand

generations (95). The cells rapidly acquired extra copies of chromosome Ill, which were found

to enhance the growth of yeast at high temperatures. However, upon prolonged evolution under

thermal stress, the yeast lost the trisomy, and instead upregulated several genes from

chromosome IlIl which mimicked the beneficial effects of the trisomy. Thus, these experiments

suggest that the gain or loss of whole-chromosomes can function as a blunt "quick-fix"

mechanism for a cell to change the copy number of a few select genes. Over time, a cell can

evolve more refined methods to accomplish the same ends while avoiding unwanted

aneuploidy-induced stresses.
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Summary

Aneuploidy represents a gross challenge to cellular homeostasis: by simultaneously

changing the copy number of several hundred genes at once, aneuploidy can vastly alter

normal cellular functions. The consequences of this dysregulation are apparent in the defects

caused by aneuploidy during cell proliferation and development. Yet, it is for this same reason

that certain genetic and environmental stresses can be overcome via aneuploidy. When one

chromosome contains a gene that has a dosage-dependent effect on cell growth (such as an

oncogene or a transporter of a scarce nutrient), chromosome missegregation represents a

relatively easy way by which the copy number of that gene can be increased. This aneuploidy

exerts a high cost on the cell, particularly by increasing the burden on energy and protein

homeostasis. However, cells can evolve to either lose the aneuploidy or to enhance

proteostasis, which can shield them from the detrimental consequences of chromosomal

imbalances. Nonetheless, the pathways which are commonly stressed in aneuploid cells

represent attractive targets for the development of chemotherapeutics that could potentially be

useful in treating a broad spectrum of aneuploid cancers.

Thesis Outline

This thesis will discuss several disparate projects concerning aneuploid cell biology. In

Chapter 2, I will present evidence concerning one potential mechanism by which whole-

chromosome aneuploidy itself could indirectly contribute to improved growth: it has previously

been hypothesized that the protein imbalances caused by aneuploidy could interfere with a

cell's basal mechanisms for ensuring genomic integrity (41,96,97). While this hypothesis has

never been directly tested, it has been observed that the chromosomal instability of chemically-

transformed Chinese hamster embryo cells varnes w+Ih their degree of aneuploidy, suggesting

that gross deviations from the euploid state decrease a cell's ability to ensure accurate
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chromosome segregation (98). Aneuploid cells lacking p53 are also karyotypically unstable

(99). However, whether this genomic instability is due to the aneuploid state or the genetic

alterations necessary to grow aneuploid cells (i.e. the inactivation of p53 or the mutations that

caused transformation of the hamster cells) is not clear. In Chapter 2, I tested several

measures of genomic instability in genetically-identical euploid and aneuploid strains of S.

cerevisiae. I demonstrated that single chromosome gains increase the rates of forward

mutation, mitotic recombination, chromosome loss, and double-strand break formation. I also

established that these phenotypes are due to stoichiometric imbalances in proteins encoded on

the extra chromosomes Genomic instability has been shown to confer a proliferative

advantage during evolutionary competition and can cause or contribute to cellular

transformation (100-104). It is therefore possible that aneuploidy-induced genomic instability

could contribute to tumor initiation and evolution.

In Chapter 3, I address a debate concerning the transcriptional consequences of

aneuploidy. While several studies have been published demonstrating that aneuploid

chromosomes are generally transcribed proportional to their copy number (3,35,37), the effects

of aneuploidy on gene expression in trans; that is, on euploid chromosomes in aneuploid

strains, has been contested. Torres et al. (2007) reported that aneuploidy in yeast induces a

stereotypic gene expression program called the environmental stress response (ESR), in which

cells down-regulate ribosomal subunits and up-regulate chaperones and stress-response

transcripts (2). However, Pavelka et al. (2010) did not observe this phenotype in aneuploid

yeast strains generated via triploid meiosis (4). To address this discrepancy, and to further our

knowledge of the transcriptional consequences of aneuploidy, I conducted a meta-analysis on

published microarray data from aneuploid cells from diverse organisms as well as microarrays

that had been performed in our own lab. I found that Pavelka et al.'s interpretation was likely a

consequence of the fact that they only examined 5 aneuploid strains, most of which harbored

small aneuploidies. Analysis of more aneuploid yeast strains generated via triploid meiosis, as
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well as aneuploidies that arose "naturally" in yeast knockout mutants, revealed a clear

correlation between increasing degrees of aneuploidy and induction of the ESR. Moreover, this

phenotype was conserved beyond budding yeast: aneuploid strains of fission yeast and A.

thaliana, as well as aneuploid primary mouse and human cells, shared a set of transcriptional

changes that were related to stress and were largely independent of the identity of the

aneuploid chromosomes. These results demonstrate that aneuploidy induces a stereotypical

stress response program in cells from diverse organisms.

In Chapter 4, I extend my study of the effects of aneuploidy on gene expression from

primary cells to cancer cells. I found that chromosomally-unstable cancer cell lines exhibit

highly significant transcriptional similarities with aneuploid primary cells, while clonally-aneuploid

cancer cells do not. Both CIN cancer cells and aneuploid primary cells down-regulated cell

cycle and RNA processing transcripts while up-regulating transcripts annotated to the

membrane and the extracellular region. I also demonstrated that, while the overall gene

expression patterns of CIN cells are associated with slow proliferation in vitro, many of the

transcripts upregulated by CIN are associated with metastases and death from cancer in vivo.

These results argue that there are two types of aneuploidy in cancer: clonal aneuploidy and

aneuploidy resulting from CIN, which have distinct effects on gene expression and disease

phenotypes.

In Chapter 5, I utilize our system of generating genetically-matched euploid and trisomic

MEFs, as well as the Storchova lab's set of genetically-matched euploid and trisomic colon

cancer cells, to test whether aneuploidy can contribute to cellular transformation. Surprisingly, I

found that most aneuploid cell lines divided slowly in vitro, formed few colonies in soft agar, and

grew poorly as xenografts, relative to their matched euploid strains. I was unable to detect a

single condition in which aneuploidy contributed to improved tumorigenic capabilities. These

results suggest that, rather than promoting cancer development, aneuploidy can very often

function as a tumor suppressor.

26



In Chapter 6, I summarize several key results from this body of work, and suggest methods to

address the various open questions which remain.

In the Appendix, I discuss an independent project completed in collaboration with Joan

Smith. We set out to explore the under-representation of women at the faculty level in

biomedical research. While 52% of doctorates in the life sciences are awarded to women, only

about 36% of new professors are women. To understand some of the causes of the "leaky

pipeline" in biomedical research, we collected publicly-available data on the graduate students,

postdocs, and faculty employed at 39 biology departments at academic institutions in the United

States. We found that high-achieving male faculty members - those who receive funding from

HHMI, have been elected to the National Academy of Sciences, or who have won a major

career award - employ significantly fewer women than other male faculty. For instance, while

40% of all postdocs in our dataset are women, male Nobel Laureates employ on average only

25% female postdocs. In contrast, "elite" female faculty who have achieved similar career

milestones employ just as many women as other female faculty members do. We further

demonstrate that most new faculty members complete postdoctoral training periods in the labs

of these high-achieving faculty members. Therefore, the paucity of women employed by these

PI's likely limits the number of women who are most competitive during faculty job searches.
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Chapter 2: Aneuploidy Drives Genomic Instability

Reprinted from Science:

Sheltzer JM, Blank HM, Pfau SJ, Tange Y, George BM, Humpton TJ, et al. Aneuploidy drives
genomic instability in yeast. Science 2011;333:1026-30.

The experiments in figures 1C, 3D, S1, S2, and S9 were performed by HB.
The experiments in figures 3E, 3F, and S11 were performed by YT, YH, and ON.

The experiments in figures S13 and S14 were performed by ET.
All other experiments were performed by JS.
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Abstract

Aneuploidy decreases cellular fitness, yet it is also associated with cancer, a disease of

enhanced proliferative capacity. To investigate one mechanism by which aneuploidy could

contribute to tumorigenesis, we examined the effects of aneuploidy on genomic stability. We

analyzed 13 budding yeast strains that carry extra copies of single chromosomes and found that

all aneuploid strains exhibited one or more forms of genomic instability. Most strains displayed

increased chromosome loss and mitotic recombination as well as defective DNA damage repair.

Aneuploid fission yeast strains also exhibited defects in mitotic recombination. Aneuploidy-

induced genomic instability could facilitate the development of genetic alterations that drive

malignant growth in cancer.
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Results

Aneuploid yeast exhibit elevated levels of chromosome missegregation

Whole-chromosome aneuploidy, or a karyotype that is not a multiple of the haploid

complement, is found in greater than 90% of human tumors and may contribute to cancer

development (1). It has been suggested that aneuploidy increases genomic instability, which

could accelerate the acquisition of growth-promoting genetic alterations (1,2). However, while

aneuploidy is a result of genomic instability, there is at present limited evidence as to whether

genomic instability can be a consequence of aneuploidy itself. To test this possibility directly, we

assayed chromosome segregation fidelity in 13 haploid strains of Saccharomyces cerevisiae

that carry additional copies of single yeast chromosomes (3). These aneuploid strains

(henceforth disomes) display impaired proliferation and sensitivity to conditions that interfere

with protein homeostasis (3,4). We measured segregation fidelity of a yeast artificial

chromosome (YAC) containing human DNA and found the rate of chromosome missegregation

to be increased in 9 out of 13 disomic strains relative to a euploid control (Fig.1A). The increase

ranged from 1.7-fold to 3.3-fold, comparable to the fold increase observed in strains lacking the

kinetochore components Chl4 or Mcm2l. Consistent with chromosome segregation defects, 8

out of 13 disomic strains displayed impaired proliferation on plates containing the microtubule

poison benomyl, including a majority of the strains that had increased rates of YAC loss

(Fig.1 B).

Chromosome missegregation can result from defects in chromosome attachment to the

mitotic spindle or from problems in DNA replication or repair. Defects in any of these processes

delay mitosis by stabilizing the anaphase inhibitor Pdsl/securin (5). 5 out of 5 disomes

(Disomes V, Vill, X1, XV, and XVI) exhibited delayed degradation of Pdsl relative to wild-type

after release from a pheromone-induced G1 arrest (Fig.1C, S1). Defective chromosome bi-
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orientation delays anaphase through the mitotic checkpoint component Mad2 (5). Deletion of

MAD2 had no effect on Pdsl persistence in 4 disomes, but eliminated this persistence in

disome V cells (Fig.S1). Disome V also delayed Pdsl degradation after release from a

nocodazole-induced mitotic arrest, demonstrating that this strain exhibits a bi-orientation defect,

whereas disome XVI recovered from nocodazole with wild-type kinetics (Fig.S2). Thus, Pdsl

persistence results predominantly from Mad2-independent defects in genome replication and/or

repair (see below).
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Figure S1. Pds1 accumulates in disomic strains. Wild-type (squares), disomic strains

(triangles), and disomic strains lacking MAD2 (circles) were arrested in G1 with pheromone then

released into YPD medium. At the indicated time points, samples were removed and processed

for Western blot analysis of Pdsl, to determine the percentage of cells with buds (left graph),

and metaphase and anaphase spindles (right graph). In five out of five disomes, Pdsl persisted
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for a longer period of time than it did in a euploidstrain. In disome V cells this delay was due to

activation of the spindle assembly checkpoint because it was eliminated by the deletion of

MAD2. Strains are as follows: (A) A26703, A25413, and AA26708. (B) A26703, A25414, and

A26709. (C) A26703, A25415, and A26704. (D) A26703, A26628, and A27925. (E) A26703,

A25416, and A26705.

42



WT

o 10 20 30 40 50 60 70 80 90 100 110 120

-- ARM

Disome V

0 10 20 30 40 50 60 70 80 90 100 110 120

-_- WT Metaphase

-- WTAnaphase

U -- Dis V

--Dis VA

- ..

Metaphase

niaphase

0 20 40 60 80 150 12k
Time (min)

B
Time (min) 0 10 20 30 40 50

Pdsl-3HA - -

WT

60 70 80 90 100 110120 130

Disome XVI

0 10 20 30 40 50 60 70 80 90 100 110 120130

S- --

Pgkl

=U,

0

7&'

5&'

25'

+4WT Metaphase

-- WTAnaphase

-a- Dis XVI Metaphase

.Dis 
XVI Anaphase

A

6 2 4 60 80 100 120

Time (min)
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samples were removed and processed for Western blot analysis of Pdsl and to determine

the percentage of metaphase (squares) and anaphase (triangles) spindles. Strains are as

follows: (A) A26703 and A25413. (B) A26703 and A25416.
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Aneuploidy increases the mutation rate

We next investigated whether aneuploidy could affect the rate of forward mutation.

Disomes V, Vill, X and XIV displayed an increased mutation rate at two independent loci, while

disome IV displayed an increased mutation rate at CANI but not at URA3 (Fig.2A). The fold

increase ranged from 2.2-fold to 7.1-fold, less than the 9.5-fold and 12-fold increases observed

in a recombination deficient rad51A mutant and a mismatch repair-deficient msh2A mutant,

respectively. Additionally, in an assay for microsatellite instability, we found that disomes VillI

and XVI displayed increased instability in a poly(GT) tract (Fig.S3), demonstrating that

aneuploidy can enhance both simple sequence instability and forward mutagenesis.

To define the mechanism underlying the increased mutation rate in aneuploid cells, we

sequenced CANI alleles from 133 wild-type and 404 disomic isolates (6). The overall spectrum

of spontaneous mutation was similar, with euploid and aneuploid cells displaying equivalent

frequencies of basepair substitutions, frameshifts, transitions, and transversions (Table S1).

However, two significant differences were noted. First, the identity of basepairs gained and lost

in the disomes differed relative to those seen in wild-type in a largely strand-specific manner

(Table S2-S4, (6). Secondly, disomes exhibited a 2-fold increase in the frequency of complex

events relative to wild-type (p<0.002, chi-square test; Fig.2A). Complex events, i.e. multiple

substitutions and/or frameshifts within a 5 to 10 basepair window, are caused by the translesion

polymerase Pol( (7). The frequency of complex events was increased when sequences from

all mutator strains (Dis. IV, VillI, X, and XIV) were combined, but not when only non-mutator

strains were examined. Deletion of REV3, which encodes the catalytic subunit of Pol ,

abolished the increased mutation rate in the disomes (Fig.2A), demonstrating that aneuploidy-

induced mutagenesis is due to translesion polymerase activity.
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Fig.2. Aneuploidy increases the mutation rate and sensitivity to genotoxins. (A) Mutation

rate in disomic strains. Note, the CAN1 and URA3 reporters are located on chromosome V, we

therefore measured the mutation rate of disome V at LYPI and of URA3 integrated on

chromosome VI (6). (B) 10-fold serial dilutions of the indicated strains were spotted on medium

supplemented or treated with a genotoxic agent. CPT; camptothecin. HU; hydroxyurea. MMS;

methyl methanesulfonate. (C) 10-fold serial dilutions of cells on medium containing phleomycin

(Phleo) or bleomycin (Bleo).
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Figure S3. Disomes VIII and XVI cells display an increased rate of microsatellite

instability. Disomes were assayed for maintenance of a poly(GT) tract fused in-frame with

URA3. The median value and 95% confidence intervals of at least 12 independent cultures are

shown. Strains (from the left): A24251, A24289, A26498, A24287, A24288, A26499, A26500,

A24290, A24291, and A26501. * p<.05; *** p<.0005 (Wilcoxon rank-sum test).

46



Aneuploidy sensitizes cells to DNA damage

The mutator phenotype and frequent appearance of complex events suggested that

aneuploidy interferes with the repair of genomic damage. To test this, we examined the

sensitivity of the disomes to genotoxic stress (Fig.2B). A majority of disomes displayed

impaired proliferation when treated with replication inhibitors (camptothecin, hydroxyurea) or

DNA damaging agents (methyl methanesulfonate, UV light). Aneuploid strains derived by

triploid meiosis also displayed striking sensitivities to genotoxic drugs (Fig.S4,(8). We next

assessed the role of Pol( in lesion bypass. In wild-type yeast, loss of REV3 confers only a slight

increase in genotoxin sensitivity as recombinational repair is sufficient to replicate past most

lesions (9). 7 out of 9 disomes displayed enhanced sensitivity to genotoxins in the absence of

REV3, suggesting that recombinational repair is defective in the disomes (Fig.S5). We

therefore assayed the sensitivity of the disomes to phleomycin and bleomycin, two double-

strand break (DSB)-inducing drugs, which create lesions that are repaired by homologous

recombination (10). 9 out of 13 disomes were sensitive to both drugs, and disomes IV, VIII, X,

XI, and XIV displayed an approximately 100 to 1000-fold increase in sensitivity relative to wild-

type (Fig.2B).
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Figure S4. Aneuploid strains derived from triploid meioses are sensitive to genotoxic

damage. 10-fold serial dilutions of the indicated strains were spotted on either YPD medium or

medium supplemented or treated with the indicated genotoxic agent. The karyotype of these

strains is indicated to the right of the figure. CPT; camptothecin. Phleo; phleomycin. MMS,

methyl methanesulfonate. The construction and nomenclature of these strains are described in

(26). Note that in many strains the reported karyotype is present in only a subset of the cells,

and some strains have euploid or near-euploid subpopulations (fig S13 and S14).
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Figure S5. Several disomes require PoI4 to survive DNA damage. 10-fold serial
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medium supplemented or treated with the indicated genotoxic agent. Most disomes that

lack REV3 are hypersensitive to low doses of DNA damaging agents. MMS, methyl

methanesulfonate. Strains (from the top): Al 1311, A25391, Al 2687, A25392, Al 3628,

A25393, Al 2689, A25394, Al 3771, A25395, A13979, A25396, A12697, A25397,

A14479, A26629, Al 2693, A26630, A21987, and A26631.
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Aneuploidy interferes with double-strand break repair

To further investigate the effects of aneuploidy on recombination, we quantified the

fraction of cells that contained double-strand breaks in 7 phleomycin-sensitive disomes by

monitoring Rad52-GFP foci, which localize to sites of recombinational repair (11). Following

release from a pheromone-induced G1 arrest, all 7 disomes displayed an increased frequency

of Rad52 foci in large-budded cells (corresponding to late S-phase or G2). Disomes arrested

with nocodazole also exhibited increased numbers of Rad52 foci (Fig.3A). The aneuploid

meiotic progeny of a triploid strain displayed Rad52 foci more frequently than euploid spores

did, demonstrating that the appearance of recombination foci is a common consequence of

aneuploidy in yeast (Fig.3B). Consistent with aneuploidy-induced defects in DSB formation

and/or repair, 7 out of 11 disomes also displayed an increased rate of spontaneous mitotic

recombination between direct tandem repeats (Fig.3C).
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Fig.3. Aneuploidy induces recombination defects. (A) The fraction of wild-type and disomic

cells displaying Rad52-GFP foci after release from a G1 arrest or arrested with nocodazole.

Images display wild-type, disome VIII, and disome XIV cells arrested with nocodazole. Mean+/-

SD of three experiments is shown. (B) Rad52 foci were scored in spores from triploid or diploid

strains (6). The mean (black bar) of 15 spore-derived colonies (dots) are displayed. ***

p<.0005 (Student's t-test). (C) Mitotic recombination between truncated alleles of ade2 (6). (D)

Wild-type and disome XI cells treated with phleomycin were released into medium containing

nocodazole. Chromosome integrity was analyzed by pulse-field gel electrophoresis (6). (E) 10-

fold serial dilutions of fission yeast cells on medium supplemented with hydroxyurea or

phleomycin. Rhp5l is fission yeast Rad5l. (F) The fraction of cells displaying SpRad22-GFP
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foci in aneuploid and euploid microcolonies resulting from sporulation of a triploid strain.

Images are representative euploid and aneuploid microcolonies.
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To test whether disomes form more DSBs during DNA replication, we created rad52A

strains, in which a single DSB is sufficient to block cell division (12). Small-budded RAD52 and

rad52A cells were isolated via micromanipulation and their proliferation monitored (6). 6% of

rad52A cells arrested with large buds, while in 4 out of 6 rad52A disomes this percentage was

significantly increased (Fig.S6). Thus, some aneuploid strains accumulate an increased

number of DSBs during DNA replication, although the large-budded arrest in disome V may be

due to defective chromosome bi-orientation, as frequent arrest was also observed in RAD52

disome V cells (Fig.S6).
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Figure S6. Some disomes acquire double-strand breaks more frequently during DNA

replication. Small budded cells were isolated by micromanipulation on YPD plates and

incubated for 5 hours at 300C. Subsequently, the cells were examined under a microscope, and

the number of cells that were arrested as large buds and the number of cells that had

successfully divided were scored. Cells which had not progressed beyond the small-budded

stage were excluded from analysis. (A) Representative plates of euploid RAD52, euploid

rad52A, disome XIV RAD52, and disome XIV rad52A are displayed. Plates containing RAD52

cells were scanned after 2 days of growth, while plates containing rad52A cells were scanned
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after 2 or 3 days of growth. (B) The percentage of cells arrested as large buds is displayed. The

mean and standard deviation of 3 independent experiments are shown. Strains (from the left):

A15546, A27223, A15533, A15537, A15538, A15540, A15542, A26504, A28064, A19616,

A27091, A19618, A19619, and A19620.
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Is DNA repair also compromised in aneuploid cells? To test this, we examined Rad52

foci dynamics in disomes treated with phleomycin. In the presence of phleomycin, euploid and

aneuploid strains arrested as large-budded cells and formed Rad52 foci. Following phleomycin

removal, euploid cells resolved their Rad52 foci and resumed budding, while 7 out of 7 disomic

strains remained arrested and displayed persistent Rad52 foci (Fig.S7). The sensitivity to

phleomycin was not caused by DNA damage checkpoint defects, as exposure to phleomycin

induced a prolonged cell-cycle arrest (Fig.S7) and caused hyperphosphorylation of Rad53, a

marker of checkpoint activation (Fig.S8). Instead, disomes appear to be defective in DNA

repair. When chromosomes were visualized by pulse-field gel electrophoresis, phleomycin

treatment resulted in chromosome fragmentation in both aneuploid and euploid cells (Fig.3C,

S9). After phleomycin removal, intact chromosomes quickly reappeared in a wild-type strain

(Fig.3C, S9). In contrast, a significant delay in chromosome recovery was apparent in disomes

V, VIII, XI and XIII (Fig.3C, S9). Disome 11, which does not lose viability on plates containing

phleomycin (Fig.2B), exhibited chromosome repair kinetics similar to wild-type cells (Fig.S9).

Low doses of ionizing radiation (IR) had a similar though less severe effect on the disomes as

phleomycin. Disomes lost viability upon treatment with IR, though several strains were able to

resolve a subset of IR-induced Rad52 foci (Fig.S10). The different effects of phleomycin and IR

may indicate that these treatments cause distinct forms of damage, or that disomic chromatin is

particularly vulnerable to phleomycin-induced lesions. Taken together, our results indicate that

multiple aneuploids exhibit wide-ranging defects in recombination and DNA repair.

56



Wild-type

Dhase

0min

120 min

360 min

Dis. XV

Rad52-GFP Dhase

Eu
Rad52-GFP

B
-r W large Budded - WT Rad2 Fool
-a- Dl. IV Large Budded + Me N Radi Fool

75 75

l2& 25so

2j ; 77- LW2.

Time (min)

4100.

75

2&

-a- WT Large Budded + WT Radii Fool

0 Dig X Large Budded - Dis X Rad Feel -100 100-

71 7 5B 7

21 25 L 25-

0 100 200 )0 400
lime (min)

--- WT Large Budded WT RadMi Fool
-a e V Large Budded -+ Dis V RadM Fool

160 20
lime (min)

360 4i

. WT Large Budded -t- WT Radii Fool
-e- Dis Xi Large Budded + Ole Xl Radi2 Foci

i 20 300M4
lime (min)

-100

-75

25

-.- WT Large Budded +- WT Radii Fool
+e Di VIN Large Budded -o- Die I Rad Fool

75 7

25- 2
I:.

0 10 200 300 400
Time (min)

-100 .10

.75~ is.
-I . -

.5 W l

2o 2&

XI 0

-a- WT Large Budded -* - WT Rad62 Fool
We DIXIV LareBudded-++- Dl.XIV RadiFoc

0

'100

IS.

50

'25

100 200 300 400

lime (min)

75.

2&0-

-e- WT Large Budded + WY Rad Fool
e- Dis XV Large Budded -+- Die XV RadiM Feel

1 00 200

100

50

25

300 400

lime (min)

Figure S7. Disomes are unable to repair phleomycin-induced lesions. Strains were arrested in

G1 with pheromone, then released into medium containing 0.15pg/ml phleomycin. After 135

minutes, the cells were washed and resuspended in medium lacking phleomycin. Cells were
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removed every 30 minutes to determine the percentage of large-budded cells (closed symbols)

and the percentage of cells with Rad52-GFP foci (open symbols). (A) Representative images of

wild-type and Dis. XV cells after G1 arrest (top), after growth in the presence of phleomycin

(middle), and after 4 hours of recovery in phleomycin-free medium (bottom). (B) Phleomycin

arrest/release results for Dis. IV (A26532), V (A26533), Vill (A25342), X (A25343), XI (A25421),

XIV (A25344), and XV (A25355). Note that Dis. IV cells display a severe G1 delay (1), and

many cells failed to bud during the course of the experiment. The Dis. IV cells that did bud were

arrested as large-budded cells by phleomycin and almost all remained arrested for the duration

of the time course.
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Figure S8. Disomic yeast strains phosphorylate Rad53 in response to phleomycin treatment.

Rad53 mobility on SDS-PAGE was examined in untreated exponentially growing cells and in

exponentially growing cells that were treated with 0.3pg/ml phleomycin for 90 minutes. The

slower migrating forms of Rad53 represent phosphorylated Rad53. Pgk1 was used as a loading

control. Strains (from the left): A11311, A12687, A14479, A13628, A21986, A13771, A13979,

and A12697.
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Figure S9. Disomic yeast strains display delayed chromosomal recovery following

phleomycin treatment. Wild-type and disomic strains were treated with 25pg/ml phleomycin for

2 hours, then washed with 5 volumes of medium and released into YPD medium containing

15pg/ml nocodazole. Nocodazole was used to keep the number of cells in culture constant

during recovery. Before treatment ("pre"), immediately following phleomycin wash-out ("0:00"),

and at the indicated times after phleomycin wash-out cells were fixed with sodium azide and

chromosomes were examined by pulse-field gel electrophoresis. Intact chromosomes are visible

as discrete bands, while chromosome fragments run as a smear at the bottom of the gel or do

not enter the gel. Strains (from the left): (A) Al 1311, A12685, A14479, A21987. (B) Al 1311 and

Al 3628.
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Figure S10. Disomic yeast strains are impaired in the repair of damage caused by

ionizing radiation. (A) 10-fold serial dilutions of the indicated strains were spotted on YPD

medium and then treated with the indicated dose of radiation. Strains (from the top): A24352,

A26532, A26533, A25342, 25343, A25421, A25344, and A25355. (B) Exponentially-growing

cultures were treated with 4.5krads of radiation and then allowed to recover. Cells were
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removed every 60 minutes to determine the percentage of large-budded cells (closed symbols)

and the percentage of cells with Rad52-GFP foci (open symbols). Representative images of

wild-type and Dis. IV cells are shown 90 minutes after treatment with radiation (top), after 210

minutes of recovery (middle), and after 390 minutes of recovery (bottom). (B) Radiation

recovery results for Dis. IV (A26532), V (A26533), VIII (A25342), X (25343), XI (A25421), XIV

(A25344), and XV (A25355).
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We also investigated the effects of aneuploidy on genomic stability in fission yeast.

Fission yeast disome 11l, the only viable disome (13,14), displayed sensitivity to hydroxyurea

and phleomycin relative to a euploid strain (Fig.3D). Additionally, Rad22 foci (fission yeast

Rad52; (15,16) were present in 18% of euploid cells and in 56% of aneuploid cells resulting

from sporulation of a triploid strain (Fig.3E). Time-lapse photomicroscopy revealed that

approximately equal numbers of euploid and aneuploid cells formed SpRad22 foci per cell

division (Fig.S1 1). However, Rad22 foci persisted on average 5 times longer in aneuploid than

in euploid cells. We conclude that in fission yeast, aneuploidy impairs DNA damage resistance

and mitotic recombination.
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Figure S11. Persistence of SpRad22-GFP foci duration in aneuploid strains of S. pombe.

The time that SpRad22-GFP foci persisted in cells was measured in euploid and aneuploid

strains generated from a triploid meiosis. Aneuploid cells were identified by their delayed

germination and aberrant colony morphology. Cells were imaged every 30 minutes.
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Stoichiometric imbalances in yeast proteins induce genomic instability

We next determined whether the genomic instability present in the disomic strains was

caused by the presence of extra DNA or by aneuploidy-induced imbalances in protein

stoichiometry. Yeast strains carrying YACs harboring human DNA were not sensitive to

genotoxic agents and did not display increased mutation or Rad52-GFP foci, demonstrating that

replication of an extra chromosome is not sufficient to induce genomic instability (Fig.4A-4C). If

the defects in damage repair were caused by stoichiometric imbalances in yeast proteins, then

the effects should be mitigated in diploids carrying single extra chromosomes (henceforth

trisomes; (3). Indeed, 5 out of 5 trisomes were more resistant to genotoxic damage than their

isogenic disomes, and in 3 out of 3 trisomes the fold increase in YAC loss relative to a diploid

strain was less than the fold increase observed in isogenic disomes (Fig.4D-4F). Thus, excess

protein but not excess DNA causes genomic instability in aneuploid cells.
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Fig. 4. Stoichiometric imbalances drive genomic instability. (A) 10-fold serial dilutions of

strains harboring YACs on the indicated media. (B) The mutation rate at CAN1. Median and

95% confidence intervals of at least 12 independent cultures are shown. ***p<.0005 (Wilcoxon

rank-sum test). (C) Fraction of nocodazole-arrested cells displaying Rad52-GFP. Mean+/-SD

of three experiments is shown. **p<.005 (Student's t-test). (D) 10-fold serial dilutions of

trisomic and corresponding disomic strains on the indicated medium. (E) YAC loss rates in a

diploid and in three trisomic strains. Mean and standard deviation of at least 12 independent

cultures are shown. (F) YAC loss rates normalized to either haploid or diploid controls. *p<.05;

**p<.005; ***p<.0005 (Student's t-test).
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Conclusions

This study establishes that missegregation of a single chromosome is sufficient to

induce the hallmarks of genomic instability, including whole-chromosome instability,

mutagenesis, and sensitivity to genotoxic stress (summarized in Table S5). Genomic instability

in the disomes is not correlated with the size of the extra chromosome or the delay in cell cycle

progression (Fig.S12). Thus, aneuploidy-induced genomic instability may result from

imbalances in particular genes and/or from proteotoxic stress caused by aneuploidy. Aneuploid

strains derived from triploid meiosis were also shown to be unstable (17) but a recent report

described the construction of stable aneuploid strains using this method (8). We note that 87.5%

of the spores derived from triploid meiosis in the latter study were discarded due to karyotypic

instability, consistent with our finding that the vast majority (but, potentially, not all) aneuploid

strains display chromosomal instability. Moreover, CGH analysis of the aneuploid strains

characterized in (8) demonstrates that many have heterogenous karyotypes (figs. S1 3 and

S14), consistent with our finding that the vast majority (but, potentially, not all) aneuploid strains

display chromosomal instability. In mammals, cells derived from individuals with Down

syndrome (Trisomy 21) are also sensitive to DNA damaging agents (18), and aneuploid

karyotypes have been correlated with chromosomal instability in transformed Chinese hamster

embryo cells (19) and in p53-'- colon cancer cells (20). Thus, some degree of aneuploidy-

induced genomic instability may be conserved among eukaryotes.
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Fig. S12. Genomic instability is not correlated with the size of the extra chromosome or

the cell cycle delay in disomic strains. Linear regression analysis (black line) reveals that the

fold increase in (A) chromosome missegregation, (B) forward mutation, and (C) mitotic

recombination are independent of the size of the extra chromosome and the cell cycle delay in

the disomic strains. Cell cycle delay data are from (1).
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Figure S13. DNA content analysis of aneuploid strains derived from triploid meiosis.

Pavelka et al. (26) recently reported the analysis of aneuploid yeast strains obtained as meiotic

products from triploid and pentaploid strains. 87.5% of these strains were discarded due to

chromosomal instability, but 38 yeast strains were described as karyotypically stable. To

determine whether these aneuploid strains displayed homogenous karyotypes, we determined

their DNA content via comparative genomic hybridization (CGH) analysis as described in the

69



Methods. (A) CGH analysis of the 38 strains characterized in (26). Each box represents the

genome of an aneuploid yeast strain. Data points are ordered according to their chromosomal

coordinates, starting with the gene most distally located on the left arm of chromosome 1. DNA

copy number was calculated from the log2 ratios of the DNA content of aneuploid strains

relative to an isogenic euploid strain. 17 of the 38 aneuploid strains did not display a

homogeneous karyotype. The copy number of certain chromosomes was not an integer multiple

of the haploid value, indicating that different cells in the population carry a different copy number

of that particular chromosome(s). (B) Average copy numbers calculated per chromosome are

shown. Error bars represent the standard error of the mean per chromosome. Standard

deviations (stdev) of the mean values of the euploid chromosomes are shown. The difference

(A) between the expected value and the measured copy number is shown. Chromosomes

where this difference was at least 4 times greater than the standard deviation of the euploid

chromosomes are marked with an asterisk. In 4 strains, a subset of cells had gained extra

copies of a chromosome; aneuploid chromosomes that were not reported in (26) are highlighted

in grey. Note that the under-representation of the marked chromosomes cannot be explained by

a dramatic decrease in signal of a few data points, because the decreased values are

consistent across the chromosome. It is also not due to variability in the experimental

procedure. The standard deviations of the means of the euploid chromosomes were

consistently small and we only considered chromosomes as being under- or over-represented

when the deviation from the expected value was at least 4-fold greater than the standard

deviation of the means of the euploid chromosomes. In most cases the difference was in fact

greater than 8-fold. The observation that these strains display heterogenous karyotypes,

including both chromosome gains and losses, strongly suggests that they are karyotypically

unstable.
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Figure S14. Strains A13 and A15 are heterogeneous. (A) We noted that single colonies

derived from the strains described in (26) frequently displayed significant variation in colony

size during routine growth on rich medium. Representative images of single colonies from

strains Al 3 and Al 5 are displayed. To further test whether the aneuploid strains described in

(26) are karyotypically unstable, we isolated single colonies of different sizes from strains Al 3
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and A15 and analyzed their karyotype via CGH. The karyotype of strain A13 was described in

(26) as 1N + 1, 11, VI, XI, XI11. A small Al 3 colony exhibited the reported 1N + 1, 11, VII,

XI, XIII karyotype. A colony of medium size had lost the additional copies of chromosomes

XI and XIII and cells of the large colony had lost all additional chromosomes except for

chromosome 1. (B) The analysis in (A) was repeated for strain A15. While a small colony

displayed the reported karyotype of 1N + 11, Ill, VII, IX, XI, XII, cells from the medium and

large colonies had lost the extra copies of chromosomes Ill, VII, IX, and XII but had gained a

copy of chromosome X. We conclude that many strains described in (26) display significant

karyotypic variation.
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Genomic instability provides a growth advantage during the experimental evolution of

microorganisms and drives the development of tumors (21-23). While aneuploidy confers

severe disadvantages to cells by stressing protein homeostasis and altering metabolism

(3,4,24), our results suggest it may also benefit cells under selective pressure by increasing the

likelihood that growth-promoting genetic alterations will develop. The mutagenic effects of

aneuploidy that we report here may represent one mechanism by which changes in karyotype

influence cancer development and evolution.

Supplemental Discussion

Analysis of genomic instability in disome IV: We noted that disome IV apparently displays

lower levels of genomic instability than wild-type in three different assays (chromosome loss,

forward mutation, and microsatellite instability) that use FOA-based selection. These results

stand in contrast to our observations that disome IV has an increased mutation rate at CANI

(Fig. 2A), is sensitive to benomyl (Fig. 1B), and displays persistent Rad52-GFP foci (Fig. 3A).

Disome IV has the worst proliferative capacity of the 13 disomic strains; it has a doubling time of

6-8 hours and very low plating efficiency (3). We believe that disome IV may exhibit FOA

hypersensitivity which interferes with our ability to measure genomic instability in this strain

using FOA-based assays. We note that disome IV exhibits elevated levels of ribonucleotide

reductase (3), and RNR over-expression has been linked to FOA hypersensitivity (25).

Nevertheless, results obtained with other assays confirm that disome IV displays heightened

genomic instability.

Chromosome segregation analysis and experimental rationale: The increased rate of YAC

loss (Fig. 1A) and benomyl sensitivity (Fig. 1 B) in disomic strains demonstrates that aneuploidy
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interferes with accurate chromosome segregation. We note, however, that not all strains

displaying YAC loss are benomyl sensitive, and vice-versa. Strains which are sensitive to

benomyl but do not display heightened YAC loss may be defective in chromosome segregation

in the presence of spindle damage but not during an unperturbed cell cycle. Alternately, strains

which are benomyl resistant but frequently missegregate a YAC may predominantly have

defects in microtubule-independent DNA replication and repair processes.

In 5 out of 5 disomic strains, we observed prolonged Pdsl persistence, demonstrating a

cell cycle delay prior to anaphase (Fig. 1 C and S1). Deletion of MAD2 suppressed this

persistence in disome V, but not in four other disomes, suggesting that disome V has a

chromosome alignment defect which triggers a Mad2-dependent checkpoint (Fig. 1C and S1).

In order to confirm this hypothesis, we arrested disomes V and XVI in mitosis with nocodazole

and then examined the kinetics of Pds1 degradation following release from the block (Fig. S2).

This assay is especially sensitive in detecting bi-orientation defects, because cells have to

reestablish bi-orientation of all sister chromatids following drug removal. This analysis confirmed

a bi-orientation defect in disome V cells. Following the removal of nocodazole, disome XVI and

wild-type strains rapidly degraded Pdsl, while a degradation delay was apparent in disome V

cells (Fig. S2). We conclude that in most disomes the stabilization of Pds1 and increase in

chromosome loss result predominantly from Mad2-independent defects in genome replication

and repair, while in disome V cells problems in sister kinetochore bi-orientation elicit a Mad2-

dependent cell cycle delay.

Mutation spectra in aneuploid and wild-type strains: In order to define the molecular

mechanism underlying the increased mutation rate in aneuploid cells, we sequenced the CANI

allele from 133 wild-type and 404 disomic canavanine-resistant isolates (Table SI). Disomic

sequences included 24 to 32 CANI alleles from 10 different disomes, 73 alleles from disome X
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(a mutator), and 79 alleles from disome IX (a non-mutator). In order to make statistically-

significant comparisons with the wild-type strain, the pooled total of all aneuploid CANI alleles

was initially considered. Significant differences were determined using the chi-square

goodness-of-fit test. In addition to the increase in complex events discussed in the main text,

we also observed that the identity of basepairs gained and lost in the disomes differed relative

to wild-type in a largely strand-specific manner. For example, 11 out of 12 disomes displayed

an increased frequency of substitution to adenine on the coding strand while 9 out of 12

disomes displayed a decreased frequency of substitution to adenine on the non-coding strand

(Table S2). Mutation to adenine occurs preferentially opposite damaged bases, suggesting the

presence of unrepaired lesions on the non-coding strand (26). This alteration in spectrum is

also apparent when specific mutation events (i.e. CG>AT substitutions) are scored with respect

to a particular strand, but there is no significant difference in CG>AT substitution frequency

when events are scored independently of strand identity (Table S3 and S4). The only strand-

independent alteration in substitution frequency is an increase in AT>TA transversions in the

disomes (Table S4). Additionally, we analyzed sequence differences between the pooled total

of all mutator strains (Dis. IV, VIII, X, and XIV) and the wild-type population. The decreased

number of alleles considered diminished the statistical power of our tests, and some differences

apparent among the pooled total of all aneuploid strains (i.e., increased substitution to adenine

on the coding strand) were no longer significant. However, mutator disomes did exhibit a

strand-independent decrease in CG>AT substitutions that was not present among all aneuploid

alleles. Note that this is a potentially biased comparison, as disome X constitutes greater than

50% of the basepair substitutions in mutator strains and removing disome X abolishes the

apparent difference. The cause of these basepair substitution frequency alterations is at

present unknown.
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Double-strand break formation and repair in the disomes: A common phenotype among the

disomic strains is severe sensitivity to phleomycin and bleomycin, two double-strand break

inducing drugs (Fig. 2C). Indeed, the sensitivity of disomes IV, VIII, X, XI, and XIV to these

drugs was comparable to the sensitivity of a strain lacking Rad5l. Corroborating this

observation, we found that many disomes display an increased number of Rad52-GFP foci (Fig.

3A) and a moderate hyper-recombination phenotype (Fig. 3C). Two non-mutually exclusive

models could account for these observations. First, disomes could accumulate more DSBs than

euploid cells do, either during a normal cell cycle or upon treatment with phleomycin. Secondly,

regardless of the number of DSBs which are formed, the disomes could repair the DSBs more

slowly than wild-type and/or incorrectly. Our analysis of rad52A disomes suggests that disomes

XI, XII, and XIV accumulate more DSB's during DNA replication, while disomes VIII and XV do

not (Fig. S6). Pulse-field gel analysis of several disomes treated with phleomycin is consistent

with a defect in DSB repair, though it could also be explained by defects in DNA damage

avoidance: chromatin in disomes may be more vulnerable than euploid chromatin to

phleomycin-induced lesions (Fig. 3D and S9). However, we believe that a drug efflux problem

is unlikely to account for any differences in phleomycin sensitivity, as the disomes are also

sensitive to UV light (Fig. 2B). We further note that a DSB-repair defect is not inconsistent with

our finding that disomes are moderately hyper-recombinant, as many mutations in genes which

compromise DNA repair also display increased mitotic recombination (i.e., ELG1 (27), RTT109

(28), and SGS1 (29).

Causes of aneuploidy-induced genomic instability: We have demonstrated that replication

of an extra chromosome per se is not sufficient to impair recombination or DNA damage

resistance, but that it is likely that stoichiometric imbalances in yeast proteins cause genomic

instability (Fig. 4). However, aneuploidy-induced genomic instability is uncorrelated with the
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size of the extra chromosome (Fig. S12). This may suggest that genomic instability is caused

by imbalances in a few specific genes which are randomly distributed throughout the genome.

For instance, altering the stoichiometry of histones and spindle pole proteins has been shown to

interfere with accurate chromosome segregation (30-32). Alternately, proteotoxic stress

caused by the translation, folding, and degradation of many proteins on the extra chromosomes

(3,4) could contribute to genomic instability. Aneuploidy may monopolize cellular chaperones

and protein turnover complexes, thereby inhibiting the function of other proteins that normally

require their use. Distinguishing between these possibilities will be an important aspect of our

future studies.

Material and Methods

Strains and Plasmids: All budding yeast strains used in this study are derivates of W303

(A2587/A2588) and are listed in Tables S6 and S7. Strains were constructed using PCR-based

methods for gene deletion and tagging (33). The generation of aneuploid strains has been

previously described (3). All aneuploid strains were analyzed by comparative genomic

hybridization (CGH) to ensure that the specified extra chromosome was present in its entirety

(3). YACs used in this study are listed in Table S8 (34,35).

Analysis of genotoxin sensitivities: For each assay, fresh plates were prepared containing

the concentrations of genotoxins indicated in the figures. Plates containing phleomycin and

camptothecin were buffered with 50mM HEPES (pH 7.4). For each assay, strains were

inoculated O/N in appropriate selective media, then 10-fold serial dilutions were prepared in

sterile water and spotted onto plates. Camptothecin and UV-treated plates were incubated in

the dark. In Fig. 1B, the following strains were used: Al 1311, A24694, Al 2683, Al 2685,
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A12687, A14479, A13628, A13975, A12689, A13771, A12695, A13979, A12697, and A12700.

In Fig. 2B and 2C, the following strains were used: A11311, A21598, A12683, A12685, A12687,

A14479, A13628, A13975, A12689, A13771, A12695, A13979, A12697, and A12700. In Fig.

3E, the following strains were used: HM1 23, P219, and P523. In Fig. 4A, the following strains

were used: A11311, A13628, A17392, A17393, A17394, A17395, A17396, and A23744. In Fig.

4D, the following strains were used: A11311, A18344, A14479, A18346, A13628, A18347,

Al 2693, Al 9549, Al 3979, Al 8349, Al 2697, and Al 8350.

Determination of Chromosome Loss Rates: The rate of chromosome loss was calculated as

previously described (36). YAC yWSS1 572, which is marked with TRPI and URA3 at opposing

telomeres, was crossed into the strains of interest (34). Strains were first inoculated O/N in -

HIS-TRP-URA+G418 medium. Subsequently, -1000 cells were transferred to 2ml of -

HIS+G418 medium, and appropriate dilutions were plated onto -HIS+G418 and -HIS+G418

supplemented with 1 mg/ml 5-fluoroorotic acid (FOA) to determine the fraction of cells which had

lost the YAC prior to the start of the assay. Cells were allowed to divide for 24-36 hours, then

were diluted and plated on -HIS+G418 and -HIS+G418+FOA. For chromosome loss

experiments in diploid and trisomic strains, cells were pre-grown in -HIS-LEU-URA-TRP+G418

medium, transferred to -HIS-LEU+G418 medium, then plated on either -HIS-LEU+G418 or -

HIS-LEU+G418+FOA. The number of cells that maintained the chromosome during the assay

was calculated using the formula S = F(1 - m), where F is the total number of cells and m is the

fraction of cells which lost the chromosome during the assay. The chromosome loss rate per

( )N

L=1- C
generation was calculated using the formula 2 where C is the number of cells

initially inoculated and n is the number of generations that the culture grew. Cell numbers for
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plating were determined using a Beckman Coulter Multisizer 3. For 6 cultures from each strain,

colonies that grew on FOA plates were replica plated to -TRP plates to control for mutation or

loss of a single chromosome arm. On average, >97% of FOAR colonies were also Trp-,

demonstrating that whole-chromosome loss was almost always the cause of FOA resistance.

Chromosome loss rates are presented as the mean and standard deviation of at least 12

independent cultures. In Fig. 1A, the following strains were used: A23744, A24792, A24660,

A23745, A25827, A25340, A23747, A23748, A23749, A25587, A23750, A23751, A25341,

A23752, A23753, and A25627. In Fig. 4E, the following strains were used: A27889, A27890,

A27891, and A27892. In Fig. 4F, the following strains were used: A23744, A27889, A23750,

A27890, A25341, A27891, A23753, and A27892.

Cell cycle analyses of Pdsl levels and spindle morphology: Cells were inoculated into -

HIS +G418 medium and grown to log phase. The cells were subsequently collected by filtration

and resuspended at an OD600 of 0.175 in YPD medium containing 5 pg/ml a-factor to arrest the

cells in G1. 2.5 pg/ml a-factor was re-added every 75 minutes to maintain cells in the G1 arrest.

When both the WT and disomic strains were arrested, cells were washed by filtration with 8

volumes of YPD, and the cells were resuspended in fresh YPD medium lacking pheromone.

Samples were taken at the indicated time points, and a-factor (5 pg/ml) was readded when

more than 50 percent of the cells had formed a bud to prevent cells from entering the next cell

cycle. To account for variability between experiments, a wild-type control culture was always

analyzed concomitantly with the disomic strains. In Fig. 1C, strains A26703 and A26628 were

used.
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Western blot analyses: Proteins were extracted from aliquots taken at the indicated time

points by adding an equal volume of 10% trichloroacetic acid to the cell culture. The samples

were incubated on ice for at least 20 minutes, then washed with 1.5ml of acetone. The dried

pellet was resuspended in 100 ptL of protein breakage buffer (50mM Tris, pH 7.5, 1 mM EDTA,

2.75 mM DTT, and Roche Complete protease inhibitor, used per the manufacturer's

instructions). 100 ptL of glass beads were added and the cells broken by beating for 2.5

minutes on a Biospec mini-bead beater. 50 pL of 3X SDS sample buffer was added, the

samples boiled for 5 minutes, then centrifuged for 5 minutes. An equal volume of lysate was

loaded onto 10% SDS polyacrylamide gel, electrophoresed, and transferred to a nitrocellulose

membrane. Pdsl-3HA was detected using a mouse anti-HA antibody (HA.1 1, Covance) at a

1:1,000 dilution. Pgk1 was detected using a mouse anti-Pgkl antibody (A-6457, Molecular

Probes) at a 1:5,000 dilution. The secondary antibody was a sheep anti-mouse antibody

coupled to horseradish peroxidase (NA931, GE Healthcare) and used at a 1:5,000 dilution.

Rad53 was detected using a goat polyclonal antibody (yC-19, Santa Cruz Biotechnology) at a

1:5,000 dilution, followed by donkey anti-goat antibody coupled to horseradish peroxidase

(sc2020, Santa Cruz Biotechnology) at a 1:10,000 dilution. Bands were detected using Pierce

SuperSignal West Pico Chemiluminescent Substrate according to the manufacturer's

instructions.

Fixation and immunofluorescence of yeast cells: Mitotic spindles were visualized as

previously described (37), with the following modifications. At each time point, one ml of cell

culture was collected and fixed in 3.7% formaldehyde in 0.1 M potassium phosphate buffer.

After digestion for 60 minutes with glusulase and zymolyase, cells were applied to polylysine-

coated multiwall slides and fixed for 3 minutes in methanol followed by 10 seconds in acetone,

both at -20*C. Rat anti-tubulin antibodies (Oxford Biotechnology) and anti-rat FITC antibodies
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(Jackson Immunoresearch) were used at a 1:100 dilution for visualization of spindle

morphology. At least 200 cells were counted per strain for each time point.

Fluctuation analysis: To determine the mutation rate at CANI, -1000 canavanine-sensitive

cells were inoculated in 5ml of -HIS+G418 medium and grown to saturation. Appropriate

dilutions were then plated on -HIS+G418 and on -HIS-ARG+G418 medium supplemented with

60pg/ml canavanine to determine the number of viable cells and canavanine-resistant cells,

respectively. The rate of spontaneous mutation was determined according to the method of the

median (38,39). Reported mutation rates for each strain are the median values of at least 12

independent cultures. Cell numbers for plating were determined using a Beckman Coulter

Multisizer 3. In Fig. 2A, the following strains were used: A20814, A27898, A21630, A25328,

A25329, A25330, A25331, A25332, A25333, A25334, A25335, A25336, A25337, A25338, and

A25339. To determine the mutation rate at URA3, an identical protocol was followed, and cells

were plated on -HIS +G418+FOA. In Fig. 2A, the following strains were used: A25589,

A25590, A25591, A25592, and A25593. In Fig. 4B, the following strains were used: A20814,

A25331, A26980, A26981, and A27683.

The CANI gene is located on chromosome V, and mutations conferring canavanine

resistance are recessive. Therefore, to calculate the rate of mutation of a strain disomic for

chromosome V, fluctuation analysis was performed for mutation at LYP1, which is located on

chromosome XIV and confers sensitivity to thialysine (40). -HIS-LYS+G418 plates

supplemented with 1 OOpg/ml thialysine were used to determine the fraction of thialysine-

resistant cells, and the mutation rate was calculated as described above. For this analysis in

Fig. 2A, the following strains were used: A24351and Al 4479.
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To determine the rate of mitotic recombination, we used a construct in which a 5'-

truncated and a 3'-truncated allele of ade2 are separated by URA3 (41). -100 Ura+ cells were

inoculated into 5ml of -HIS+G418 medium and grown to saturation. Mitotic recombination was

measured by plating on -HIS+G418+FOA to determine the fraction of cells which lost the

intervening URA3 sequence. The rate of mitotic recombination was calculated using the

method of the median as above. In Fig. 3C, the following strains were used: A26461, A26473,

A26475, A26462, A26463, A26464, A26465, A26466, A26467, A26468, A26469, A26470,

A26471, and A26472.

To determine the rate of microsatellite instability, a plasmid containing TRPI and a 16.5-

poly(GT) sequence in-frame with URA3 was crossed into the disomes (42). -100 URA+ cells

were inoculated into 5ml of medium and grown to saturation. The fraction of cells that

maintained the plasmid was calculated by plating on -HIS-TRP+G418, and the fraction of

plasmid-maintaining cells in which URA3 was out of frame was calculated by plating on -HIS-

TRP+G418+FOA. The rate of microsatellite instability was determined using the method of the

median as above.

CANI sequencing: DNA from canavanine-resistant colonies was purified by phenol-

chloroform extraction (43). The CANI locus was amplified using primers 5'-

TCTTCAGACTTCTTAACTCC-3' and 5'-ATAGTAAGCTCATTGATCCC-3'. Sequencing was

performed using the following primers (44): 5'- AAAAAAGGCATAGCAATGAC-3', 5'-

GACGTACAAAGTTCCACTGG-3', 5'- TCAAAGAACAAGTTGGCTCC-3', 5'-

TAGATGTCTCCATGTAAGCC-3', 5'- AACTTTGATGGAAGCGACCC-3', and 5'-

GAAATGGCGGGGAAATGTG-3'.
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Rad52-GFP foci analysis and live cell microscopy: To follow the distribution of Rad52-GFP

foci during the cell cycle, cells were arrested in G1 with 10 pg/ml a-factor for 120-180 minutes,

then washed and released into -HIS+G418 medium lacking pheromone. Samples were

removed every 30-45 minutes to determine the fraction of cells with Rad52-GFP foci. To arrest

cells in mitosis, cells were treated with 15 pg/ml nocodazole for 90 minutes. In Fig. 3A, strains

used for this assay were as follows: A24352, A26532, A26533, A25342, A25343, A25421,

A25344, and A25345. In Fig. 4C, strains used for this assay were as follows: A24352, A25342,

A26985,A26986,A27667.

To determine whether Rad52-GFP foci appear in other types of aneuploid yeast strains,

we created diploid and triploid strains homozygous for the gene encoding the Rad52-GFP

fusion protein. Cells were sporulated, then tetrads were dissected on YPD plates. Visible

colonies which formed from euploid or aneuploid spores were inoculated in YPD for 3-4 hours,

then the frequency of Rad52-GFP foci appearance was scored among budded cells. We note

that the actual incidence of Rad52-GFP foci appearance may be even greater among all

progeny of triploid meiosis, as spores which form the most foci are unlikely to grow into visible

colonies. In Fig. 3B, strains used were A28502 and A27997.

To follow the repair of phleomycin-induced double-strand breaks, cells were arrested in

G1 as described above and then released into medium containing 0.15pg/ml phleomycin and

buffered with 50mM HEPES (pH 7.4). After 135 minutes, cells were washed twice and

transferred to fresh medium. Cells were removed every 30 minutes to score the fraction of

large-budded cells and cells containing Rad52-GFP foci.

IR experiments were performed with a Gammacell 40, which uses 137Cesium as a

radiation source. Exponentially-growing cultures were treated with 4.5krads to induce double-

strand breaks, then samples were removed every 60 minutes to determine the fraction of large-

budded cells and cells containing Rad52-GFP foci.
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Microscopy was performed using a Zeiss Axioplan 2 microscope with a Hamamatsu OCRA-ER

digital camera. Image analysis was performed with Openlab 4.0.2 software.

Pulsed Field Gel Electrophoresis: To directly visualize chromosome damage and repair

following phleomycin treatment, yeast cultures were grown overnight in -HIS+G418 medium to

log phase. Cells were then harvested and resuspended in fresh YPD medium buffered with

50mM HEPES (pH 7.4) at an OD600 of 0.3. Phleomycin was added to a final concentration of

25pg/mL. After two hours, cells were washed with 5 volumes of fresh HEPES buffered YPD

and resuspended in HEPES buffered YPD containing 15 pg/ml nocodazole to arrest cells at

mitosis to prevent further cell division.

50 ml cell culture aliquots were collected and fixed with sodium azide just prior to the

addition of phleomycin (pre), at the end of phleomycin treatment (time 0), and at the indicated

timepoints during recovery in YPD medium containing nocodazole. Cell density was determined

with a Beckman Coulter Multisizer 3 before and after phleomycin treatment. This allowed us to

adjust for cell number increase during drug treatment when making the DNA agarose plug for

the "pre" sample, such that the number of cells loaded on the gel was equivalent for the "pre"

and the subsequent time points. Yeast DNA agarose plugs were prepared and processed as

described (45) by embedding cells in low melting point agarose to a final concentration of

0.625% agarose. The "pre" sample plug was embedded in a smaller volume such that the

concentration of cells in the agarose plug would equal that of the others. Plugs were melted

and equal volumes loaded on a 1 % agarose gel. DNA was electrophoresed using a Bio-Rad

CHEF-DR 11 system at 6 V/cm at 140C. The switch time was 60s for 15 hours followed by 90s

for 9 hours. The gel was stained with ethidium bromide and imaged using a GE ImageQuant

LAS 4000. In all the images, the wild-type strain was both collected and run concurrently with

the disomic strain(s) shown on the same gel. Because multiple disomic strains were collected
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during an experiment, some of the final gel images were spliced in order to place the wild-type

results next to the disomic strain. No modifications exist in exposure time, contrast, etc. of

these spliced images so that the wild-type and disomic strain are directly comparable. In Fig.

3D, the following strains were used: Al 1311 and A13771.

Schizosaccharomyces pombe Genetics and Microscopy: Strains of fission yeast used in

this study are listed in Table S9. The construction of P219, a strain disomic for chromosome 111,

was previously described (14). A triploid strain for sporulation was created by crossing P321

with the mating-competent diploid P322. The products of a triploid meiosis include various

combinations of disomy as well as haploid and diploid cells. Strains disomic for chromosome I

and/or 11 arrest before forming a full-size colony, or undergo an unequal nuclear division that

results in euploid progeny (13). Aneuploid cells can be easily identified during the microcolony

stage due to their delayed germ tube formation and aberrant colony morphology.

To analyze the frequency of SpRad22 foci in aneuploid and euploid cells, spores from a

triploid meiosis were transferred to YEA medium and incubated at 300C. Spores that had

germinated and undergone multiple rounds of cell division within 25.5 hours after transfer to

YEA were identified as euploid and the frequency of SpRad22 foci was determined. Spores that

showed delayed germination and aberrant colony morphology after 48 hours on YEA were

identified as aneuploid and the frequency of SpRad22 foci was determined as above.

For time-lapse observations of SpRadequations22 foci formation, spores from a triploid

meiosis were transferred to YEA medium and incubated at 300C. Spores that had germinated

within 8 hours were identified as euploid and were transferred to a cover slip. Images were

acquired every 30 minutes to follow cell division and SpRad22 foci formation. Spores that had
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germinated but not divided by 17.5 hours were identified as aneuploid and were followed via

microscopy as described above.
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Abstract

Aneuploidy, or an aberrant karyotype, results in developmental disabilities and has been

implicated in tumorigenesis. However, the causes of aneuploidy-induced phenotypes and the

consequences of aneuploidy on cell physiology remain poorly understood. We have performed

a meta-analysis on gene expression data from aneuploid cells in diverse organisms, including

yeast, plants, mice, and humans. We found highly-related gene expression patterns that are

conserved between species: genes that were involved in the response to stress were

consistently upregulated, while genes associated with the cell cycle and cell proliferation were

downregulated in aneuploid cells. Within species, different aneuploidies induced similar

changes in gene expression, independent of the specific chromosomal aberrations. Taken

together, our results demonstrate that aneuploidies of different chromosomes and in different

organisms impact similar cellular pathways and cause a stereotypical anti-proliferative response

that must be overcome prior to transformation.
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Introduction

Eukaryotic organisms have evolved elaborate mechanisms which ensure that

chromosomes are partitioned equally during cell division (1). Aberrant segregation events can

result in aneuploidy, a condition in which cells acquire a karyotype that is not a whole-number

multiple of the haploid complement. In humans, aneuploidy is the leading cause of spontaneous

abortions and developmental disabilities, and aneuploid karyotypes are observed in greater than

90% of solid tumors (2-4). Thus, understanding the consequences of aneuploidy has broad

relevance for the study of mammalian development and cancer.

The cause of aneuploidy-induced syndromes remains an open question. For instance, it

has been hypothesized that the phenotypes associated with Down Syndrome (Trisomy 21) are

caused by the triplication of a small set of genes which lie within a 5.4Mb "Down Syndrome

Critical Region" on chromosome 21 (5,6). However, evidence from mouse models suggest that

this region is not sufficient to recapitulate Down syndrome-like phenotypes, and genetic

mapping of partially-trisomic individuals has revealed that numerous regions of chromosome 21

affect clinical presentation (7-9). Alternately, changes in gene dosage across an entire

chromosome might have additive effects on organismal development (10). It has been observed

that the three human trisomies which survive until birth (Trisomy 13, 18, and 21) have the

fewest protein-coding genes on them, implying that these karyotypes can be tolerated in utero

because they have the lowest net dosage imbalances (11). However, the consequences of copy

number variation range from benign to extremely deleterious, demonstrating that different genes

exhibit varying levels of dosage-sensitivity (12).

In order to examine the consequences of aneuploidy, we have previously constructed

and analyzed a series of haploid budding yeast strains and mouse embryonic fibroblasts

(MEFs) that carry single extra chromosomes (13-17). These aneuploid cells display defects in

cell proliferation as well as sensitivity to conditions that interfere with protein folding and
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turnover. Microarray expression analyses revealed that haploid yeast strains carrying an

additional chromosome (henceforth disomes) exhibit a common transcriptional signature,

dubbed the "environmental stress response" (ESR). The ESR consists of -300 genes which are

upregulated and -600 genes which are downregulated by various exogenous stresses,

including heat shock or oxidative stress (18). Most of these genes also vary in expression in

response to growth rate; inducing slow proliferation by nutrient limitation mimics the ESR

(19,20). No such common signature has been reported among aneuploid cells in any other

organism. Additionally, it has been suggested (21) that the phenotypes detected in the disomic

strains may be a unique consequence of the method that was employed to generate

aneuploidy, in which genetic markers were used to select for rare chromosome transfer events

between nuclei (13). In order to further our understanding of aneuploidy, we examined gene

expression data from aneuploid cells from diverse organisms. We detected a conserved

transcriptional response that was associated with stress and decreased cell proliferation that

was apparent in aneuploid yeast, plants, mice and humans. These data suggest that aneuploidy

in various species is detrimental to cell fitness, and that many consequences of aneuploidy are

a common response to chromosome-wide dosage imbalances.

Results

Aneuploid strains of budding yeast share a chromosome-independent stress response

We previously reported that disomic yeast produced via chromosome transfer exhibit an

ESR, in which genes related to RNA processing and the ribosome are downregulated, and

genes involved in protein folding, detoxification of reactive oxidative species, and various other

processes are upregulated (13). We sought to determine whether aneuploid cells generated in

other ways also exhibited a stress and/or slow growth response similar to that observed in the
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disomes. For all subsequent analyses, aneuploid chromosomes were excluded from

consideration so as to avoid artifacts due to normalization. We first compared the disomes to 23

aneuploid strains generated during the construction of the yeast deletion collection (22). These

aneuploidies include multiple chromosome gains and losses, and thus display more complex

karyotypes than those present in the disomes. We found that the Pearson correlation coefficient

(PCC) between the mean expression levels in these strains and in the disomic yeast was 0.37

(p<10-18 7 ), while the PCC between these strains and a wild-type strain was 0.02 (p>.05),

demonstrating highly significant transcriptional similarity between these aneuploid populations

(Fig. 1A and 1B).
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Figure 1. Transcriptional similarities among aneuploid strains of S. cerevisiae. (A) The

correlation coefficients between either aneuploid strains from the yeast deletion collection (black

bars) or aneuploid products of triploid meiosis (white bars) and the indicated strains of S.

cerevisiae are displayed. Asterisks denote statistically significant correlations (p<.05). (B)

Scatter plots comparing gene expression values between the indicated yeast strains. Points in

green represent genes that are expressed +1- 1SD from the mean co-directionally, while points

in red represent genes that are expressed +- 1 SD in opposite directions. Gray lines are linear

regressions plotted against the data.
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We hypothesized that the correlation between strains was due to a shared underlying

stress or slow growth response. To test this, we compared the aneuploid strains obtained from

the deletion collection to gene expression data from three cdc mutant strains: cdc28-4 and

cdc23-1, which divide slowly and exhibit a significant ESR at the permissive temperature, and

cdc15-2, which proliferates at a wild-type rate at the permissive temperature and does not

display an ESR (13). Both cdc28-4 and cdc23-1 exhibited significant correlations with aneuploid

strains from the deletion collection (r=0.30, p<10-114, and r=0.31, p<10-11 6, respectively), while

cdc15-2 was uncorrelated with the aneuploid strains (Fig. 1A and 1 B; r=0.02, p>.05). Next, we

quantified the intensity of the stress response in each disomic strain by averaging the

expression levels of genes annotated to the ESR (Fig. SI). We found that 15 out of 16 disomes

exhibited significant pairwise correlations with the average expression level in the aneuploid

strains obtained from the deletion collection, and the strength of the correlation increased with

the intensity of the stress response in the disomes (Fig. S2A and S2B; r=0.64, p<.006).

Disomes that did not display an ESR (e.g., disome 1) exhibited minimal correlations with the

deletion collection aneuploid strains, while disomes that displayed significant ESRs (e.g.,

disome IV) tended to exhibit stronger correlations. These results are consistent with our

hypothesis that a shared transcriptional stress response underlies the similarity between

different aneuploid populations.

96



A

ccU1

LGJ

usG

>L/

0C4

a)-

Stress Response Intensity

A4. 4 j

1.50
1.00
0.50
0.00
-0.50
-1.00
-1.50

B

C
0.5

0.7
U' os
0 0.3-

0.1

S-0.1

Figure S1. The environmental stress response (ESR) in disomic strains of S. cerevisiae.

(A) Strains were sorted according to their stress response intensity and genes annotated to the

97



ESR were clustered. Genes that constitute the S. cerevisiae ESR were downloaded from

http://qenome-www.stanford.edu/yeast stress/. The stress response intensity in each disome

was calculated by averaging the expression levels of genes upregulated in the ESR and then

subtracting the average expression level of genes downregulated in the ESR. (B) The stress

response intensities of each disomic and cdc mutant strain are displayed.
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Figure S2. Stress-related transcriptional similarities between aneuploid budding yeast,

fission yeast, plants, and mammalian cells. The correlation coefficients between each

disomic strain and (A) aneuploid strains from the yeast deletion collection, (C) aneuploid strains

of S. pombe, (E) trisomic A. thaliana, (G) and trisomic mammalian cells are displayed. The

stress response intensity of each disomic strain is plotted against its correlation coefficient with
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(B) aneuploid strains from the yeast deletion collection, (D) aneuploid strains of S. pombe, and

(F) trisomic A. thaliana. We found that disomic strains that did not exhibit a stress response

(e.g., Dis. I and XII) exhibited small or insignificant correlations with aneuploid cells in other

species, while disomic strains that exhibited strong stress responses (e.g., Dis. IV and Dis. XIII)

tended to exhibit high interspecies correlations. This is consistent with our hypothesis that

stress-related transcription underlies the significant genome-wide similarities observed between

aneuploid cells in different species. A linear regression excluding disome IV (SRl=1) is plotted

against the data in each graph.
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We note, however, that the various deleted genes within the deletion collection are likely

to be at least partially responsible for the stress phenotype. Two observations suggest that

aneuploidy is also a relevant cause of the similarity with the disomic transcriptomes. First,

among individual deletion strains, there was a significant positive correlation between the

percent of the genome that was aneuploid and the PCC with the disomes (Fig. S3A; r=0.54

p<.01). Secondly, we found that the stress response gained intensity as the number of genes on

aneuploid chromosomes increased (Fig. S3B; r=0.49, p<.05). This relationship was true for both

aneuploid strains from the deletion collection and disomic strains that we have constructed

(r=0.58, p<.0005). Thus, it is likely that aneuploidy contributes to the similarities in gene

expression between these sets of strains.
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Figure S3. Effects of aneuploidy in deletion collection strains and triploid meiotic

products. (A) The correlation coefficients between individual aneuploid deletion collection

strains and the disomes were plotted against the percent of the genome that was aneuploid in

each strain (see Materials and Methods). A linear regression is plotted against the data. (B)

The stress response intensities of disomic strains and aneuploid deletion collection strains were

plotted against the percent of the genome that was aneuploid in each strain. Red and blue lines

represent linear regressions plotted against the data. (C) The correlation coefficients between

the disomic strains and aneuploid products of triploid meiosis were plotted. Karyotypes of these

strains are: A2: 1N+11,XII, A3: 1N+1,l,XII, A9: 1N+11,XIll,XVI, A10: 1N+111,XI,XII,XV, A13:

1 N+1,11,VIll,XI,XIll, A14: 1 N+1X,XVI, A15: 1 N+ll,ll,VII,IX,X,XI,XII. (D) The stress response

intensities of aneuploid products of triploid meiosis were calculated. An asterisk indicates a

statistically significant increase in the stress response relative to wild-type (p<10 5 , Student's t

test).
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We next sought to identify aneuploidy-responsive genes in yeast. We sorted the

disomes and aneuploid deletion strains according to the number of genes present on aneuploid

chromosomes, and then calculated correlation coefficients between the expression levels of

each gene and the degree of aneuploidy across the panel of strains. 446 genes were identified

wh6se expression levels were significantly correlated or anti-correlated with the degree of

aneuploidy across all strains (Fig. S4; PCC>0.5 or PCC<-0.5; p<.002). Among transcripts that

were positively correlated with increasing aneuploidy, GO term analysis revealed an enrichment

of genes related to the response to oxidative stress (p<1 0-6) and protein refolding (Table SI;

p<10-3 ). Transcripts that decreased with increasing aneuploidy were enriched for non-coding

RNA processing (p<10-11) and ribosome biogenesis genes (p<10-6). Importantly, there was

highly significant overlap among aneuploidy-responsive genes and the ESR (p<10-13 ,

hypergeometric test). Furthermore, among the 446 genes, 414 of them exhibited a co-

directional change in the slow-growing cdc mutants. Discordant transcripts (i.e., those that

increased with aneuploidy but were expressed at less than wild-type levels in the cdc strains,

and vice-versa) were not significantly enriched for any GO terms. Taken together, these data

indicate that most (but not all) transcriptional changes caused by aneuploidy are related to

stress and/or slow growth, and that increasing degrees of aneuploidy generally exert increasing

degrees of stress on cell homeostasis.
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Figure S4. Aneuploidy-responsive genes in S. cerevisiae. Yeast disomes and aneuploid

strains from the deletion collection were sorted according to the number of genes present on

aneuploid chromosomes in each strain, normalized to the baseline ploidy of each strain. Then,

a correlation coefficient was calculated between the degree of aneuploidy (measured as the

percent change in gene content) and the transcript level of each gene. A cut-off PCC value of

0.5, corresponding to a p value less than 0.002, was used to identify aneuploidy-responsive

genes. GO term enrichment analysis of these gene sets are presented in Table S1, and

examples of the different gene classes identified are displayed in this figure. (A) The expression
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of HSPI04 (left panel) and ATG8 (right panel) tend to increase as the degree of aneuploidy

increases. (B) The expression of RPL18B (left panel) and RRP9 (right panel) tends to decrease

as the degree of aneuploidy increases. (C) The expression of MTWI (left panel) and BDHI

(right panel) are not significantly affected by increasing degrees of aneuploidy.
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Next, we obtained gene expression data from seven aneuploid strains that were derived

via triploid meiosis (21). The average correlation between these strains and the disomes as well

as five out of seven pairwise correlations with the disomes were highly significant (Fig. 1A and

S3C). There was a mild anti-correlation between the aneuploid products of triploid meiosis and

cdc15-2 (r=-0.05, p<.001), but a significant positive correlation with the ESR-exhibiting mutants

cdc28-4 and cdc23-1 (r=0.21, p<10-55, and r=0.30, p<10-11 , respectively). Among the five

aneuploid strains that were correlated with the disomes, four showed a significant stress/slow

growth response relative to a euploid strain (Fig. S3D). We conclude that a shared

transcriptional response is a common though not obligate consequence of aneuploidy in yeast,

and this response is independent of the mechanism by which aneuploidy is generated.

Aneuploidy causes a stress response in fission yeast

We next sought to determine whether aneuploidy causes a stress response in other

organisms. We averaged gene expression data from two aneuploid strains of the fission yeast

Schizosaccharomyces pombe, then identified upregulated and downregulated genes using a +/-

1.3-fold change (FC) cutoff (23). GO term analysis of upregulated genes revealed that the most

enriched functional category was the response to stress (Table S2; p<10-25). Downregulated

genes included many terms associated with the ribosome, including ribosome biogenesis (p<10-

13) and the nucleolus (p<10-12 ). Similar GO term enrichments were obtained using Rank

Products, a cutoff-independent method of identifying differentially-expressed genes [Table S3;

(24)]. We noted that these GO terms are a hallmark of the budding yeast ESR, suggesting that

aneuploidy in different yeasts causes a similar stress-related transcriptional response. Indeed,

an environmental stress response has also been described in S. pombe (25), and out of 236

genes that constitute the fission yeast ESR, 203 genes exhibited co-directional transcriptional

changes in the aneuploid S. pombe (Fig. S5).
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Figure S5. Aneuploid strains of S. pombe display a stress response. Genes that

constitute the S. pombe ESR were downloaded from http://www.bahlerlab.info/projects/stress/

and the expression values of these genes in the two aneuploid strains were clustered. Of 132

genes that are upregulated in the ESR, 106 are upregulated when the aneuploid strains are

averaged. Of 104 genes that are downregulated in the ESR, 97 are downregulated when the

aneuploid strains are averaged.
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To determine whether aneuploidy caused genome-wide similarities in gene expression

in different species, we identified one-to-one orthologs between S. cerevisiae and S. pombe and

then calculated the PCC between the averaged aneuploid strains in each organism. The

correlation coefficient between disomic budding and fission yeast strains was highly significant

(Fig. 2A; r=0.30, p<10-4 7). Additionally, there was a weak correlation between aneuploid fission

yeast and cdc15-2 (r=0.04, p<.05), but stronger correlations with cdc28-4 and cdc23-1 (r=0.22,

p<10-26 , and r=0.31, p<10-5 2). 14 out of 16 individual disomes also exhibited significant pairwise

correlations with S. pombe, and these transcriptional similarities were particularly striking when

genes annotated to GO terms affected by aneuploidy were compared (Fig. 2B and S2C).

Moreover, the PCC between individual disomes and S. pombe tended to increase based on the

intensity of the stress response in each disomic strain (r=0.60, p<.02; Fig. S2D). Lastly, we

sought to determine whether specific groups of genes exhibited coordinate changes in

expression in both species. Orthologous genes that were upregulated in both organisms were

significantly enriched for those involved in the response to oxidative stress (p<10~6 ) and the

response to heat (p<10-3 ), while downregulated genes were enriched for ribosome biogenesis

factors (p<10~6 ) and those associated with the nucleolus (Table S4; p<10-3 ). We conclude that

aneuploidy in different fungal species induces a highly-related stress response.
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Figure 2. Aneuploidy causes a stress response in S. pombe and A. thaliana. (A) The

correlation coefficients between aneuploid strains of either S. pombe (black bars) or A. thaliana

(white bars) and the indicated strains of S. cerevisiae are displayed. (B and C) Heat maps of

orthologous genes annotated to aneuploidy-related GO terms from aneuploid strains of (B) S.

pombe or (C) A. thaliana and the indicated disomes.
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Aneuploidy causes a stress response in Arabidopsis thaliana

Based on the conserved transcriptional response to aneuploidy among different fungi,

we hypothesized that aneuploidy in higher organisms could also result in a stress/decreased

proliferation response similar to that seen in aneuploid yeast. To test this, we analyzed gene

expression data from Arabidopsis thaliana plants that were trisomic for chromosome 5 (26). GO

term enrichment analysis revealed that many of the same pathways were perturbed by

aneuploidy in plants as in yeast (Tables S5 and S6). "Response to chemical stimulus" and

"response to stress" were among the most up-regulated GO terms (p<10-24 and p<10-19 ,

respectively), while the cytosolic ribosome and ribosome biogenesis were highly enriched

among downregulated genes (p<10-11 and p<10-8 , respectively). Furthermore, we identified one-

to-one orthologs between budding yeast and A. thaliana, and found that trisomic plants and

disomic yeast exhibited a significant genome-wide transcriptional correlation (Fig. 2A; r=0.26,

p<10-5). There was no correlation between trisomic plants and cdc15-2 (r=0.02, p>.05), but

significant correlations with cdc28-4 and cdc23-1 (r=O.17, p<.002 and r=0.20, p<.0002,

respectively) as well as 11 out of 16 individual disomes (Fig. 2C and S2E). As with S. pombe,

the correlation coefficient between the yeast disomes and trisomic A. thaliana increased with the

intensity of the stress response in the budding yeast strains (Fig. S2F; r=0.69, p<.003). We

conclude that a shared stress response underlies significant transcriptional similarity between

aneuploid budding yeast and A. thaliana.

Aneuploid mouse and human cells share slow growth-related changes in gene

expression

W. next analyzed expression data from mouse embryonic fibroblasts (MEFs)trisomic

for one of four chromosomes (Chr. 1, 13, 16, and 19) that were normalized to MEFs obtained
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from their euploid littermates (15). We first sought to determine whether different trisomies

caused similar changes in gene expression. We found highly significant overlap among

differentially expressed genes across the trisomies: in 12 out of 12 pairwise comparisons, a

gene that was up- or downregulated in one trisomic cell line was significantly more likely to

exhibit a similar change in expression in a different trisomy (Fig. 3A and 3B). For instance, -6%

of all genes on euploid chromosomes in trisomy 16 were upregulated at a 1.5-FC cutoff, but

among genes that were upregulated in trisomy 19, 20% were also upregulated in trisomy 16

(p<10-2 5 , hypergeometric test). Significant similarities were also observed when differentially

expressed genes were identified using t-tests or more stringent FC cutoffs (Fig. S6A-S6D). In

order to determine whether the same genes were affected across the trisomic cell lines, we

applied a permutation test, in which gene expression values were randomized within each

trisomy. While 78 genes were upregulated and 168 genes were downregulated in three or more

trisomies, no more than 37 and 92 genes were up- or downregulated, respectively, among

100,000 random permutations of the expression data (Fig. S7A and S7B). GO terms enriched

among upregulated genes were highly variable and reflected perturbations in many aspects of

cell physiology (Tables S7 and S8). Of note, we observed that many upregulated terms were

related to stress and inflammation, including the response to wounding (p<10-4), the acute

inflammatory response (p<10-3), and the response to stress (p<10-3). The most enriched GO

term among upregulated genes was the extracellular region (p<10-12 ), which reflected increased

transcript levels of cytokines as well as various matrix-related genes. Downregulated GO terms

were more specific: the most downregulated term was cell division (p<10-14 ), and nearly all

affected GO terms were directly related to progression through the cell cycle, including mitosis

(p<10-13 ), DNA replication (p<10 9), and chromosome condensation (p<10- 5). This is consistent

with our previous finding that trisomic MEFs exhibit poor proliferative capacity relative to euploid

cells (15). We conclude that trisomic MEFs display some chromosome-independent

transcriptional similarities that are indicative of slow growth and cellular stress.
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Figure 3. Aneuploidy causes similar transcriptional changes in primary mouse and

human cells. (A and B) Genes up- or down-regulated in one trisomic MEF line are significantly

more likely to exhibit a similar change in another trisomy. Gray bars indicate the percentage of

all genes up- or down-regulated in the indicated cell line at a 1.5-FC cutoff. White bars indicate

the percentage of genes up- or down-regulated in that trisomy that are also up- or down-

regulated in the trisomy represented with a gray bar. Asterisks indicate statistically significant

overlap (p<.05, hypergeometric test). (C and D) Genes up- or down-regulated in one trisomic

human type are significantly more likely to exhibit a similar change in another trisomy from the

same tissue of origin. Data from cultured amniocytes and chorionic villi are from (51). Data

from fetal cerebra are from (52). Data from cell-free amniotic fluid are from (31) and (53). (E)

GO terms that are enriched among up- and down-regulated genes in trisomic MEFs and human

cells. Complete lists are presented in Table S7 and S9.
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Figure S6. Expression similarity in trisomic MEFs and human cells. (A and B) Genes up-

or down-regulated in one trisomic MEF line are significantly more likely to exhibit a similar

change in another trisomy. Gray bars indicate the percentage of all genes up- or down-

regulated at a 2-FC cutoff in the indicated cell line. White bars indicate the percentage of genes

up- or down-regulated in that trisomy that are also up- or down-regulated in the trisomy

represented with a gray bar. (C and D) Same analysis as above, except differentially expressed

genes were identified among replicates of Tsl 3 and Tsl 6 using a 1.5-FC and p<.05 (Student's

t-test) cutoff. Note that only single replicates of Tsl and Tsl 9 were analyzed in ref. (15),

precluding the use of a t-test to analyze these cell lines. (E and F) Same analysis described

above using data from human trisomies. Differentially expressed genes were identified using a

2-FC cutoff. (G and H) Same analysis described above, except differentially expressed genes

were identified using a 1.5-FC and p<.05 (Student's t-test) cutoff. Asterisks indicate statistical

significance (p<.05, hypergeometric test).
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Figure Si. Permutation testing of similarity significance. (A-D) In order to confirm that the

number of similarly up- or downregulated genes was significant across mammalian

aneuploidies, we randomized gene expression values and then calculated the number of

similarly-affected genes which occurred by chance. (A and B) 100,000 random permutations of

gene expression data from trisomic MEFs. Bar graphs indicate the number of genes that are

114

2i 0 .0o
# of gene upregulated

Human: upregulated

Il
0

E

C

p<.00001

Actual
value

AL_
I

n nn
i0



(A) upregulated or (B) downregulated in 3 or more cell lines. (C and D) 100,000 random

permutations of gene expression data from human trisomies. Bar graphs indicate the number of

genes that are (C) upregulated or (D) downregulated in 4 or more sample types. (E-H) In order

to confirm the significance of Pearson correlation comparisons between mammalian cells and

other eukaryotes, we randomized gene expression values and then calculated the PCC for each

randomized sample. (E and F) 10,000 random permutations of disomic yeast gene expression

values compared to (E) mouse and (F) human values. (G and H) 10,000 random permutations

of wild-type yeast gene expression values compared to (G) mouse and (H) human values. (I

and J) In order to confirm the significance of the co-directional changes among 1:1 orthologs

observed in aneuploid cells, we randomized gene expression values and calculated the number

of co-directional changes observed in each randomized sample. The number of (1) up-regulated

and (J) down-regulated genes observed among 100,000 random permutation are displayed.
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Does a chromosome-independent response to aneuploidy exist in humans as well? To

test this, we examined gene expression data from four datasets that included Trisomy 13, 18,

and 21. Within each sample, we asked whether genes that are upregulated or downregulated in

one trisomy were more likely to be up- or down-regulated in another trisomy. In 8 out of 8 pair-

wise comparisons, the overlap between different trisomies was significantly more than expected

by chance (Fig. 3C, 3D, and S6E-S6H). In order to determine whether similar genes were

affected across datasets, we performed a permutation test. While 94 and 137 genes were up- or

downregulated, respectively, in 4 or more trisomic samples, no more than 59 and 49 genes

were up- or downregulated, respectively, among 100,000 random permutations of the

expression data (Fig. S7C and S7D). Surprisingly, dysregulated genes in human trisomies were

enriched for many of the same GO terms as were found in the trisomic MEFs (Fig. 3E; Tables

S9 and S10). The extracellular region (p<10-9), inflammatory response (p<10~4), and response to

stress (p<10-4) were significantly enriched among upregulated genes while mitosis (p<10-13 ),

DNA replication (p<10 8 ), and chromosome condensation (p<10-6 ) were enriched among

downregulated genes. Out of 97 GO terms enriched among downregulated genes in trisomic

MEFs, 64 of them were also enriched among downregulated genes in trisomic human cells,

including all 29 of the most enriched terms (Table S7).

Analysis of individual datasets further clarified the origins of the transcriptional changes

caused by aneuploidy in humans. First, Trisomy 13 and Trisomy 18 were primarily responsible

for the observed enrichment of stress- and cell cycle-related GO terms (compare Table S11 and

S12). As these chromosomes are both larger than chromosome 21, this is consistent with our

hypothesis that the degree of aneuploidy determines the severity of the transcriptional

response. Secondly, the origin and/or culturing of trisomic tissue affected the penetrance of the

stress signature. Cultured Trisomy 13, Trisomy 18, and, to a lesser extent, Trisomy 21 samples

displayed enrichments of stress- and cell cycle-related GO terms, while those GO terms were
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not enriched among differentially expressed genes when only data from fetal cerebra and

amniotic fluid were considered (Table S13). Natural limits on cell division that exist in utero may

partially mask the different proliferative capacities of trisomic and euploid cells, while

unconstrained growth in culture highlights this disparity. For this reason, we utilized gene

expression data from cultured trisomic human cells for subsequent comparisons.

The similarity between enriched GO terms in trisomic human and mouse cells suggested

that aneuploidy causes a conserved transcriptional response across mammals. To test this, we

identified one-to-one orthologs between humans and mice, then calculated the correlation

between the average gene expression values from trisomic MEFs and cultured trisomic human

cells. The PCC across all genes was moderate but highly significant (r=O.1 1, p<10-20).

Additionally, we noted significant overlap between the sets of differentially-expressed genes in

trisomic mouse and human cells (p<10- 17, hypergeometric test) which was particularly evident

among cell cycle transcripts (Table S14). Thus, aneuploidy induces a similar gene expression

pattern indicative of slow growth and/or cellular stress in both mouse and human cells.

Stress-related transcriptional similarities across all aneuploid cell types

The common stress response in aneuploid cells of highly divergent species raised the

possibility that yeast and mammalian cells share a transcriptional response to aneuploidy. To

test this, we identified one-to-one orthologs between yeast, plants, mice, and humans. We

found that disomic yeast exhibited a small but statistically significant correlation with the

averaged expression values of trisomic MEFs and of cultured trisomic human cells (Fig. 4A;

r=0.12, p<104, and r=O.10, p<.002, respectively). The significance of these correlations was

also confirmed by permutation testing (Fig. S7E-S7H). A majority of individual disomes also

exhibited significant pairwise correlations with the trisomic mammalian cells (Fig. S2G).
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Furthermore, we observed significant correlations between the aneuploid strains of S. pombe

and A. thaliana and the trisomic MEFs as well as between A. thaliana and the trisomic human

cells (Fig. 4A).
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Figure 4. Transcriptional similarities among all aneuploid cell types. (A) Correlation

coefficients between the indicated cell type and either trisomic MEFs (black bars) or cultured

trisomic human cells (white bars) are displayed. Asterisks indicate a statistically significant

correlation (p<.05). (B) The stress response intensity of the disomic strains is plotted against the

pairwise correlations with the trisomic mouse and human cells. The black line is a linear

regression plotted against the data excluding disome IV (SRI~1). (C) Correlation coefficients

between the indicated aneuploid cell types and chemostat-grown disomes (black bars), batch-

grown disomes (white bars), and 500 growth responsive genes in batch grown disomes (gray

bars) are displayed.
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We hypothesized that the similarities in gene expression between the aneuploid

transcriptomes were a consequence of the slow growth/stress response that was common

among aneuploid cells of all species. Consistent with this hypothesis, there was a significant

positive correlation between the stress response intensities in each disome and their PCC with

the trisomic mammalian cells (Fig. 4B). Moreover, cdc28-4 and cdc23-1 exhibited significant

positive correlations with both trisomic mammalian cell types, while cdc15-2 did not (Fig. 4A).

Taken together, these findings suggested that conserved aspects of the transcriptional

response to stress and/or slow growth, rather than aneuploidy per se, drives the expression

correlations between aneuploid cell types. To test this, we compared gene expression data from

aneuploid cells to chemostat-grown yeast disomes. In chemostats, the doubling times between

disomic and euploid cells were equalized by nutrient titration, thereby masking the slow

growth/stress response. Indeed, for each interspecies comparison, aneuploid cells were anti-

correlated with chemostat-grown disomes (Fig. 4C). Next, we examined the set of yeast genes

whose expression levels directly vary according to the rate of cell division (19). In batch culture,

the correlation coefficients between the disomes and other species were significantly increased

in 3 out of 4 comparisons when only orthologs of the 500 strongest growth-responsive genes in

yeast were compared. These results demonstrate that conserved elements of a transcriptional

stress or slow growth program in eukaryotes underlie the significant transcriptional similarities

between aneuploid yeast, plant, and mammalian cells. The lesser predictive value of the

growth-responsive yeast genes in comparisons with mammalian cells likely reflects the fact that

ribosome synthesis is strongly downregulated by slow proliferation in yeast, while the most

striking transcriptional changes among aneuploid mammalian cells were the down-regulation of

cell cycle transcripts (Table S14, S15 and Fig. S8).
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Figure S8. Cellular processes perturbed across species by stress and aneuploidy.

Scatterplots of genes annotated to the indicated GO terms comparing expression levels in either

(A and B) aneuploid budding and fission yeast or (C and D) trisomic mouse and human cells.

While the average transcripts in each category are expressed at less than euploid levels, cell

cycle transcripts (e.g., nuclear division genes) are expressed at lower levels in mammalian cells,

while ribosomal and translational transcripts (e.g., ribosome biogenesis genes) are expressed at

lower levels in fungi. Additionally, ribosome biogenesis transcript levels in trisomic MEFs and

human cells are uncorrelated with one another, while nuclear division genes [and cell cycle

genes generally (Table S14)] show a strong correlation between species. (E and F) Heat maps

of single-ortholog genes in aneuploid budding yeast, fission yeast, mouse, and human cells.

Genes that are downregulated by aneuploidy are also downregulated in ESR-exhibiting yeast

cdc mutants (the average of cdc28-4 and cdc23-1, bottom row).
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A second prediction derived from these results is that aneuploid cells should exhibit

similar gene expression changes to euploid cells experiencing exogenous stresses. Aneuploidy

in budding and fission yeast affects known stress-response genes in those organisms (Fig. S1

and S5); therefore we examined stress-induced transcription in A. thaliana and mammalian

cells. We analyzed gene expression data from A. thaliana grown under salt, ROS, or drought

stress (27), and from MEFs treated with salt, the protein synthesis inhibitor anisomycin, or TNFa

(28). The transcriptomes of stressed plants and MEFs were significantly correlated with the

corresponding trisomic tissue (Fig. S9; r=0.40, p<1 0-3OO, and r=0. 11, p<1 016, respectively).

Furthermore, the PCC values were significantly higher when we examined only genes that

changed co-directionally by a certain threshold under all stress conditions. As expected, many

GO terms that were enriched among up-regulated genes in both stressed and trisomic tissue

were stress-related, including the response to chemical stimulus (p<10 26 ) and the defense

response (p<10 12 ) in Arabidopsis and the inflammatory response (p<104) and cytokine activity

in MEFs (Table S16 and S17; p< 1 0 4).
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Figure S9. Similarities between stressed and aneuploid A. thaliana and MEFs. (A and B)

The Pearson correlation coefficient between (A) trisomic and stressed A thaliana and (B)

trisomic and stressed MEFs are displayed. When "stress response" genes were defined in

these species by examining only those genes that changed +/- a certain threshold under all

stress conditions, the correlation coefficients significantly increased (p<.05).
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Lastly, we sought to identify conserved changes in expression in response to aneuploidy

among single-ortholog genes across species. We used relatively permissive criteria, and asked

which genes changed co-directionally in aneuploid budding yeast, fission yeast, mouse, and

human cells. We found that 254 single-ortholog genes changed co-directionally in all four

species (240 down, and 14 up), significantly more than expected by chance (p<10-5 and p<.007,

respectively, Fig. S71 and S7J). The most affected GO terms among those genes were the

nucleus (p<10-17) and nucleic acid metabolism (Table S18; p<10 14 ). These terms reflected the

downregulation of ribosomal genes (primarily in fungi) and cell cycle-related genes (primarily in

mammalian cells; Fig. S8 and Table S1 8). Out of the 254 genes that exhibited co-directional

changes across species, 230 of the genes exhibited a similar change in the yeast cdc mutants.

Among discordant genes, no significant GO term enrichments were observed. We conclude that

aneuploidy in different cell types induces a conserved transcriptional program that is also

elicited by exogenous stress and/or slow growth.

Discussion

We have identified a stress/slow growth-related transcriptional signature that is present

in aneuploid cells of diverse organisms and is largely independent of the identity of the extra

chromosome(s). Previous analyses have described an oxidative stress response and the

downregulation of proliferation-related genes in human samples and mouse models of Down

syndrome (29-32). The data presented here suggest that these phenotypes and others found in

aneuploid cells may be a common consequence of aneuploidy, as eukaryotic cells appear to

exhibit a stereotypical transcriptional response to chromosome-wide gene dosage changes.

Why is aneuploidy associated with a stress response? First, aneuploidy increases a cell's

energy needs. This may result from the wasteful transcription, translation, and degradation of
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proteins encoded by extra chromosomes, and is evidenced by the decreased efficiency at which

aneuploid cells convert nutrients into biomass (13,15). Altered metabolism may also increase

the production of reactive oxygen species (33), and ROS-related GO terms were commonly

upregulated in aneuploid cells. Secondly, protein folding and turnover pathways are burdened

by aneuploidy. Over-expression of certain proteins may saturate key chaperones, prohibiting

them from folding client proteins whose functions are required for viability. Proteins that escape

proper folding or degradation may also form cytotoxic aggregates (34,35). Lastly, while many

aneuploidy-induced phenotypes appear to be independent of the identity of the extra

chromosome, copy number changes of a few particularly dosage-sensitive genes may have

direct consequences. For instance, budding yeast cells are exquisitely sensitive to tubulin

levels, and a single extra copy of beta-tubulin causes the lethality of disome VI (13,36,37). We

posit that these factors contribute to limit the proliferative capacity of aneuploid cells, thereby

resulting in the common downregulation of cell cycle and ribosomal genes.

It is interesting to note that euploid yeast strains that displayed a basal stress response

(cdc23-1 and cdc28-4) exhibited significant correlations with aneuploid cells in every organism,

and the intensity of the ESR in disomic yeast predicted the strength of their transcriptional

similarity with aneuploid cells in other organisms. The ESR was first described as a common

transcriptional signature in yeast cells treated with multiple independent stresses, though later

research demonstrated that it could also result from a slowed rate of cell division (18-20).

Whether the ESR-like transcriptional changes observed in aneuploid higher eukaryotes result

from stress, or whether they are also a byproduct of differences in growth rate, remains to be

tested.

Not every aneuploid strain that we examined displayed a significant stress response. In

many cases, this can be explained by threshold effects of dosage imbalance, as the degree of

aneuploidy is proportional to the intensity of the transcriptional response (Fig. S3B). Still, some
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outliers fail to follow this overall trend: while chromosome XII contains the third most ORF's of

any yeast chromosome, disome XII displays the third lowest stress response of any disomic

strain (Fig. S1). An extra copy of chromosome X11 is also found in strains A2 and A3, the two

products of triploid meioses that were uncorrelated with the gene expression pattern in the

disomic yeast strains. Interestingly, strains A2 and A3 do exhibit significant PCC's with disome

XII (r=0.30, p<10 92 , and r=0.24, p<10-59, respectively), but they do not exhibit a PCC>0.2 with

any other disome. Thus, a gene or genes present on chromosome XII may modulate the effects

of aneuploidy on transcription. Discovering what underlies the differences between aneuploid

cells that do and do not exhibit stress responses may shed further light on the interplay between

gene dosage alterations and cellular phenotype.

Among higher eukaryotes, the shared transcriptional response of primary cells to

aneuploidy has relevance for the study of cancer. While 90% of solid tumors display whole-

chromosome aneuploidy, it is not clear what role aneuploidy plays in transformation and cancer

progression. In mouse models, chromosomal instability (CIN) can both instigate and inhibit

tumorigenesis (33,38-41). In human patients, CIN in tumor cells is generally associated with

aggressive disease (42), although in some contexts high levels of CIN actually correlate with

improved prognosis (43). We have found that single-chromosome aneuploidy causes a

transcriptional response indicative of increased cellular stress and decreased proliferative

capacity. These results present aneuploidy as a complex phenomenon with potentially anti-

tumorigenic properties. While aneuploidy can contribute to transformation by altering the dosage

of oncogenes and tumor suppressors, the stresses induced by aneuploidy on metabolism and

protein folding limit growth potential. Yeast can adapt to aneuploidy by developing mutations

which improve their proliferative capacity (14), and it may be the case that cancer cells must

develop similar genetic changes which allow them to tolerate aneuploidy and acquire robust

proliferative capacity as well.
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Materials and Methods

Yeast expression data. Gene expression data from disomic and cdc mutant yeast strains

were downloaded from (13). These data include gene expression values from yeast grown in

batch culture, in which cells were allowed to reach logarithmic growth. Under these conditions,

the yeast disomes display an ESR. This dataset also includes expression values from yeast

grown under phosphate limitation in chemostats. Under this growth regime, the doubling time

between euploid and disomic strains was equalized, thereby masking the ESR.

Gene expression data for strains derived via triploid meiosis were acquired as previously

described and were deposited in the Gene Expression Omnibus (accession number GSE35853)

(13). In strain A15, we detected extra copies of chromosome X (17), which was not present in

the published karyotype. Gene expression data from 23 aneuploid strains from the deletion

collection were downloaded from http://hugheslab.ccbr.utoronto.ca/supplementary-data/rii/. A

few of these strains are believed to have developed aneuploidies because the deletion directly

affects the spindle assembly checkpoint or chromosome segregation. Other strains gained

chromosomes that carry a paralog of the deleted gene. However, in the majority of cases, the

causes of aneuploidy in these strains are unknown (22). The set of genes that constitute the

budding yeast ESR were downloaded from http://qenome-www.stanford.edu/yeast stress/.

Growth rate-responsive genes in yeast were acquired from (19).

For analyses involving S. cerevisiae, ORFs annotated as "dubious" and ORFs that were

detected in fewer than 10 disomic strains were removed from consideration. Additionally,

YAR015W and YBR1 15C were excluded, as they were the sites of marker integration in the

euploid strain, and YDR342C and YDR343C were excluded, as they were amplified at the DNA

level in aneuploid strains (13). 3 wild-type vs. wild-type replicates were used as a control. The

percent of the genome that was aneuploid was calculated as the sum of the number of ORFs
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present on a chromosome that was gained or lost, divided by the total number of ORFs in a

euploid cell of that ploidy. The intensity of the stress response in yeast was calculated as

follows: for all genes x which are up-regulated in the ESR and all genes y which are down-

regulated in the ESR, the stress response intensity (SRI) of a given strain was calculated as

1= Xi + Z7-Yj
SRI =

m+n

As the expression levels of most ESR genes change in response to growth rate, stress

response intensities are not bimodal, but instead vary along a continuum. Strains were

considered to exhibit an ESR if their SRI was positive and their SRI significantly differed (p<10- 5,

Student's t test) from that of an isogenic wild-type strain.

Gene expression data from aneuploid strains of fission yeast were downloaded from

GEO (accession number GSE8782). Strain C16, containing one additional copy of 163 ORFs,

and strain Ch16+S28, containing two additional copies of the same 163 ORFs and one

additional copy of 63 ORFs, were used for analysis. As these two strains contain very similar

duplicated regions, they were averaged for subsequent comparisons. S. pombe genes involved

in the fission yeast ESR were downloaded from http://www.bahlerlab.info/projects/stress/.

A. thaliana expression data. Gene expression data for plants trisomic for chromosome 5 were

downloaded from http://bioinf.boku.ac.at/pub/trisomy2008/. Log2-FC values were calculated

between aneuploid and euploid samples for all genes not on chromosome 5. Gene expression

data from stressed plants were downloaded from

http://www.weigelworld.org/resources/microarray/AtGenExpress/. Log2-FC values were

calculated between treated and mock-treated samples at the 24h time point.
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Mammalian expression data. Gene expression data from trisomic mouse cell lines were

downloaded from (15). Probes were updated using Release 32 of the NetAffx probe

annotations, and the set of probes classified as "expressed" were utilized in this study. Gene

expression data from stressed mouse cells were downloaded from GEO (accession number

GSE18320). Gene expression data from human aneuploidies were downloaded from GEO

(accession numbers GSE6283, GSE1397, GSE16176, and GSE25634). For all mammalian

aneuploidies, non-specific probesets and probesets mapping to the X or Y chromosome were

excluded from consideration. Probesets that mapped to the same gene were collapsed by

averaging. Within each dataset, log2-FC values were calculated between aneuploid and

euploid samples.

Data analysis. Gene expression data were analyzed in Excel, MATLAB, and Python using

custom scripts. For all correlative studies, only gene expression values from euploid autosomes

were considered, and multiple replicates of individual strains were averaged for comparisons.

Aneuploid chromosomes were excluded due to the possibility that dosage compensation

mechanisms decreased the transcription of a select number of genes present on extra

chromosomes, which would introduce biases into subsequent analyses. Correlation values

reported in the text represent the Pearson coefficient between two samples. Every comparison

found to be significant via the Pearson method was also found to be significant when the

Spearman coefficient was calculated instead.

GO term enrichment analysis was performed using GProfiler with a Benjamini-Hochberg

corrected p value of .05 and a maximum p value of 10-3 (44). Enrichments were performed

against the relevant background gene set, e.g., against all genes not on an aneuploid

chromosome or against the set of one-to-one orthologs between species. Consistent with our

previous methodology (13,14), differentially expressed genes were identified using a +/- 1.3-FC
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cutoff in yeast and plants. We utilized a +/- 1.5-FC cutoff in multiple samples for mammalian

expression data, a similarly low-stringency threshold that allowed us to detect expression

changes in datasets that contained variable numbers of replicates. As a secondary method, we

used the rank products algorithm, a FC cutoff-independent protocol that is particularly useful in

identifying differentially expressed genes in datasets with small sample sizes (24,45,46). The

Rank Products algorithm was implemented in TM4 using a p<.05 significance threshold for

yeast and plant data and a p<.005 threshold for mammalian data (47). P values reported in the

text are from GO term analysis using a FC cutoff.

For budding yeast, mice, and humans, orthologous genes were identified using GProfiler

(44). For Arabidopsis and fission yeast, orthologous genes were identified using InParanoid

(48). All interspecies comparisons were between genes in which a one-to-one orthology

relationship existed. Clustering was performed in Gene Cluster 3.0 (49) and visualized in Java

TreeView (50). For clustering and visualization, the expression values of genes present on

aneuploid chromosomes were replaced by the average value of that gene on euploid

chromosomes in other strains.

Permutation tests to confirm the significance of transcriptional similarities were

performed in Python. For each strain or species, blank cells were fixed in place. Blank cells

usually resulted from the exclusion of an aneuploid chromosome, and these cells were locked

so as to keep the number of relevant comparisons constant. Next, non-empty cells were

randomly shuffled, and after each shuffle the relevant parameter was scored. P values reported

for permutation tests represent maximum probabilities based on the number of permutations

performed.
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Abstract

Aneuploidy is invariably associated with poor proliferation of primary cells, but the

specific contributions of abnormal karyotypes to cancer, a disease characterized by aneuploidy

and dysregulated proliferation, remain unclear. In this study, I demonstrate that the

transcriptional alterations caused by aneuploidy in primary cells are also present in

chromosomally-unstable cancer cell lines, but the same alterations are not common to all

aneuploid cancers. Chromosomally-unstable cancer lines displayed increased glycolytic and

TCA-cycle flux, also a feature of aneuploid primary cells. The biological response to aneuploidy

is associated with cellular stress and slow proliferation, and a 70-gene signature derived from

primary aneuploid cells was defined as a strong predictor of increased survival in several

cancers. Inversely, a transcriptional signature derived from clonal aneuploidy in tumors

correlated with high mitotic activity and poor prognosis. Together these findings suggested that

there are two types of aneuploidy in cancer, one of which is clonal aneuploidy selected during

tumor evolution and associated with robust growth, and the second of which is subclonal

aneuploidy caused by chromosomal instability (CIN). Subclonal aneuploidy more closely

resembles the stressed state of primary aneuploid cells, yet CIN is not benign: a subset of

genes upregulated in high-CIN cancers predict aggressive disease in human patients in a

proliferation-independent manner.
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Introduction

Aneuploidy and chromosomal instability are inter-related but not identical. Aneuploidy is

a description of a cellular state; it specifically describes a cell whose karyotype is not a whole-

number multiple of the haploid complement. Chromosomal instability is most accurately

characterized as a rate; it refers to a cell that missegregates chromosomes more frequently than

a wild-type cell does. CIN can be caused by mutations or drug treatments that impair the

various cellular processes required for accurate chromosome segregation (1). In certain

circumstances, aneuploidy itself may cause CIN (2-5). But a cell can become aneuploid

without exhibiting CIN, as events like chromosome non-disjunction, micronuclei formation, and

cytokinesis failure occur sporadically in normal cells.

Aneuploidy and chromosomal instability are of particular interest due to their paradoxical

role in cancer development. Nearly all solid tumors are aneuploid (6), and many types of

cancers display elevated levels of chromosome missegregation (7). However, aneuploid

primary cells generally exhibit poor proliferative capacity, in stark contrast to the robust growth

displayed by aneuploid cancer cells (8-12). Individuals with Trisomy 21/Down syndrome are at

elevated risk for the development of childhood leukemias, but have significantly lower levels of

solid tumor formation throughout life (13). Furthermore, in mouse models of chromosomal

instability, CIN mice are typically tumor-prone (14-16), but in some contexts CIN appears to

protect against cancer development (17-19). Thus, a complete understanding of the role of CIN

and aneuploidy in cancer must account for both its apparently positive and negative roles in

tumorigenesis.

Various strategies to detect aneuploidy and chromosomal instability, including FISH, flow

cytometry, and the direct analysis of mitotic figures, have been utilized in an attempt to

associate a tumor's chromosomal content with patient risk (7). Most studies have identified a

link between aneuploidy and/or CIN and poor clinical outcome (7), though in some contexts,
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excessive CIN may actually promote survival (20). Moreover, interpretation of some assays

may be complicated by the conflation of aneuploidy (a state), CIN (a rate), and other aspects of

cancer biology, including heightened proliferation (21). Nonetheless, the biological changes

associated with aneuploidy and CIN could potentially be useful for stratifying patient risk.

We have recently analyzed gene expression data from primary aneuploid cells in various

species, including yeast, plants, mice and humans (22). We reported that aneuploidy elicits a

transcriptional response indicative of stress and slow growth, and this signature was conserved

across eukaryotes. In cancers, gene expression levels generally scale with chromosome copy

number (23), but the wider effects of aneuploidy and chromosomal instability on cancer

transcriptomes are unknown. Here, I demonstrate that chromosomally-unstable cancer cell

lines are transcriptionally and metabolically similar to aneuploid primary cells. While the gene

expression changes caused by primary aneuploidy are associated with poor proliferation in vitro

and improved patient survival in vivo, a subset of genes upregulated by chromosomal instability

are also associated with aggressive tumors and increased patient risk. I discuss the relevance

of these findings for our understanding of the role of aneuploidy in tumorigenesis.

Results

Transcriptional similarities between aneuploid primary cells and chromosomally-
unstable cancer cells

I first developed a transcriptional signature of primary aneuploidy using gene expression

data from 18 lines of mouse embryonic fibroblasts (MEFs) that were either euploid or trisomic

for one of four chromosomes (9). I sorted these cell lines according to their degree of

aneuploidy, as determined by the number of protein-coding genes that were present on the

trisomic chromosomes. I then calculated the Spearman rank-order correlation coefficient (SCC)

between each gene expression vector and the degree of aneuploidy across the panel of MEFs.
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I extracted genes whose expression tended to either increase or decrease according to the

degree of aneuploidy (p>0.3 or p<-0.3), then identified gene ontology (GO) terms enriched

among these gene sets. Among up-regulated genes (those that were positively correlated with

aneuploidy), GO term analysis revealed an enrichment of genes annotated to the membrane

(p<10-12 ), the vesicle (p<10-4), and the extracellular region (p<10-3), among other processes

(Table SI). Downregulated genes were enriched for those annotated to nucleic acid

metabolism (p<10-17), DNA repair (p<10 12 ), and RNA processing (p<10- 9). These GO terms are

consistent with our hypothesis that primary aneuploidy is an anti-proliferative cellular stress (22).

Next, I analyzed gene expression data from the NC160 panel of cancer cell lines, which

comprise 59 independent cell lines derived from 9 types of cancer. Importantly, several

karyotypic parameters have been determined for each of these lines, including their index of

numerical heterogeneity [INH; (26)]. The INH is a measure of cell-to-cell variability in

chromosome content: cancers that exhibit CIN have large INH values, while karyotypically

stable cancers have INH values that are close to 0. Aneuploidies that are present in all cells do

not contribute to INH (see Materials and Methods). I hypothesized that if aneuploidy is a cellular

stress, then the continuous generation of new aneuploidies in cell lines that displayed CIN could

cause an analogous stress response. This would be reflected in similar gene expression

patterns between primary aneuploid cells and CIN cancer lines. To test this, I calculated

Spearman correlation coefficients between gene expression vectors in the NC160 lines and their

respective indexes of numerical heterogeneity (36). As INH values varied depending on the

tissue of origin of the cell lines, I removed genes that displayed tissue-specific expression

patterns via an ANOVA. Representative genes are displayed in Fig. 1A and 1B: transcript

levels of the DNA replication factor MCM6 tend to decrease in cell lines with high CIN, while

transcript levels of the ER-associated gene CALU are correlated with increasing CIN.

Surprisingly, genes correlated or anti-correlated with CIN were enriched for many of the same
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functional categories as observed in aneuploid primary cells (Fig. 1C and Table S2). Nucleic

acid metabolism (p<10-34) and the chromosome (p<10-13) were highly enriched among genes

that decreased with increasing CIN, while the membrane (p<10-6) and the extracellular matrix

(p<10-6) were positively correlated with CIN. Additionally, gene expression (p<10-2 1) and RNA

splicing (p<10-2 5 ) transcripts were strongly downregulated by CIN, but were more modestly

affected by aneuploidy (p<10-10 and p<10-6, respectively). In total, 26% of GO terms

upregulated by aneuploidy in MEFs were also upregulated by CIN in cancer cells, and 55% of

GO terms downregulated by aneuploidy in MEFs were also downregulated by CIN in cancer

cells. Among the 35 GO terms that were most strongly anti-correlated with primary aneuploidy,

all 35 were also anti-correlated with CIN.
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Figure 1. Transcriptional similarities between trisomic MEFs and chromosomally-

unstable cancer cell lines. (A and B). Representative examples of genes that are negatively

(MCM6) or positively (CALU) correlated with karyotype heterogeneity in the NC160 panel. Each

square represents the expression level of the indicated gene in one cell line, and a linear

regression (gray line) is plotted against the data. (C) Gene Ontology categories that are

enriched among genes negatively or positively correlated with aneuploidy in MEFs (black bars)

or karyotype heterogeneity in the NC160 panel (white bars). Complete GO term lists are listed in

Tables S1 and S2. (D) Genes that are negatively correlated with aneuploidy in MEFs are

significantly enriched for those that are also negatively correlated with karyotype heterogeneity

in the NC160 panel. The black bar depicts the percent of genes that are negatively correlated

with aneuploidy in MEFs. White bars represent the percent of genes negatively correlated with

aneuploidy in MEFs that are also positively correlated with karyotype heterogeneity in the NC160

panel. Hashed bars represent the percent of genes negatively correlated with aneuploidy that

are also negatively correlated with karyotype heterogeneity. Asterisks represent a degree of

overlap that is greater than or less than the overlap expected by chance (p<.05; hypergeometric

test). (E) Same analysis as in (D) for genes positively correlated with aneuploidy in MEFs.
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To confirm that these GO term enrichments were not due to the specific correlation cutoff used,

I also analyzed the primary aneuploidy and NC160 datasets with Gene Set Enrichment Analysis

(GSEA), a threshold-independent method of correlating phenotypes with gene sets (31). GSEA

revealed similar GO term enrichments as described above, particularly among down-regulated

genes. DNA replication, RNA splicing, and the cell cycle were significantly anti-correlated with

both increasing aneuploidy and increasing CIN (Fig. S1, Tables S3-S4). I conclude that

aneuploidy in primary cells and CIN in cancer cell lines affect the expression of genes involved

in a limited and highly similar set of biological functions.
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Gene Set Enrichments: Primary Aneuploidy
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Figure S1. Gene Set Enrichment Analysis of aneuploidy in trisomic MEFs and karyotype

heterogeneity in cancer cell lines. Representative enrichment plots are shown of Gene

Ontology categories that are enriched among genes correlated with aneuploidy (left) and CIN

(right).
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I next sought to determine whether the transcriptional similarities between aneuploid and

CIN cell lines extended to the level of individual genes. To test this, I identified one-to-one

orthologs between mouse and human genes (see Materials and Methods), and then compared

the SCC values for each transcript. I found highly significant overlap among the sets of

orthologous genes that were upregulated or downregulated by aneuploidy and CIN (Fig. 1 D and

1 E). For instance, 19% of all genes were anti-correlated with aneuploidy in MEFs at a p<-0.3

cut-off. Among orthologous genes anti-correlated with CIN in cancer cells, a significantly

greater percentage (36%) were also anti-correlated with aneuploidy in MEFs (p<10-1 6 ,

hypergeometric test). In contrast, among genes that were positively correlated with CIN,

significantly fewer (10%) were anti-correlated with aneuploidy (p<10 3 , hypergeometric test).

Correspondingly, SCC values in both MEFs and cancer cells displayed a small but highly

significant genome-wide correlation (p=0.14, p<10-23 ). When the analysis was restricted to only

those genes affected by CIN in cancer cells (p<-0.3 and p>0.3), the strength of the correlation

increased to p=0.28 (p<10-13 ). I conclude that aneuploid primary cells and chromosomally-

unstable cancer cells share a high degree of transcriptional similarity at the level of both

functional processes and individual genes.

Aneuploid primary cells and human tumors display distinct transcriptional programs

As the aneuploid transcriptional program was apparent in chromosomally-unstable

cancer cells, and as the vast majority of human tumors are aneuploid, I next sought to

determine whether the transcriptomes of human tumors resemble those of primary aneuploid

cells. I examined gene expression data from 9 common cancer types that were normalized to

disease-free tissue, and I compared ranks between the mean fold change expression levels in

the tumors and the SCC values from trisomic MEFs (Fig. S2). Interestingly, the average

expression levels from tumors were anti-correlated with the aneuploidy-responsiveness of
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genes in MEFs (Fig. S2A; average p=-0.16, p<10-2 9). I then identified differentially-expressed

genes between tumors and normal tissue using a combined t test (p<.05) and mean fold change

( 1.3) threshold. Transcripts upregulated in aneuploid primary cells were significantly more

likely to be downregulated in tumors, while transcripts downregulated in aneuploid primary cells

were likely to be upregulated in tumors (Fig. S2B-S2C). Few GO terms were significantly

enriched among the small number of genes that were similarly affected by aneuploidy and

cancer (Fig. S2D-S2E and Table S5). Conversely, GO terms related to cell cycle progression

were strongly enriched among genes downregulated by aneuploidy but upregulated in tumors

(Fig. S2E and Table S6). To address the possibility that these results were due to comparing

tumors to untransformed tissue, I next analyzed a cohort of breast tumors that had either a

diploid or aneuploid basal ploidy (38). After normalizing gene expression in aneuploid tumors to

the mean levels in diploid tumors, I found that gene expression ranks in aneuploid tumors were

also anti-correlated with the expression levels from trisomic MEFs (Fig. S2F; p=-0.12, p<1 -13).

Additionally, the GO categories perturbed in aneuploid tumors were dissimilar to those affected

by aneuploidy in primary cells (Fig. S2G and Table S7). In particular, transcripts upregulated in

aneuploid tumors were highly enriched for those involved in cell cycle progression. Thus -

unlike in primary cells, where aneuploidy induces a chromosome- and species-independent

gene expression response (22) - aneuploid human tumors are transcriptionally distinct from

aneuploid primary cells.
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Figure S2. Trisomic MEFs and human cancers are transcriptionally distinct. (A)

Spearman correlation coefficients between the SCC values from trisomic MEFs and the SCC-

CIN values from the NC160 panel or the ranked fold-change values from nine different cancer

types. (B) Genes that are negatively correlated with aneuploidy are significantly enriched for

those that are upregulated in cancer cells. The black bar depicts the percent of genes that are

negatively correlated with aneuploidy in MEFs. White bars represent the percent of genes

negatively correlated with aneuploidy in MEFs that are also upregulated in the indicated cancer

type. Hashed bars represent the percent of genes negatively correlated with aneuploidy that

are also downregulated in cancer cells. Asterisks represent a degree of overlap that is greater
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than or less than the overlap expected by chance (p<.05; hypergeometric test). (C) Same

analysis as in (B) for genes positively correlated with aneuploidy in MEFs. (D) GO terms

enriched among genes downregulated by aneuploidy and cancer, or downregulated in cancer

but upregulated by aneuploidy. (E) GO terms enriched among genes upregulated by

aneuploidy and cancer, or upregulated in cancer but downregulated by aneuploidy. Complete

GO term lists are presented in Tables S5 and S6. (F) Genes that are positively or negatively

correlated with aneuploidy in MEFs are more likely to exhibit an opposite transcriptional change

in aneuploid breast tumors (p<.05; hypergeometric test). (G) GO terms enriched among genes

that are differentially expressed in aneuploid breast tumors, relative to diploid breast tumors.

Complete GO term lists are presented in Table S7.
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The CIN transcriptional signature resembles a slow proliferation response

Why would primary aneuploid cells resemble high-CIN cancer cell lines but not all

aneuploid cancers? We have proposed that the transcriptional similarities between aneuploid

cells result from their shared stress and/or slow-growth phenotype (22). I hypothesized that a

similar effect could drive the transcriptional program observed in karyotypically-unstable cancer

cells: the stresses associated with a continuously-varying karyotype could lead to the down-

regulation of cell cycle genes and the upregulation of stress- and signaling-related genes.

Consistent with this hypothesis, I found that the index of numerical heterogeneity in the NC160

panel was significantly correlated with increasing doubling times: cells with high CIN typically

divided more slowly than did cells with low CIN (Fig. 2A; p=0.40, p<.003). This effect remained

true when cell lines derived from hematopoietic cancers were excluded (p=0.36, p<.02).

Consistent with a relationship between CIN and cell cycle progression, genes downregulated by

CIN were highly enriched for targets of the canonical cell cycle transcription factor E2F1 as well

as other E2F family members (p<10-8 ; Table S8). I recalculated SCC values according to how

strongly a gene expression vector correlated with doubling time, and I observed that GO terms

enriched among genes that were correlated or anti-correlated with doubling time were very

similar to those enriched among CIN-correlated genes. Among both gene sets, membrane and

signaling-related transcripts were upregulated and RNA processing and cell cycle-related

transcripts were downregulated (Fig. 2B and Table S9). However, the transcriptional responses

to CIN and slow growth were not identical: I subtracted doubling time-SCC values from CIN-

SCC values and analyzed the sets of genes that were more strongly correlated or anti-

correlated with CIN than with proliferation (PCIN- PDT>0. 3 or <-0.3). Genes annotated to the

mitochondrion (p<10 15 ), the mitochondrial matrix (p<10-6), and cellular metabolic processes

(p<10-3) displayed a stronger correlation with CIN than with doubling time (Fig 2C and Table

S10). No GO terms were significantly enriched among genes that were more strongly

correlated with doubling time than with CIN. These data are intriguing as primary aneuploid
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cells display various metabolic alterations (9,12,16), and they suggest that the upregulation of

certain metabolic processes may be a growth-rate independent consequence of CIN in cancer.

I conclude that, aside from metabolic gene expression, the transcriptional programs observed in

chromosomally-unstable and slowly-dividing cancers are highly similar.
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Figure 2. Transcriptional similarities between chromosomally-unstable cancer cell lines

and cancer cell lines with slow doubling times. (A) Karyotype heterogeneity and doubling

time are significantly correlated in the NC160 panel. A linear regression (gray line) is plotted

against the data. (B) Gene Ontology categories that are enriched among genes negatively or

positively correlated with doubling time (black bars) or karyotype heterogeneity (white bars) in

the NC160 panel. Complete GO term lists are listed in Tables S2 and S9. (C) Spearman rank

correlations for each gene expression vector and karyotype heterogeneity (X axis) or doubling

time (Y axis) were plotted. Genes that display a stronger positive correlation with karyotype

heterogeneity are displayed in blue, while genes that display a stronger positive correlation with

doubling time are displayed in red.
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Metabolic similarities between aneuploid primary cells and chromosomally-unstable
cancer cells

Aneuploid MEFs display various metabolic alterations: in general, trisomic cells utilize

more glutamine, and produce more lactate, glutamate, and ammonium than euploid cells do.

Additionally, some aneuploid cells utilize more glucose (9,16). Do chromosomally-unstable

cancer cells exhibit the same metabolic patterns? To address this question, I calculated SCC

values between numerical heterogeneity and the consumption/release rates of 140 different

metabolites from a recently-published analysis of the NC160 panel (28). High CIN cells tended

to utilize more glutamine and glucose, and produce more lactate and glutamate, than low CIN

cells did (Fig. 3A; ammonium was not measured). Indeed, the released metabolite that was

most strongly correlated with increasing CIN was glutamate, while the second-strongest

correlation among consumed metabolites was with glutamine (Fig. 3B). More broadly,

metabolites whose production tended to increase with CIN were associated with the citric acid

cycle (e.g., fumarate, malate; p<10-3) and glycolysis (e.g., pyruvate, 2-phosphoglycerate; p<10-3;

Table S11). Consistent with the microarray data (Fig. 2C), some of these metabolites were also

correlated with doubling time, though generally less strongly than they were correlated with CIN

(Fig. 3B). Moreover, the citric acid cycle and glycolysis were not enriched among metabolites

that were correlated with doubling time (Table S12). Thus, in addition to their similarities at the

transcriptional level, aneuploid primary cells and chromosomally-unstable cancers share several

metabolic alterations. The cause of these alterations is not currently clear (see Discussion).
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Figure 3. Metabolic similarities between trisomic MEFs and chromosomally-unstable

cancer cell lines. (A) Glucose and glutamine consumption tend to increase, and glutamate

and lactate production tend to increase, with karyotype heterogeneity in the NC160 panel. Gray

lines represent linear regressions plotted against the data. (B) Comparison between the

metabolic profiles of chromosomally-unstable and slow-growing cancer lines. Metabolites

whose consumption or production increase with doubling time (white bars) tend to show similar

but smaller trends than when those metabolites are correlated with karyotype heterogeneity

(black bars; p<.01 for both produced and consumed metabolities, paired t-test).
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The CIN transcriptional signature is apparent in spindle checkpoint-defective MEFs and

after chromosome transfer into karyotypically-stable cancer cells

Thus far, I have established a correlative relationship between the metabolic and

transcriptional programs of aneuploid primary cells and chromosomally-unstable cancer lines.

However, it remains possible that other aspects of the cancer lines cause the similarity with

aneuploid primary cells, and CIN is an unrelated covariant. To demonstrate a direct link

between chromosome missegregation and the CIN transcriptional signature, I examined the

transcriptomes in chromosomally-unstable primary cells and in chromosomally-stable cancer

cell lines in which aneuploidy was ectopically induced.

Chromosomal instability can be genetically encoded by introducing mutations that affect

the function of the Spindle Assembly Checkpoint (SAC). Hypomorphic alleles of two crucial

SAC components, Cdc20 and BubR1, have been constructed, and MEFs containing these

mutations exhibit significant CIN (39,40). I derived MEFs from embryos that were homozygous

for either hypomorphic allele (Cdc20AA or BubR1 H/H) as well as from their wild-type

littermates (Cdc20'+ and BubR1i' ). I then performed microarray analysis on two early-passage

BubR1 sibling pairs and one early-passage Cdc20 sibling pair, and in each case normalized

gene expression in the mutant MEF line to its wild-type littermate. Transcript levels were similar

between the two CIN alleles (data not shown), and therefore the following comparisons were

made using the average expression levels in the CIN MEFs. As expected, gene expression

levels in the chromosomally-unstable MEFs were moderately but significantly correlated with

SCC-CIN values from the NC160 panel and with expression levels in the trisomic MEFs (p=0.15,

p<10-26 , and p=0. 2 6 , p<10-10 6 , respectively). Genes upregulated in CIN MEFs tended to be

upregulated in high-CIN cancer cells and in trisomic MEFs, and vice-versa (Fig. S3A-S3D). GO

term enrichment analysis revealed the upregulation of extracellular and cell motility genes, and

the down-regulation of cell cycle transcripts, as is also observed in the trisomic MEFs and NCI-

154



60 panel (Table S13 and Fig. S3E). Similar results were obtained when either Cdc20AAA or

BubR1 H/H MEFs were analyzed independently (data not shown). I conclude that the

transcriptional patterns present in primary cells that exhibit chromosomal instability are highly

similar to both primary aneuploid cells and to cancer cells that are chromosomally-unstable.
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Figure S3. Transcriptional similarities between chromosomally-unstable cancer cell

lines, trisomic MEFs, chromosomally-unstable MEFs, and cancer cells that have received

extra chromosomes via MMCT. (A and B). Differentially expressed genes in Cdc20AAAA and

BubR1 H/H MEFs (CIN MEFs) are significantly more likely to display a co-directional correlation

with karyotype heterogeneity in the NC160 panel. Black bars depict the percent of genes that

are (A) downregulated or (B) upregulated in CIN MEFs, relative to wild-type lines. White bars

represent the percent of genes that are differentially expressed in CIN MEFs that are also
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positively correlated with karyotype heterogeneity in the NC160 panel. Hashed bars represent

the percent of differentially expressed genes that are negatively correlated with karyotype

heterogeneity in the NC160 panel. Asterisks represent a degree of overlap that is greater than

or less than the overlap expected by chance (p<.05; hypergeometric test). (C and D). Same

analysis as in (A) and (B) but comparing CIN MEFs with trisomic MEFs. (E) Gene Ontology

categories that are enriched among genes negatively or positively correlated with primary

aneuploidy (black bars), that are correlated with karyotype heterogeneity in the NC160 panel

(white bars), that are differentially-expressed in CIN MEFs (gray bars), or that change in

expression after chromosome transfer into HCT1 16 cells (hashed bars). Complete GO term

lists are presented in Tables S1, S2, S13, and S14. (F and G). Same analysis as in (A) and (B)

but comparing tetrasomic HCT1 16 cells with karyotype heterogeneity in the NC160 panel. (H

and 1). Same analysis as in (A) and (B) but comparing tetrasomic HCT1 16 cells with trisomic

MEFs.
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To further assess the link between the CIN transcriptional signature and chromosome

missegregation, I examined the effects of ectopic aneuploidy in cancer cells. A recent report

has analyzed the consequences of transferring additional chromosomes into HCT1 16 cells, a

karyotypically stable (INH=O) colon cancer line (29). I acquired microarray data from HCTI 16

cells that had two extra copies of chromosome 5 introduced via microcell-mediated

chromosome transfer (MMCT). I then repeated the above analysis comparing gene expression

in the newly-tetrasomic cancer cells to the SCC-CIN values from the NC160 panel and to the

trisomic MEFs. The transcriptional changes induced by aneuploidy in the HCT1 16 cells were

moderately similar to those correlated with CIN across the NC160 panel and with aneuploidy in

primary MEFs (Fig. S3F-S31; p=0.26, p<10-47, and p=0.22, p<10-43 , respectively). The induction

of aneuploidy led to the downregulation of cell cycle transcripts and the upregulation of stress

and membrane-related transcripts (Table S14 and Fig. S3E). Thus, inducing aneuploidy in an

otherwise stable cancer cell line mimics the CIN transcriptional signature. Amongst all four

microarray datasets examined, there was significant overlap among GO terms, particularly

among downregulated transcripts and those associated with the extracellular matrix. However,

transcripts involved in RNA processing were enriched among downregulated genes in the

NC160 panel and in aneuploid MEFs, but not in CIN MEFs or HCT1 16+5 cells (Fig. S3E). The

cause of the minor transcriptional differences that are apparent between these cell types is at

present unknown.

A previous transcriptional signature of CIN is anti-correlated with karyotype
heterogeneity and doubling time

Carter et al. (41) have described a transcriptional signature for chromosomally-unstable

cancers that has been widely used as a marker for genomic instability (20,42-44). They

determined the degree of aneuploidy across several cancer datasets by summing the total
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number of chromosomal regions that showed consistent alterations in expression levels. Genes

were then ranked according to how strongly they correlated with the total aneuploidy in each

tumor, and the top 70 genes were used to create the CIN70 gene signature. Finally, they

showed that in various cancer types, a high CIN70 score was associated with poor clinical

prognosis. It is important to note that their expression signature most likely detects clonal

aneuploidy, i.e. aneuploidy that is present in the bulk of a tumor, as rare aneuploidies would not

cause detectable differences in gene expression levels in cis. Furthermore, a genome with

many chromosomal aneuploidies is not necessarily indicative of a current state of chromosomal

instability: genetic alterations may accumulate at a low rate over a long period of time, with

evolutionary pressure selecting the spread of cells with the most growth-advantageous

mutations (45). As my analysis of CIN suggested that it was associated with poor proliferation, I

decided to further explore the relationship between the CIN70 gene set and cancer.

Surprisingly, I found that the CIN70 score was anti-correlated with karyotype

heterogeneity in the NC160 panel (Fig. S4A; p=-0.35, p<.01). Chromosomally stable cancer cell

lines (HCT1 16, CCRF-CEM) generally had higher CIN70 scores than unstable cell lines (HOP-

92, TK-1 0). Upon inspection of the CIN70 gene list, I noted that many transcripts were well-

characterized markers of proliferation (e.g., PCNA, CDKI, MCM2). It has recently been

suggested that many prognostic gene signatures, including CIN70, function in part by capturing

information about cell proliferation rates (46). I hypothesized that clonal aneuploidy in a tumor

was not a strong indicator of CIN, but instead reflected a highly-evolved cancer state, in which a

tumor had acquired numerous growth-promoting genetic alterations. Indeed, the CIN70 score

was strongly correlated with decreased doubling times in the NC160 panel (Fig. S4B; p=-0.46,

p<.001). To further test the link between CIN70 and proliferation rates, I examined a microarray

dataset of 81 non-diseased human tissues and cell populations. As a proxy for their

proliferative index, I sorted the tissues by their level of PCNA expression. While 30% of all
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genes were positively correlated with PCNA in this dataset (average p=0.12, p>.05), I found that

100% of CN70 genes were positively correlated with PCNA (Fig. S4C; average p=0.45, p<10-7 ).

Similar correlations were observed between CIN70 and other common proliferative markers

(e.g., PMK67=0. 5 7 , p<10-13 , PTOP2A=0. 5 0, p<10 9). It has been argued that CIN70's prognostic

utility is not derived from its ability to detect proliferation rates, as all cell cycle-regulated genes

can be removed from CIN70 without abolishing its power to stratify tumors (41). However, the

remaining genes [referred to as the "CIN27wp" signature (42)] were still highly correlated with

PCNA (average p=0.40, p<10-6), demonstrating that this method is insufficient to control for the

widespread effects of proliferation on gene expression. I conclude that the CIN70 score is not

an accurate predictor of chromosomal instability in the NC160 panel, but instead captures

information about cell proliferation rates in both the NC160 lines and in chromosomally-stable

normal tissue.
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Figure S4. The CIN70 gene signature is correlated with proliferation rates and anti-

correlated with karyotype heterogeneity. (A) The CIN70 scores of cell lines from the NC160

panel are negatively correlated with karyotype heterogeneity. (B) The CIN70 scores of cell lines

from the NC160 panel are correlated with decreasing doubling times. (C) Gene expression data

from 81 non-diseased human tissues and cell populations were sorted according to their level of

PCNA expression. Each gene in the CIN70 gene set is positively correlated with increasing

PCNA. A clustergram of CIN70 gene expression levels, sorted according to the level of PCNA

expression in each tissue, is displayed.
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Construction of gene signatures associated with aneuploidy and chromosomal instability

As aneuploidy and chromosomal instability have been hypothesized to be integral

drivers of cancer evolution, I sought to determine whether the aneuploidy and CIN-associated

gene expression patterns identified herein could serve as useful in vivo markers for cancer

progression. Because our analysis of the CIN70 gene set suggested that it largely reflected

proliferative capacity, I also sought to clarify whether the aneuploidy-induced transcriptional

programs were identical to or distinct from the transcriptional response to slow growth.

To explore the prognostic relevance of the gene expression changes associated with

aneuploidy and CIN, I constructed three additional univariate gene signatures that are

analogous to CIN70. First, I defined PCNA25, which consists of the 25 genes that displayed the

strongest correlation with PCNA expression in normal human tissue, and which I used as a non-

specific marker of cell proliferation [(46), Table S15]. Secondly, I defined TR170, which consists

of the 70 genes that displayed the strongest absolute correlation with aneuploidy in trisomic

MEFs (Table S16). Thirdly, I defined HET70, which consists of the 70 genes that displayed the

strongest correlation with karyotype heterogeneity in the NC160 panel (Table S17). I

hypothesized that the most prominent gene expression changes associated with clonal

aneuploidy in cancer and primary aneuploidy in MEFs were related to proliferation, and that

therefore CIN70 could be used to identify rapidly dividing cells while TR170 would identify slowly

dividing cells. Indeed, CIN70 and TRI70 were able to sort human tissues by their level of PCNA

expression, demonstrating that, in the absence of aneuploidy or chromosomal instability, these

gene signatures reflect cell proliferation rates (Fig. S5A and S5B; p=0.61, p<10 15 , and p=-0.29,

p<10-, respectively). Interestingly, the HET70 score was neither correlated nor anti-correlated

with PCNA in human tissue (Fig. S5C and S5D; p=O.l1, p>.05). While the overall gene

expression pattern of cells with heterogeneous karyotypes resembled that of a slow growth

response (Fig. 2), the 70 genes most associated with karyotype heterogeneity were not
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enriched for proliferation markers and only 30% of the transcripts were individually correlated

with PCNA. I conclude that, unlike the CIN70 and TR170 gene sets, HET70 scores are

uncorrelated with proliferative index.
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Figure S5. The TRI70 and CIN70 gene sets, but not the HET70 gene set, sort human

tissues according to their level of PCNA expression. (A-C) The CIN70, TRI70, and HET70

gene scores were calculated for 81 non-diseased human tissues and cell populations and

plotted against the PCNA levels in each sample. The rank order correlations between CIN70

scores, TRI70 scores, and PCNA are significant, suggesting that these gene signatures can sort

cells according to their proliferative index. However, HET70 is uncorrelated with PCNA,

suggesting that it does not report proliferation. (D) Gene expression data from 81 non-

diseased human tissues and cell populations were sorted according to their level of PCNA

expression. A clustergram of HET70 gene expression levels, sorted according to the level of

PCNA expression in each tissue, is displayed.
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Prognostic relevance of aneuploidy and karyotype heterogeneity gene sets in cancer

I next assembled 27 cancer gene expression datasets from published clinical cohorts.

Datasets were chosen to represent a variety of solid tumor types, microarray designs, and

outcome measurements (i.e., overall survival, recurrence-free survival, etc.). The PCNA25,

CIN70, TR170, and HET70 gene sets were used to stratify patients into "above mean" and

"below mean" groups in each clinical cohort, and Kaplan-Meier survival curves were calculated

for each gene set (Fig. 4, Table S18, and Fig. S6). I found that high PCNA25 was significantly

associated with poor survival in 15 out of 27 cohorts. PCNA25 was particularly informative in

breast cancers (significant in 6/6 cohorts), brain cancers (significant in 4/4 cohorts), and bladder

cancers (significant in 2/3 cohorts). PCNA25 did not provide significant patient stratification in

lung cancer (1/5 cohorts), ovarian cancer (0/3 cohorts), or colorectal cancer (0/3 cohorts).

These results are consistent with the known value of proliferation markers in breast cancer

(47,48), and suggest that similar gene sets may be useful for other cancer types as well. In

cancer types in which PCNA25 was not predictive, other facets of tumor biology, including

immune evasion and metastatic potential, may be of greater importance for patient survival than

proliferation rates.
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Figure 4. Stratification of patient risk based on proliferation and aneuploidy gene

signatures. Patients from each clinical cohort were divided into below-mean and above-mean

subsets for each gene signature, and significant differences in survival time were identified

using a logrank test. Representative Kaplan-Meier curves for GSE14520 and GSE8894 are

displayed. In general, PCNA25, CIN70, and TR170 were able to classify the same patient

cohorts, while HET70 classified some cohorts in which proliferation-related markers were not

prognostic. The X axes indicate survival time in months. Complete results are presented in

Table S18 and Figure S6.
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Figure S6. Patient stratification in 27 tumor gene expression cohorts. Patients from each

clinical cohort were divided into below-mean and above-mean subsets for each gene signature,

and p values for each comparison were calculated using a logrank test. The dotted line

indicates stratification at a p=.05 significance level. Hazard ratios and further clinical

information and provided in Table S18.
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Subsequently, I found that CIN70 provided significant stratification of patient risk in 15 out of 27

cohorts (Fig. S6). Importantly, every cohort in which CIN70 was a significant predictor of

survival was one in which PCNA25 was predictive as well. Across all datasets, the hazard

ratios generated by CIN70 and PCNA25 were highly correlated (Fig. S7A; p=.98, p<10-18 ).

Despite having only 12 genes in common, the individual patient scores generated by CIN70 and

PCNA25 were nearly identical (Fig. S7; p=0.97-0.99). I conclude that CIN70 functions primarily

by reporting proliferative capacity, and that, in general, CIN70 does not provide any information

beyond that which is provided by a smaller number of PCNA-associated markers.
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Figure S. Classification similarities between PCNA25, CIN70, and TRI70. (A-C) PCNA25
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TRI70, or HET70. While PCNA25, CIN70, and TR170 generated very similar hazard ratios for

each cohort, the hazard ratios generated by HET70 were uncorrelated with those generated by
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nearly identical, HET70 scores were poorly correlated or uncorrelated with PCNA25.
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TR170 was found to be a significant predictor of survival in 12 out of 27 patient cohorts. Unlike

PCNA25 and CIN70, high TR170 was associated with favorable outcomes and low TRI70 was

associated with disease progression and death. All cohorts in which TR170 was predictive were

also stratified by PCNA25, and hazard ratios calculated using the two gene signatures were

highly correlated (Fig. S7B; p=-.90, p<10 10 ). Thus, consistent with our above analysis, the most

prominent gene expression changes caused by aneuploidy in primary cells are directly related

to slow proliferation, which can predict survival in various cancer types.

High HET70 scores were significantly associated with poor prognosis in 12 out of 27

patient cohorts. Surprisingly, 5 of these cohorts were not stratified by PCNA25: HET70 was

able to stratify colorectal cancer (3/3 patient cohorts), which PCNA25 failed to do. Across all

datasets the hazard ratios generated by HET70 and PCNA25 were uncorrelated (Fig S7C), and

individual patient scores generated by HET70 and PCNA25 were poorly correlated or

uncorrelated (Fig. S7D-S7F). I conclude that the gene expression changes associated with

chromosomal instability in vitro can serve as proliferation-independent markers for poor

prognosis in vivo. Though I cannot ascertain at this time whether HET70 scores stratify patients

according to the chromosomal instability of their tumors, I hypothesize that chromosomal

instability is one mechanism by which the increased expression of these genes can arise.

HET5: A five gene signature with prognostic relevance in multiple cancer types

In order to narrow the HET70 gene signature into a smaller set of genes which may have

clinical relevance, I calculated univariate Cox proportional hazard scores for each HET70 gene

in each cancer dataset. I then sorted the HET70 genes by their average Z-score across the

bladder, brain, colon, lung, and ovarian cancer datasets. The five genes with the highest

average Z-scores were LGALS1, LEPREI, FNI, CALU, and PLOD2, which I denote as the

HET5 gene set. Among the cohorts examined above, these five genes were able to stratify
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patients into low-risk and high-risk subgroups in 2/3 bladder cancer cohorts, 4/4 brain cancer

cohorts, 3/3 colorectal cancer cohorts, 1/1 liposarcoma cohort, 1/1 liver cancer cohort, 3/5 lung

cancer cohorts, and 1/3 ovarian cancer cohorts (Table S19). I then assembled a second set of

published clinical expression arrays which were not used in the initial derivation of the HET5

signature. Within this test set, HET5 provided significant stratification in 8/15 cohorts, including

1/1 bladder cancer cohort, 2/2 brain cancer cohorts, and 2/4 lung cancer cohorts (Fig. S8 and

Table S20). Remarkably, HET5 was also able to stratify patient risk in 3/4 melanoma cohorts,

despite the fact that no melanoma datasets were present in the original training sets. Thus, the

HET5 genes in particular may warrant further investigation as proliferation-independent markers

of cancer progression and patient survival.
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172

n I



Discussion

Many cancers display chromosomal instability, defined as an increased rate of

chromosome missegregation (45). Our results suggest that aneuploidies resulting from

chromosome segregation errors impose a fitness cost on cancer, in vitro if not also in vivo [Fig.

1, Fig. 2, and (22)]. CIN cancer cell lines divide more slowly than chromosomally-stable lines,

downregulate transcripts associated with progression through the cell cycle, and upregulate

stress- and signaling-related genes [Fig. 2A, Table S2, and (36)]. A similar transcriptional

response is evident in CIN primary cells and in a stable cancer cell line that has been induced to

gain extra chromosomes (Fig. S3). Additionally, CIN cancers appear to have increased

metabolic requirements: they consume more glutamine and glucose per cell, and produce more

citric acid cycle byproducts, than stable cancer cell lines (Fig. 3). Thus, in these respects,

chromosomally-unstable cancer cells resemble the stressed state of primary aneuploid cells.

Yet, these stresses are not apparent in all aneuploid cancers. When normalized to

diploid tumors, aneuploid tumors display transcriptional patterns that are opposite those

observed in untransformed aneuploid cells. Furthermore, increasing levels of clonal aneuploidy

within specific tumor types are tightly correlated with markers of rapid proliferation (Fig. S5). To

reconcile these results, I hypothesize that there are two "types" of aneuploidy that are common

to cancer cells: clonal aneuploidy, which is present in the bulk of a tumor and arises due to the

selective advantages that it confers, and spontaneous aneuploidy, which results from

chromosome missegregation and generally induces fitness costs on a cell.

The CIN70 gene signature was initially constructed by identifying genes that correlated

most strongly with clonal aneuploidy in cancer: tumors with high CIN70 scores were the most

structurally complex, while tumors with low CIN70 scores displayed the fewest alterations from

the diploid state (41). However, our findings demonstrate that CIN70 is a marker of cell

proliferation, rather than chromosomal instability: 100% of CIN70 genes are significantly
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correlated with PCNA expression in normal tissue, and CIN70 scores accurately differentiate

between rapidly dividing and slowly dividing karyotypically-normal human tissue (Fig. S5).

These results can be explained by hypothesizing that structural complexity in tumors results

from an ongoing evolutionary process. Genetic alterations, including mutations, deletions, and

chromosomal duplications, arise during a cancer's growth. Those changes that induce a

proliferative advantage are selected within the tumor and rise to clonal levels. While aneuploidy

is generally associated with a fitness cost, the few chromosomal alterations that do confer

proliferative advantages - such as the gain of a chromosome arm carrying an oncogene - are

naturally selected and become the dominant tumor cell population over time. Thus, tumors with

more aneuploid regions are likely to have acquired more growth-promoting genetic alterations,

explaining the tight link between CIN70 and cell proliferation.

In contrast, aneuploidies resulting from random segregation errors have not been

directly selected for. Whole-chromosome aneuploidy alters the copy numbers of hundreds or

thousands of genes after a single mitotic event. Human cells lack a global dosage

compensation system for autosomal aneuploidy; most copy number variation has proportional

effects on the levels of mRNA's and proteins encoded on the aneuploid chromosome (29).

Thus, it has been hypothesized that aneuploidy induces a fitness cost by wasting energy on the

transcription, translation, and degradation of unnecessary proteins, and by interfering with the

formation or function of stoichiometry-sensitive protein complexes (49). Consistent with the

results presented here, we have shown that both primary aneuploid cells and chromosomally-

unstable (but not chromosomally-stable) cancers are sensitive to energy stress- and proteotoxic

stress-inducing compounds (12). Note that I do not intend to suggest that CIN is always

antagonistic to robust proliferation. Some mutations - such as loss of p53 - can increase both

proliferation and chromosomal instability (50). As p53 loss is a late event in many cancers (51-

53), aggressive stage Ill or stage IV tumors may display both CIN and heightened mitotic
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activity. Nonetheless, the overall transcription patterns observed in CIN cells, or stable cells

that have been induced to gain chromosomes, are consistent with unselected aneuploidy

placing a substantial burden on cellular homeostasis.

The stressed state of CIN cells may have further relevance for its role in tumor

development and evolution. Chromosomal instability has been linked with drug resistance and

cancer relapse (54,55). The ability of CIN cells to generate genomically-heterogeneous

progeny can likely contribute to a tumor's ability to evolve and metastasize despite treatment.

However, as genotoxic chemotherapy selectively kills rapidly-dividing cells, it may also be the

case that CIN cells escape elimination due to their inherently stressed state and slow growth.

The physiological differences between chromosomally-stable and unstable cells could be

exploited to develop drugs that selectively kill high-CIN cells, which may be added to existing

chemotherapy regimens to minimize relapse (12).

More broadly, there is growing interest in the use of genomic technology to stratify

patient risk and identify appropriate treatments for cancer (56). While many published gene

signatures have demonstrated the ability to identify aggressive tumors, further analysis has

established that some of these signatures are prognostic only due to their ability to detect

proliferation rates (46). Indeed, I have confirmed here that proliferation, measured by PCNA25,

is a significant but not universal risk factor in diverse cancers, and that one previously-published

signature (CIN70) is tightly coupled to proliferative index. However, I demonstrate that HET70 -

the 70 genes most strongly upregulated in karyotypically heterogeneous cancers - function as a

proliferation-independent risk factor in several different patient cohorts. How strongly these

genes correlate with CIN in vivo is at present unknown, and I suspect that CIN is one of many

factors that can drive their expression. Furthermore, the HET70 signature can be narrowed to

five genes which maintain significant prognostic utility in multiple cancer types. The HET5 gene

set includes FNI, encoding fibronectin, and LGALS1, encoding Galectin-1, which have
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extensive roles in cancer growth, metastasis, and immune evasion (57-60). Three other genes

which comprise HET5 (CALU, PLOD2, and LEPREI) have functions that are less well-

understood. Further analysis of these genes may shed light on the clinical progression of

diverse cancers. Moreover, these findings provide a mechanistic link between CIN and

aggressive disease, and suggest genes and biological processes that could be targeted to

contravene CIN-induced cancer progression.

Materials and Methods

Data Sources. Gene expression data from trisomic MEFs were acquired from (9), and the set

of probes classified as "expressed" were used in this study. Gene expression data from the

NC160 cell lines analyzed on HG-U1 33A arrays were downloaded from CellMiner (24). Probes

were updated using Release 32 of the NetAffx probe annotations (25). Karyotype heterogeneity

values were acquired from (26), and missing values were kindly provided by A. Roschke (NCI,

Bethesda, MD). Doubling times of the NC160 panel were acquired from (27). Gene expression

values from cancer/normal tissue pairs were acquired from the Gene Expression Omnibus

(GSE1 5641, GSE27943, GSE3167, GSE3189, and GSE5364). Gene expression values from

breast tumors of known ploidy were acquired from Gene Expression Omnibus (GSE1 2071).

Consumption/release rates of metabolites in the NC160 panel were acquired from (28). Gene

expression values from tetrasomic HCT1 16 cells were acquired from (29). Gene expression

values from normal human tissues were acquires from the Gene Expression Omnibus

(GSE1 133). Gene expression values from clinical cancer specimens were acquired from the

sources cited in Table S18 and S20.

176



Mouse Husbandry and MEF Culture. All animal studies and procedure were approved by the

MIT Institutional Animal Care and Use Committee. Cdc20AA mice were kindly provided by Dr.

Pumin Zhang (Baylor College of Medicine). BubR1H mice were kindly provided by Dr. Jan van

Deursen (Mayo Clinic). Embryos were derived via timed matings between heterozygous

animals. Embryos were harvested on day E12.5 for Cdc20AAA crosses and E13.5-E14.5 for

BubR1 H crosses. MEFs were isolated and cultured as described in (9).

MEF Microarrays. RNA was isolated from early passage MEFs using Trizol (Invitrogen)

followed by purification with RNeasy Mini Kits (Qiagen). cDNA was constructed and labeled

using the Ovation RNA Amplification System V2 and the FL-Ovation cDNA Biotin Module V2

(NuGEN) according to the manufacturer's specifications. cDNA was hybridized to Mouse 430A

2.0 Arrays (Affymetrix) for 16 hours and then scanned on an Affymetrix GeneChip scanner

according to the manufacturer's specifications. Data was summarized and normalized using

gcRMA, and has been deposited in GEO (GSE49894).

Data Analysis. Analysis was performed in Excel, Python, and R. For each microarray

experiment, probesets were log2-transformed and then normalized by subtracting the average

expression level of that probeset. Probesets annotated to the same gene were collapsed by

averaging. For primary MEFs and tetrasomic HCT1 16 cells, aneuploid chromosomes were

excluded from analysis. For most samples, genes annotated to sex chromosomes were

excluded from analysis, and, on the Affymetrix platform, non-specific probesets (those

annotated with an "x") were excluded from analysis. The exception to this is the CIN70 gene

signature in Fig. S4, in which some of the genes are present on sex chromosomes or are only

measured by non-specific probesets.
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GO term enrichment analysis was performed using GProfiler with a Benjamini-Hochberg

corrected p value of .05 and a maximum p value of 10-2 (30). Enrichments were performed

against the relevant background gene set, i.e. against all genes not present on an aneuploid or

sex chromosome. Mouse and human orthologs were identified using GProfiler. Only genes

that displayed a one-to-one orthology relationship between mouse and human were utilized for

analysis. Gene Set Enrichment Analysis was performed using a Pearson ranking metric, a

gene set size range of 5 to 5000, and 1000 permutations of gene set labels (31). Transcription

factor motif enrichments were identified using MSigDB (32). Metabolic pathway enrichments

were identified with MetaboAnalyst using a maximum P value of 10-2 (33). Gene sets were

clustered in Cluster 3.0 (34) and visualized in Java Treeview (35). For single-gene correlation

analysis, a cutoff of >0.3 or <-0.3 was uniformly applied. For two-sample comparisons, a

combined t test (p<.05) and mean fold change (>1.3 or <-1.3) threshold was used to identify

differentially-expressed genes. As only the mean mRNA expression values were reported for

the HCT1 16+5 cells, genes expressed 1 SD from the overall mean were considered

differentially expressed.

Analysis of the NCI60 panel of cancer cell lines. Data from 57 NC160 cell lines were used for

this analysis. Lung cancer line H23 was excluded as it was not profiled on HG-U133A arrays,

MDA-N was excluded as it lacked karyotype information, and NCI-ADR-RES was excluded as it

is a derivative of OVCAR-8. To identify transcripts whose expression correlated with

chromosomal instability, I used a strategy similar to that described in (36). Levels of

chromosomal instability were determined using each cell line's index of numerical heterogeneity

(INH), as reported in (26). INH values were derived from the cell-to-cell variation in the copy

number of each chromosome, as determined by spectral karyotype analysis of metaphase

spreads. A chromosome whose copy number varied in different cells was judged to be
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heterogeneous in that cell line. (Chromosomes that appeared to be lost in two or fewer

metaphase spreads or gained in a single metaphase spread were not counted as

heterogeneous, due to the possibility that these variations were experimental artefacts).

Fractional index of numerical heterogeneity values ranged from 0 (no chromosomes exhibited

varying copy numbers) to 1 (every chromosome exhibited varying copy numbers), in multiples of

1/23, as the X and Y chromosomes were grouped together for this analysis. Lastly, to exclude

genes that showed tissue-of-origin-dependent expression patterns, I performed a 9-way ANOVA

in TM4 MeV (37). A Bonferroni-corrected p value of .05 was used to exclude genes that

showed tissue-specific expression patterns.

Analysis of clinical gene expression data. Gene expression and survival data were

downloaded from GEO and normalized as described above. Probeset annotations were

acquired from GEO. PCNA25, CIN70, and HET70 gene scores were calculated by averaging

the expression levels of these genes for each patient. TR170 gene scores were calculated by

subtracting the average of the genes that are downregulated by primary aneuploidy from the

average of the genes that are upregulated by primary aneuploidy. For each patient cohort,

samples were divided into "high expression" and "low expression" classes depending on

whether the gene set scores were above or below the mean, respectively, for each gene set. P

values and hazard ratios were determined using the survival package in R or in Prism. Cox

proportional hazard models were constructed using the coxph function in R.
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Chapter 5: Single-chromosome aneuploidy commonly functions as a
tumor suppressor

Sheltzer JM, Ko J, Habibe Burgos NC, Chung E, Meehl CM, et al.

The experiments in Figures 5 and 6 were performed by JK.
All other experiments were performed by JS.
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Abstract

Whole-chromosome aneuploidy is a hallmark of human malignancies. The prevalence

of chromosome segregation errors in cancer - first noted more than 100 years ago - has led to

the widespread belief that aneuploidy plays a crucial role in tumor development. Here, we set

out to test this hypothesis. We transduced congenic euploid and trisomic primary fibroblasts

with 14 different oncogenes or oncogene combinations, thereby creating genetically-identical

cancer cell lines that differed only in karyotype. Surprisingly, most aneuploid cell lines divided

slowly in vitro, formed few colonies in soft agar, and grew poorly as xenografts, relative to their

matched euploid strains. Similar results were obtained when comparing a euploid human

colorectal cancer cell line with derivatives of that line that harbored extra chromosomes. Only a

few aneuploid strains grew at near-wild-type levels, and no aneuploid strain exhibited greater

tumorigenic capabilities than its euploid counterpart. These results demonstrate that, rather

than promoting tumorigenesis, aneuploidy can very often function as a tumor suppressor.
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Introduction

In the early 2 0 th century, Theodor Boveri proposed that abnormal karyotypes altered the

equilibrium between pro- and anti-proliferative cellular signals, and were therefore capable of

transforming primary cells into cancer cells (1). "Boveri's hypothesis" was one of the first

genetic explanations of cancer development, and it helped motivate a century of research into

the origins and consequences of chromosome segregation errors. Since Boveri's time, it has

been established that approximately 90% of solid tumors and 75% of hematopoietic cancers

display whole-chromosome aneuploidy (2). However, the precise relationship between

aneuploidy and tumorigenesis remains unclear.

A preponderance of current evidence supports Boveri's hypothesis (3,4). First,

individuals with Down syndrome (trisomy 21) frequently develop pediatric leukemia, suggesting

a clear link between the gain of chromosome 21 and leukemogenesis (5). Secondly, many

human cancers exhibit recurrent aneuploidies (6,7), and computational modeling has suggested

that these patterns of chromosomal alterations reflect an evolutionary process in which cancer

cells increase the copy number of loci encoding oncogenes and decrease the copy number of

loci encoding tumor suppressors (8). Finally, genetically-engineered mice that harbor alleles

which cause chromosomal instability (CIN) typically develop tumors at accelerated rates (9-14),

particularly when combined with mutations in the p53 tumor suppressor (15). Nonetheless,

several observations suggest that the relationship between aneuploidy and cancer may be more

complex than previously believed. While individuals with Down syndrome are at an increased

risk of developing leukemia and germ cell tumors, they are at a significantly decreased risk of

developing many other common solid tumors (16). Trisomies of regions orthologous to human

chromosome 21 in the mouse have also been found to suppress tumor development (17-19).

Moreover, though mouse models of CIN are generally tumor-prone, in certain organs or when

combined with certain oncogenic mutations, CIN mice exhibit reduced tumor burdens (20,21).

Thus, aneuploidy may have tumor-protective as well as tumor-promoting consequences.
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In order to further our understanding of the effects of aneuploidy on cell and organismal

physiology, our lab and several others have developed systems to generate primary cells with a

range of aneuploid karyotypes (22-27). These cells have been constructed without CIN-

promoting mutations, thereby allowing us to study aneuploidy absent other genetic

perturbations. This research has demonstrated the existence of a set of phenotypes that are

shared among many different aneuploid cells and are largely independent of the specific

chromosomal alteration: aneuploid cells display reduced fitness (22-24), are deficient at

maintaining proteostasis (28,29), and exhibit a specific set of gene expression changes that

include the down-regulation of cell-cycle transcripts and the up-regulation of a stress-response

program (30-32). A crucial question, however, is in what way(s) the cellular changes induced

by aneuploidy affect (and possibly drive) tumorigenesis. Aneuploid cells may be poised on the

brink of transformation due to their increased dosage of oncogenes and decreased dosage of

tumor suppressors (8), the inherent instability of aneuploid genomes (33), or due to a general

misregulation of cell metabolism and other biological processes (34). To test these ideas, we

compared the tumorigenicity of a series of genetically-matched euploid and aneuploid cells.

Surprisingly, we found that nearly every aneuploid cell line that we examined displayed reduced

tumor-forming potential relative to control euploid cell lines. These results necessitate a

significant revision of our understanding of the relationship between aneuploidy and cancer.

Results

Single-chromosome aneuploidy is insufficient to induce neoplastic phenotypes

We took advantage of naturally-occurring Robertsonian translocations to generate

mouse embryonic fibroblasts (MEFs) trisomic for chromosome 1, 13, 16, or 19, as well as

sibling-matched euploid controls (23). Read depth analysis from low-pass whole genome
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sequencing of each line demonstrated that the MEFs harbored complete trisomies without other

chromosomal alterations and that the extra chromosomes were present clonally within the cell

population (Fig. 1A). Various oncogenes are encoded on these chromosomes, including BCL2

(mChrl), FGFR4 (mChrl 3), Jak2 (mChrl 9), and many others (Table SI). Gain of these

oncogenes, or some other consequence of aneuploidy, could drive malignant growth or

otherwise generate cancer-like phenotypes in primary cells. We therefore set out to discover

whether single-chromosome aneuploidy in MEFs was sufficient to induce neoplastic or pre-

neoplastic behavior in untransformed cells.
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subjected to low-pass whole genome sequencing. Normalized read depths across 500kb bins

are displayed. Note that only one euploid cell line is shown, though each trisomic MEF line had

a separate euploid line that was derived from a wild-type littermate. (B) Photomicrographs of

monolayers of the indicated cell lines. LTa+Rasv12 MEFs, but not trisomic MEFs, lose contact

inhibition when grown to confluence. (C) Growth curves of the indicated cell lines are displayed.

Cells were first plated in normal (10% serum) media, then 24 hours after plating the cells were

re-fed or switched to reduced (2% serum) media (indicated by an arrow). LTa+Rasv12 MEFs,

but not trisomic MEFs, continue to divide in low serum media. (D) The indicated strains were

passaged, counted, and plated in triplicate every third day for 10 passages (top row). On

passages 2, 4, 7, and 10, MEFs were also stained for beta-galactosidase expression to detect

senescent cells (bottom row). LTa-transduced MEFs exhibit negligible levels of senescence,

but trisomic cell lines senesce at an early passage.
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As a positive control for cancer-like growth, we generated MEF lines that had been

stably-transduced with the Large T antigen (LTa), which inhibits the Rb and p53 tumor

suppressor pathways (35), and with either an empty vector or an activated allele of H-Ras

(Rasv1 2). As expected, the LTa+RasV1 2 MEFs exhibited several neoplastic phenotypes: the cells

were not contact-inhibited, and instead piled on top of each other when grown to confluence

(Fig. 1 B), they formed colonies from single cells when plated at low density (Fig. S1), they grew

independently of pro-proliferative signals, as evidenced by their increase in cell number when

plated in low-serum medium (Fig. 1C), and they grew robustly without senescing over 10

passages in culture (Fig. 1 D). The LTa+vector MEFs displayed an intermediate, pre-neoplastic

phenotype: the cells maintained contact inhibition and grew very poorly following serum

withdrawal, but were mildly clonogenic and doubled without noticeable senescence over 10

passages in culture. In contrast, both euploid and trisomic MEFs failed to display any cancer-

like phenotypes: they exhibited appropriate contact inhibition, failed to proliferate in low-serum

media, were non-clonogenic, and senesced after 7 to 10 passages in culture. Interestingly,

trisomies 1, 13, and 16 senesced at earlier passages and to a significantly higher degree than

their matched euploid strains, as judged by P-galactosidase staining (Fig. 1D). We conclude

that single-chromosome aneuploidy is insufficient to generate neoplastic phenotypes, and many

aneuploidies in fact induce a premature growth arrest.
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Figure S1. Primary aneuploid cells are non-clonogenic. (A) 1000 cells of the indicated

strains were plated and then allowed to grow for 10 days before being stained with crystal violet.

LTa-transduced MEFs are capable of forming colonies from single cells, but primary euploid and

trisomic MEFs are non-clonogenic. (B) Quantification of (A).
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Oncogene-transduced trisomic cells exhibit reduced proliferation and fitness relative to

oncogene-transduced euploid cells

As aneuploidy alone was insufficient to generate cancer-like phenotypes, we next set out

to determine whether aneuploidy could have synergistic, growth-promoting interactions with

oncogenic mutations. In particular, loss of the p53 tumor suppressor has been linked with

heightened proliferation of aneuploid cells (27). However, these studies did not examine the

effects of loss of p53 in euploid cells, leaving unresolved the question of whether or not the

proliferative benefits conferred by the loss of p53 are specific to (e.g., relatively greater) in

aneuploid cells. To address this question, and to screen for synergistic interactions between

aneuploidy and common oncogenic mutations, we stably transduced trisomic and euploid MEFs

with plasmids encoding various oncogenes or with matched empty vectors. Trisomies 1, 13, 16,

and 19, as well as matched euploid cell lines, were transduced with a dominant negative allele

of p53 [p53dd (36)], the Ela oncogene [which inhibits the Rb tumor suppressor, among several

other cellular pathways (37)], the Large T oncogene, or with the MYC oncogene. Following

retroviral transduction and selection, the behavior of euploid and trisomic cell lines were tested

in several assays that serve as in vitro and in vivo proxies for tumorigenic capacity. Additionally,

the karyotypes of 10 cell lines were determined by low-pass whole genome sequencing at early

passage following transduction (Fig. S2). All 10 lines maintained initial karyotypes, confirming

that we had constructed oncogene-expressing cell lines with single, defined chromosomal copy

number alterations.
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Figure S2. Trisomic karyotypes are maintained during retroviral transduction and

selection. MEF lines that were transduced with (A) one oncogene or (B) two oncogenes were

subjected to low-pass whole genome sequencing. 24 out of 24 cell lines were found to maintain

their initial karyotype.
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Oncogene-transduced euploid and trisomic MEFs were counted and passaged 10 times

over the course of 30 days following selection. Empty vector-transduced trisomic MEFs

generally underwent fewer population doublings than matched euploid lines (Figure 2, compare

dark red and dark blue lines). Transduction with oncogenes significantly enhanced the growth

of trisomic cells, and the resultant lines doubled more frequently over the course of the

experiment than the vector-matched controls. However, these oncogenes also enhanced the

growth of euploid cell lines. In the majority of cases, the oncogene-transduced euploid cell line

underwent more population doublings than the corresponding oncogene-transduced aneuploid

line, and in only a few instances did we observe equivalent proliferation between euploid and

trisomic MEFs (Figure 2, compare light red and light blue lines). For instance, over 10

passages in culture, El a-transduced Tsl 6 MEFs doubled about 11 times, significantly fewer

than the 17 doublings underwent by an Ela-transduced euploid line. Transduction with Large T

demonstrated the most significant growth rescue in trisomic strains, though LTa-expressing

cells trisomic for chromosomes 1 and 16 still proliferated significantly more slowly than LTa-

expressing euploid lines.
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Figure 2. Aneuploidy impedes the growth of oncogene-transduced cell lines. Euploid and

trisomic cell lines were stably transduced with plasmids harboring the indicated oncogene or a

matched empty vector. Following selection, the cell lines were passaged every third day for up

to 10 passages, and the cumulative population doublings over the course of each experiment

are displayed.
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We next tested several additional oncogenes in a subset of trisomies: euploid cell lines

transduced with a stabilized allele of MYC (MYCT58A) outgrew matched cell lines trisomic for

chromosomes 13 or 16, while expression of an activated allele of BRAF (BRAFV600E) or an allele

of CDK4 resistant to p16 inhibition (CDK4R 24C) resulted in senescence in both euploid and

trisomic cell lines (Fig. S3).
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Figure S3. Effects of MYCT58A, BRAFV600E, and CDKR24 C on trisomic cells. Euploid and

trisomic cell lines were stably transduced with plasmids harboring the indicated oncogene or a

matched empty vector. Following selection, the cell lines were passaged every third day for up

to 10 passages, and the cumulative population doublings over the course of each experiment

are displayed. Experiments with BRAFV600E, and CDK4R24C were terminated prematurely as

both euploid and trisomic cells senesced following transduction.
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As the experiments described above were conducted using initial populations of primary

cells, we selected nine experiments to repeat on independently-derived cell lines (Fig. S4A).

Replicate experiments displayed some line-to-line variability, but recapitulated the major

features of our initial results: oncogene-transduced trisomic cells grew poorly relative to euploid

cells, with only LTa-expressing lines and lines trisomic for chromosome 19 growing at close to

wild-type levels (Fig. S4A). Our prolonged culture period also allowed us to follow the dynamics

of aneuploid cell populations over time: rapidly-dividing subpopulations could potentially arise

during 30 days in culture that would enhance the apparent proliferative capacity of the aneuploid

MEFs. We found that one Tsl9+LTa cell line proliferated more rapidly over time (Fig. S4A),

while an independent Tsl 9+LTa line grew at approximately the same rate over the course of the

experiment (Fig. 2). The reason for this discrepancy is explored below. In general, we found

that few trisomic cell lines doubled more rapidly over successive passages, while many trisomic

cell lines (particularly those transduced with MYC or p53dd) senesced in culture instead.

Across multiple experiments, we did not observe any instances in which transduction with an

oncogene generated a trisomic cell line that reproducibly outgrew its matched euploid

counterpart. We conclude that euploid lines harboring common oncogenic mutations generally

proliferate more rapidly than trisomic lines harboring the same lesions.

200



A
Wild4ype Vec

1 - -Tsl3 Vec

1- Wild-type MYCT
Tsl3 MYCT

23560789 10 11
Passage post-stletion

1F + Wild~ype Vec
b12- - Ts1 6 Vec

8 - Wild-typ Ela
Ts16 E1a

2 3 4 5 6 7 9 10 11
Passage post-selection

2- Wild4ype Vec
1- Ts9 Vec

12Wild4ype p53dd
Ts1 9 p53dd

P g3 4 5 6 a s 1011

Passage post-selection

A -+Wild4ype Vec

.220 - Ts13 Vec

is. Wild4ypeEla

0 Ts13 Ea

1 2 3 4 5 6 7 S 9 1011
Passage post-selection

-.- Wild-ype Vec
Ts16Vec

o Wild-ype MYC
~~ -Ts16 MYC

a.-2-
2 3 4 5 6 7 8 9 10 11

Passage post-selection

20. Wild4ype Vec
is Ts19 Vec

.8 I Wildype Ela
- Ts19 E1a

2 3 4 5 6 7 8 9 1011
Passage post-selection

10 + Wild4ype Vec
S. Ts16 Vec

Wild-ype p53dd
Tsl6 p53dd

0I.
23456 78 91011

Passage post-selection

S - Wild4ype Vec
35 20 -Ts16 VeC

Wild4ype LTao0 
- Ts16 LTa

2 3 4 5 6 7 U 9 1011
Passage post-selection

2 Wild4ype Vec
20. - Ts19Vec

' - Wld4ype LTa
- Ts19 LTa

10.

1 2 3 4 5 6 7 3 9 1011
Passage postehlon

B

- Wild4ype p53dd Vec
20 - Tsl6 p53dd Vec

& 

1j Wild4ype p53dd Rasv12

.5 10 Ts16 p53dd RaSV12

0 1'1

Passage post-selection

2 -. Wild4ype E1a Vec
20.- Ts16 Ela Vec

1& Wild4ype Ela Rasv12

C Ts16E1aRasV12

5 6

S3 4 5 6 7 8 9 10 11
Passage post-selection

F-- Wild-type LTa Vec
20.- Ts16 LTa Vec
2& Wild-ype LTa RasV12

Ts16 LTa RasV12

CL
2 A 4 5 6 8 91011

Passage post-eelectlon

- Widtype LTa

x 30- Vec
A - Tsl9LTa
41 Vec

20 WIld-ype LTa
ac Rasv12o

Ts19LTa
Rasvl

SWild-type LTa
a. 0 PIK3CA1047R

4 s -se6 7 9 10-11 Ts19LTa
Passage post4&Iection pIK3CAH1047R

Figure S4. Replicate oncogene-transduction experiments on independently-derived cell

lines. Nine single-oncogene transduction experiments (A) and four two-oncogene transduction

experiments (B) were repeated in different, independently-derived cell lines. These lines were

stably transduced with plasmids harboring the indicated oncogene(s) or a matched empty

201



vector, and then passaged every third day for up to 10 passages. Note that some variability

exists between replicates (e.g., compare Ts16+MYC in Fig. S4 and Fig. 2), but no

trisomy+oncogene combination was found to reproducibly outgrow a matched euploid strain.

202



Though significant proliferative differences between aneuploid and euploid lines

persisted following oncogene transduction, it remained possible that the oncogenes provided a

relatively greater growth advantage to aneuploid cells than to euploid cells. To test this, we

quantified the benefit conferred by each oncogene by comparing the number of cells recovered

at every passage from oncogene-transduced and vector-transduced cell lines (Fig. S5A). For

most oncogene-trisomy combinations, the fold change growth enhancement was equivalent

between euploid and aneuploid lines. For instance, transduction with dominant-negative p53

resulted in an approximately 1.6 to 1.8-fold increase in doublings per passage, relative to the

vector-transduced controls, in all euploid and trisomic cell lines. Thus, the abrogation of p53

signaling does not specifically enhance the growth of these trisomic cells. In contrast, MYC had

a proportionally greater effect on euploid cells than on trisomy 19 cells, while Ela had a

proportionally greater effect on Tsl MEFs than on euploid MEFs, and Large T had a

proportionally greater effect on Ts13 13 MEFs than on its euploid control (Fig. S5). These

results suggest that synergistic interactions between oncogenes and trisomies are rare, and

many oncogenes confer similar, karyotype-independent growth advantages.
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Figure S5. Relative growth enhancement conferred by oncogenes in euploid and

aneuploid cell lines. (A and B) The number of cells recovered from oncogene-transduced

MEFs was divided by the number of cells recovered from vector-transduced MEFs at every

passage. Bar graphs display the median ratios and the interquartile ranges. * p<.05;

p<.0005 (Wilcoxon rank-sum test).
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As an additional test of the proliferative capabilities of the oncogene-transduced lines,

we assessed the focus formation ability of cells that had been transduced with El a or LTa (MYC

and p53dd-transduced lines remained non-clonogenic). We found that transduced euploid lines

exhibited uniformly superior colony-forming ability relative to the trisomic lines, even in instances

when the euploid and aneuploid lines demonstrated approximately equal doubling times in

culture (Fig. S6). The differences between the colony formation and population doubling assays

likely reflect the fact that forming a colony is a relatively greater challenge to a cell than doubling

in a monolayer, and this challenge exacerbates the fitness differential between euploid and

trisomic cells.
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Figure S6. Oncogene-transduced aneuploid cell lines exhibit reduced clonogenicity. (A

and B) 1000 cells of the indicated strains were plated and then allowed to grow for 10 days

before being stained with crystal violet. Representative plates are shown on the left, while

average colony counts are displayed on the right. In each experiment, the trisomic cell lines

were found to exhibit a significantly reduced focus formation ability relative to the matched

euploid cell line (p<.0l, Student's t test).
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Rasv1 2-transformed aneuploid cells exhibit reduced tumorigenicity

Singly-transduced MEFs are not fully-transformed; complete transformation of rodent

cells requires two cooperating oncogenes (38). We therefore took p53dd- or LTa-transduced

cell lines from each trisomic and matched euploid strain and then stably transduced them with

plasmids harboring H-Rasv12 or a control empty vector. Whole genome sequencing revealed

that 14 out of 14 tested cell lines maintained their initial karyotype following two rounds of

retroviral transduction and selection, demonstrating that our protocol does not result in loss of

the trisomic chromosome (Fig. S2B).

RasV12-transduced cell lines doubled significantly faster than vector-transduced lines

over 10 passages in culture, and RasV1 2 narrowed or in some cases abolished the proliferative

difference between euploid and trisomic MEFs (Fig. 3A). However, no RasV12-expressing

trisomic line grew faster than its euploid counterpart. In a subset of trisomies, we also examined

the effects of RasV12 expression in Ela- or MYC-transduced cell lines (Fig. S7A), and we tested

the expression of BRAFV 6 00E, PIK3CA H1047R, or MYC in lieu of RasV1 2 as a driver oncogene (Fig.

S7B). The latter oncogenes typically had little effect in this assay compared to experiments

using RasV1 2 that were performed in parallel. Replicates of four experiments on independently-

derived cell lines revealed some cell line-specific variability but no major differences in

experimental outcome. One line of Ts19+LTa+PIK3CAH104 7R grew slightly better than its euploid

control, though an independent line of Tsl9+LTa+PIK3CAH104 7R did not exhibit this phenotype

(Fig. S7, and see Fig. 7 below). No oncogene cocktail tested resulted in reproducibly superior

growth in a trisomic strain compared to its euploid counterpart. Interestingly, in a p53dd

background, RasV1 2 had a relatively greater effect on trisomies 1, 13, and 16 than it did on the

euploid strains (Fig. S5B). This is likely due at least in part to increased senescence of the

p53dd+vector doubly-transduced trisomic MEFs, and a similar selective growth enhancement

was not observed in LTa-, MYC-, or Ela-transduced trisomic strains.
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Figure 3. RasV1 2 rescues proliferation but not colony formation in trisomic MEFs. (A)

Euploid and trisomic cell lines were first stably transduced with p53dd or with LTa, and then

were transduced a second time with plasmids harboring RasV12 or a matched empty vector. The

cell lines were passaged, counted, and plated in triplicate up to 10 passages following the

second round of selection. (B) 20,000 cells of the indicated strains were plated in soft agar and

then allowed to grow for 20 days. For each comparison, the euploid MEFs formed more

colonies than the trisomic MEFs (p<.01, Student's t test).
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Figure S7. Additional oncogene cocktails in aneuploid and euploid MEFs (A and B)

Euploid and trisomic cell lines were stably transduced with plasmids harboring the indicated

oncogene or a matched empty vector. Following selection, the cell lines were passaged every

third day for up to 10 passages, and the cumulative population doublings over the course of

each experiment are displayed. Note that in B, experiments with RasV1 2 were also performed in

parallel, and are shown here for comparison.
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As the Rasv12-transduced trisomic lines displayed equivalent or nearly-equivalent

proliferative capacity as the euploid lines, we hypothesized that RasV1 2 could suppress the

fitness differential between aneuploid and euploid MEFs. However, as we observed with the

singly-transduced cell lines, RasV1 2-transduced euploid MEFs formed more colonies from single

cells than trisomic strains did, even when the strains were observed to proliferate at the same

rate in culture (Fig. S8A and S8B). Fully transformed cell lines are also competent to grow in

soft agar, a phenotype that strongly correlates with in vivo tumorigenicity (39). We tested the

ability of LTa+Rasvl2-transduced cell lines to form colonies in soft agar, and in each case the

euploid lines exhibited higher colony-forming ability than the equivalently-transduced trisomic

strains (Fig. 3B).
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then allowed to grow for 10 days before being stained with crystal violet. For each comparison,

the euploid MEFs formed more foci than the trisomic MEFs (p<.Ol, Student's t test).
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As a final test of the tumorigenicity of trisomic MEFs, we examined the ability of Rasvl2_

transduced euploid and trisomic cell lines to grow as xenografts. Euploid and trisomic

p53dd+RasV1 2 cell lines were injected contralaterally into the flanks of nude mice, and xenograft

volume measurements were obtained every third day. Every cell line was able to form a tumor

at the site of the injection. However, while these cell lines grew at similar rates in vitro, the

euploid lines invariably formed significantly larger tumors in vivo (Fig. 4). We next tested the

tumorigenicity of trisomic cell lines that had been transduced with LTa and RasV12. In

preliminary experiments, a fraction of mice injected with these cell lines developed cachexia that

resulted from metastatic disease. In order to more easily identify the cell line that the

metastases were derived from, euploid and trisomic cell lines were injected into different mice

during single experiments. Additionally, mice were euthanized at 11 to 15 days post-injection,

as cachexia began to develop. Consistent with our previous results, euploid LTa+Rasvl 2 cell

lines formed larger tumors than trisomic LTa+RasV1 2 cell lines. Following euthanasia,

necropsies were performed on 29 mice: 3 out of 14 mice injected with trisomic cells and 5 out of

15 mice injected with euploid cells exhibited evidence of gross metastases (p=.68, Fisher's

exact test). Metastatic lesions were commonly observed on the stomach, spleen, liver, and

pancreas of these mice, with no apparent difference in organ colonization between mice that

had been injected with euploid or trisomic MEFs. Histological analysis identified the primary

tumors and metastatic lesions as poorly-differentiated fibrosarcomas, consistent with their

embryonic fibroblast origins (Fig. 4C). No gross differences in histology were apparent between

euploid and trisomic tumors. In total, these results demonstrate that tumors derived from

euploid and trisomic cells form histologically similar structures, but euploid cells typically

outgrow genetically-identical trisomic cells in vivo.
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Figure 4. Trisomic cell lines grow poorly as xenografts. (A) 106 euploid or aneuploid cells

transduced with either p53dd and RasV12 or with LTa and Rasv1 2 were injected subcutaneously

into the flanks of nude mice, and then tumor volume was measured every three days. Note that

mice injected with cells transduced with LTa+Rasvl 2 had to be euthanized prematurely due to

cachexia (see Main Text). (B) Representative images of mice injected contralaterally with

WT+p53dd+RasV1 2 cells or Tsl3+p53dd+RasV1 2 cells. (C) Representative H&E sections of

primary tumors from WT+LTa+RasV1 2 cells or Tsl9+LTa+RasV1 2 cells.
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Aneuploidy impedes the tumorigenicity of human colorectal cancer cells

Our experiments in MEFs demonstrated that aneuploidy in primary cells commonly

impedes transformation. As aneuploidy is a nearly universal occurrence in cancer, we

hypothesized that the acquisition of aneuploidy in previously-transformed cells, rather than in

primary cells, could have distinct, pro-tumorigenic consequences. To test this, we utilized a

series of chromosomally-stable human colorectal cancer cells into which extra chromosomes

had been introduced via microcell-mediated chromosome transfer (24,40). We first

characterized each cell line by whole-genome sequencing (Fig. 5A). The parental cell line,

HCT1 16, had a euploid chromosomal complement, though read-depth analysis confirmed

several previously-described segmental gains on chromosomes 8, 10, 16, and 17. These

amplifications were also present in the derived cell lines, and are therefore unlikely to affect the

results described below. We compared the behavior of the parental HCT1 16 line to a cell line

that was trisomic for chromosome 5 (HCT1 16 5/3), a cell line that had regions of trisomy and

tetrasomy on chromosome 5 (HCT1 15 5/4), a cell line that had regions of trisomy and tetrasomy

on chromosome 3 (HCT1 16 3/3), and two cell lines that had regions of trisomy and tetrasomy

on chromosome 8 (HCT1 16 8/3 c4, which had gained a complete extra copy of chromosome 8,

and HCT1 16 8/3 c3, which had gained a partial copy of chromosome 8). Oncogenes encoded

on these chromosomes include beta-catenin (hChr3), PIK3CA (hChr3), TERT (hChr5), MYC

(hChr8), and several others (Table S2).
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Figure 5. Aneuploidy impedes the growth of human colorectal cancer cell lines in vitro.

(A) Normalized read depths from whole genome sequencing of euploid and aneuploid human

colorectal cancer cell lines. (B) Growth curves of euploid and aneuploid colorectal cancer cell

lines counted and passaged every third day. (C) Quantification of the mean population

doublings per passage of multiple replicates of the experiment shown in B. (D) 200 cells of the

indicates strains were plated and allowed to grow for 14 days before being stained with crystal

violet (top), or 2000 cells on the indicated strains were plated in soft agar and allowed to grow

for 20 days before being imaged (bottom). (E) Quantification of the focus formation assay in D.

(F) Quantification of the soft agar assay in D.
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We tested the HCT1 16 cell lines in similar assays as described above in order to

compare the relative fitness and tumorigenicity of euploid and aneuploid colon cancer cells.

During serial passaging, the euploid parental line divided the most rapidly, while the HCT1 16

3/3, 5/3, and 5/4 lines underwent on average one fewer doubling per passage (Fig. 5B and 5C).

HCT1 16 8/3 c3 and c4 divided at nearly the same rate as the wild-type line, although analysis of

several replicate experiments revealed a small but significant decrease in doublings per

passage. Euploid HCT1 16 was also found to exhibit the highest rates of focus formation and

colony growth in soft agar (Fig. 5D-5F). HCT1 16 3/3, 5/3, and 5/4 displayed significant

impairments in both assays. HCT1 16 8/3 c4 exhibited a small reduction in both assays, while

HCT1 16 8/3 c3 grew moderately worse in soft agar but was able to form foci on plastic at wild-

type levels. We conclude that the introduction of aneuploidy into cancer cells commonly

antagonizes growth in vitro, though in some instances it can be a nearly-neutral event.

To determine how aneuploidy in these cell lines influenced tumorigenesis in vivo, we

performed contralateral subcutaneous injections of either the euploid parental HCT1 16 line or

the aneuploid derivative lines into flanks of nude mice. The parental HCT1 16 cell line formed

large tumors in all animals into which it had been injected. These tumors grew at a rapid rate,

and each animal had to be euthanized 30 to 35 days after injection due to tumor burden.

HCT1 16 3/3 and 5/4 formed small nodules at the site of injection that remained stable or

increased in size very slightly over the course of the experiment (Fig. 6). Mice injected with

HCT1 16 5/3 developed tumors that grew more rapidly than either 3/3 or 5/4 but significantly less

rapidly than the euploid tumors. Finally, consistent with our in vitro experiments, HCT1 16 8/3 c3

and c4 grew well as xenografts, and there was no significant difference in tumor volume

between these lines and the wild-type line. We conclude that gain of chromosomes in a cancer

cell line can antagonize tumor formation.
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Figure 6. Aneuploidy impedes the growth of human colorectal cancer cell lines in vivo.

4x1 06 euploid or aneuploid cells were injected subcutaneously into the flanks of 5-10 nude mice,

and then subsequent tumor growth was measured every third day.

217



Improved growth in aneuploid cells is associated with further karyotypic alterations

The robust growth of aneuploid tumors suggests that cancer cells are able to adapt to

the adverse effects of aneuploidy. Our results argue that one commonly-hypothesized

aneuploidy-tolerating mechanism, the activation of oncogenes and the inactivation of p53 and

other tumor suppressors, is largely insufficient to equalize growth between euploid and

aneuploid cells. We therefore sought to uncover other changes that could explain how cells are

sometimes able to adapt to the aneuploid state.

In the oncogene-transduction experiments described above, we noted that one

Tsl9+LTa cell line initially proliferated at approximately the same rate as its euploid control, and

then, following several passages in culture, its proliferative rate increased (Fig. 7A). An

independent LTa-expressing Tsl9 cell line did not exhibit this phenotype, and instead

consistently doubled at the same rate over 10 passages in culture. Whole genome sequencing

of the rapidly-growing Tsl 9 cell line demonstrated that it had unexpectedly gained an extra copy

of chromosome 2 in addition to the trisomy of chromosome 19 (Fig. 7A). In contrast, the slower-

growing Tsl9 cell line was found to maintain its initial karyotype. Similarly, in a set of

independent cell lines, we noted that one line of Tsl9+LTa+PIK3CAH10 4 7R proliferated more

rapidly than its euploid control, while Tsl 9+LTa+Vec and Tsl 9+LTa+RasV1 2 proliferated at the

same rate as similarly-transduced euploid MEFs. Karyotype analysis demonstrated that the

Ts19+LTa+PIK3CAH10 47R cell line had also gained an additional copy of chromosome 2, while

the other Tsl 9 cell lines had not (Fig. 7B). These results suggest that the gain of chromosome

2 enhances the growth rate of cells trisomic for chromosome 19.
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Figure 7. Karyotype evolution correlates with enhanced growth in aneuploid cell lines.

(A) Two independent Tsl9 and matched euploid control cell lines were transduced with Large T

or with an empty vector. Sequencing of the fast-growing Tsl 9 line at passage 7 revealed an

extra copy of chromosome 2 (indicated with an asterisk), while sequencing of the slower-

growing line revealed no further karyotypic changes. (B) An independent Tsl 9 and matched

euploid control cell line were transduced with Large T, and then transduced a second time with

an empty vector, RasV1 2, or PIK3CAH1047R. Tsl9+LTa+PIK3CAH1047R grew more rapidly an

equivalently-transduced euploid line. Sequencing of all six lines at passage 10 revealed that

Tsl 9+LTa+PIK3CAH1 7 R had acquired an extra copy of chromosome 2, while the other cell lines

showed no other deviations from the expected karyotypes. (C) Xenografts from figure 6 were

extracted, digested with trypsin, and then plated on plastic. Low-pass whole genome

sequencing revealed that 12 HCT1 16 xenografts and 3 HCT1 16 8/3 c4 xenografts maintained

their initial karyotypes. However, all HCT1 16 3/3, 5/3, and 5/4 xenografts lost their initial
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trisomies or tetrasomies during in vivo growth, and several lines displayed additional

chromosomal copy number alterations. Deviations from each cell line's starting karyotypes are

indicated with an asterisk.
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To expand our analysis beyond Tsl9, we next analyzed a Tsl+53dd+Rasvl 2 cell line.

These cells initially doubled every -50 hours. After 10 passages in culture, the trisomic cell line

was observed to double every -27 hours, a rate indistinguishable from p53dd+Rasvl2_

transduced wild-type cells. Whole genome sequencing at early passage demonstrated that the

euploid and trisomic cell lines maintained their initial karyotypes following transduction.

However, at passage 10, a second round of genome sequencing demonstrated that the rapidly-

growing Tsl +p53dd+RasV1 2 cell line had lost the extra copy of chromosome 1, and instead

displayed several other chromosome gains and losses, which were consistent with trisomies

and pentasomies in a tetraploid population (Fig. S9). The Tsl +p53dd+Vec line, which

continued to proliferate at a very low rate, maintained an extra copy of chromosome 1 at late

passage. Thus, improved growth of an aneuploid cell line may also result from chromosome

loss and/or tetraploidization.
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Figure S9. A rapidly-growing Tsl line exhibits several karyotype changes. A Tsl cell line

and a matched euploid control line were transduced with p53dd and then transduced a second

time with an empty vector or with Rasv1 2. The Tsl MEFs initially grew poorly, then evolved to

grow at a rate indistinguishable from wild-type cells. Whole-genome sequencing at passage 2

revealed that the slow growing line maintained its initial karyotype, while whole-genome

sequencing at passage 10 revealed that the rapidly growing line had lost the trisomy of mChrl,

and displayed several further chromosomal gains and losses.
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To analyze how cells adapted to aneuploidy in vivo, we re-derived cell lines from 12

euploid xenografts and from 3 HCT1 16 3/3, 5/3, 5/4, and 8/3 c4 xenografts. Following two

passages in culture to deplete stromal cell contamination, each re-derived cell line was

subjected to whole-genome sequencing. The euploid cell lines were chromosomally stable, and

12 out of 12 re-derived lines had karyotypes that were indistinguishable from the pre-xenograft

cell line (Fig. 7C). However, every HCT116 3/3, 5/3 and 5/4 cell line was found to have lost its

original trisomic or tetrasomic chromosome. 3 out of these 9 aneuploid lines exhibited other

chromosomal alterations: one cell line initially trisomic for chromosome 5 gained an extra copy

of chromosomes 3 and 12, while two cell lines initially trisomic for chromosome 3 gained an

extra copy of chromosome 21. HCT1 16 8/3 c4, which proliferated at near-euploid levels,

maintained its trisomy when grown as a xenograft, and did not exhibit any further chromosomal

alterations. These results suggest that growth-inhibitory aneuploidies are selected against

during in vivo tumor formation, while aneuploidies that are neutral can escape negative

selection.

Discussion

Aneuploidy is a nearly-universal feature of human cancers. However, despite its

frequent occurrence, we have found that in carefully-controlled experiments, aneuploid cells

exhibit reduced tumorigenicity relative to genetically-matched euploid cells. Aneuploidy of 6

different chromosomes tested so far (mChrl, mChrl 3, mChrl 6, mChrl 9, hChr3, and hChr5)

impedes cell proliferation, clonogenicity, anchorage-independent growth, and xenograft growth.

Aneuploidy of only one chromosome (hChr8) has nearly-neutral consequences in these assays.

Moreover, the activation of several oncogenic pathways (HRAS, BRAF, PIK3CA, and MYC) as

well as the ablation of p53 and RB signaling are insufficient to overcome the fitness penalty

induced by aneuploidy. We failed to detect any conditions in which aneuploidy promoted the
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transformation of primary cells, synergized with an oncogenic mutation, or otherwise contributed

to tumorigenesis. Indeed, we have found that several chromosome gains are actively selected

against.

While these results are unexpected, they are consistent with much of what has been

learned about the effects of aneuploidy on normal cell physiology. Aneuploid chromosomes are

transcribed and translated proportional to their copy number (22,24,41,42), which can lead to

stoichiometric imbalances in endogenous proteins and protein complexes (28,43). To

compensate, cells rely on a set of protein quality control mechanisms, including the

HSF1/HSP90 folding pathway (28,40), autophagy, and proteasomal degradation (41,42). The

energetic cost of expressing, folding, and turning over excess proteins, as well as the

downstream consequences of unmitigated protein imbalances, impose a significant fitness cost

on the cell. The severity of aneuploid phenotypes is generally proportional to the degree of

aneuploidy, and indeed, we found that transformed cells trisomic for mouse chromosome 1

grew much more slowly than cells trisomic for mouse chromosome 19. Moreover, while studies

of mouse models of Down syndrome have identified certain genes whose triplication may have

tumor-protective effects (17-19), our results suggest that whole-chromosome aneuploidy itself

can function as a powerful tumor suppressor.

Why, then, is aneuploidy such a frequent occurrence in cancer? Several possibilities

remain. First, it may be the case that aneuploidy nearly always results in a proliferative

disadvantage, but in very rare circumstances, involving specific cell types or chromosomes,

aneuploidy may confer a benefit. For example, trisomy of chromosome 21 predisposes

individuals to leukemia (5), and gain of chromosome 21 is a common occurrence in sporadic

leukemia (6,44), but trisomy of chromosome 21 appears to protect against the development of

many other cancer types, including breast, lung, and prostate cancers (16). Thus, while all nine

aneuploid strains that we examined hinder or are neutral with regard to tumor growth, it is

conceivable that a wider survey of aneuploidies or cell types would reveal unusual cases in
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which aneuploidy provides a growth advantage. Secondly, chromosome missegregation, rather

than aneuploidy per se, could be a crucial driver of tumorigenesis. Lagging chromosomes can

be shattered during anaphase (45) or hypermutated following encapsulation in a micronucleus

(46); missegregation-induced DNA damage could therefore promote transformation while any

subsequent aneuploidy exists mainly as a "passenger" mutation. Similarly, reductive mitoses

from a tetraploid intermediate may generate tumor-initiating gross chromosomal

rearrangements with a large number of aneuploid chromosome "passengers" (47). Finally, our

study has examined the consequences of single-chromosome trisomy and tetrasomy, as

monosomies and complex aneuploidies are incompatible with mouse development.

Nonetheless, it remains possible that chromosome loss events, or the gain of multiple

chromosomes, could promote tumorigenesis while trisomies and tetrasomies do not. Novel

genetic tools will be required to model these types of karyotype changes without inducing gross

CIN.

Lastly, our results suggest one way that cells may adapt to aneuploidy. Following serial

passaging or growth in vivo, aneuploid cells frequently exhibited further karyotypic alterations,

and these changes correlated with improved growth. Aneuploid cells can revert to euploidy by

losing their extra chromosomes, and we have demonstrated that this is a common occurrence

when the extra chromosome(s) induces a significant growth disadvantage. Alternately, cells

can acquire other chromosome copy number changes, including both chromosome gains and

losses. In particular, the gain of chromosome 2 correlates with enhanced growth in multiple

independent experiments with trisomy 19. We hypothesize that these changes can act to buffer

the negative consequences of aneuploidy, potentially by balancing certain stoichiometric

imbalances caused by the initial trisomy. Consistent with this notion, many distinct chromosome

copy number alterations are observed together in the same tumors more often than expected by

chance (6). Chromosome gain events are more likely to be associated with other chromosome

gain events, and vice-versa (6). For instance, tumors that have gained an extra copy of
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chromosome 7 are significantly more likely to have also gained an extra copy of chromosome

17, while loss of chromosome 7 is correlated with loss of chromosome 17 (6). Such changes

may function to maintain stoichiometry in key protein complexes or pathways. Higher-resolution

studies of correlations among single-gene copy-number alterations in cancers will shed light on

this topic and may explain the multiplicity of aneuploidies found in cancer.

Materials and Methods

MEF derivation, culture and transduction. A Robertsonian breeding scheme was utilized to

generate sibling-matched euploid and trisomic MEFs as described in ref (23). MEFs were

cultured in DMEM supplemented with 10% FBS, 2mM glutamine, and 100 U/ml penicillin and

streptomycin. Cells were maintained at 370 C and 5% C02 in a humidified environment. Cell

counting was performed using the Cellometer Auto T4 system. Plasmids encoding oncogenes

were obtained from Addgene (https://www.addgene.orq/) and then transfected into the Phoenix-

Eco cell line (48) using TranslT-LT1 (Mirus). Viral supernatants were collected 24, 48, and 72

hours post-transfection, and were applied to freshly-split passage 2 MEFs. Transduced cells

were selected by FACS, or by the addition of puromycin (1.6 pg/ml), hygromycin (200 pg/ml), or

G418 (1 mg/ml).

Human colon cancer cell culture. Aneuploid cell lines derived from HCT1 16 were previously

described in refs (24) and (40). Cells were cultured in DMEM supplemented with 10% FBS,

2mM glutamine, and 100 U/ml penicillin and streptomycin. Cells were maintained at 370 C and

5% C02 in a humidified environment.

226



Low-pass whole genome sequencing. Sequencing reactions were performed at the MIT

BioMicro Center. 50 ng of purified DNA from each cell line was prepared and barcoded using

Nextera reagents (Illumina), and tagmented material was PCR amplified for seven cycles.

Libraries were quantified using an AATI Fragment Analyzer before pooling. Libraries were

sequenced (40bp read length) on an Illumina HiSeq2000. Reads were demultiplexed using

custom scripts allowing single mismatches within the reference barcode.

Sequence reads were trimmed to 40 nucleotides and aligned to the mouse (mm9) or

human (hg19) genomes using BWA (0.6.1) with default options(49). HMMcopy (0.1.1) was used

to detect copy number alterations by estimating copy number in 500-kb bins controlling for

mappability [downloaded from UCSC Genome Bioinformatics

(http://hq download.cse.ucsc.edu/qoldenPath/hq 19/encodeDCC/wq EncodeMa pability/ or

http://hqdownload.cse.ucsc.edu/qoldenPath/mm9/encodeDCC/wgEncodeMapabiIity/)] and GC

content (calculated by HMMcopy gcCounter) (50).

Cell proliferation and tumorigenicity assays. For proliferation assays, MEFs and HCT1 16

cells were passaged using a modified 3T3 protocol (51). 3x105 cells were plated in three wells

of a 6-well plate, and cells were combined, counted, and re-plated at the same density every

third day. For focus formation assays, 1000 cells (MEFs) or 200 cells (HCT1 16) were plated in

triplicate on 10cm plates, and then allowed to grow for 10 days (MEFs) or 14 days (HCT1 16).

Subsequently, colonies were fixed with ice-cold 100% methanol for 10 minutes, and then

stained with a solution of 0.5% crystal violet in 25% methanol for 10 minutes. For soft agar

assays, a 1% base layer of Difco Agar Noble was prepared and then mixed with an equal

amount of 2X DMEM. The solution (0.5% agar in 1X DMEM) was then added to each well of a

6-well plate and allowed to solidify. Subsequently, a top layer of 0.7% agar was prepared and

mixed with an equal volume of a 2X solution of DMEM containing 10,000 cells (MEFs) or 2000
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cells (HCT1 16) and added to the base layer in triplicate. The plates were incubated for 20 days

at 370 C before being imaged.

For xenograft studies, 5 to 10 female, 5-week old Nu/J mice (Jackson Laboratory Stock

002019) were utilized for each experiment. Cells to be injected were harvested and

concentrated to 107 (MEFs) or 4x1 07 (HCT116) cells/ml in PBS. 100pl of the solution was

injected subcutaneously into the rear flanks of each mouse using a 25 gauge needle. Euploid

and aneuploid cell lines were typically injected contralaterally, with the exception of experiments

involving cell lines transduced with LTa and Rasv12 , in which only one cell line was injected into

each animal. Tumors were measured every third day using calipers, and tumor volumes were

calculated using the formula 0.5 x A x B2, where A is the longer diameter and B is the shorter

diameter. All animal studies and procedures were approved by the MIT Institutional Animal

Care and Use Committee.

Beta-galactosidase staining. 5000 cells of each strain were plated in triplicate in a 48-well

plate, allowed to attach overnight, and then stained using a Senescence Histochemical Staining

Kit (Sigma-Aldritch). Cells were incubated in the X-gal solution overnight at 370 C and then

imaged the subsequent day.
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Chapter 6: Conclusions and Future Directions
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Aneuploidy, Genomic Instability, and Cancer

In Chapter 2, I reported that unbalanced karyotypes were sufficient to cause genomic

instability in budding yeast, which could potentially accelerate the acquisition of growth-

promoting genetic alterations. I demonstrated that single chromosome gains increased the rates

of forward mutation, mitotic recombination, chromosome loss, and double-strand break

formation. I also established that these phenotypes were due to stoichiometric imbalances in

proteins encoded on the extra chromosomes (1). The chromosomal instability (CIN) phenotype

of aneuploid yeast has since been confirmed by the Li lab (2), and further work in our lab has

linked the DNA damage phenotypes that I initially observed to widespread defects in DNA

replication (3). A crucial question, however, is to what extent these phenotypes are present in

aneuploid mammalian cells, and whether they affect the genomes of aneuploid tumors.

Several recent studies have now demonstrated that single-chromosome aneuploidy in

human cells is sufficient to induce a low level of CIN: FISH experiments in lymphocytes from

individuals with Turner syndrome (an XO karyotype), trisomy 13, trisomy 18, or trisomy 21

revealed a greater degree of karyotype heterogeneity than was observed in lymphocytes from

euploid individuals (4,5). FISH studies of amniocytes from fetuses with Klinefelter syndrome (an

XXY karyotype), trisomy 18, or trisomy 21 reached a similar conclusion (6). The most

comprehensive characterization of CIN in aneuploid human cells has been reported by

Nicholson et al. (2015), who demonstrated via several independent methods that aneuploidy in

a karyotypically-stable colon cancer cell line increased the frequency of lagging chromosomes

and led to occasional cytokinesis failure (7). They further demonstrated that in cells trisomic for

chromosome 13, an extra copy of a single gene present on chromosome 13 (SPG20) was

responsible for this phenotype, as over-expression of the gene had a dominant-negative effect

on the cytokinetic machinery. In total, these results suggest that our earlier findings in yeast are

also conserved in mammalian cells.

234



The strong link between aneuploidy and CIN in mammals suggests one resolution to a

key paradox concerning tumorigenesis: despite the high levels of aneuploidy frequently found in

tumors, very few mutations have been identified in tumor genomes that are sufficient to cause

CIN. Tumors generally have functional spindle checkpoints and rarely acquire mutations in the

spindle assembly checkpoint (SAC) (8). Mutations in the cohesin subunit STAG2 have been

proposed to contribute to aneuploidy in human tumors (9). However, STAG2 mutations are rare

(occurring in <2% of cancers), and loss of Stag2 expression is not associated with aneuploidy in

several tumor types (10-12). Thus, how cancers become aneuploid remains largely unknown.

Our results in yeast, coupled with the above studies in mammalian cells, suggest that

aneuploidy may be an auto-catalytic event: the acquisition of aneuploidy, even in a

chromosomally-stable background, can cause CIN, thereby destabilizing the karyotype and

leading to more aneuploidy. Testing this will require analyzing the long-term fates of matched

euploid and aneuploid cell populations to determine at what rates the karyotypes diverge.

In addition to documenting CIN in aneuploid yeast, I also found that disomic yeast

strains displayed elevated levels of spontaneous DNA damage and mitotic recombination.

Whether aneuploidy can also cause structural DNA damage in mammalian cells is unknown,

and some evidence suggests that this phenotype is not conserved beyond yeast. I found that

trisomic MEFs do not harbor a higher level of DNA breaks, as judged by H2AX and 53BP1

staining (unpublished results). Furthermore, when I induced DNA damage with radiation or with

a transient treatment with phleomycin, H2AX and 53BP1 foci resolved in the trisomic MEFs with

wild-type kinetics (unpublished results). These findings were not entirely unexpected, as

trisomy in diploid yeast caused significantly less genomic instability than disomy in haploid yeast

did (Chapter 2). Furthermore, it was previously known that p53 was not constitutively activated

in trisomic MEFs, which DNA damage would be expected to induce (13). It could be the case

that the specific trisomies that I examined (mChr 13, 16, and 19) do not accumulate DNA
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damage while other trisomies do. Alternately, it may be the case that more complex

aneuploidies induce DNA damage, while single-chromosome trisomies do not. We have not

tested these questions, and to the best of my knowledge no other investigators have either.

However, examining DNA damage in high-complexity aneuploid strains will be crucial to

understanding the link between numeric and structural chromosome changes in cancer.

Lastly, it is important to understand the mechanism(s) inducing genomic instability in

aneuploid cells. We found that buffering aneuploidy-induced stoichiometric imbalances

suppresses aneuploidy-induced genomic instability. However, the severities of these

phenotypes are not correlated with the size of the disomic chromosomes, unlike nearly every

other phenotype that we have documented in these strains. Thus, it could be the case that

single-copy over-expression of individual genes (randomly distributed across several

chromosomes) causes genomic instability. One way to potentially address this would be to

transform a wild-type strain with a pooled yeast genomic library on CEN plasmids, grow the

transformants +/- phleomycin, and then sequence the final populations to identify genes on CEN

plasmids that dropped out during growth in phleomycin. Alternately, various forms of genomic

instability could be measured in single-gene over-expression experiments, as Bonney et al.

(2015) did for proliferation (14). These experiments could identify genes and biological

pathways whose duplication drives genomic instability.

The transcriptional consequences of aneuploidy in primary cells

In Chapter 3, I examined the effects of aneuploidy on gene expression in aneuploid

primary cells from various species. I reported that aneuploidy induces a transcriptional stress

response that is independent of the identity of the extra chromosome and is remarkably well-

conserved among eukaryotes. Aneuploid cells in different organisms down-regulate an
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overlapping set of cell cycle and RNA processing transcripts while up-regulating membrane,

extracellular, and stress response genes. Following the publication of the results described in

Chapter 3, Stingele et al. (2012) came to similar conclusions based on their study of

aneuploidies in human RPE-1 and HCT1 16 cells (15). Namely, aneuploidies of different

chromosomes induced similar gene expression changes, and cell cycle and membrane-related

transcripts were particularly affected by aneuploidy. Stingele et al. also applied SILAC to

measure proteome changes in aneuploid strains, and demonstrated that these gene expression

patterns were present at the protein level as well. Some of these changes make sense in light

of what we know about aneuploid biology: the down-regulation of mitotic transcripts likely

reflects the fact that aneuploid cells progress slowly through the cell cycle. However, other

changes have more mysterious origins and consequences. The Gene Ontology term most up-

regulated in aneuploid primary cells is the extracellular matrix, and some extracellular matrix

genes are expressed 50 to 100-fold higher in trisomic MEFs than in euploid MEFs (data not

shown). Why this pathway is induced by aneuploidy is unknown. Future work on this question

will involve examining the extracellular matrix in aneuploid cells and determining how aneuploid

cells interact with their environment. Do aneuploid cells have different adhesive properties? Do

they exhibit motility alterations, or increased invasiveness? Do they induce any type of cell non-

autonomous response in surrounding cell populations? Additionally, several of the most up-

regulated genes in trisomic cells should be knocked down to determine the effect(s) of their

depletion on aneuploid cell populations.

We also found that the transcriptional changes induced by aneuploidy were significantly

correlated across different eukaryotic species. We believe that these changes represent a

universal environmental stress/slow growth response, and are how cells respond to less-than-

ideal growth conditions. It is currently unknown whether some of the gene expression changes

exhibited by trisomic MEFs represent an "aneuploidy-specific" response. This could be
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investigated by looking for differences between the transcriptomes of trisomic MEFs and MEFs

grown under various other stresses. Additionally, the aneuploidy stress signature was most

strongly apparent in cells grown in vitro, and was masked in neural tissue from trisomic

embryos. We believe that the transcriptional signature that we detected represents the effects

of aneuploidy when cells are stimulated to proliferate without restraint (e.g., bathed in nutrients

and mitogenic signals in tissue culture). Under such conditions, the growth suppression caused

by aneuploidy would be most apparent. The transcriptional consequences of aneuploidy in vivo

- for instance, in a homeostatic tissue where most cells are in GO/G1 and are not dividing -

could be different and should be investigated more deeply. At one point, we considered the

possibility that discovering universal gene expression markers of aneuploidy could lead to the

development of novel prenatal diagnosis tools, though the subsequent success of maternal

plasma sequencing at identifying trisomic embryos has rendered this idea rather moot (16).

In our analysis, the transcriptional responses to aneuploidy between species were

similar but not identical. Ribosome subunits were most strongly down-regulated in yeast and

plants, while cell cycle transcripts were most strongly down-regulated in mice and humans.

Apparently, growth in plants and fungi is controlled by ribosome abundance, while growth in

mammals is controlled by cell cycle transcript abundance. (Alternately, the causality could be

reversed: cells could respond to slow growth by conserving energy by down-regulating

ribosomal or cell cycle genes). Why these differences exist is unknown, and the evolutionary

history of this difference could be fascinating to explore. At what point in the evolutionary tree

did translation cease being the most energetically-costly biological process? Why is the

downregulation of cyclins and DNA replication factors not a part of the yeast environmental

stress response? Is the proliferation rate of yeast insensitive to the levels of these genes? We

could begin to address the former question by conducting a meta-analysis on gene expression

profiles, +/- several stresses, in species from diverse evolutionary lineages. The latter question

238



could be addressed by looking for haploinsufficiency in diploid strains harboring single copies of

these genes.

The transcriptional consequences of aneuploidy in cancer

In Chapter 4, I reported that the acquisition of aneuploidy in various cancer cell lines

mimicked the transcriptional stress response that I observed in aneuploid primary cells.

Trisomic MEFs, trisomic human cells, CIN MEFs, and CIN cancer cells were found to share a

limited and overlapping set of transcriptional changes. Additionally, I demonstrated that a

previous gene expression signature of CIN, called CIN70, measured cancer cell proliferation,

rather than CIN. Lastly, I found that transcriptional markers of aneuploidy stress correlated with

poor clinical prognosis in a variety of cancer types in a proliferation-independent manner. One

conclusion that I draw from this work is that there is an important difference between clonal and

subclonal aneuploidy in tumors. The CIN70 gene signature was constructed by identifying

genes whose expression was increased in structurally-complex tumors (17). However, I found

that structural complexity does not actually correlate with chromosomal instability, as

determined by measuring cell-to-cell karyotype variability. Thus, while CIN70, structural

complexity, and proliferation rate are significantly correlated, real CIN is correlated with slow

growth and a distinct set of transcriptional changes. These findings suggest to me that there

are two types of aneuploidy, broadly defined, in cancer. The first type of aneuploidy is clonal,

and consists predominantly of focal or megabase-scale aneuploidies targeting specific

oncogenes and tumor suppressors. In certain circumstances, aneuploidies of this type, like

amplifications that encompass MYC, or deletions that encompass TP53, would be beneficial,

and therefore have a selective advantage within tumors. These aneuploidies could rise to

clonal levels within a tumor due to the proliferative advantage that they confer, and this would

explain why the CIN70 gene signature reports tumor doubling times. On the other hand, sub-
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clonal aneuploidy would result from chromosome segregation errors, and would not be selected

for by tumors. As these aneuploidies are random and unselected, they still induce a

transcriptional stress response that is analogous to the stress response in primary aneuploid

cells. At the same time, gene sets derived from legitimate CIN in cancer cell lines (HET70 and

HET5) are also associated with poor prognosis in several cancer types. Thus, sub-clonal

aneuploidy could provide an evolutionary benefit as well, perhaps by diversifying tumor

phenotypes through chromosomal copy number changes. It is important to note that this

analysis was conducted on cancer cell lines grown in vitro, and it remains possible that, in vivo,

CIN exerts a different effect on transcription. The effects of CIN on gene expression in vivo

could be directly tested in xenografts or autochthonous mouse cancer models that harbor

inducible hairpins targeting MAD2 or MPS1.

One puzzling discovery that I reported concerned the high degree of tissue specificity for

the stratification of patient risk by PCNA25 (the gene signature that reports the average

expression level of the 25 genes whose expression correlates most strongly with the

proliferative marker PCNA). While high PCNA25 expression was significantly correlated with

poor survival in breast, bladder, brain, and liver cancers as well as sarcomas, PCNA25 was

uncorrelated with survival in lung, ovarian, or colorectal cancers. These results are consistent

with previous reports suggesting that slowly-dividing colorectal tumors are more deadly than

rapidly-dividing tumors (18-20), though to my knowledge this has not been reported in ovarian

or lung cancers. It is strange that in certain tissues, slowly-dividing tumors are the most lethal

(or, at least, are not associated with improved prognosis). Why this is true warrants significant

investigation. It could be the case that slowly-dividing tumors are more metastatic than rapidly-

dividing cancers [though the opposite is true in breast cancer (21)]. Alternately, slow division

could promote immune evasion or chemotherapy resistance in cancer cells. It is important to

note that slow division could be a "driver" or a "passenger" of the highly-aggressive phenotype.
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A set of genomic alterations could induce both slow growth and metastatic capabilities. Or, slow

growth itself, for whatever reason, could directly affect the downstream aggressiveness of the

tumor. Testing these questions in mouse models could be difficult. Potentially, one could

construct ovarian and colorectal cancer cell lines that have CDK4 transcription under the control

of a titratable promoter, and then one could test how different CDK4 levels affect cancer

aggressiveness in vitro and in vivo. If the induction of slow growth has certain pro-metastatic

consequences, then this should carefully inform how chemotherapy is applied in these cancers.

Aneuploidy can function as a tumor suppressor

In Chapter 5, I reported that transformed trisomic fibroblasts exhibit reduced

tumorigenicity relative to transformed euploid fibroblasts. Similarly, the addition of extra

chromosomes into a chromosomally-stable human cancer cell line inhibits or is neutral with

regard to tumor growth. These results are quite surprising, given the prevalence of aneuploidy

in cancer. However, this suggests that in certain circumstances aneuploidy can function as a

tumor suppressor, rather than a tumor promoter.

While the preponderance of evidence suggests that aneuploidy drives tumor growth,

several prior observations are consistent with the findings presented in this work. In particular, it

has long been recognized that individuals with trisomy 21 are at lower risk of developing many

common solid tumors (22). Additionally, it is worth noting that many studies that suggest that

aneuploidy functions to promote tumor growth have been conducted in chromosomally-unstable

mice or cell lines (23-25). Phenotypes observed in CIN mice are attributed to aneuploidy,

though there is often little evidence to support this inference. (The work presented in this thesis

could be accused of making a similar extrapolation: we have predominantly studied single-

chromosome gains, but we suggest that our results may hold true for chromosome loss events

and higher-complexity aneuploidies as well). Nonetheless, it is worth considering potential
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distinctions between CIN and aneuploidy. Mitosis in a SAC-deficient cell could lead to the

accumulation of DNA damage, if lagging chromosomes are caught by micronuclei or damaged

by the cytokinesis machinery (26,27). Additionally, SAC components may have functions

outside of the spindle checkpoint. For instance, BubR1 has been suggested to function in the

DNA damage response and in the maintenance of sister chromatid cohesion (28,29).

Tumorigenesis assays in BubR1 -deficient mice are therefore complicated by the pleiotropic

functions of the wild-type gene product (30). Finally, CIN mice show a wide range of

phenotypes: mice harboring BUBIB mutations exhibit progeria, a phenotype not observed in

other CIN mice, and the spectra of spontaneous tumor formation varies greatly between

different CIN models (31,32). Thus, distinct CIN-inducing lesions may produce unique

consequences, the reasons for which are poorly understood.

In our experimental system, several oncogene combinations (particularly involving LTa

and RasV12) equalized doubling times between euploid and trisomic MEFs when grown using a

3T3 protocol. However, when challenged in other assays - colony formation, growth in soft

agar, or growth as xenografts - the transduced aneuploid cell lines uniformly performed worse

than the wild-type MEFs, regardless of the oncogenic alleles that they harbored. It is not clear

what the differences between each of these assays are. It has been reported that anchorage-

independent growth is the best proxy for in vivo tumorigenesis (33). At the same time, only a

small percentage of tumors that arise naturally in humans can be successfully propagated in cell

culture [one such study reports the generation of cell lines from only 13 of 200 tumors explanted

(34)]. Moreover, our "gold standard" assay for tumor-forming potential - xenografts in nude

mice - is performed with a large initial inoculum (106 cells), and the injected cells are grown in

mice that lack the ability to mount an adaptive immune response. Thus, we recognize that our

assays for the tumorigenicity of aneuploid cells are far from ideal. For that reason, in future
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work, I will be developing tools to study the consequences of chromosomal imbalances on

tumorigenesis in vivo.

Despite the aforementioned caveats, I believe that we have learned several facts about

aneuploidy in cancer. First, many common oncogenic mutations are insufficient to equalize

tumor-forming potential between euploid and aneuploid cell lines. In yeast, we observed that

single-nucleotide mutations in several genes were sufficient to enhance the growth of aneuploid

cells, and we hypothesized that similar aneuploidy-tolerating mutations would be found in

cancer (35). We have examined the effects of every gene mutated in >10% of human tumors in

aneuploid cells, and failed to find any that robustly suppressed the aneuploidy-induced defects

or exerted a differential effect on aneuploid and euploid cells (36). Based on our results, it is

unlikely that aneuploidy-tolerating events in tumors happen via single-basepair mutations, or, if

they do happen by single nucleotide substitutions, then they do not affect a large fraction of

aneuploid tumors. On the other hand, hundreds of genes exhibit altered copy numbers in

human tumors, and the role or relevance of the vast majority of these alterations are unknown

(37). Thus, some of these common but poorly-characterized deletions and amplifications (or

gene expression changes occurring via other mechanisms) may contribute to aneuploidy

tolerance in human tumors.

At our level of sequencing depth (0.1X), we were unable to detect small CNV's, thus

could not address this potential mechanism for aneuploidy tolerance. However, we did discover

that, in 7 out of 7 cases, improved growth in aneuploid cells was associated with further

karyotypic changes. In two instances, gain of Chr2 correlated with improved growth in Tsl 9

cells. Rapidly-growing Tsl cells were found to have lost their trisomy and apparently

tetraploidized. Finally, trisomic HCT1 16's lost their extra chromosomes and exhibited several

additional chromosome gains following growth in vivo. It is striking that these cell lines exhibited

chromosomal copy number alterations beyond simply losing the extra chromosome(s). One
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explanation for this phenomenon may be found in our experiments in yeast: disomy of yeast

chromosome VI is inviable, as chromosome VI harbors the TUB2 (P-tubulin) gene, and a single

extra copy of TUB2 is lethal (38-40). However, attempts to generate Disome VI frequently led

to the recovery of strains that also contained extra copies of chromosome XIII, which harbors

TUBI (a-tubulin). Gaining chromosomes VI and XIII at the same time restored stoichiometric

balance in this crucial protein complex, and therefore the compound disomy was viable while

Dis. VI alone was lethal. In aneuploid cancers, similar compensatory chromosome gains and

losses may be common (41). It would be interesting to determine whether genes that encode

proteins that function in the same complexes or pathways tend to be gained concurrently within

tumors. I believe that a large-scale bioinformatic investigation may shed light on this question.

One could collect all karyotype and CNV data from the various cancer genome databases

(Mitelman, TCGA, etc.), and then perform a correlation analysis to identify loci that are

commonly gained or lost together. This approach could explain why certain cancers exhibit

recurrent, complex aneuploidies.
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Abstract

Women make up over half of all doctoral recipients in biology-related fields, but are

vastly underrepresented at the faculty level in the life sciences. In order to explore the current

causes of women's underrepresentation in biology, we collected publicly-accessible data from

university directories and faculty websites about the composition of biology labs at leading

academic institutions in the United States. We found that male faculty members tended to

employ fewer female graduate students and postdoctoral researchers than female faculty

members did. Furthermore, "elite" male faculty - those whose research was funded by the

Howard Hughes Medical Institute, who had been elected to the National Academy of Sciences,

or who had won a major career award - trained significantly fewer women than other male

faculty members. In contrast, elite female faculty did not exhibit a gender bias in employment

patterns. New assistant professors at the institutions we surveyed were largely comprised of

postdocs from these prominent labs, and, correspondingly, the labs that produced assistant

professors had an overabundance of male postdocs. Thus, one cause of the leaky pipeline in

biomedical research may be the exclusion of women, or their self-selected absence, from

certain high-achieving labs.
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Introduction

Between 1969 and 2009, the percentage of doctorates awarded to women in the life

sciences increased from 15% to 52% (1,2). Despite the vast gains at the doctoral level, women

still lag behind in faculty appointments. Currently, only 36% of assistant professors and 18% of

full professors in biology-related fields are women (3). The attrition of women from academic

careers - known as the "leaky pipeline" problem (4) - undermines the meritocratic ideals of

science and represents a significant underutilization of the skills that are present in the pool of

doctoral trainees.

A variety of factors have been suggested to influence the leaky pipeline in science,

technology, engineering, and math (the "STEM" fields). Early career aspirations and choice of

undergraduate major are significant departure points for women in certain disciplines (5,6). For

instance, women are awarded only 19% of bachelor's degrees in physics and 18% of bachelor's

degrees in engineering, and correspondingly fewer women go on to graduate school in those

subjects (1). In contrast, women are awarded >50% of both bachelor and doctoral degrees in

biology, suggesting that major leaks in the pipeline occur at later points in professional

development. Gender differences in individuals' personal aspirations may explain some attrition

from the academy (7). For instance, in surveys of grad students and postdocs, women tend to

rank work-life balance and parenthood-related issues as more important than men do, and the

perceived difficulty of raising a family while working as a tenure-track faculty member causes

more women than men to leave the academic pipeline (8-12). Such preferences are likely

constrained by societal factors: male postdocs are more than twice as likely as female postdocs

to expect their spouse to make career sacrifices for their benefit (8). Additionally, female

scientists with children are significantly less likely to be hired for tenure-track jobs than those

without children, while male scientists with children are more likely to be hired for tenure-track
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jobs than males without children (13). Thus, a complex mixture of both free and constrained

personal choices may contribute to the leaky pipeline in STEM.

In addition to the impact of gendered preference differences, the scarcity of female

faculty may be in part due to persistent discrimination against women in science. Unlike

systems of dejure (formal) discrimination, which were common up until the middle of the 2 0 th

century and often explicitly excluded women from certain career paths, discrimination in the

present day more often results from de facto differences in the treatment of men and women.

Such behavior is linked to the problem of cumulative (dis)advantages: small differences in

access to scientific goods (i.e., resources, mentoring, public visibility, etc.) may spiral over time,

leading to significant divergence in achievement over the course of a career (14). These biases

have been documented in both correlational and experimental studies of academic science. For

instance, Moss-Racusin and colleagues (2012) sent science faculty identical resumes for a lab

manager position in which only the name and gender of the applicant were changed (15). The

applicant with the male name was judged to be more competent, hirable, and was offered a

larger starting salary than the female applicant.

How these gender biases affect the advancement of women in science is poorly

understood. Moreover, in a field like biology - where women are well-represented at the

doctoral and postdoctoral levels - it may be easy to assume that issues of gender are

unimportant at early career stages. Yet, not all doctoral and postdoctoral positions are

equivalent: vast inter-lab differences exist in terms of reputation, mentoring, access to funding

and equipment, networking possibilities, and more. Scientists who receive their training in

particular labs may be at a disadvantage when applying for grants or faculty positions if their PI

is less well-known or if their lab tends to produce fewer "high-impact" publications. We

hypothesized that the steep decline in the representation of women at the postdoc-to-PI

transition could be in part explained if the most prestigious principal investigators tended to
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predominantly train young male scientists. In this study, we therefore sought to explore the link

between gender, lab choice, and future academic employment. We found that women are

significantly underrepresented, at the graduate and postdoctoral levels, in the laboratories of

high-achieving male scientists, while elite female faculty show no such gender bias in their

laboratories. We are unable to ascertain to what degree these differences result from self-

selection among female trainees and to what degree they result from gender biases among

male faculty members. Nonetheless, this skew in lab employment represents a novel - and

possibly corrigible - aspect of the leaky pipeline in life science research.

Results

A survey of employment by gender at top-ranked programs in the life sciences

To examine the gender distribution of biomedical scientists in academia, we collected

information on the graduate students, postdocs, and faculty employed in 39 departments at 24

of the highest-ranked research institutions in the United States (Table S1 and Supplemental

Materials and Methods). We focused on departments that study molecular biology, cell biology,

biochemistry, and/or genetics. For each faculty member, we determined their gender, academic

rank, and, if available, the year in which their doctorate was received. We then used their lab

website or a departmental directory to find the names of graduate students and postdocs

currently working in their labs. We attempted to assign a gender to each grad student and

postdoc, using the internet and social network searches when a name was ambiguous. Lastly,

we used three different criteria to define faculty whose labs we hypothesized would be the most

prestigious: those who were funded by the Howard Hughes Medical Institute (HHMI), who were

members of the National Academy of Sciences (NAS), or who had won at least one of seven
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different major research awards (e.g., the Nobel Prize, the National Medal of Science; see Table

S2 and Supplemental Materials and Methods).
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Table 1. A survey of biology I

Faculty

Associate Professor

HHMI Investigators

Major award winners

Postdoctoral researchers

abs in the United States

1557 505 2062

269 121 390

113 38 151

53 10 63

3013 1891 4904
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In total, we obtained information on 2,062 faculty members in the life sciences (Table 1).

Within this sample, 21% of full professors and 29% of assistant professors were women. The

gender distribution of the faculty members that we classified as elite were approximately

proportional to the gender distribution of full professors, as 25% of HHMI investigators, 18% of

National Academy members, and 16% of major award winners were female. Among the

trainees that we counted, 49% of 4,143 graduate students and 39% of 4,904 postdocs were

women. We note that the percentages of female postdocs and assistant professors in our

sample are below national averages (39% vs. 43% and 29% vs. 36%, respectively), suggesting

that the leaky pipeline might be comparatively worse at top-ranked research institutions (3,16).

Alternately, the subfields that we harvested from might be slightly more male-biased than other

fields, like ecology, that also fall under the spectrum of the life sciences (16).

Elite male faculty employ fewer female graduate students and postdocs

We next examined the gender distribution of trainees on a per-lab basis. On average,

male principal investigators ran labs that had 36% female postdocs and 47% female grad

students (Fig. 1A). These values were significantly lower than we observed in labs headed by

women, who employed on average 46% female postdocs and 53% female grad students (Fig.

1 B; P < .0001 for both comparisons, Wilcoxon rank-sum test). Thus, male professors run labs

that have about 22% fewer female postdocs and 11 % fewer female grad students than their

female colleagues do (Fig. 2).

255



40,

B

U..

w I
Jillll

4W ~ ~ 4 9

1

ve//

Figure 1. The gender composition of elite biology labs in the United States. The weighted

average percentages of female trainees in labs with (A) male Pi's and (B) female Pi's who have

achieved certain career milestones are displayed. Major career awards that were counted for

this survey are listed in Table S2. *, P<.05; **, P<.005, ***, P<.0005 (Wilcoxon rank-sum test).
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Figure 2. Elite male principal investigators employ fewer women. The percent differences

in (A) female postdocs and (B) female graduate students employed by principal investigators

who have achieved certain career milestones are displayed. The axis at X=O represents

employing female trainees at a rate proportional to their representation amongst all labs in this

survey.
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We then tested our data to determine if the most prestigious principal investigators

trained fewer women. Surprisingly, for each comparison, male Pi's who were funded by HHMI,

elected to the National Academy, or who had won a major research award, employed

significantly fewer female postdocs than the corresponding pool of other male Pi's (Fig. 1A).

For instance, male HHMI investigators ran labs that had on average 31% female postdocs,

while men who were not HHMI investigators employed on average 38% female postdocs (P <

.0001, Wilcoxon rank-sum test). This translates to a 19% deficit in the employment of female

postdocs, relative to their representation across all labs (Fig. 2A). In contrast, female professors

who had achieved the same career milestones showed no evidence of a gender bias. Women

who were HHMI investigators ran labs that were 48% female postdocs, compared to 46%

among those who were not funded by HHMI (Fig. 1 B). Similar results were obtained when we

examined women who were members of the National Academy or who had won a major

research award.

At the graduate student level, we observed an analogous, though less substantial, skew

in employment by gender. Male NAS members and major award winners ran labs with about

41-42% female graduate students, compared to 47-48% among other male professors (Fig. 1A).

This represents a 14%-17% deficit in the employment of female graduate students by NAS and

award-winning labs, respectively, relative to their representation across all labs (Fig. 2B).

However, there was no difference at the graduate student level between HHMI and non-HHMI

funded male Pi's (Fig. 1A). Among female faculty, major award winners actually trained slightly

more female graduate students than non-award winners, while HHMI funding and NAS

membership did not affect the number of female grad students employed by female professors

(Fig. 1 B). Thus, elite male Pi's, but not elite female Pi's, tend to employ fewer female trainees

than other faculty members who have not achieved certain career milestones.
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Our dataset also included 24 Nobel Laureates in Medicine/Physiology or Chemistry.

Male principal investigators who had won a Nobel Prize (n=22) ran labs that had on average

24% female postdocs and 36% female grad students, which represents a 39% and 27% deficit,

respectively, relative to the pool of trainees (Fig. S1). The paucity of female Nobel Laureates

prevented a meaningful comparison using this criterion, though we note that both female

Laureates in our sample ran labs in which female trainees outnumbered male trainees at the

time of our survey.
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These results led us to consider the distribution of trainees across all lab types. We

found that female trainees were much less likely to work for an elite principal investigator,

particularly at the postdoctoral level (Fig. S2). Combining faculty of both genders, men were

about 17% more likely to do their graduate training with a member of the National Academy,

25% more likely to do their postdoctoral training with a member of the National Academy, and

90% more likely to do their postdoctoral training with a Nobel Laureate. Thus, the gender skew

in employment results in fewer women being trained in the laboratories of elite investigators.
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Other factors that affect the gender skew in biology labs

We next sought to identify other characteristics of principal investigators that correlate

with altered gender distributions. Nearly every faculty member who had achieved one of the

career milestones that we counted held the rank of professor, thus our results could be

explained if older faculty in general trained few women. In fact, men who were full professors

tended to employ fewer female postdocs, but more female graduate students, than men who

were assistant professors (Fig. S3). Women who were full professors also trained fewer female

postdocs than assistant professors did, but there was no difference in graduate student

employment between women with different academic ranks. Nonetheless, when we restricted

our analysis to only faculty holding the rank of full professor, we still observed a significant

deficit in women trained specifically by elite male Pi's (Fig. S3).
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Figure S3. The influence of academic rank on employment by gender. (A) The weighted

average percentages of female trainees in labs with male Pi's or female Pi's with different
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labs with male Pi's or female Pi's who have achieved certain career milestones are displayed.

*, P<.05; **, P<.005, ***, P<.0005 (Wilcoxon rank-sum test).
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Among different STEM disciplines, the representation of women generally decreases in

more math-intensive fields (3,17). We focused our analysis on departments of cell and

molecular biology (Table S1), but our dataset does contain biophysicists, computational

biologists, and other investigators who take a more quantitative approach to biological

questions. HHMI investigators whose listed discipline was "biophysics", "computational

biology", or "systems biology", and NAS members whose primary section was "Biophysics and

Computational Biology" were found to employ particularly few female trainees (Fig. S4).

However, even with these faculty members excluded, the remaining male HHMI investigators

and NAS members trained fewer women than other male Pi's did (Fig. S4).
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Figure S4. Excluding math-intensive laboratories does not equalize the employment of

female trainees. The weighted average percentages of female trainees in labs with male Pi's

with different research areas are displayed. HHMI investigators whose listed discipline at

www.hhmi.org was "biophysics", "computational biology", or "systems biology" were classified

as "math intensive" in this figure. NAS members whose primary section in the National

Academy was "Biophysics and Computational Biology" were classified as math intensive in this

figure. *, P<.05; **, P<.005, ***, P<.0005 (Wilcoxon rank-sum test).
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Lastly, we built various linear models from our dataset, using either the weighted

percentage of female postdocs or the weighted percentage of female grad students in each lab

as the dependent variable. For simplicity, we collapsed the three career achievements that we

scored into a single categorical variable ("Elite status"). As expected, among male faculty, elite

status was negatively correlated with the percent of female postdocs in a lab (P < .0001; Table

S3). This remained true even when several other explanatory variables were added, including

faculty rank, the years since a faculty member had received his or her Ph.D., and the total

number of trainees in a lab (Table S4). As a single independent variable, "years since Ph.D."

was moderately negatively correlated with the percent of female postdocs in labs with male

faculty members (P < .045), but this effect disappeared when other variables were included in

the model (Table S3-S4). This suggests that a faculty member's age is not a significant

determinant of the gender makeup of their lab, and both young and old elite professors employ

few women. Lab size was also negatively correlated with the representation of female

postdocs, both as a single variable and in multivariable models. Regression against the

percentage of female grad students in each lab revealed similar though less robust results. In

multivariable models, elite status was associated with a significantly lower percentage of female

grad students trained by male faculty (Table S4). However, "years since Ph.D." was correlated

with an increasing representation of female grad students, while lab size was not significantly

correlated in either direction. Finally, we constructed equivalent linear models for female

principal investigators, but we failed to find a single variable that was significantly associated

with differential representation of female trainees in these labs.

Labs that produce assistant professors employ more male postdocs

In the current funding environment, there is intense competition among postdocs for

scarce tenure-track positions as assistant professors (18,19). We sought to determine how
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postdoctoral lab choice and gender influenced this process. Using CV's, websites, and

publication records, we determined the prior employment of 311 out of 373 assistant professors

from the 39 departments that we surveyed. Of these, 276 were postdocs prior to their faculty

appointments, and 144 of them completed their postdoc in one of 118 labs that we had

surveyed.' Accordingly, we examined the characteristics of these "feeder" labs that have

successfully trained postdocs who won recent faculty job searches at top universities.

The principal investigators of feeder labs were significantly more likely to be Howard

Hughes investigators, National Academy members, or to have won a major research award,

relative to the pool of all PI's (Fig. 3A). For instance, 13% of the professors in our dataset were

members of the National Academy, but 58% of feeder lab professors were NAS members (P <

.0001, Fisher's exact test). Our above analysis suggested that these feeder labs may therefore

have skewed gender ratios. Indeed, these labs had 14% fewer female postdocs than non-

feeder labs did (Fig. 3B; P < .0001, Wilcoxon rank-sum test). Both male and female faculty,

considered separately, who had trained new professors employed fewer female postdocs than

those who had not, though for female faculty the percentage was still higher than the

representation of female postdocs across all labs (Fig. 3B-3D). As 71% of the assistant

professors in our sample were male, these results could represent a form of selection bias.

However, when we examined only the feeder labs in which female assistant professors had

trained, we found that these labs still employed disproportionately few female postdocs (Fig.

3B). We conclude that principal investigators who successfully train new assistant professors

employ an overabundance of male postdocs.

1 Assistant professors who did not complete postdocs primarily held clinical positions or were independent
fellows prior to their faculty appointments.
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Figure 3. Feeder labs train fewer female postdocs. (A) The percent of all faculty members

(black bars) or faculty members who have recently trained new assistant professors (white bars)

that have achieved certain career milestones are displayed. *, P<.0005 (Fischer exact test).

(B) The percent of female postdocs employed in different labs are displayed. The black bar

represents all principal investigators, the grey bar represents principal investigators who have

recently trained at least one new assistant professor of either gender, and the white bar

represents principal investigators who have recently trained at least one new female assistant

professor. (C) The percent of female postdocs employed in different lab types, subdivided by

the gender of the P1, is displayed. (D) The percent differences in female postdocs employed by

different principal investigators are displayed. The axis at X=O represents employing female

postdocs at a rate proportional to their representation amongst all labs in this survey.
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Discussion

Our results demonstrate that male faculty in general, and elite male faculty in particular,

train fewer female grad students and postdocs relative to their representation in the pool of

trainees at top universities. These findings are robust to considerations of faculty rank, age, and

lab size, and cannot be explained by the exclusion of women from a small number of math-

intensive labs. As the majority of assistant professors in our dataset conducted their

postdoctoral research under the supervision of one of these high-achieving principal

investigators, the limited number of women trained in these labs reduces the number of female

candidates who would be most competitive for faculty job searches.

Notably, our current data do not demonstrate conscious bias on the part of male PI's

who employ few female graduate students and postdocs. It may be the case that women apply

less frequently to labs with elite male PI's. Unfortunately, data on this question are difficult to

collect, as applying to do research in a lab is an unregulated and largely informal process.

Interested graduate students and postdoctoral candidates typically email PI's that they seek to

work with, and faculty members can easily ignore or delete requests when they so choose.

Milkman et. al (2013) have demonstrated that faculty members across a host of disciplines,

including the life sciences, respond to emails from prospective graduate students written under

male names significantly more frequently than they respond to emails written under female

names (20). Nonetheless, self-selection among female graduate students and postdocs may

still contribute to the gender skew that we have documented. By graduate school, fewer women

than men perceive themselves to be on an academic career track (10,21). Some women in

particular may not apply to the most prestigious labs if they do not believe it to be important for

their professional development. Additionally, in certain circumstances, women underrate their

own skill sets (22-24), which could lead some to self-select away from elite labs.
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A lack of applications from women could also reflect specific issues with a laboratory or

principal investigator. Female Ph.D.'s frequently cite marriage and childbirth as reasons to opt

out of scientific careers (12); faculty members who are reputed to be hostile toward maternity

considerations could be implicitly discouraging women from applying to their labs. More

insidiously, 16% of women employed in the academy report that they have experienced work-

related sexual harassment (25), and the tolerance of sexual harassment in a laboratory could

further decrease the number of female applicants. Regardless of the cause, we believe that

principal investigators who receive few applications from female trainees ought to increase their

efforts to proactively recruit talented women, and ought to ensure that their labs are safe spaces

for female scientists. A more formalized process of applying to work as a graduate student or

postdoc could also serve as a check against principal investigators who routinely fail to hire

women.

Alternately, differences in quality between the male and female applicant pools could

contribute to the gender gap in elite labs with male Pi's. We note, however, that female

investigators at the top of their respective fields run labs with just as many women as other

female Pi's have (Fig. 1B). Additionally, women win competitive fellowships for graduate and

postdoctoral training at frequencies that are proportional to their representation among all

trainees: about 55% of National Science Foundation graduate fellowships, 45% of Helen Hay

Whitney postdoctoral fellowships, and 41% of Jane Coffin Childs postdoctoral fellowships are

awarded to women (26-28). These observations argue against a sizeable gap in applicant

quality between male and female trainees in the life sciences.

Thus, in addition to the aforementioned factors, we suggest that gender bias may

contribute to the decreased employment of women in labs with elite male Pi's. Several recent

studies have demonstrated that gender bias remains an endemic problem in academic science.

For instance, in several European countries, faculty promotion decisions are made by randomly-
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chosen review committees. The promotion chances of female candidates are significantly

decreased if they are assigned to an all-male review committee, while their promotion chances

are equivalent or nearly-equivalent to men's chances if they are assigned to a mixed-gender

committee (29,30). Similar results have been reported in the private sector: men tend to

underrate women's job performances (31), while having more women in supervisory roles is

associated with the increased hiring and promotion of other women (32). In an academic

context, grad student and postdoc employment decisions are often made unilaterally, by the

single principal investigator who runs a lab. It may be the case that in the most competitive

labs, male principal investigators knowingly or unknowingly underestimate the qualifications of

female applicants, and instead hire more men in their place. As mixed-gender hiring

committees more accurately assess the qualifications of female applicants in a variety of

settings (29-31), male Pi's could potentially benefit by soliciting feedback on applicants to their

labs from female postdocs or affiliated faculty members.

Irrespective of the cause of the gender disparities in elite labs, its consequences

significantly shape the academic ecosystem. Our data demonstrate that these labs function as

gateways to the professoriate: new generations of faculty members are predominantly drawn

from postdocs trained by high-achieving Pi's. Yet, these "feeder" labs employ a

disproportionate number of men (Fig. 3). According to the theory of cumulative disadvantage,

persistent inequalities in achievement can result from small differences in treatment over a

prolonged goal-oriented process (14). In controlled studies, women in academia receive less

favorable evaluations, lower salary offers, and are ignored by faculty more frequently than men

are (15,20). Access to training in certain laboratories may be another level at which women are

disadvantaged. The absence or exclusion of female trainees from elite labs deprives them of

the resources, visibility, networking opportunities, etc., that could facilitate their professional
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development. These differences may contribute to the leaky pipeline by shunting women

towards labs that provide fewer opportunities for advancement in academic science.

Conclusions

The continued underrepresentation of women in the academy slows the progress of

discovery by artificially excluding individuals with the ability to make significant contributions to

the scientific enterprise. It is our hope that this work, along with the growing body of related

evidence demonstrating gender bias in the academy (15,20,29,30), will elicit an increased

awareness of the ways in which gender continues to play a role in shaping the career

trajectories of young scientists. Recognition of gender disparities as a persistent problem can

aid in the fair evaluation of women in hiring decisions, and can trigger active steps by individual

PI's to recruit more talented women to their labs. Such steps can ensure that, in the future, an

individual's gender will not hinder their ability to engage in scientific research.

Materials and Methods

Data Collection. We collected data from 39 biology departments at 24 of the top 25 graduate

schools in the biological sciences, as ranked by US News and World Report (33). We did not

score faculty from the Scripps Research Institute, as their laboratories were found to use

different and sometimes unclear terminology to refer to postdoctoral trainees. Faculty names

and ranks were collected from departmental websites. For this study, we counted all assistant

professors, associate professors, and full professors. We did not score emeritus professors,

adjunct professors, visiting professors, or lecturers.
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Each principal investigator's trainees (graduate students and postdocs) were identified

using their website or from a public departmental listing. "Graduate students", "pre-doctoral

students", "Ph.D. students", and similar terms were scored as referring to grad students. We did

not count rotation students, medical students, visiting students, or Master's students, though we

did count MD/Ph.D. students who were performing their thesis research in that lab.

"Postdoctoral associates", "postdoctoral fellows", "postdoctoral scholars", and similar terms were

scored as referring to postdocs. Staff scientists, senior scientists, clinical fellows, and visiting

postdocs were not counted. Gender for each individual was scored as male or female based on

that individual's photo or name. For ambiguous names and/or photos, we used internet and

social network searches in order to determine their gender. In rare cases (-3% of total trainees)

we were unable to determine an individual's gender, and they were not counted for our study.

The gender of the recipients of graduate and postdoctoral fellowships (NSF, Helen Hay

Whitney, and Jane Coffin Childs) was determined in the same manner.

Laboratories were scored between 8/15/2013 and 10/10/2013. Primary data collection

was done by both authors as well as by freelancers hired from the service Elance. First, a pool

of potential freelancers were recruited and tested on a single department that we had previously

counted. Freelancers who completed the testing set without making a single error were hired

for the main study. A minimum of three freelancers were instructed to count each department.

If all three freelancers agreed on the counts for a principal investigator, then that faculty member

was added to the database. If not, the faculty member was re-evaluated by the freelancers or

by one of the authors until a consensus count was reached.

We used three distinct criteria to define "elite" principal investigators. First, we identified

faculty members whose research programs were supplemented with significant third-party

funding from the Howard Hughes Medical Institute. HHMI is the largest private supporter of

academic biomedical research in the United States, and investigators chosen by HHMI receive
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an annual stipend of on average one million dollars (34,35). HHMI investigators are generally

recognized as leaders in their fields, and 23 current or former HHMI investigators have. won

Nobel Prizes (36). Current Howard Hughes Medical Institute investigators were downloaded

from www.hhmi.org on 10/10/2013 and matched with faculty members in our database. HHMI

Professors, alumni, and Early Career Scientists were not counted as HHMI investigators.

Secondly, we identified faculty members whose research accomplishments had been

recognized by their peers via election to the National Academy of Sciences. The NAS is a non-

profit society charged with providing independent and objective advice to the United States

government (37). Election to the National Academy is considered "one of the highest honors

that a scientist can receive" (38). Members of the National Academy of Sciences were

downloaded from www.nasonline.org on 10/11/2013 and matched with faculty in our database.

Lastly, we identified faculty members who had made significant discoveries that had

been recognized by a third party with a major career award. We excluded awards that were

presented for teaching, service, or that were reserved for young investigators, and instead

selected several awards that were intended to honor scientific achievements (Table S2). The

winners of these major research awards (through 2013) were downloaded from their respective

websites and matched with faculty in our database.

Data Analysis. Data was analyzed using Python and Excel. The reported percentages of

female graduate students and postdocs displayed in each figure are weighted by the number of

graduate students and postdocs, respectively, in a given lab. Significance tests were also

performed between weighted averages. Linear regression models were constructed in Python

with the statsmodels and pandas packages using weighted least squares. Categorical factors
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were handled using dummy coding, replacing a single categorical variable of K categories with

K-1 dummy variables, each with two possible values.
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