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ABSTRACT
The maintenance and transmission of genetic material is critical for the survival of cells
and organisms. Sexually reproducing diploid organisms undergo meiosis to produce
haploid gametes, so that the resulting progeny are diploid. During meiosis I homologous
chromosomes segregate to opposite poles, whereas sister chromatids segregate in meiosis
II. A failure to segregate chromosomes correctly in either division results in offspring
having an incorrect chromosome number: a condition called aneuploidy. Aneuploidy has
been associated with several developmental defects and is a hallmark of cancer. Meiotic
segregation errors are quite frequent in humans and are responsible for the 'maternal age
effect.' This thesis addresses both the causes and consequences of aneuploidy.
We first investigate the mechanisms that ensure faithful segregation of
chromosomes during meiosis in the budding yeast Saccharomyces cerevisiae. The
conserved Aurora B kinase is found to be responsible for detecting, and attempting to
correct, incorrect kinetochore-microtubule attachments during both meiotic divisions.
The meiosis I-specific protein Maml is found to link sister chromatids in a cohesinindependent manner, ensuring that they segregate together in meiosis I. In the presence of
Maml, Aurora B can distinguish between sister chromatids and homologous
chromosomes. Thus, Maml allows Aurora B to perform similar functions in both meiotic
divisions, yet with profoundly different effects.
In the second part of the thesis, we examine the effects of aneuploidy on primary
mouse cells by generating a series of cell lines that carry an extra copy of one of four
mouse chromosomes. In all four trisomic lines proliferation was impaired and metabolic
properties were altered. Immortalization, the acquisition of the ability to proliferate
indefinitely, was also affected by the presence of an additional copy of certain
chromosomes. Our data indicate that aneuploidy decreases not only organismal but also
cellular fitness and elicits traits that are shared between different aneuploid cells. These
findings may have ramifications for human disease.
Thesis Supervisor: Angelika Amon
Title: Professor of Biology
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Chapter 1
Introduction

Introduction
Faithful execution of cell division processes is critical for the propagation of all
organisms. A key aspect to cell division processes is the correct distribution of the
genetic material to progeny, be they daughter cells or offspring. All mitotically dividing
cells must produce daughter cells with the same ploidy as the parent. All sexually
reproducing organisms must produce gametes with half the genomic content of the parent
in order to maintain ploidy after fertilization. The meiotic program has evolved to
facilitate this process. Whereas mitosis involves a single round of chromosome
segregation following a single round of DNA replication, meiosis is a modified cell
division in which two rounds of chromosome segregation follow a single round of DNA
replication. The result is the production of four haploid gametes from one diploid cell
(Figure 1).

Accurate chromosome segregation in meiosis is critical for the propagation of a
sexually reproducing species. Failure to do so can result in aneuploidy, leading to
developmental defects such as Down's Syndrome, as well as spontaneous abortions
which are estimated to occur in 10-20% of all recognized human pregnancies (Hassold
and Hunt, 2001). Aneuploidy is also frequently associated with cancer (Jallepalli and
Lengauer, 2001). Elaborate mechanisms have evolved to ensure faithful chromosome
segregation in mitosis and meiosis so as to prevent aneuploidy. Understanding meiotic
segregation is particularly pertinent to human reproduction because of the "maternal age
effect," wherein the frequency of chromosome segregation errors in oogenesis increases
with a woman's age, significantly reducing her chances of a successful pregnancy, and

leading to developmental abnormalities such as Down's Syndrome in her children
(Hassold et al. 2007). This thesis will discuss separately, mechanisms to ensure accurate
meiotic segregation, as well as the consequences of aneuploidy that can arise from
meiotic (and mitotic) errors.

Ensuring Accurate Chromosome Segregation in Meiosis
A) Principles of chromosome segregation
Prior to division, cells must double their DNA content so that their daughters get a
full complement of genetic material. DNA replication leads to every chromosome having
an identical sister chromatid. Sister chromatids are held together in mitosis and meiosis
by a complex of proteins called the cohesin complex. The state of being linked by the
cohesin complex is called cohesion. In mitosis, cleavage of the cohesins allows sister
chromatids to separate. In meiosis I, unlike mitosis, homologs are held together by
physical connections called a chiasmata (Figure 1, discussed later under "Meiotic
Specializations"). Homologs separate when arm cohesins are lost in meiosis I, while
sister chromatids remain linked due to the retention of centromeric cohesins. Sister
chromatids finally separate when centromeric cohesion is lost in meiosis II (Figurel;
reviewed in Marston and Amon, 2004).

A key aspect of chromosome segregation is the attachment of kinetochores to
microtubules emanating from the centrosome (spindle pole body (SPB) in yeast). In
meiosis I, homologous chromosomes (pairs of sisters) segregate away from each other
(reductional division, Figure 1). In meiosis II, as in mitosis, sister chromatids segregate to
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Figure 1. Comparison of Mitosis and Meiosis. Mitosis involves one round of chromosome
segregation after one round of DNA replication and results in the production of two identical
daughter cells of the same ploidy as the parent. Meiosis involves two rounds of chromosome
segregation following one round of DNA replication and results in the production of four gametes
with half the ploidy of the parent. The chromosomes shaded in light and dark blue represent
maternal and paternal homologs respectively. In mitosis, homologs do not interact and sister
chromatids are pulled apart. In meiosis I, homologs become physically attached and segregate
away from each other. Sister chromatids remain linked until meiosis II when they separate as they
would in mitosis.

opposite poles (equational division, Figure 1). For accurate genome partitioning to occur
in meiosis, sister chromatids must be pulled towards the same pole in meiosis I, whereas
homologs (pairs of sister chromatids) are pulled to opposite poles. In contrast, sister
chromatids must be pulled to opposite poles in meiosis II in a manner similar to mitosis
(Figure 1; reviewed in Marston and Amon, 2004). In mitosis and meiosis, surveillance
mechanisms exist that detect incorrect attachments and halt progression until all
attachments are corrected. The major players in chromosome segregation are discussed
below.

(i) Tension
Tension is an important factor for the segregation of chromosomes. Physical
linkage between homologs opposes the force generated by bipolar microtubule
attachment, leading to tension at the metaphase I plate. Similarly, physical linkage and
bipolar attachment of sister chromatids lead to tension at the metaphase II plate. There is
however no tension between sisters in meiosis I, as they are pulled towards the same
pole. Early experiments in grasshopper spermatocytes demonstrated that by simply
pulling on misoriented chromosomes with a microneedle, one could delay their ability to
reorient (Nicklas and Koch 1969). Further, in praying mantis spermatocytes, tension
applied by a microneedle to an unpaired chromosome was sufficient to accelerate entry
into anaphase (Li and Nicklas 1995). These results suggest that a lack of tension signals a
cell cycle arrest when chromosomes are not aligned properly through a checkpoint
mechanism. Conversely, properly aligned chromosomes are under tension and the
checkpoint ceases to signal. Thus, only when all chromosomes are aligned and under

tension will anaphase occur. Tension was directly shown to exist in metaphase by taking
advantage of a technique to GFP-tag DNA sequences in live cells. Lac or Tet operators
are inserted in a chromosomal region of interest and GFP fusions of Lac or Tet repressor
proteins expressed. The region in question can then be visualized as a green dot due to
the binding of GFP-proteins to the operators (Straight et al., 1996). Sister chromatids
were GFP-tagged up to 10kb away from the centromere in cells depleted for the anaphase
promoting factor Cdc20. In these cells, which were arrested in metaphase, microtubuledependent "breathing" or periodic coming together and separation of the GFP marks was
seen (He et al., 2000; Tanaka et al., 2000; Nabeshima et al., 1998).

(ii) Cohesin
In order for tension to exist, there must be at least two forces opposing each other.
In mitosis, sister chromatids are pulled to opposite poles by microtubules. The force
opposing this pulling force is provided by cohesins. The opposing forces allow proper
kinetochore-microtubule attachment and alignment of chromosomes at the metaphase
plate. During anaphase, the linkage between the sister chromatids must be broken so that
they can segregate. Cohesin complexes have been identified in budding yeast, fission
yeast, flies,worms, mice and humans (Guacci et al 1997, Michaelis et al 1997, Tomonaga
et al, 2000, Warren et al, 2000). The names of the different cohesin subunits in different
organisms are listed in Tablel. In budding yeast, cohesin complexes assemble on DNA at
AT-rich regions approximately 10kb apart (Blat and Kleckner 1999; Laloraya et al 2000;
Glynn et al 2004; Lengronne et al., 2004; Weber et al., 2004).

S. cerevisiae

S. pombe

SMCI

X. laevis

H. sapiens

PSMI

D.
melanogaster
SMCI

SMCI

SMCI

SMC3
MCDI(SCC1)
IRR1 (SCC3)

PSM3
RAD21
PSC3

SMC3
RAD21
SA

SMC3
RAD21
SA1,SA2

Establishment

SCC2
SCC4
ECO (CTF7)

MIS4
SSL3
ESO1

NIPBL
N/C
San, Deco

Maintenance

PDS5

PDS5

PDS5

RAD21 *
PDS 1
ESPI
CDC5
SGOl*

WPL 1*
CUT2
CUTI
PLOl
SGOl,
SGO2

WAPL
PIM
Separase (SSE)
POLO
SGOI, (MeiS332)

SCC2
XSCC4
XECO ,
XECO2
PDS5A,
PDS5B
N/C
Securin
Separin
PLX1
Shugoshinlike 1
(xSGOl)

SMC3
RAD21 (SCCI)
SAl (STAGI),
SA2 (STAG2)
NIPBL
MAU2 (hSCC4)
EFOI (ESCO 1),
EFO2 (ESCO2)
PDS5A, PDS5B

Cohesin
subunits

Loading

Dissolution

WAPL
Securin (PTTG)
Separin (ESPL)
PLKI
Shugoshin
(hSGOI 1)

Table 1. Nomenclature of cohesion factors. The various factors involved in sister
chromatid cohesion in different organisms are listed. (from Onn et al., 2008)
N/C indicates no homolog found. *indicates homology based sequence similarity with
functions being non-overlapping.

The cohesin complex is in the form of a ring consisting of Smc 1, Smc3, Sccl and Scc3
(Haering et al 2002; Gruber et al 2003). Pds5 has also been implicated in mediating
cohesion and condensation (Hartman et al., 2000; Panizza et al., 2000). The cohesin ring
most likely encircles both sister chromatids and thus holds them together (Chang et al.,
2005; Ivanov and Nasmyth, 2005; Haering et al., 2008). Cohesin complexes in meiosis
differ from those in mitosis primarily by the replacement of the Sccl subunit by Rec8.
This simple replacement has a very significant effect, which is discussed later under the
section "Meiotic Specializations." Whereas cohesin can be present on chromosomes
during interphase or GI, loading of functional (i.e. providing cohesion) cohesin loading
occurs only during DNA replication (Uhlmann and Nasmyth 1998, Chang et al., 2005).
Scc2 and Scc4 are required for this functional loading (Ciosk et al., 2000; Gillespie and
Hirano 2004; Lengronne et al., 2004; Watrin et al., 2006). The Ecol/Ctf7 complex, which
interacts with the DNA replication machinery, is also required for the loading of cohesins
suggesting a temporal link between DNA replication and the loading of functional
cohesin (Ivanov et al., 2002; Kenna and Skibbens 2003; Williams et al., 2003; Hou and
Zou 2005).

At the metaphase to anaphase transition, Securin (Pdsl in yeast) is ubiquitinylated
by the anaphase-promoting complex/Cyclosome (APC/C) in concert with its specificity
factor Cdc20 (Visintin et al., 1997). The subsequent degradation of Securin relieves the
inhibition of Separase (Esp in yeast), which can then cleave the Scc subunit of cohesin,
thus opening the cohesin ring and allowing sister chromatid separation (Figure 2;

Uhlmann et al., 1999). Separase (Espl in yeast) is also responsible for cleaving the
meiotic equivalent of Scc 1, Rec8 (Buonomo et al., 2000).

Metazoan cells remove cohesins differently than yeast. Whereas in yeast mitosis,
cohesins at centromeres and at chromosome arms are retained until anaphase when they
are all cleaved at the same time, in metazoans most of the arm cohesin is lost during
prophase in a separase-independent manner (Losada et al., 2000, Sumara et al., 2000,
Losada et al., 2002; Sumara et al., 2002; Gimenez-Abian et al., 2004). The mechanism of
this prophase removal is poorly understood but is known to be dependent on Wapl and
phosphorylation of the Scc3 homolog (reviewed in Onn et al., 2008). Presumably, the
cohesin complexes that remain near the centromere are sufficient for biorientation. The
mechanism whereby pericentric cohesins are protected from Wapl-dependent prophase
removal is discussed later in the section "Meiotic Specializations." At the metaphase to
anaphase transition, these cohesins are removed by Separase mediated cleavage of the
Sccl homolog (Waizenegger et al., 2000)

(iii) Kinetochore-microtubule attachments
In order for two DNA molecules to segregate, be they sister chromatids or
homologous chromosomes (pairs of sisters), they must be pulled to opposite poles of the
metaphase spindle. This can only occur if their kinetochores are attached to microtubules
emanating from opposite spindle poles, a situation called bi-orientation. The state of
being attached to the same spindle pole is called co-orientation.

Kinetochores are the proteinaceous structures that mediate attachments between
chromosomes and microtubules and assemble at discrete sites on DNA called
centromeres. Whereas centromeres vary greatly in size and sequence across species, there
is a great deal of structural similarity in terms of the presence of sequence repeats and a
loop structure (reviewed in Brar and Amon, 2009). Further, all centromeres seem to be
specified by nucleosomes containing the histone H3 variant CENP-A (reviewed in
Ekwall, 2007). The kinetochore proteins that bind directly to DNA (so called inner
kinetochore proteins) are not conserved, but the proteins that facilitate microtubule
capture and binding and the surveillance mechanisms that monitor microtubule binding
are (reviewed in Cheeseman 2008). The Ndc80 complex and the Knll protein serve as
direct binding sites for microtubules on kinetochores in a number of organisms from
yeast to humans (Cheeseman et al., 2006, Wei et al., 2007, Wigge et al., 2001, Desai et
al., 2003, et al., DeLuca 2002, McCleland et al., 2003).

The protein kinase Aurora B (Ipl in yeast) is a key regulator of kinetochore microtubule attachment. Aurora B/Ipl 1 was discovered in a screen for yeast mutants that
became aneuploid due to chromosome missegregation (Chan and Botstein 1993,
Francisco and Chan 1994; Glover et al., 1995). Specifically, it was found that in the
absence of functional Aurora B/Ipl 1, cells failed to biorient their sister chromatids during
mitosis (Biggins et al., 1999; Adams et al., 2001; Biggins and Murray 2001; Giet and
Glover 2001; Kaitna et al., 2002; Kallio et al., 2002; Tanaka et al., 2002).

Aurora B/Ipll interacts with INCENP (Slil5 in yeast) and Survivin (Birl in yeast)
to form a complex know as the chromosomal passenger complex, which localizes to
kinetochores in metaphase and to the spindle midzone in anaphase (Kimura et al., 1999;
Yoon and Carbon 1999; Sandall et al., 2006; Adams et al., 2001). Passenger complex
proteins control many aspects of chromosome segregation including Histone H3
phosphorylation (Hsu et al., 2000), cohesin removal (Resnick et al., 2006; Yu and
Koshland, 2005), mitotic and meiotic spindle formation and stability (reviewed in Ducat
and Zheng, 2004), chiasmata resolution (Kaitna et al., 2002) and linking of cytokinesis to
chromosome segregation (Norden et al., 2006). In budding yeast mitosis, the Ipll-Sli15
(Aurora B-INCENP) complex was shown to sever kinetochore - microtubule attachments
that are not under tension by phosphorylating kinetochore components such as Dam
(Cheeseman et al., 2002; Dewar et al., 2004; Pinsky et al., 2006; Tanaka et al., 2002).
Aurora B/Ipl 1 also phosphorylates Ndc80, a direct microtubule binding kinetochore
protein, reducing its affinity for binding to microtubules (Cheeseman et al., 2006, Wei et
al., 2007). Thereby, Aurora B/Ipll generates unattached kinetochores, which activate the
spindle assembly checkpoint (discussed in the section "Spindle Assembly Checkpoint
(SAC)"). Aurora B/Ipll appears to regulate kinetochore-microtubule interactions in a
similar manner in meiosis as well (Monje-Casas et al., 2007).

The shugoshin proteins also appear to have a function in tension sensing and
kinetochore-microtubule attachments. Fission yeast has two shugoshins, Sgol and Sgo2,
the latter being required for proper chromosome segregation in mitosis and meiosis,

through its role in the localization of the Passenger complex proteins (Kitajima et al.,
2004; Kawashima et al., 2007; Vanoosthuyse et al., 2007). The single shugoshin in
budding yeast, Sgol, is required for recovery from treatment with spindle poisons, and
sgolA cells exhibit segregation defects in mitosis (Katis et al., 2004a; Indjeian et al.,
2005). Further, in budding yeast, Sgol appears to be important for biasing sister
chromatids towards biorientation in meiosis II (Kiburz et al., 2008). In mammals, Sgo2
delocalizes from kinetochores during meiosis II when sister kinetochores are bioriented
(Gomez et al., 2007). Sgo2 also binds to and stabilizes microtubules in vitro suggesting a
role in microtubule dynamics (Salic et al., 2004). Shugoshins also have an important role
in cohesin protection, which is discussed later in the section "Meiotic Specilaizations."

(vi) Spindle assembly checkpoint (SAC)
The spindle assembly checkpoint (SAC) acts to prevent cell cycle progression
when chromosomes are not attached correctly to the spindle. A ubiquitin ligase known as
the Anaphase Promoting Complex (APC) or Cyclosome (C; reviewed in Lew and Burke,
2003), in concert with its specificity factor Cdc20, is essential for entry into anaphase
through its role in promoting the degradation of Securin (Pds 1 in yeast) (Visintin et al.,
1997). The spindle assembly checkpoint (SAC) acts by inhibiting Cdc20 until all
kinetochores are correctly orientated and the cell is ready for anaphase (Hwang 1998).
When the SAC is satisfied, the inhibition of APC/Cdc20 is relieved and Securin is
degraded (Cohen-Fix et al., 1996; Funabiki et al., 1996). With Securin degraded,
Separase (Espl in yeast) is now free to cleave cohesin, thus allowing segregation of sister
chromatids (Figure 2; Ciosk et al., 1998).

SAC

SSecurin
0

Separase
Cohesin

Figure 2. The Spindle Assembly Checkpoint (SAC). At the metaphase to anaphase transition,
Separase cleaves the Sccl (or Rec8) subunit of cohesin. The opening of the ring allows for sister
chromatids to separate. Separase is bound by and inhibited by its regulator Securin. When all
chromosome are correctly positioned the APC/C ubiquitinylates Securin, leading to its
degradation and relieving of inhibition of Separase. The SAC blocks the activity of the APC/C
until all chromosomes are correctly attached to microtubules emanating from the appropriate
spindle pole. When the SAC is silenced, the APC/C causes Securin degradation, leading to
Separase-mediated cohesin cleavage and sister chromatid separation.

The SAC appears to monitor kinetochore-microtubule attachments and the tension
that is generated when two connected chromosomes (sisters chromatids or homologs) are
attached to opposite poles. However, it is not clear whether the state of being attached
and tension constitute separate signals, as tension also appears to stabilize microtubule
attachments (reviewed in Lew and Burke, 2003). The primary components of the SAC
are Bubl, Bub3, Madl, Mad2, BubR1 (Mad3 in yeast), Mpsl and Aurora B (Ipll in
yeast). The SAC in higher eukaryotes involves other proteins such as the kinesin motor
CENP-E, dynein and dynein interacting proteins (reviewed in Musacchio and Salmon,
2007). A single unattached kinetochore can activate and maintain the SAC and prevent
anaphase entry in tissue culture cells (Rieder et al., 1994). Chemical destabilization of
microtubules in mitosis leads to a metaphase arrest that is dependent on Mad2 (Lew and
Burke 2003; Taylor et al., 2004). It is thought that proteins like Mad2 localize to
unattached kinetochore and inhibit Cdc20 until all kinetochores are appropriately
attached to microtubules, and the cell is ready for anaphase (Chen et al., 1996; Waters et
al., 1998). The checkpoint kinase Bub1 targets Mad1, Mad2, Bub3 and CENP-E to
kinetochores that are unattached, whereas it itself stays on kinetochores regardless of
attachment status (Sharp-Baker and Chen, 2001). Many checkpoint proteins appear to
also function in ensuring proper kinetochore-microtubule interactions (reviewed in
Logarinho and Bousbaa, 2008).

The SAC appears to be relatively expendable for mitotically dividing yeast, unlike
in higher eukaryotes where inactivation is lethal (Taylor et al., 2004). However, the SAC
plays a major role in yeast meiosis, as deletion of MAD1 or MAD2 results in gross

meiosis I chromosome missegregation (Cheslock et al., 2005; Shonn et al., 2000; Shonn
et al., 2003). The SAC is also important for accurate chromosome segregation in mouse
oogenesis (Homer et al., 2005). Artificially delaying anaphase can partially rescue mad]
and mad2 mutants in mouse and yeast, suggesting that the SAC's main function is to
delay anaphase in response to incorrect attachments (Homer et al., 2005; Shonn et al.,
2000; Shonn et al., 2003). Whereas the metaphase arrest in mitosis upon spindle
disruption is conserved across species, meiosis appears to exhibit differential
requirements for checkpoints in different species, and even between the different sexes
within the same species. In mouse oocytes, a Mad2-dependent arrest in metaphase I is
observed upon spindle desatibilization (Wassmann et al., 2003). However in mouse
spermatocytes, the arrest occurs in G2/prophase (Tepperber et al., 1997; Tepperberg et
al., 1999). In yeast as well, cells arrest in G2/prophase upon spindle destabilization by
chemicals or low temperature (Hochwagen et al., 2005). Spindle disruption also causes a
downregulation of the meiotic transcriptional program that is Mad2-independent
(Hochwagen et al., 2005). The factors required for this downregulation are unknown.

B) Meiotic specializations
Meiosis I differs significantly from mitosis. First, unlike in mitosis, homologous
recombination occurs so that homologs are linked together. Second, sister chromatids are
pulled towards the same pole whereas homologs are pulled to opposite poles. Finally,
cohesins near centromeres must be retained to hold sister chromatids together until
meiosis II (Figure 3). Albeit many players in mitosis are also involved in meiosis, there
are a number of significant differences between the two processes that require different
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Figure 3. Schematic of Meiosis. In meiosis I, homologs are connected by chiasmata that are the
result of homologous recombination. Sister kinetochores coorient so that they are pulled to the
same spindle pole. Arm cohesins are lost, whereas centromeric cohesins are retained. In meiosis
II, sister kinetchores are biorented, so that they are pulled to opposite poles and centromeric
cohesins are lost (Figure adapted from Marston and Amon, 2004).

players and/or modified functions. Three fundamental processes that make meiosis a
"specialized" cell division and that do not function in mitosis are: i) Homologous
Recombination; ii) Coorientation of sister kinetochores; and iii) Stepwise cleavage of
cohesion. These processes are discussed below.

(i) Homologous Recombination
Homologous recombination allows homologous chromosomes to be attached to
each other in meiosis I and this attachment is critical for ensuring accurate meiosis I
segregation. Homologous recombination can also contribute to genetic diversity within a
species. Mutants that fail to undergo recombination segregate their chromosomes
randomly during meiosis I (Keeney et al., 1997; Dernburg et al., 1998; Klein et al., 1999).
Homologous recombination occurs after DNA replication and during meiotic prophase.
Meiotic prophase differs from mitotic prophase in a number of ways; homolog pairing
and recombination are the most important. Meiotic prophase is characterized by 5 distinct
stages as defined by chromosome morphology: leptotene, zygotene, pachytene, diplotene
and diakinesis. During leptone and zygotene respectively, chromosomes condense and
homologs start to pair. Homologous recombination occurs in zygotene and synaptonemal
complex assembly is complete by pachytene. The synaptonemal complex breaks down in
diplotene. Finally, in diakinesis further chromosome condensation occurs and bivalents
and chiasmata become clearly visible.

Homologous recombination can result in crossovers (CO), where there is
reciprocal exchange of DNA between homologues, or non-crossovers (NCO) where

exchange does not occur (reviewed in Marston and Amon 2004). COs and the cohesin
complexes distal to the point of crossover together result in a physical linkage between
homologs called a chiasma, which are resolved during anaphase of meiosis I. Both
pathways involve a number of common steps. Double-strand breaks (DSBs) are produced
throughout the genome by the topisomerase-like protein Spo Il (Bergerat et al., 1997;
Keeny et al., 1997). These DSBs are produced at many locations throughout the genome
but tend towards GC-rich areas (Baudat and Nicolas 1997; Gerton et al., 2000; Blat et al.,
2002; Prieler et al., 2005). Single strand resection then occurs so that the 5' ends of the
DSB are shortened to produce 3' single stranded DNA (ssDNA) overhangs (Figure 4.).
Single strand resection is dependent on Rad50, Mre 1l and Coml/Sae2 (Krogh and
Symington, 2004). This ssDNA then invades the homologous dsDNA in a process
catalyzed by Rad51 and Dmc 1 (homologs of the bacterial RecA protein) (reviewed in
Krogh and Symington 2004).

It is at this point that DSBs are resolved by a CO pathway, which involves the
formation of double Holliday junctions (dHJs), or a NCO pathway involving synthesisdependent strand annealing (SDSA) (Figure 4; Allers and Lichten 2001; Borner et al.,
2004; reviewed in Bishop and Zickler 2004). During SDSA, the invading strand uses the
homolog as template to prime transient synthesis of new DNA. The invading strand is
then displaced and reanneals with its original partner strand (on the other side of original
break) (Figure 4; reviewed in Bishop and Zickler 2004). Gene conversion occurs through
the transient DNA synthesis that uses the homolog as a template. In contrast to SDSA,
double Holliday junctions (dHJs) are formed when the invading strand remains annealed
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Figure 4. Homologous Recombination: Recombination initiates with DNA double-strand
breaks (DSBs), followed by resection from the 5' end. Next, 3' single-stranded DNA tails invade
the intact homologous DNA duplex. This nascent 3' interaction is unstable and it is at this step of
the process that the decision is made to follow the non-crossover (NCO; left) or the crossover
(CO) pathway (right). In the NCO pathway, the 3' single-stranded tail initiates DNA synthesis
(shown in red) but the extended end is ejected. Annealing with its original partner strand occurs,
then DNA synthesis and ligation are completed. In the CO pathway, the nascent 3' interaction is
stabilized. The second 3' end then anneals with the displaced strand of the homolog. DNA
synthesis occurs from both 3' ends and is followed by ligation to form a double Holliday junction
(DHJ). The DHJ is then nicked as indicated by the arrows and resolved to form two recombinant
DNA molecules. (Figure from Marston and Amon, 2004)

to the homolog complement and the displaced strand anneals with the invading strand's
original complement. These dHJs are biasedly resolved by strand nicking as COs (Figure
4; reviewed in Bishop and Zickler 2004). Zipl, Zip, Zip3 and Msh4, Msh5 and Mer3
stabilize the interaction between the invading strand and the homolog strand to allow for
dHJ formation (Borner et al., 2004). In many organisms the formation of the SC is
concomitant with homologous recombination. In yeast and mice, synapsis depends on
recombination (Baudat et al., 2000; Romanienko and Camerini-Otero 2000), but not in
flies and worms (Dernburg et al., 1998; McKim and Hayashi-Hagihara 1998).

(ii) Sister kinetochore Coorientation
To segregate accurately in meiosis, sister kinetochores must co-orient (be attached
to microtubules emanating from the same spindle pole) in meiosis I, whereas they must
biorient (be attached to microtubules emanating from opposite spindle poles) in meiosis
II (see Fig. 1; reviewed in Marston and Amon, 2004). In budding yeast, sister kinetochore
coorientation during meiosis I is brought about by the monopolin complex (reviewed in
Marston and Amon, 2004). Cells lacking components of this complex bi-orient sister
kinetochores during meiosis I and attempt to separate sister chromatids during the first
meiotic division (Rabitsch et al., 2003; Toth et al., 2000; Petronczki et al., 2006). To date
four components of the monopolin complex have been identified. Maml is a meiosisspecific protein present at kinetochores from pachytene to metaphase I (Toth et al., 2000).
The monopolin complex components Csml and Lrs4 are expressed during both mitosis
and meiosis. They reside in the nucleolus until meiosis I when they are released by the
Polo kinase Cdc5 (Clyne et al., 2003; Rabitsch et al., 2003). After their release, Csml and

Lrs4 form a complex with Maml and bind to kinetochores (Rabitsch et al., 2003). In
addition, Maml recruits the ubiquitously expressed casein kinase 18/E Hrr25 to
kinetochores during meiosis I (Petronczki et al., 2006). The kinase activity of Hrr25 and
its ability to associate with monopolin are required for coorientation (Petronczki et al.,
2006). Non-monopolin factors important for coorientation have also been identified. In
the absence of Polo kinase (Cdc5), coorientation does not occur and cells arrest with
short spindles in meiosis I (Clyne 2003; Lee and Amon 2003). The meiosis specific
protein Spo 13 is also necessary for kinetochore coorientation. In its absence, the
monopolin complex initially associates with kinetochores but cannot be maintained there
(Katis et al., 2004b; Lee et al., 2004). What is the mechanism of action of the monopolin
complex? As will be discussed in Chapter 2, it appears that the monopolin complex
brings about coorientation by fusing sister kinetochores together. This model is attractive
because monopolin has been shown to link sister chromatids in a cohesin-independent
manner and to be sufficient to induce coorientation in mitosis (Monje-Casas et al., 2007).
Additionally, 3D reconstructions of electron-micrographs of the meiotic spindle suggest
that there is one microtubule for every pair of sister chromatids, further supporting the
fusion model (Winey et al., 2005). Whether this single microtubule binds only one sister
kinetochore as in mitosis (the other being occluded), or whether a new type of binding
site is generated is unclear.

Monopolins have not been found in other organisms, suggesting that other
mechanism may be involved for coorientation. In fission yeast, cohesins near
centromeres are crucial for coorientation (Watanabe and Nurse 1999; Yokobayashi et al.,

2003) The meiotic cohesin Rec8 localizes to the inner centromere and in its absence, cells
mis-segregate their chromosomes in meiosis I (Kitajima et al., 2003b, Yokobayashi et al.,
2003). The mitotic cohesin Rad21 (Sccl homolog) is excluded from the inner centromere
and so although Rad21 can compensate for the loss of Rec8 in terms of cohesion, it
cannot rescue the missegregation defect (Yokobayashi et al., 2003). The meiosis-specific
protein Moal localizes to the inner centromere and interacts with Rec8, possibly
regulating the latter's levels at the inner centromere (Yokobayashi and Watanabe 2005).
It has been suggested that Moal and Rec8 may act to geometrically constrain sister
chromatids so that they can only bind microtubules emanating from the same spindle
pole.

(iii) Stepwise loss of cohesion
In budding yeast, fission yeast and frogs, separase cleaves meiotic cohesin in
meiosis I and meiosis II (Buonomo et al., 2000; Kitajima et al., 2003a; Kiburz et al.,
2005; Fan et al., 2006; Kudo et al., 2006). However, loss of cohesin occurs in a stepwise
manner, so that only cohesins at chromosome arms are removed at meiosis I (thus
allowing homologs to segregate), and centromeric cohesins are retained (Klein et al.,
1999; Watanabe and Nurse 1999; Eijpe et al., 2003; Lee et al., 2003). The cohesins left at
centromeres are crucial for holding sister chromatids together until meiosis II. In meiosis
II, these centromeric cohesins can oppose the forces of microtubules when the sister
chromatids are bioriented, leading to tension and accurate segregation. The stepwise loss
is specific to Rec8 cohesins such that replacement by the mitotic Scc 1 subunit leads to all
cohesin (arm and centromeric) being lost in anaphase I (Toth et al., 2000).

Protection of centromeric cohesins in meiosis I is primarily regulated by the
shugosin family of proteins. They were first identified in flies, where the homolog MEIS332 was found to be required for protecting centromeric cohesin during meiosis I, so
that meiosis II nondisjunction occurred in its absence (Kerrebrock et al., 1992;
Kerrebrock et al., 1995; Moore et al., 1998). Fission yeast have two shugoshin proteins,
the meiosis-specific Sgol and Sgo2 which is present in both mitosis and meiosis
(Kitajima et al., 2004; Rabitsch et al., 2004). Budding yeast has a single shugoshin, Sgol
(Katis et al., 2004a; Marston et al., 2004). When Sgol is deleted in yeast, all cohesins
(arm plus centromeric) are lost in meiosis I, resulting in random segregation of sister
chromatids in meiosis II (Katis et al., 2004a; Kitajima et al., 2004; Marston et al., 2004).
mamlA cells experience a spindle elongation delay in meiosis I, due to the fact that
centromeric cohesion between sisters is maintained, while the sister kinetochores are
(incorrectly) bioriented (Toth et al., 2000). The loss of functional (cohesive) cohesin at
centromeres in sgolA cells was demonstrated by the rescue of this spindle elongation
delay of mamlA cells (Katis et al., 2004a). It is important to note that meiosis I
segregation in sgolAmamlA cells is not entirely equational, implying that there is some
role for Sgol in segregation that is independent of cohesin protection (Katis et al.,
2004a). The roles of shugoshins in chromosome segregation are discussed above in the
section "Kinetochore-microtubule attachments."

Sgo 1 appears to regulation cohesin cleavage by a phosphorylation/
dephosphorylation-dependent mechanism. Sgo 1 recruits the protein phosphatase PP2A to

centromeres in meiosis I in both budding and fission yeasts (Kitajima et al., 2006; Riedel
et al., 2006). In the absence of PP2A, all (arm plus centromeric) cohesins are lost,
resulting in random meiosis II segregation, and artificial recruitment of the phosphatase
to chromosome arms leads to defective cohesin cleavage (Riedel et al., 2006).
Conversely, Rec8 cohesin is phosphorylated by the Polo kinase Cdc5, so that meiotic
depletion of the kinase or a phosphomutant of Rec8 leads to hypophosphorylated Rec8
and cohesin cleavage defects (Lee et al., 2003, Brar et al., 2006). Thus, it appears that
Sgol recruits PP2A phosphatase to centromere-proximal cohesins to protect them from
phosphorylation by the Polo kinase Cdc5 that would otherwise mark them for cleavage.
The model of Polo-like kinase (Plkl) mediated-phosphorylation driving cohesin cleavage
is conserved in mammals as well. As discussed in the section "Cohesins" above,
mammalian mitosis involves selective removal of arm cohesins in prophase. Mammalian
Scc3 cohesin subunits are substrates of Plkl and mutant proteins lacking Plk1
phosphorylation sites are not removed from chromosome arms during prophase (Hauf et
al., 2005). Furthermore, Sgol and PP2A are required for the maintenance of centromeric
cohesins (Salic et al., 2004; Tang et al., 2004; Kitajima et al., 2005; McGuinness et al.,
2005; Kitajima et al., 2006; Tang et al., 2006).

In both budding and fission yeasts Sgol localizes to pericentric regions in a Bubldependent manner (Katis et al., 2004a; Kitajima et al., 2004 Marston et al., 2004, Kiburz
et al., 2005; Riedel et al., 2006). In budding yeast, it appears that the centromere acts as a
loading site for Sgol from where the domain of cohesin protection spreads to the
pericentric regions (Kiburz 2005). In mammals, as in yeast, Sgol localization to

centromeres has also been shown to be dependent on Bubl (Tang et al., 2004, Kitajima et
al., 2005). The localization of Sgol and PP2A is interdependent (Kitajima et al., 2006;
Tang et al., 2006). In fission yeast and flies, pericentric heterochromatin rather than the
centromere itself appears to be involved in establishing the domain of cohesin protection;
the requisite factors in mammalian cells are unknown (Kitajima 2003, Lopez 2000,
reviewed in Brar and Amon, 2009).

As will be discussed in Chapter 2, Aurora B/Ipll promotes the localization of
Sgol to centromeres so that in its absence, Sgol localizes to centromeres less efficiently
(Monje-Casas et al., 2007). In the absence of Aurora B/Ipl1, it has further been shown
that the PP2A subunit Rtsl fails to localize to centromeres in anaphase I, and thus all
cohesion (arm plus centromeric) is lost at once (Yu and Koshland, 2007). In flies,
INCENP and Aurora B/Ipll have been shown to play a role in the localization of MEIS332 as both INCENP mutants and phosphomutants of MEI-S332 (that cannot be
phosphorylated by Aurora B/Ipll), fail to localize MEI-S332 to centromeres (Resnick et
al., 2006). Spol3 has also been shown to be involved in protecting centromeric cohesin in
meiosis I. In the absence of Spol3 all cohesins (arm and centromeric) are cleaved in
meiosis I (Katis et al., 2004b; Lee et al., 2004a). Conversely, when Spol3 is
overexpressed in mitosis, cells arrest in metaphase and exhibit a delay in cohesin
cleaveage (Lee et al., 2002; Shonn et al., 2002).

What allow sister chromatids to stay together during meiosis II but then separate
during meiosis II is an interesting question. Chapter 2 will discuss how accurate
chromosome segregation is achieved during meiosis so as to prevent aneuploidy.

Consequences of Aneuploidy
Aneuploidy is a condition where the chromosome number is altered, but the
resulting chromosome number is not an exact multiple of the normal haploid number.
Having one extra chromosome or one less than the normal diploid complement results in
trisomy and monosomy of the chromosome in question, respectively. This is distinct from
polyploidy where chromosome number has been altered so as to have an exact multiple
of the normal haploid number, such as triploidy (three times the haploid number) or
tetraploidy (four times the haploid number).

Aneuploidy can arise from a number of sources (reviewed in King 2008).
Merotelic attachments, where a kinetochore attaches to microtubules from both spindle
poles, can lead to a chromatid being pulled to the same daughter cell as its sister, or being
lost into a micronucleus. In budding yeast a single microtubule binds each kinetochore so
merotelic attachments are not a concern. Loss of spindle checkpoint function can lead to
a failure to biorient sister chromatids, leading to missegregation and aneuploidy.
Abberant centrosome (spindle pole body in yeast) amplification can lead to multipolar
spindles and missegregation. Finally, aneuploid cells can arise from tetraploid cells which
themselves usually arise from cytokinesis failures. These tetraploid cells contain two
centrosomes from the previous cell cycle that duplicate and can lead to multipolar
spindles in the subsequent division.

Polyploidy is relatively well tolerated, being found as part of the normal
physiology of plants and animals, as well as some human cell types (Otto and Whitton,
2000). Aneuploidies of sex chromosomes are also relatively well tolerated in most
species because of dosage compensation mechanisms. Autosomal aneuploidy on the
other hand is associated with developmental abnormalities in all species examined to date
(reviewed in Torres et al., 2008). However, aneuploidy is also a characteristic of the
disease of uncontrolled proliferation, cancer. This raises the question: If aneuploidy is so
deleterious, why are most solid tumors aneuploid? Aneuploidy in the contexts of
development and cancer is discussed below. This thesis will primarily discuss autosomal
aneuploidy.

A) Aneuploidy, Development and Organismal Fitness
Studies in budding yeast (Torres et al., 2007), fission yeast (Niwa et al., 2006;
Niwa and Yanagida, 1985), Drosophila(Lindsley et al., 1972), maize (McClintock,
1929), rice (Singh et al., 1996), mice (Dyban et al., 1987; Gropp et al., 1983) and humans
(Pai et al., 2003; Gropp et al., 1975) showed that aneuploidy interferes with organismal
fitness and development. The link between having too many or too few chromosomes and
development has been known for over a hundred years. Theodor Boveri studied the
consequences of dispermic fertilizations of sea urchin eggs. He observed aberrant
divisions in the embryos, which resulted in aneuploidy leading to massive developmental
defects and death (Boveri 1902, 1904). Subsequently, a large study was performed in
fruit flies involving segmental trisomies (having gained an extra copy of a portion of a

chromosome) or segmental monosomies (having lost a portion of a chromosome)
(Lindsley et al., 1972). This study showed that 1) monosomies were less well tolerated
than trisomies, 2) having multiple trisomies in the same individual (hyperploidy) was
lethal and being triploid was not, 3) flies with segmental trisomies showed common traits
regardless of the identity of the chromosomes involved and 4) viability of flies was
inversely proportional to the size of the extra chromosomal segment (Lindsley et al.,
1972). Whereas some plant species appear to tolerate aneuploidy better than animals, in a
number of cases including the jimson weed (Daturastramonium), rice, maize and
Arabidopsis thaliana,aneuploid plants grow poorer than their euploid counterparts
(Blakeslee et al., 1920; McClintock 1929; Singh et al., 1996; Henry et al., 2005). In the
worm Caenorhabditiselegans, only two autosomal trisomies have been obtained and
both were morphologically abnormal, slower growing and subfertile (Hodgkin et al.,
1979; Sigurdson et al., 1986). Efforts at obtaining other trisomies or monosomies have
failed suggesting that they are lethal.

Aneuploidy is detrimental in mammals too. In mice, autosomal trisomy is lethal in
all cases except trisomy 19 (Dyban and Baranov, 1987). Cardiovascular, neurological and
craniofacial defects are seen in all trisomic embryos, and there is a strong inverse
correlation between the size of the extra chromosome and the day of gestation to which
trisomic embryos survive (Dyban and Baranov, 1987). In humans, the most well known
case of trisomy is Down's syndrome. It is also, the only human autosomal trisomy that
survives to adulthood. Two other trisomies, trisomy 13 (Patau's syndrome) and trisomy
18 (Edward's syndrome), survive for a few months after birth and all others are

embryonic lethal (Pai et al., 2003). The three embryonically viable trisomies all share
similar traits such as cardiac defects, neurological defects and craniofacial defects (Pai et
al., 2003). Human chromosomes 13, 18 and 21 are the smallest in terms of the number of
known protein coding genes with chromosome 21 being the smallest. Chromosome 1 has
nearly 50 percent more known protein coding genes that the next largest chromosome,
and has never been detected in spontaneous abortions (Hassold and Jacobs, 1984). Thus,
in humans too, various trisomies elicit common traits and organismal fitness is inversely
correlated with the size of the extra chromosome.

In haploid budding yeast, the presence of a single extra chromosome causes
growth defects, which increase in severity with the size of the extra chromosome (Torres
et al., 2007). It will be argued in Chapters 3 and 4 that with aneuploidy, it is the
imbalance of gene products encoded by the genes on the extra chromosome that result in
decreased cellular and organismal fitness.

B) Aneuploidy and Cancer
Most solid tumors are aneuploid (Albertson et al, 2003). Theodor Boveri first
postulated that aneuploidy causes cancer, because he noticed a tumor like mass in
aneuploid sea urchin embryos (Boveri 1902). It has however been unclear whether
aneuploidy is a cause or simply a consequence of tumorigenesis. Many lines of evidence
suggest that aneuploidy does not cause tumorigenesis. In humans, Trisomy 21 cells do
not proliferate as well as euploid cells (Segal et al., 1974). Also, the percentage of cells
undergoing DNA replication in solid tumors, which are mostly aneuploid, varies between

2 to 8%, whereas a normal renewing epithelium such as the intestine exhibits a DNA
replication index of approximately 16% (Tannock and Hill, 1987). Furthermore,
individuals carrying an extra copy of chromosome 21 have a 50% lower probability of
developing solid tumors than do individuals with the correct chromosome number (Hasle
et al., 2000; Satge et al., 2003). Segmental trisomy of chromosome 16 in the mouse has
been shown to reduce the incidence of neoplasia in the APCMin mouse model, which
otherwise has a high tumor burden (Sussan et al., 2008). Additionally, the induction of
low-level aneuploidy in mice, through interference with the chromosome segregation
machinery, prevented tumor formation in many tissues and caused tumor formation only
relatively late in others (Weaver et al., 2007; Sotillo et al., 2007; Baker et al., 2004).

A few findings, however, argue for a cancer-promoting role of aneuploidy. Loss
of heterozygosity, which can arise from chromosome loss or aneuploidy, is detected in
atypical ductal hyperplasias, which can be precursors of breast cancer (Larson et al.,
2006) and in small (2 mm in diameter) adenomas, which are thought to represent earlystage colon cancers (Bomme et al., 1998; Bomme et al., 2001; Shih et al., 2001). Finally,
even though tumors form late in mice carrying a low-level aneuploidy-inducing mutation,
they do occur with an increased frequency in some tissues.

Understanding the effects of aneuploidy at the cellular level will help to shed light
on why aneuploidy is detrimental to organismal fitness and on what role aneuploidy has
to in tumorigenesis. Chapter 3 will explore these cellular effects.

Conclusion
Ensuring accurate chromosome segregation, whether in mitosis or meiosis, is critical to
ensure genetically balanced cells and individuals. Meiotic errors result in entirely
aneuploid embryos that either cannot survive to term, or that have severe developmental
defects resulting in mental retardation and shortened lifespans. Mitotic errors lead to
subpopulations of cells within an individual that are aneuploid, and may result in diseases
such as cancer. Understanding the mechanisms that ensure accurate chromosome
segregation may help us predict and prevent missegregation events as are seen with the
"maternal age" effect. Furthermore, gaining insight into the cellular consequences of
aneuploidy may help us treat cases in which aneuploidy occurs. Thus, understanding how
cells prevent aneuploidy as well as understanding the consequences of failure are
extremely important for the betterment of human health.
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Kinetochore orientation during meiosis is controlled by
Aurora B and the monopolin complex.
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Summary
Kinetochores of sister chromatids attach to microtubules emanating from the same pole
(coorientation) during meiosis I and to microtubules emanating from opposite poles
(biorientation) during meiosis II. We find that the Aurora B kinase Ipll regulates
kinetochore - microtubule attachment during both meiotic divisions and that a complex
known as the monopolin complex ensures that the protein kinase coorients sister
chromatids during meiosis I. Furthermore, the defining of conditions sufficient to induce
sister kinetochore coorientation during mitosis provided insight into monopolin complex
function. The monopolin complex joins sister kinetochores independently of cohesins, the
proteins that hold sister chromatids together. We propose that this function of the
monopolin complex helps Aurora B to coorient sister chromatids during meiosis I.

Introduction
The mitotic cell division cycle is an alternation of chromosome duplication and
segregation. During the meiotic cell division, which generates gametes, DNA replication
is followed by two rounds of chromosome segregation. During the first division, meiosis
I, homologous chromosomes segregate away from each other. During the second
division, meiosis II, sister chromatids separate. Central to accurate chromosome
segregation is the correct attachment of chromosomes to the spindle apparatus. During
mitosis and meiosis II, sister kinetochores attach to microtubules emanating from
opposite spindle poles (bi-orientation). In meiosis I, when homologs segregate away from
each other and are hence bi-oriented, sister chromatids segregate to the same spindl pole.
Thus, sister kinetochores must attach to microtubules emanating from the same spindle
pole, a phenomenon known as monopolar attachment or sister kinetochore coorientation.

In budding yeast, sister kinetochore coorientation during meiosis I is brought
about by the monopolin complex (reviewed in Marston and Amon, 2004). Cells lacking
components of this complex bi-orient sister kinetochores during meiosis I and attempt to
separate sister chromatids during the first meiotic division (Rabitsch et al., 2003; Toth et
al., 2000; Petronczki et al., 2006). To date four components of the monopolin complex
have been identified. Maml is a meiosis-specific protein present at kinetochores from
pachytene to metaphase I (Toth et al., 2000). The monopolin complex components Csm l
and Lrs4 are expressed during both mitosis and meiosis. They reside in the nucleolus
until G2 when they are released by the Polo kinase Cdc5 (Clyne et al., 2003; Rabitsch et

al., 2003). After their release, Csml and Lrs4 form a complex with Maml and bind to
kinetochores (Rabitsch et al., 2003). In addition Maml recruits the ubiquitously
expressed casein kinase id/e Hrr25, which is also required for sister kinetochore
coorientation, to kinetochores during meiosis I (Petronczki et al., 2006). The meiosis
specific protein Spol3 is also necessary for kinetochore coorientation. In its absence, the
monopolin complex initially associates with kinetochores but cannot be maintained there
(Katis et al., 2004b; Lee et al., 2004). How the monopolin complex and proteins that
regulate its association with kinetochores bring about sister kinetochore coorientation is
not understood.

The protein kinase Aurora B is a key regulator of kinetochore - microtubule
attachment. Aurora B (Ipll in yeast) forms a complex with INCENP (Sli15 in yeast) and
this complex controls many aspects of chromosome segregation including Histone H3
phosphorylation (Hsu et al., 2000), cohesin removal (Resnick et al., 2006; Yu and
Koshland, 2005), mitotic and meiotic spindle formation and stability (reviewed in Ducat
and Zheng, 2004), chiasmata resolution (Kaitna et al., 2002) and linking of cytokinesis to
chromosome segregation (Norden et al., 2006). In budding yeast mitosis, the Ipll-Slil5
complex was shown to sever kinetochore - microtubule attachments that are not under
tension by phosphorylating kinetochore components such as Dam (Cheeseman et al.,
2002; Dewar et al., 2004; Pinsky et al., 2006; Tanaka et al., 2002). Thereby, Ipl1
generates unattached kinetochores, which activates the spindle checkpoint. The spindle
checkpoint inhibits an ubiquitin ligase known as the Anaphase Promoting Complex

(APC) or Cyclosome (C; reviewed in Lew and Burke, 2003), whose activity is essential
for entry into anaphase through its role in promoting the degradation of Securin (Pds 1 in
yeast). This degradation leads to activation of a protease known as Separase (Esp 1 in
yeast). Once active, Separase cleaves a component of cohesin complexes, which hold
sister chromatids together. A role for Aurora B in regulating kinetochore - microtubule
attachment during meiosis has not been demonstrated.

Here we investigate how Ipll and the monopolin complex regulate sister
kinetochore orientation during meiosis. We find that Ipll is required for homolog biorientation during meiosis I as well as sister chromatid bi-orientation during meiosis II.
Our data further show that Ipll is epistatic to the monopolin complex in the regulation of
this process. Importantly, we find that an active monopolin complex is sufficient to
promote sister kinetochore coorientation during mitosis. The ability to induce sister
kinetochore coorientation during mitosis furthermore provided insight into one of the
functions of the complex. The monopolin complex links sister kinetochores in a cohesin
independent manner.

Results
Aurora B localizes to kinetochores and the spindle during meiosis.
To examine the role of Ipll in yeast meiosis we analyzed its protein levels and
localization. Ipll was expressed throughout meiosis, but levels appeared lower as cells
entered the meiotic cell cycle (Figure 1A; 0 time point). Ipll activity, as judged by

Histone H3 phosphorylation, mirrored Ipll protein levels ( Figure lA). The localization
of Ipll in meiosis resembled that of mitosis (Figure IB; Tanaka et al., 2002; Pereira and
Schiebel, 2003). Ipll localized to the nucleus in metaphase I and metaphase II. During
anaphase I and anaphase II the protein was also found on the meiotic spindle. Analysis of
Ipl on chromosome spreads revealed that early in meiosis Ipl is found on chromosomes
but does not localize to kinetochores (data not shown). However, at metaphase I Ipll
associates with kinetochores as judged by the colocalization with the kinetochore
component Ndc10 (Figure 1C).

IPL1 is required for the bi-orientation of homologs during meiosis I.
To determine Ipll's function during meiosis we placed the IPL1 open reading frame
under the control of the SCC1/MCD1 promoter, which is largely repressed during meiosis
(Michaelis et al., 1997; pSCCI-IPL1). The pSCCI-IPL1 fusion was expressed during the
mitotic cell cycle (Figure 2A) but because Ipll is unstable during G (Biggins et al.,
1999), the protein is rapidly depleted from cells entering the meiotic cell cycle (Figure
2A). Cells carrying the pSCCI-IPL1 fusion as the sole source of Ipl did not exhibit
proliferation defects during vegetative growth (data not shown) but progression through
the meiotic cell cycle was affected. Cells exhibited a slight delay in entry into S phase
(Figure 2B) and a moderate metaphase I and anaphase I delay, with spindles appearing
thin and fragile (Figure 2C, data not shown). Despite these delays, 80 % of cells
eventually progressed through at least one meiotic division (Figure 2D). Similar results
were obtained when Ipll was depleted by placing the IPL1 ORF under the control of the
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Figure 2: Ipll regulates meiosis I chromosome segregation.
(A) pSCC1-3HA-IPL1 cells (A10423) were induced to sporulate to examine 3HA-Ipl1 levels at
the indicated times. vATPase was used as a loading control.
(B) Wild type (A581 1) and pSCC1-3HA-IPL1 (A10423) cells were induced to sporulate to
determine DNA content by FACS.

(C - E) Wild type (A5715) and pSCC1-3HA-IPL1 (A14502) cells, both carrying homozygous
CENV GFP dots were induced to sporulate to determine spindle morphology (C), nuclear
morphology (D) and CENV GFP dot segregation (E).
(F) Strains described in (C) were resuspended in sporulation (SPO) medium containing 120
mg/ml benomyl (benomyl) or DMSO (1%; mock) 4 hours after induction of sporulation. After 30
minutes cells were washed and resuspended in SPO medium.
Samples were taken between 3-6 hours thereafter and CENV GFP dot segregation was
determined.
Note that we only determined the presence but not the number of GFP dots per nucleus.

mitosis-specific CLB2 promoter (Figure 3 and data not shown).

To follow the fate of chromosomes during the meiotic divisions in the absence of
Ipll we integrated a tandem array of tetO sequences near the centromere of chromosome
V on both homologs (homozygous CENV GFP dots). These cells also expressed a tetRGFP fusion, which binds to tetO, to visualize the repeats (Michaelis et al., 1997). The
analysis of homozygous GFP dots revealed that 80 % of Ipll-depleted cells segregated
homologs to the same spindle pole rather than, as wild-type, to opposite poles (Figure 2E,
F). Similar results were obtained when we analyzed the chromosome segregation
behavior of chromosome III or both, chromosome III and V (data not shown). This highly
asymmetric chromosome segregation resulted in the two anaphase I DNA masses being
of unequal size (data not shown). During mitosis, cells defective in IPL function
preferentially segregate both sister chromatids with the old spindle pole body (SPB) into
the bud (Pereira et al., 2001; Tanaka et al., 2002). This is likely due to the fact that the
duplication of kinetochore structures and subsequent microtubule capture occur prior to
maturation of the newly synthesized SPB. Consequently, both sister chromatids attach to
microtubules emanating from the same spindle pole. Owing to cells lacking IPL1 failing
to detach incorrect microtubule attachments, sister chromatids preferentially co-segregate
with the old SPB into the bud. Consistent with this idea is the observation that the
preferential cosegregation of sister chromatids with the old SPB can be partially rescued
by transient microtubule depolymerization (Pereira et al., 2001; Tanaka et al., 2002).
Transient treatment with the microtubule depolymerizing drug benomyl during prophase
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Figure 3: Ipli-depleted cells are defective in meiotic progression.
Wild type (A5811), pSCC1-3HA-IPL1 (A10423) and pCLB2-3HA-IPLI (A10424) were induced
to sporulate and examined as described in Figure 2D.

I (4 hours after induction of meiosis) also partially rescued the co-segregation of
homologs in Ipll- depleted meiotic cells. Whereas 80% of homologs co-segregated to the
same pole in mock-treated Ipll-depleted cells, homolog segregation was nearly random
(60% cosegregation and 40% separation) when cells were treated with benomyl (Figure
2F; note that the expected ratios for random segregation would be 50%:50%). Our results
indicate that IPL1 is required for accurate homolog segregation during meiosis I. We
propose that, as during mitosis, IPL1 does so by promoting microtubule attachment
turnover until all homologs are correctly oriented on the meiosis I spindle.

Aurora B regulates meiosis II chromosome segregation.
To determine the role of Ipll in meiosis II chromosome segregation we examined
cells carrying the tetO array on only one of the two homologs (heterozygous CENV GFP
dots). Ipll-depleted cells showed normal segregation of heterozygous CENV GFP dots
during the first meiotic division (the GFP signal was present in one of the two nuclei after
the first meiotic division; Figure 4A upper panels), indicating that sister chromatids do
not separate prematurely during meiosis I. However, 60% of the cells that underwent a
second meiotic division mis-segregated chromosomes resulting in the generation of four
nuclei of unequal size (Figure 4A lower panels; data not shown). Because Ipli -depleted
cells undergo the second meiotic division with poor efficiency, we also examined Ipldepleted cells deleted for SPOIl. SPOI1 encodes the topoisomerase-like enzyme
responsible for generating recombination-initiating double strand breaks (Bergerat et al.,
1997; Keeney et al., 1997), and deletion of SPO11 allowed Ipll-depleted cells (as many
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Figure 4: IPL1 controls multiple meiosis II events.
(A) Wild type (A5811) and pSCC1-3HA-IPL1 (A10423) cells carrying heterozygous
CENV GFP dots were induced to sporulate to determine GFP dot segregation at the indicated
times.
(B) spollA (A9498) and spollA pSCC1-3HA-IPL1 (A10425) cells carrying heterozygous
CENV GFP dots were induced to sporulate to determine GFP dot segregation at the indicated

times.
(C) Wild type (A10483), Ipll-depleted (A15201) or Sgol-depleted (A15056) cells carrying a
NDCI O-6HA and a REC8-13MYC fusion were induced to sporulate.
Chromosome spreads were prepared at 5, 6 and 8 hours after sporulation induction and
Rec8 localization was analyzed in binucleate cells (n=50).
(D) Wild type (A10461), spol3A (A10755) and pSCC1-3HA-IPL1 (A 15169) cells carrying a
NDCIO-6HA and a SGO1-9MYC fusion were induced to sporulate to examine Sgol localization
as described in (C).
Note that we only determined the presence but not the number of GFP dots per nucleus.

other meiotic mutants) to progress through the second meiotic division more efficiently
(compare Figures 2D and 4B). Mis-segregation of sister chromatids was even more
pronounced in Ipll-depleted cells lacking SPO 1. 80% of sister chromatids segregated to
the same pole during the second meiotic division (Figure 4B). Owing to the meiosis II
phenotype ofpSCCI-IPL1 spol A cells resembling that of IPL-deficient mitotic cells
we conclude that IPL1 is required for sister kinetochore bi-orientation during meiosis II.

Aurora B affects the step-wise loss of sister chromatid cohesion during meiosis.
During mitosis, cohesins are lost along the entire length of chromosomes at the
onset of anaphase. During meiosis cohesins are lost in a stepwise manner (reviewed in
Marston and Amon, 2004). Loss of cohesins from chromosome arms is essential for
homologs to segregate during meiosis I. Retention of cohesins around centromeres is
necessary for sister chromatids to segregate accurately during meiosis II. To determine
whether Ipl in addition to kinetochore orientation also regulates the loss of sister
chromatid cohesion, we examined the localization of the cohesin subunit Rec8 on
chromosome spreads. Cells also carried a tagged version of the kinetochore component
NdclO0 to identify centromeric regions of chromosomes. In wild-type binucleate cells
Rec8 was found around centromeres (Figure 4C). In contrast, nearly 50 % of Iplldepleted binucleate cells lacked centromeric Rec8 (Figure 4C). As a control, we also
examined the localization of Rec8 in cells lacking SGO1, a gene essential to protect Rec8
from removal around centromeres during meiosis I (Katis et al., 2004a; Kitajima et al.,
2004; Marston et al., 2004). In such cells, Rec8 was absent in binucleate cells (Figure

4C). Our results indicate that IPL1 is required to retain Rec8 at centromeres beyond the
first meiotic division, though the gene appears less important than SGO1.

Ipll-depleted cells also exhibited defects in the localization of the cohesion
protector Sgo 1, which itself associates with centromeric regions from prophase I until
metaphase II (Katis et al., 2004a; Marston et al., 2004). Only 50% of mononucleate and
binucelate Ipll-depleted cells exhibited Sgol localization (Figure 4D and data not
shown). Deletion of SP013, a gene required for the maintenance of Sgol at centromeres
(Figure 4D; Lee et al., 2004) did not affect Sgol localization in mononucleate cells but
had more severe effects on Sgo 1 localization than Ipll-depletion in binucleate cells
(Figure 4D and data not shown; Katis et al., 2004b, Lee et al., 2004). How Ipll affects
cohesin loss and why Ipl depletion only partially affects Rec8 and Sgol localization is at
present unclear. The severity of the homolog co-segregation phenotype of Iplli-depleted
cells (80% cosegregation of homologs during meiosis I) argues against incomplete
inactivation of Ipll being responsible for the partial effects on Rec8 and Sgo 1
localization. Parallel pathways could account for the incomplete penetrance of the
phenotype. We note that our findings are consistent with observations in Drosophila,
where the Sgol homolog MEI-S332 requires Aurora B and INCENP for its association
with pericentric regions (Resnick et al., 2006). Our results indicate that IPL1 is required
for two key aspects of the second meiotic division, sister kinetochore bi-orientation and
the correct timing of loss of cohesins from chromosomes.

Depletion of Ipll suppresses the coorientation defect of mamlA and spol3A
mutants.
Having established that Ipl regulates kinetochore orientation during meiosis we
next examined the relationship between Ipll and coorientation factors. The majority of
cells lacking MAM1 and SPO11 carrying heterozygous CENV GFP dots segregate sister
chromatids during the first observable chromosome segregation phase leading to the
formation of binucleate cells with a GFP dot in each of the two nuclei (Toth et al., 2000;
Figure 5A). Remarkably, depletion of IplI in such cells led to the co-segregation of sister
chromatids to one spindle pole (Figure 5A). Similar results were obtained when Ipll was
depleted in cells lacking SPO11 and SP013. spol3A spollA mutants undergo a single
meiotic division during which sister chromatids segregate to opposite poles (Klapholz et
al., 1985; Figure 5B). Depletion of Ipll in these cells led to the co-segregation of sister
chromatids (Figure 5B). Our results indicate that bi-orientation of sister kinetochores in
mamlA or spol3A mutants requires IPL1 function. Inactivation of SP013 or MAM1
neither changed Ipll localization (Figures 6A and 6B) nor its ability to
phosphorylate Histone H3 (Figure 6C) indicating that the two proteins did not affect Ipl
function. The simplest interpretation of our findings is that Ipl performs the same
function during meiosis I as during mitosis and meiosis II, that is severing microtubulekinetochore attachments that are not under tension. The monopolin complex's function is
to change sister kinetochores in a way that they are only under tension when homologs
are bi-oriented.
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Figure 5: The Ipll-depletion phenotype is epistatic to that caused by the inactivation of
MAMJ or SP013.
Wild type (A581 1), pSCCI-3HA-IPLI (A 10423), mamlA spol IA (A8128) and mamlA spollA
pSCC1-3HA-IPL1 (A15164) cells in (A) and wild type (A5811), pSCC1-3HA-IPL1 (A10423),
spol3A spollA (A7170) and spol3A spol lA pSCC1-3HA-IPL1
(A 11432) cells in (B), all carrying heterozygous CENV GFP dots, were induced to sporulate to
determine GFP dot segregation at the indicated times.
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Figure 6: Deletion of SPOl3 or MAM1 does not affect Ipll localization or activity.
(A-C) Wild type (A16097), mamlA (A16315) and spol3A (A16313) cells carrying a
NDC10-HA and IPLI-13MYC fusion were induced to sporulate and samples were taken
at the indicated time points to analyze Ipll localization in whole cell immunofluorecence
(A) and chromosome spreads (B). Ipll protein levels, phosphorylated Histone H3 and

global Histone H3 levels were determined by Western blot analysis (C).
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Figure 7: An active monopolin complex is sufficient to promote sister kinetochore
coorientation.
(A) Wild type (A5244), GAL-MAM1 (A12315), GAL-CDC5 (A12325), GAL-CDC5

GAL-MAM1 (A 12312), lrs4A (A 15911), GAL-CDC5 GAL-MAM1 Irs4A (Al15910) and
GAL-CDC5 GAL-MAM1 lrs4A csmlA (A16882) cells, all carrying CENIV GFP dots, were
arrested in G 1 using 5 mg/ml alpha factor, and treated with galactose for 1 hour prior to release.
When arrest was complete, cells were released into medium lacking pheromone and containing
2% galactose. Samples were taken to determine GFP dot segregation (data represent the average
of 3 experiments; statistically significant changes relative to wild type (p < 0.001) are indicated
by ***).

(B) Wild type (A15127), GAL-CDC5 (A15926), and GAL-CDC5 GAL-MAM1 (A15925) cells
carrying LRS4-6HA and NDC80-GFPwere grown as described in (A) to determine the
localization of Lrs4-HA on chromosome spreads. Lrs4-6HA is shown in red, Ndc80- GFP in
green and DNA in blue.
(C, D) Wild type (Al5912, squares) and GAL-CDC5 GAL-MAM1 (A15915, circles) cells, all
carrying PDS1-3HA fusions, were grown as in (A) except alpha-factor was re-added (5 mg/ml) 90
minutes after release from the G I arrest. Samples were taken to determine the percentage of
metaphase (closed symbols; C) and anaphase (open circles; C) spindles and Pds Il-3HA protein
levels (D). Pgkl was used as a loading control.

An active monopolin complex is sufficient to promote sister kinetochore
coorientation during mitosis.
To gain further insights into how the monopolin complex brings about sister kinetochore
coorientation, we wished to define the minimal number of genes necessary for this
process to occur during mitosis. The monopolin complex component Maml is not
expressed during mitosis. Overexpression of MAM1 alone is, however, not sufficient for
sister kinetochore coorientation to occur during mitosis (Figure 7A; Toth et al., 2000).
As Maml requires Lrs4 and Csml to associate with kinetochores (Rabitsch et al., 2003),
the fact that Lrs4 and Csml are not released from the nucleolus during mitotic G2 (Toth
et al., 2000; Figure 8) could be responsible for Maml's inability to promote sister
kinetochore coorientation during mitosis.

To release Lrs4 and Csml from the nucleolus we overexpressed CDC5 from the
galactose inducible GALl promoter. The presence of a single copy of CDC5 expressed
from the GALl promoter did not interfere with cell cycle progression (data not shown)
but led to the release of Lrs4 from the nucleolus (Figure 8). As Csml and
Lrs4 localization is interdependent (Rabitsch et al., 2003), Csml release is likely to also
occur. Lrs4 however, failed to associate with kinetochores in GAL-CDC5 cells (Figure
7B). Co-overexpression of MAM1 and CDC5 from the GALl promoter led to Lrs4
association with kinetochores (Figure 7B) indicating that CDC5 is required to release the
Lrs4-Csml complex friom the nucleolus and that only when Maml is present, are the two
proteins efficiently recruited to kinetochores.
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Figure 8: Overexpression of CDC5 releases Lrs4 from the nucleolus.
Wild type (A12909), GAL-MAM1 (A] 5917), GAL-CDC5 (A 15918) and GAL-CDC5
GAL-MAMI (A15916) cells carrying a LRS4-6HA fusion were arrested in GI by using 5
mg/ml alpha factor, preinduced with 2% galactose for 1 hour and released into medium lacking
pheromone and containing 2% galactose. Lrs4-6HA (red), tubulin (green), and
DNA (blue) are shown in metaphase cells.

Cells overproducing Cdc5 and Maml progressed through mitosis with kinetics
similar to that of wild type cells (Figure 7C). Degradation of Pdsl was, however, delayed
by 15 minutes (Figure 7D) indicating that the spindle checkpoint was transiently
activated. The analysis of CENIV-GFP or CENV-GFP dot segregation revealed that 35%
of GAL-CDC5 GAL-MAM1 cells segregated both sister chromatids to the same spindle
pole (Figure 7A, data not shown). The co-segregation of sister chromatids depended on
the monopolin complex components Lrs4 and Csml. Deletion of LRS4 reduced sister
chromatid cosegregation to 13%. Inactivation of both LRS4 and CSM1 reduced it further
to 4% (Figure 7A). Overexpression of SP013 did not lead to an increase in LRS4/CSM1dependent sister chromatid co-segregation in GAL-CDC5 GAL-MAM1 cells (see next
section and Figure 9) suggesting that high levels of Spo 13 do not enhance sister
kinetochore coorientation when Cdc5 and Maml are overproduced. We conclude that
overexpression of CDC5 and MAM1 is sufficient to promote coorientation of sister
kinetochores. This co-segregation of sister chromatids is accompanied by a slight delay in
Pds 1 degradation suggesting that the lack of tension caused by the cosegregation of sister
chromatids leads to Ipl -dependent microtubule severing which results in a transient
activation of the spindle checkpoint.

Effects of SPOJ3 on sister chromatid co-segregation brought about by
overexpression of CDC5 and MAM1.
SP013 is necessary to maintain the monopolin complex at kinetochores during meiosis I
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Figure 9: Overexpression of SPO13 does not enhance co-segregation of sister chromatids in
GAL-CDCS GAL-MAM1 cells.
(A-C) Wild type (A5244), GAL-MAM1 (A12315), GAL-CDC5 (A12325), GAL-CDC5
GAL-MAM1 (A 12312), GAL-CDC5 GAL-MAMI Irs4A csmlA (A16882) and GAL-CDC5 GAL-

MAMI GAL-SPO13 (A12849) cells all carrying GFP dots on chromosome IV were arrested in GI

78

by using 5 mg/ml alpha factor, preinduced with 2% galactose for 1 hour and released into
medium lacking pheromone and containing 2% galactose. Examples of anaphase spindle
morphologies (tubulin in green, DNA in blue) of GAL-CDC5 GAL-MAM1 GAL-SPO13 (A12849)
cells are shown in (A). Time points were taken at the indicated times to determine the percentage
of GFP dots co-segregating to one nuclear lobe of anaphase cells (B; statistically significant
changes relative to wild type (p 5 0.001) are indicated by ***) and the percentage of cells with
metaphase and anaphase cells for wild-type and short and long spindles for GAL-CDC5 GALMAM1 GAL-SP013 cells (C).
(D) Wild type (A15912), GAL-CDC5 GAL-MAM1 GAL-SP013 (A15913) and GAL-CDC5 GALMAM1 GAL-SP013 madlA (A15914) cells carrying PDS1-3HA fusions were grown as described

in (A-C). Samples were taken at the indicated times to determine the amount of Pds I-3HA
protein levels. Pgkl was used as a loading control in
Western blots. Note that the wild-type blots are identical to those shown in Figure 7D.
(E) Wild type (A5244), madlA (A14588), GAL-CDC5 GAL-MAM1 GAL-SPO13 madlA
(A 15914), GAL-CDC5 GAL-MAM1 GAL-SP013 Irs4A csmlA madlA (A 16884) and

GAL-CDC5 GAL-SP013 madlA (A16885) cells all carrying GFP dots on chromosome
IV were grown as described in (A) to determine the percentage of GFP dots cosegregating to one
nuclear lobe of anaphase cells (statistically significant changes relative to wild type (p 5 0.001)
are indicated by ***).

(Lee et al., 2004). Consistent with this idea is the finding that overexpression of SPOI3
increased sister chromatid co-segregation in GAL-CDC5 GAL-MAM1 cells to 90%
(Figure 9B). Furthermore spindle elongation occurred 15 minutes earlier than in wildtype cells (Figure 9A, C), even though Pdsl was stabilized (Figure 9D). To determine
whether the co-segregation of sister chromatids in GAL-CDC5 GAL-MAMi GAL-SP013
cells reflected genuine sister kinetochore coorientation we examined the effects of
deleting CSM1 and LRS4. Deletion of LRS4 and CSM1 caused GAL-CDC5 GAL-MAM]
GAL-SP013 cells to arrest in metaphase (data not shown), resembling GAL-CDC5 GALSP013 and GAL-SPO13 cells, which also arrest in metaphase due to activation of the
spindle checkpoint (data not shown; Lee et al., 2002). To circumvent the arrest we also
deleted the spindle checkpoint component MAD1. Deletion of LRS4 and CSM1 in GALCDC5 GAL-MAM] GAL-SP013 madlA cells reduced co-segregation of sister chromatids
from 80% to 45% restoring co-segregation levels to those observed in GAL-SP013 GAL
CDC5 madlA cells (Figure 9E). Thus, only 35% of co-segregation events observed in
GAL-SP013 GAL-MAM1 GAL-CDC5 madlA cells depend on a functional monopolin
complex. This cosegregation frequency is similar to that observed in GAL-MAMJ GALCDC5 cells indicating that Spol3 does not enhance LRS4/CSMJ-dependent cosegregation of sister chromatids in GAL-CDC5 GAL-MAM1 cells. It is possible that the
LRS4/CSM1 independent co-segregation events we observe when Spo 13 is overproduced
represent the ability of high levels of Spol3 to induce coorientation of sister chromatids
in a LRS4/CSM1 independent manner. It is however more likely that the LRS4/CSM1
independent co-segregation observed in GAL-SP013 GAL-MAM1 GAL-CDC5 madlA

cells is due to overproduced-Spol3 interfering with kinetochore function and cohesion
removal because high levels of Spol3 cause a spindle-checkpoint induced metaphase
arrest (Lee et al., 2002). We conclude that high levels of Spol3 do not enhance sister
kinetochore coorientation when Cdc5 and Maml are overproduced. This finding is
consistent with the observation that 50 % of cells are able to coorient sister kinetochores
during meiosis I in the absence of SP013 (Katis et al., 2004; Klapholz et al., 1985; Lee et
al., 2004).

Establishing sister kinetochore coorientation during mitosis does not interfere with
IPL1 function.
Our maml A pSCC1-3HA-IPL1 and spol3A pSCC1-3HA-IPL1 double mutant analysis
indicated that coorientation factors either functioned as inhibitors of Ipll or were
modifying sister kinetochores in a way that Ipll was not able to bi-orient them. Several
observations, argue against Spol3 and Maml inhibiting Ipll function. First,
overexpression of CDC5 and MAM1 during mitosis promotes sister kinetochore
cosegregation, which is accompanied by a modest delay in Pdsl degradation (Figure 7D)
Second, Ipll levels, localization, and overall kinase activity (as judged by Histone H3
phosphorylation) were not affected in GAL-CDC5 GAL-MAM1 strains (data not shown).
Third, we did not detect any genetic interactions between coorientation factors and IPL1
gain- and loss-of function alleles. Overexpression of CDC5 and MAM1 did not enhance
the chromosome segregation defect of temperature sensitive ipll-321 mutants (Biggins et
al., 1999) at intermediate growth temperatures. At 34°C, ipll-321 GAL-CDC5 GAL-

MAM1 mutants exhibited the same phenotype as ipll-321 mutants (Figure 10A). At 25 0C
and 300 C the strain showed the same phenotype as the GAL-CDC5 GAL-MAM] strain
(Figure 10A). Fourth, overexpression of IPL1 did not affect sister chromatid
cosegregation in GAL-CDC5 GAL-MAM1 cells (data not shown). Finally, the
cosegregation of sister chromatids in GAL-CDC5 GAL-MAM1 cells differed from that
observed in ipl1-321 mutants. Whereas sister chromatids preferentially segregate together
with the old SPB into the bud during mitosis in ipll-321 mutants (65-70%; Tanaka et al.,
2002; Figure 10B), co-segregation of sister chromatids did not show a SPB preference in
GAL-CDC5 GAL-MAM1 cells (47% in the mother, 53% in the daughter; Figure 10B).
These observations together with the finding that inactivation of the monopolin complex
does not affect Ipll localization and kinase activity during meiosis indicates that the
monopolin complex does not inhibit Ipll. Rather, they suggest that the monopolin
complex acts on the kinetochore to facilitate co-segregation of sister chromatids.

The monopolin complex joins sister kinetochores independently of cohesins during
mitosis.
Insights into monopolin complex function came from the analysis of GFP dots in mitotic
cells induced to co-segregate sister chromatids. We observed that co-segregating CENIV
GFP dots were always tightly paired in GAL-CDC5 GAL-MAM1 cells (Figure 7A). In
contrast, co-segregating telomeric GFP dots were paired only half the time (Figure 11 C).
The tight association of sister chromatids at centromeres is specific to co-segregation
brought about by overproduction of Cdc5 and Maml and is not a phenomenon generally
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Figure 10: Effects of overproducing Cdc5 and Maml on ipll-321 mutants.
GAL-CDC5 GAL-MAM1 (A12312), ipll-321 (A16485), and GAL-CDC5 GAL-MAM1 ipll-321
(A 15931) cells, all carrying CENIV GFP dots, were arrested in G1 as described in Figure 7A,
followed by release into medium lacking pheromone and containing 2%
galactose at 25C, 300C or 34C.
(A) The percentage of co-segregating and correctly segregating (bi-oriented) sister chromatids
was determined in anaphase cells (data represent the average of 3 experiments).
(B) The percentage of the following three classes of anaphase cells was determined at
34°C: (i) co-segregating sister chromatids that segregated into the bud (SPB daughter),
(ii) co-segregating sister chromatids that segregated into the mother (SPB mother) and
(iii) correctly segregating sister chromatids (WT segreg.). Within classes (i) and (ii) the following

distinctions were made: co-segregating sister chromatids tightly paired (black bars); cosegregating sister chromatids not paired (white bars).
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arrested in GI using 5mg/ml alpha factor. Galactose was added 1 hour prior to release. When
arrest was complete cells were released into medium containing galactose but lacking pheromone.
The presence of one or two GFP dots in each nuclear lobe was determined in anaphase cells.
(B) Haploid MET-SCC1 (A 16486) and GAL-CDC5 GAL-MAM1 MET-SCC1 (A16023) cells
carrying CENV GFP dots were arrested in GI in media lacking methionine using 5
mg/ml alpha factor, preinduced with 2% galactose and 8 mM methionine for I h, and released
into YEP medium lacking pheromone and containing 2% galactose and 8 mM methionine at
25°C. Cells were analyzed as in (A).
(C) Wild type (A5237) and GAL-CDC5 GAL-MAM1 (A16883) cells carrying TELV GFP
dots, were grown as described in Figure 7A to determine GFP dot segregation. In this set

of strains only 25% of cells co-segregated sister chromatids. The reasons for the lower
levels of co-segregation in this strain are unclear.

occurring when sister chromatids co-segregate to the same spindle pole. We observed
two distinct GFP signals during anaphase in wild-type cells carrying GFP dots 1.4 and
2kb away from the centromere of chromosomes IV and V, respectively (Figure 11 A).
More importantly, in two other mutants that co-segregate sister chromatids, two
individual GFP dots were seen in a significant fraction of anaphase cells. In cells lacking
cohesins due to the depletion of the cohesin subunit Sccl/Mcdl, approximately 50 % of
co-segregating sister chromatids were pulled to the spindle pole individually, as judged
by the fact that two distinct GFP dots were visible in one of the two nuclear lobes when
sister chromatids segregated to the same pole (Figure 11B). Overexpression of CDC5 and
MAM1 led to an increase in sister chromatids co-segregation from 29 % to 44 % in such
cells and, importantly, sister centromeres remained tightly associated during anaphase
under these conditions (Figure 11B). In another mutant that co-segregates sister
chromatids, in the ipll-321 mutant, two distinct GFP signals were observed in
approximately 40 % of cells with co-segregating sister chromatids but GFP dots appeared
again as one in most cells when Cdc5 and Maml were overproduced in the mutant
(Figure 10B).

Could the co-segregation of sister chromatids in GAL-CDC5 GAL-MAM1 mutants
depleted of cohesins be due to only one of the sister kinetochores attaching to a
microtubule and the second sister chromatid being dragged along due to cohesinindependent linkages? We can exclude this possibility because in cells lacking cohesins
and functional kinetochores (by inactivating NDC1O) single chromatids are left behind at

the metaphase plate during chromosome segregation (data not shown; Tanaka et al.,
2002). Together our data indicate that sister chromatids normally segregate independently
of each other even under conditions when they co-segregate to the same spindle pole, but
overexpression of CDC5 and MAM1 induces a tight association between the
cosegregating sister chromatids at centromeres that is independent of cohesins.

A MAMJ-dependent linkage joins sister chromatids in the absence of REC8.
Next we investigated whether sister kinetochores are also joined by the monopolin
complex during meiosis I. If sister kinetochores were linked during meiosis I in a cohesin
independent manner sister chromatids should co-segregate to the same spindle pole even
in the absence of sister chromatid cohesion. Previous studies indicated that in cells
lacking REC8, 65% of sister chromatids segregate to the same pole during anaphase I.
However, the percentage of cells progressing past prophase I in the absence of REC8 is
exceedingly small (10 - 15%) because of defects in recombination leading to the
activation of the recombination checkpoint (Klein et al., 1999). We therefore investigated
the segregation behavior of sister chromatids in rec8A cells in the absence of
recombination brought about by the deletion of SPOI . Remarkably, more than 80% of
sister chromatids segregated to the same spindle pole in rec8A spollA mutants either
carrying GFP dots near the centromere (CENV dots) or at chromosome arms (LYS2 dots;
Figure 12A). Furthermore, the majority of CENV GFP dots appeared as one, while
chromosome arms (LYS2 dots) were paired only half the time (Figure 12A) indicating
that the tight association of sister chromatids is restricted to the centromeric region.

Importantly, the co-segregation of sister chromatids was in part dependent on a functional
monopolin complex because it was reduced in rec8A spollA mamlA triple mutants
(Figure 12A).

To examine whether the monopolin complex was also affecting the association of
sister chromatids prior to meiosis I chromosome segregation we examined the effects of
deleting MAM1 in rec8A spollA cells arrested in prophase I due to the deletion of the
transcription factor NDT80 (Xu et al., 1998). Six hours after the induction of meiosis,
CENV GFP dots were paired in 91% of rec8A spollA ndt80A cells (Figure 12B). In
contrast, at chromosome arms GFP dots (LYS2 dots) appeared less frequently paired
(60% of cells; Figure 12B). The appearance of only one dot was not due to the lack of
DNA replication because most cells had replicated their DNA at the time GFP dots were
examined (Figure 12C). Deletion of MAM1 reduced the pairing of GFP dots in cells
carrying CENV GFP dots to 74%. It also reduced pairing of arm sequences from 59% to
37% (Figure 12B), which probably reflects the fact that arm sequences are more likely to
interact when centromeres are linked. We conclude that though clearly not the only factor
linking sister chromatids at centromeres in the absence of cohesins, the monopolin
complex joins sister kinetochores in a cohesin-independent manner during meiosis I.
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Figure 12: The co-segregation of sister chromatids observed in rec8A cells depends in part
on MAM1.
(A) Wild type (A5811), spollA (A9498), rec8A spollA (A16020) and rec8A mamlA spollA

(A 16342) cells carrying heterozygous CENV GFP dots, and spollA (A16725) rec8A
spollA (A16838) and rec8A mamlA spollA (A16839) all carrying heterozygous

LYS2 GFP dots, were induced to sporulate to examine the distribution of GFP dots in
binucleate cells 6 hours after induction. Strains A 16838 and A 16839 were analyzed after
8 hours. A later time point was chosen for the LYS2 GFP dot strains to allow for a more complete
segregation of chromosome arms away from the midzone. (n= 100 cells for
A16838 and n=150 cells for A16839, n=200 cells for all other strains).
(B, C) spollA ndt80A (A16840), rec8A spollA ndt8OA (A16841) and rec8A mamlA spollA

ndt80A (A16842) cells all carrying heterozygous CENV GFP dots and spollA ndt8OA (A16835),
rec8A spollA ndt8OA (A16836) and rec8A mamlA spollA ndt80A (A16837) cells all carrying

heterozygous LYS2 GFP dots, were induced to sporulate to examine DNA content (C; CENV dot
strains are shown) and the association of GFP dots (B; 6h time point was analyzed).

Discussion
Aurora B kinases affect diverse mitotic events; most prominent among these are
chromosome morphogenesis and segregation. We have investigated the protein kinase's
role in kinetochore - microtubule attachment during the two meiotic divisions and found
that Aurora B is required for homolog bi-orientation during meiosis I as well as sister
chromatid bi-orientation during meiosis II. Our data further implicate the meiosis Ispecific monopolin complex in allowing Aurora B to bi-orient homologs rather than sister
chromatids during meiosis I. Consistent with this central role in determining kinetochore
orientation is the observation that the monopolin complex is sufficient to induce
coorientation of sister kinetochores. The ability to establish sister kinetochore
coorientation during mitosis furthermore provided insights into one of the complex's
function: providing a link between sister kinetochores.

The roles of Aurora B during meiosis.
Aurora B has been shown to regulate chromosome alignment and segregation,
cytokinesis and microtubule dynamics during meiosis in several organisms (Bishop et al.,
2005; Kaitna et al., 2002; Ohi et al., 2004; Rogers et al., 2002; Schumacher et al., 1998).
Depletion of Aurora B in budding yeast revealed that the protein kinase is required for
several aspects of meiotic cell division in this organism too. First, Ipll-depleted cells
were somewhat delayed in entry into pre-meiotic S phase, the basis of which is at present
unclear. Depletion of Ipll in meiosis did not lead to a significant effect on the levels or
kinetics of homologous recombination during meiosis (Figure 13). Second, Ipll is
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Figure 14: Meiotic depletion of Ipll has a negligible effect on homologous recombination.
Wild-type (A1556) and pSCCI-3HA-IPL1 (A17557) cells were induced to sporulate and samples
were taken at the indicated times and analyzed by Southern blot for recombination at the
HIS4LEU2 hotspot. DSBs indicate the products of double-strand breaks. The parental and
recombinant configurations of the locus are indicated.

required for the coordinated stepwise-loss of cohesion in a fraction of cells, which is
consistent with recent results in Drosophila(Resnick et al., 2006). The third function of
Aurora B that we uncovered during meiosis is that it promotes homolog and sister
chromatid bi-orientation during meiosis I and meiosis II, respectively. The mechanisms
whereby Ipl accomplishes this appear to be the same as during mitosis. The protein
kinase severs microtubule-kinetochore attachments that are not under tension. The crucial
factor that allows the protein kinase to bi-orient homologs rather than sister chromatids
during meiosis I is the monopolin complex.

Establishing sister kinetochore coorientation during mitosis.
By co-overexpressing Cdc5 and Maml we were able to induce co-segregation of sister
chromatids during mitosis. Does this co-segregation reflect genuine coorientation of
sister kinetochores as it exists during meiosis I or does this regimen lead to non-specific
interference with kinetochore function? Abolishing kinetochore function through the
inactivation of core kinetochore components such as NDC1O0,leads to spindle elongation
in the absence of chromosome segregation, with many chromosomes remaining at the
metaphase plate (Goh and Kilmartin, 1993). Interference with kinetochore - microtubule
attachment delays/prevents entry into anaphase. These phenotypes are not observed in
GAL-CDC5 GAL-MAM1 cells arguing against a general kinetochore defect in these cells.

Several lines of evidence indicate that the co-segregation of sister chromatids
observed in GAL-CDC5 GAL-MAM1 mutants is also not due to a loss ofIPL1 function.

Overproduction of Cdc5 and Maml did not enhance the ipll-321 phenotype at the
semipermissive temperature, nor did overexpression of IPL1 affect sister chromatid
cosegregation in GAL-CDC5 GAL-MAM1 cells. Furthermore, the co-segregation
phenotype of GAL-CDC5 GAL-MAM1 mutants differs from that of ipll-321 mutants.
Finally, the fact that Pdsl degradation was delayed in cells overproducing Cdc5 and
Maml indicates that Ipll is active in these cells. Together, our studies indicate that
general kinetochore defects and effects on Ipll function are not the reason for the cosegregation of sister chromatids in GAL-CDC5 GAL-MAM1 cells. The finding that the
co-segregation of sister chromatids in cells overproducing Cdc5 and Maml depends on
the monopolin complex components Csml and Lrs4 furthermore leads us to conclude
that the co-segregation observed during mitosis reflects genuine coorientation of sister
kinetochores during meiosis I.

Mechanisms of sister kinetochore coorientation.
Aurora B kinases play an essential role in bi-orienting sister kinetochores during mitosis.
It was therefore possible that factors promoting the coorientation of sister kinetochores
during meiosis I would be inhibitors of Aurora B function. Our studies indicate that this
is not the case. Rather they point towards Ipll performing the same function during
meiosis I and II as it does during mitosis, that is severing microtubule-kinetochore
attachments that are not under tension. The monopolin complex modifies sister
kinetochores so that they are only under tension when homologs are bi-oriented. How
does the monopolin complex accomplish this? Several lines of evidence indicate that the

complex functions as a link between sister kinetochores that is distinct from cohesins.
When overproduced during mitosis Cdc5 and Maml induce the co-segregation of sister
chromatids, with the two sisters being tightly associated near centromeres but not at arm
regions. The tight association of sister centromeres is not observed in other mutants that
co-segregate sister chromatids to the same pole during anaphase such as ipll-321 mutants
or cells depleted for cohesins. Importantly, high levels of Cdc5 and Maml are capable of
linking co-segregating sister chromatids in cells lacking IPL1 or cohesin. During meiosis
I, we observe that even in the absence of the cohesin subunit REC8, 91% of sister
chromatids are associated at centromeres during prophase I (ndt80A block) and
preferentially (85%) co-segregate to the same pole during meiosis I. During this
cosegregation centromeric sequences appear tightly paired whereas arm sequences were
not. Importantly, this association of sister chromatids in spollA rec8A cells is in part
dependent on MAM1 indicating that the protein has sister centromere connecting abilities
not only when overproduced during mitosis but also during meiosis I.

How could the joining of sister kinetochores force them to attach to microtubules
emanating from the same pole? The fusion of sister kinetochores could put steric
constraints onto the two sister kinetochores, hence favoring attachment of both
kinetochores to microtubules emanating from the same spindle pole. Ultrastructural
analyses of meiosis I spindles in the salamander Amphiuma tridactylum and several
grasshopper species support this hypothesis (reviewed in Moore and Orr-Weaver, 1998).
We favor the idea that at least in yeast, the monopolin complex, in addition to joining

sister kinetochores, prevents attachment of microtubules to one of the two sister
kinetochores because it is more consistent with ultrastructural analyses of meiosis I
spindles in budding yeast. In S. cerevisiae,in which kinetochores bind to only one
microtubule, the number of microtubules in the meiosis I spindle is more consistent with
one microtubule attaching to one homolog (Winey et al., 2005). We note that in other
organisms such as Drosophilaand mouse, sister kinetochores also appear to form a single
microtubule binding surface during metaphase I (Goldstein, 1981; Parra et al., 2004). The
second observation leading us to favor the model in which the monopolin complex links
sister centromeres and prevents one kinetochore from attaching to microtubules is that
overexpression of a functional monopolin complex allows 35 % of cells treated with the
microtubule depolymerizing drug nocodazole, which causes activation of the spindle
checkpoint, to escape the checkpoint arrest (Figure 14).

The mechanisms whereby the monopolin complex links sister kinetochores remain to be
determined. We propose that after DNA replication sister chromatids are initially
topologically linked due to catenation even in the absence of cohesins. Maml assembles
onto the kinetochores of these sisters joining them at centromeres. Whether this link is
able to withstand the pulling forces exerted by microtubules is unclear but we envision
that the monopolin complex bridges the sister kinetochores in a way that ensures their
concerted movement and conceals one of the two microtubule attachment sites. The
monopolin complex could itself bridge sister chromatids or induce changes in
kinetochore substructures to induce their interaction with each other. In this regard it is
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Figure 14: Overexpression of CDC5 and MAM1 partially bypasses a nocodazole-induced
cell cycle arrest.
Wild type (A5244), bub2A (A11298), GAL-CDC5 (A12325), GAL-MAM1 (A12315),
GAL-CDC5 GAL-MAM1 (A12312), and GAL-CDC5 GAL-MAMI Irs4A (A15910) cells all
carrying a PDS1-HA fusion were arrested in G by using 5 mg/ml a factor. During the last hour
of the arrest 2% galactose was added. Cells were then released into medium lacking pheromone
and containing 2% galactose and 15 mg/ml nocodazole at 25C(. The percentage of dumb-bell
cells with an extra bud (rebudding; A) and Pdsl protein levels
(B) were determined at the indicated times. Pgkl was used as a loading control for Western blots.

interesting to note that a component of the monopolin complex, Hrr25, forms multimers
only during meiosis I (Petronczki et al., 2006), potentially providing a bridging function.
In S. pombe, coorientation factors appear to bring about sister kinetochore coorientation
through cohesin complexes (Yokobayashi and Watanabe, 2005). Our results suggest that
in S. cerevisiae coorientation factors themselves have the ability to join sister chromatids.
We propose that this function is important to promote sister kinetochore coorientation.
Whether these linkages simply impose steric constraints or in addition control the
attachment of microtubules to kinetochores will be an important question to determine in
the future.

Materials and Methods
Strains and Plasmids:
Derivatives of SK1 are described in Table 1; derivatives of W303 strains in Table 2. To
deplete Ipll during meiosis, the IPLI ORF was placed under the control of the SCCI or
CLB2 promoter by the PCR-based method described in Longtine et al., 1998. The GAL110 promoter fusions as well as tagged alleles of various genes are described as follows.
A GAL-CDC5 fusion tagged with 3MYC epitopes was integrated at the URA3 locus
(Charles et al., 1998) and single integration was confirmed by Southern blot analysis. The
MAM1 and SPO13 promoters were replaced by the GAL] promoter genes as described by
Longtine et al., 1998. IPLI-13MYC and LRS4-6HA were generated as described in
Longtine et al., 1998. MAM1-9MYC, NDCIO-6HA, spoll::TRPI and rec8::KanMXwere
described in (Toth et al., 2000), SGO1-9MYC was described in (Marston et al., 2004),
REC8-13MYC was described in (Lee et al., 2002) and maml::TRP1 were described in
(Lee et al., 2004).

Sporulation conditions:
Cells were grown to saturation in YPD (YEP + 2% glucose) for 24 hours, diluted into
YPA (YEP + 2% KAc) at OD600 = 0.3 and grown overnight. Cells were then washed with
water and resuspended in SPO medium (0.3% KAc [pH = 7.0]) at OD600= 1.9 at 300 C to
induce sporulation.
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Western blot analysis:
Cells were harvested, and incubated in 5% trichloroacetic acid (TCA) and lysed as
described in Moll et al., 1991. Immunoblots were performed as described in Cohen-Fix et
al., 1996. Antibody concentrations are listed.
Antibody dilutions used on Western blots.
Ipll-13Myc was detected using a mouse anti-Myc antibody (Covance) at a 1:500
dilution. Pdsl-3HA was detected using a mouse anti-HA antibody (HA. 11, Covance) at a
1:1000 dilution. Phosphorylated Histone H3 was detected using a rabbit anti-phosphoHistone H3 (SerlO, Upstate) at a 1:500 dilution, while global levels of Histone H3 were
detected using rabbit anti-phospho Histone H3 antibody (Upstate) at a 1:20000 dilution.
Pgkl was detected using a mouse anti-Pgkl antibody (Molecular Probes) at a 1:20000
dilution. vATPase was detected using a mouse anti-Vphl antibody (Molecular Probes) at
a 1:2000 dilution. The secondary antibodies used were a sheep anti-mouse antibody
conjugated to horseradish peroxidase (HRP) at a 1:2000 dilution or a donkey anti-rabbit
antibody conjugated to HRP at a 1:5000 dilution (Amersham Biosciences).

Localization techniques:
Indirect in situ immunofluorescence was carried out as described in Visintin et al., 1999.
Chromosomes were spread as described in Nairz and Klein, 1997. Antibody
concentrations are listed. CEN GFP dots were analyzed in cells that were fixed in 2.5%
formaldehyde for 10 min, washed twice and stored in potassium phosphate buffer pH 7.4.
Before the microscopic analysis samples were fixed with 80% EtOH for 10 min, and
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resuspended in 1 mg/ml 4',6-diamidino-2-phenylindole (DAPI) solution. 200 cells were
counted per time point unless otherwise noted.
Antibody dilutions used on whole cell immunofluorescence.
Rat anti-tubulin antibodies (Oxford Biotechnology) and anti-rat FITC antibodies (Jackson
Immunoresearch) were used at a 1:500 dilution. Ipll-13Myc was detected using a mouse
anti-Myc antibody (Covance) at a 1:500 dilution and an anti-mouse Cy3 secondary
antibody (Jackson Immunoresearch) at a 1:2000 dilution. Lrs4-6HA was detected using a
mouse anti-HA antibody (Covance) at a 1:500 dilution and an anti-mouse Cy3 secondary
antibody (Jackson Immunoresearch) at a 1:2000 dilution. Unless otherwise indicated, 200
cells were counted per strain per time-point.
Antibody dilutions used on chromosome spreads.
Ipll-13Myc and Maml-9Myc were detected using rabbit anti-Myc antibodies (Gramsch)
at a 1:300 and 1:60 dilution and anti-rabbit FITC antibodies (Jackson Immunoresearch) at
a 1:300 and a 1:100 dilution, respectively. Rec8-13Myc and Sgol-9Myc were detected
using rabbit anti-Myc antibodies (Gramsch) at a 1:250 dilution and anti-rabbit FITC
antibodies (Jackson Immunoresearch) at a 1:300 dilution. Ndc10-6HA was detected using
a mouse anti-HA antibody (Babco) at a 1:250 dilution and an anti-mouse Cy3 antibody at
a 1:300 dilution. Lrs4-6HA was detected using mouse anti-HA antibodies
(Covance) at 1:500 and a anti-mouse Cy3 antibody at 1:1000. Ndc80-GFP signal was
detected directly by fluorescence microscopy.
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Recombination Southern Blots
Southern blot analysis was conducted as described by Hunter and Kleckner, (Hunter and
Kleckner, 2001). Briefly, 2ug of XhoI-digested DNA was separated on a 0.6% agarose
gel in TBE. The separated DNA was then denatured in 0.25M HCL. 0.4M NaOH was
used to neutralize the acid and to transfer the DNA onto Hybond-N+ nylon membrane
overnight by capillary action. The membrane was neutralized with buffer and incubated
with radioactive probe, which was labeled using the Megaprime kit (Amersham
Biosciences). After washing with buffers to remove non-specific label, blots were
exposed to film.

Statistical analysis:
Results are the mean ± standard deviation for n=3 experiments. The statistical
significance was evaluated using ANOVA followed by post hoc multiple comparison
according to the Student-Newman-Keuls method. p < 0.01 was considered significant.

10.

Table 1: SK1 derivatives
Strain number
A1556

Relevant genotype
MATa/a his4X::LEU2-(Bam)-URA3/his4B::LEU2, arg4-Nsp/arg4Bgl II,

A5715

MATa/a pURA3-TetR-GFP::LEU2/pURA3-TetR-GFP::LEU2
CENV::TetOx224::HIS3MX6/CENV::TetOx224::HIS3MX6

A5811
A7170

MATa/a pURA3-TetR-GFP::LEU2/+ CENV::TetOx224::HIS3MX6/+
MATa/a pURA3-TetR-GFP::LEU2/+ CENV::TetOx224::HIS3MX6/+
spol A:: URA3/spol A:: URA3 spol3A::hisG/spol3A::hisG

A8128

MATa/a pURA3-TetR-GFP::LEU2/+ CENV:: TetOx224::HIS3MX6/+
spol1A:: URA3/spo lA:: URA3 maml A::TRP/maml A::TRP1

A9498

MATa/a pURA3-TetR-GFP::LEU2/+ CENV: TetOx224: :HIS3MX6/+
spo lA:: URA3/spol l A:: URA3
A10423

MATa/la pURA3-TetR-GFP::LEU2+ CENV::TetOx224::HIS3MX6/+
pSCC1-3HA-IPLI::KanMX6/pSCC1-3HA-IPLI::KanMX6

A10424

MATa/a pURA3-TetR-GFP::LEU2/+CENV::TetOx224::HIS3MX6/+
pCLB2-3HA-IPL1::KanMX6/pCLB2-3HA-IPL ::KanMX6
MATa/a pURA3-TetR-GFP::LEU2/I+ CENV:: TetOx224::HIS3MX6/+

A10425

spol JA::URA3/spol A:: URA3 pSCC1-3HA-IPL1::KanMX6/pSCC13HA-IPLI ::KanMX6

A10461

MATa/a SGO1-9MYC:: TRP1/SGO1-9MYC::TRP1 NDCIO6HA: :HIS3MX6/NDCI -6HA: :HIS3MX6
A10483

MATala REC8-13MYC: :KanMX6/REC8-13MYC::KanMX6 NDC106HA::HIS3MX6/NDCI -6HA::HIS3MX6

A10755

MATa/ca SGO1-9MYC::TRP/ISGO1-9MYC::TRP1 NDClO6HA::HIS3MX6NDC10-6HA::HIS3MX6 spo13A::hisG/spo3A::hisG
MATa/a pURA3-TetR-GFP::LEU2/+ CENV::TetOx224::HIS3MX6/+

A 11432

spol lA:: URA3/spollA:: URA3 spo13A::hisG/spol3A::hisGpSCC13HA-IPLI::KanMX6/pSCC1-3HA-IPL::KanMX6

A14502

MATa/a pURA3-TetR-GFP::LEU2/pURA3-TetR-GFP::LEU2
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CENV: :TetOx224::HIS3MX6/CENV::TetOx224::HIS3MX6 pSCC13HA-IPLI::KanMX6/pSCC1-3HA-IPLI::KanMX6
MATa/a REC8-13MYC::KanMX6/REC8-13MYC::KanMX6NDCI OAl15056

6HA: :HIS3MX6/NDCIO-6HA::HIS3MX6pCLB2-3HASGOI::KanMX6/pCLB2-3HA-SG01 ::KanMX6
MATala pURA3-TetR-GFP::LEU2/I+ CENV::TetOx224::HIS3MX6/+

A15164

spollA:: URA3/spollA:: URA3 mamlA::TRPl/mamlA::TRP1 pSCC13HA-IPLI::KanMX6/pSCC1-3HA-IPLI::KanMX6
MATa/la SGO1-9MYC::TRP1/SGO1-9MYC::TRP1 NDCIO-

A 15169

6HA ::HIS3MX6NDC10-6HA::HIS3MX6pSCC1-3HAIPLI::KanMX6/pSCC1-3HA-IPL1::KanMX6
MATa/a REC8-13MYC::KanMX6REC8-13MYC::KanMX6 NDCI O-

Al15201

6HA: :HIS3MX6/NDCIO-6HA::HIS3MX6pSCC1-3HAIPLI::KanMX6/pSCC1-3HA-IPLI::KanMX6
MATala pURA3-TetR-GFP::LEU2/+CENV::TetOx224::HIS3MX6/+

A16020

spol lA:: URA3/spoll A:: URA3 rec8A::KanMX4/rec8A::KanMX4
MATa/a IPL1-13MYC::HIS3MX6/IPL1-13MYC::HIS3MX6 NDC10-

A16097

6HA: :HIS3MX6/NDCIO-6HA: :HIS3MX6
MATa/a IPL1-13MYC::HIS3MX6IPL1-13MYC::HIS3MX6 NDC10-

A16313

6HA::HIS3MX6/NDC10-6HA::HIS3MX6 spol3A::hisG/spol3A::hisG
MATa/a IPL1-13MYC::HIS3MX6IPL1-13MYC::HIS3MX6 NDCIO-

Al 6315

6HA: :HIS3MX6NDCIO-6HA: :HIS3MX6
maml A::TRP/maml A::TRP1
MATala pURA3-TetR-GFP::LEU2/+ CENV: TetOx224::HIS3MX6/+

A 16342

spol A:: URA3/spol A:: URA3 rec8A::KanMX4/rec8A::KanMX4
maml A::TRP1/maml A::TRP1

A16725

A16835

MATa/a pURA3-TetR-GFP::LEU2/+ lys2::TetOx240::URA3/I+
spol lA:: URA3/spol A:: URA3
MATa/a pURA3-TetR-GFP::LEU2 pURA3-TetR-GFP::LEU2
lys2::TetOx240::URA3/+ spol A:: URA3/spol A:: URA3
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ndt8OA::URA3:: ndt8OA::URA3
MATa/a pURA3-TetR-GFP::LEU2/pURA3-TetR-GFP::LEU2
A16836

lys2::TetOx240::URA3/+ spol l A:: URA3/spo lA:: URA3
rec8A::KanMX4/rec8A::KanMX4 ndt8OA::URA3:: ndt8OA::URA3
MATa/a pURA3-TetR-GFP::LEU2/+ lys2::TetOx240::URA3/+

A16837

spol JA:: URA3/spol l A:: URA3 rec8A::KanMX4/rec8A::KanMX4
maml A::TRP1/maml A::TRP1 ndt80A::URA3:: ndt80A::URA3

A16838

MATala pURA3-TetR-GFP::LEU2/+ lys2::TetOx240::URA3/+
spoll::URA3/spoll A:: URA3 rec8A: :KanMX4/rec8A::KanMX4
MATa/ca pURA3-TetR-GFP::LEU2/+lys2::TetOx240::URA3/+

A16839

spo l A:: URA3/spol l A:: URA3 rec8A::KanMX4/rec8A::KanMX4
mamlA::TRP/mamlA::TRP1
MATa/a pURA3-TetR-GFP::LEU2/ pURA3-TetR-GFP::LEU2

A16840

CENV:: TetOx224::HIS3MX6/+ spo lA:: URA3/spol JA:: URA3
ndt8OA::URA3:: ndt8OA::URA3
MATala pURA3-TetR-GFP::LEU2/pURA3-TetR-GFP::LEU2

A16841

CENV::TetOx224::HIS3MX6/+ spollA:: URA3/spol JA:: URA3
rec8A::KanMX4/rec8A: :KanMX4 ndt8OA::URA3:: ndt8OA::URA3
MATa/a pURA3-TetR-GFP::LEU2+ CENV::TetOx224: :HIS3MX6/+

A 16842

spo lA:: URA3/spol A:: URA3 rec8A: :KanMX4/rec8A: :KanMX4
mamlA: :TRPl/mamlA::TRP1 ndt8OA::URA3:: ndt8OA::URA3

A17557

MATa/a his4X::LEU2-(Bam)-URA3/his4B::LEU2, arg4-Nsp/arg4Bgl II, pSCC1-3HA-IPLI::KanMX6/pSCC1-3HA-IPLI::KanMX6

Table 2: W303 derivatives
Strain number

Relevant genotype

A2871

MATa PDS1-3HA::LEU2 madl A:: URA3

A2888

MATa PDS1-3HA::LEU2 bub2A::HIS3MX6

A2946

MATa PDS1-3HA::LEU2 ura3::GAL-3MYC-CDC5:: URA3
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A5237

MATa pURA3-TetR-GFP::LEU2 TelV::TetOx448::URA3

A5244

MATa pURA3-TetR-GFP::LEU2 CENIV::TetOx448::URA3

Al 1298

MATa 3HA-BFAJ bub2A::HIS3MX6
MATa pURA3-TetR-GFP::LEU2 CENIV::TetOx448::URA3
ura3::GAL-3MYC-CDC5::URA3 GAL-3HA-MAMI::KanMX6
MATa pURA3-TetR-GFP::LEU2 CENIV::TetOx448::URA3 GAL-3HAMAMI ::KanMX6
MATa pURA3-TetR-GFP::LEU2 CENIV::TetOx448::URA3
ura3::GAL-3MYC-CDC5::URA3
MATa pURA3-TetR-GFP::LEU2 CENIV::TetOx448::URA3
ura3::GAL-3MYC-CDC5::URA3 GAL-MAMI::KanMX6 GALSP013::TRP1
MATa pURA3-TetR-GFP::LEU2 CENIV::TetOx448::URA3 LRS46HA: :HIS3MX6
MATa pURA3-TetR-GFP::LEU2 CENIV::TetOx448::URA3
madl A::HIS3MX6

A12312

Al12849

Al15127
Al15910
A15911
A15912
A15913

A15914

A15915

A 15916

A15925
A15926

MATa NDC80-GFP::URA3 LRS4-6HA::HIS3MX6
MATa pURA3-TetR-GFP::LEU2 CENIV::TetOx448::URA3
ura3::GAL-3MYC-CDC5:: URA3 GAL-3HA-MAM1::KanMX6
Irs4A::HIS3MX6
MATa pURA3-TetR-GFP::LEU2 CENIV::TetOx448::URA3
Irs4A::HIS3MX6
MATa pURA3-TetR-GFP::LEU2 CENIV::TetOx448::URA3 PDS13HA::HIS3MX6
MATa pURA3-TetR-GFP::LEU2 CENIV::TetOx448::URA3
ura3::GAL-3MYC-CDC5::URA3 GAL-MAMI ::KanMX6 GALSPO13::TRP1 PDS1-3HA::HIS3MX6
MATa pURA3-TetR-GFP::LEU2CENIV::TetOx448::URA3
ura3::GAL-3MYC-CDC5:: URA3 GAL-MAMI::KanMX6 GALSPO13::TRP1 PDS1-3HA::HIS3MX6 madlA::HIS3MX6
MATa pURA3-TetR-GFP::LEU2CENIV::TetOx448::URA3
ura3::GAL-3MYC-CDC5::URA3 GAL-MAM ::KanMX6 PDS13HA::HIS3MX6
MATa pURA3-TetR-GFP::LEU2 CENIV::TetOx448::URA3
ura3::GAL-3MYC-CDC5::URA3 GAL-MAM ::KanMX6 LRS46HA: :HIS3MX6
MATa pURA3-TetR-GFP::LEU2 CENIV::TetOx448::URA3 GALMAM ::KanMX6 LRS4-6HA::HIS3MX6
MATa pURA3-TetR-GFP::LEU2 CENIV::TetOx448::URA3
ura3::GAL-3MYC-CDC5::URA3 LRS4-6HA::HIS3MX6
MATa NDC80-GFP::URA3 LRS4-6HA::HIS3MX6 ura3::GAL-3MYCCDC5::URA3 GAL-MAM ::KanMX6
MATa NDC80-GFP::URA3 LRS4-6HA::HIS3MX6 ura3::GAL-3MYC107

CDC5::URA3
A15931

A16023

A 16485
A16486
A 16882
A16883
A 16884

A16885

MATa pURA3-TetR-GFP::LEU2 CENIV::TetOx448::URA3
ura3::GAL-3MYC-CDC5::URA3 GAL-MAM1::KanMX6 ipll-321
MATa pURA3-TetR-GFP::LEU2 CENIV::TetOx448::URA3
CENV::TetO2xl 2::HIS3
MATa pURA3-TetR-GFP::LEU2 CENV::TetO2xl 12::HIS3pMETSCCI-18MYC::TRP1 ura3::GAL-3MYC-CDC5::URA3 GALMAMI ::KanMX6
MATa pURA3-TetR-GFP::LEU2CENIV::TetOx448::URA3 ipll-321
MATa pURA3-TetR-GFP::LEU2 CENV::TetO2x 12::HIS3 pMETSCC1-18MYC::TRP1
MATa pURA3-TetR-GFP::LEU2 CENIV::TetOx448::URA3
ura3::GAL-3MYC-CDC5:: URA3 GAL-3HA-MAM1 ::KanMX6
lrs4A::HIS3MX6 csml A::KanMX6
MATa pURA3-TetR-GFP::LEU2 TelV::TetOx448::URA3 ura3::GAL3MYC-CDC5:: URA3 GAL-MAMI: :KanMX6
MATa pURA3-TetR-GFP::LEU2CENIV::TetOx448::URA3
ura3::GAL-3MYC-CDC5:: URA3 GAL-MAM1::KanMX6 GALSPO13::TRP1 lrs4A::HIS3MX6 csmlA::KanMX6 madlA::natl
MATa pURA3-TetR-GFP::LEU2CENIV::TetOx448::URA3
ura3::GAL-3MYC-CDC5::URA3 GAL-SPO13::TRP1 PDS13HA: :HIS3MX6 madl A::HIS3MX6
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Abstract
Aneuploidy, an incorrect number of chromosomes, is the leading cause of miscarriages
and mental retardation in humans and is a hallmark of cancer. We examined the effects of
aneuploidy on primary mouse cells by generating a series of cell lines that carry an extra
copy of one of four mouse chromosomes. In all four trisomic lines proliferation was
impaired and metabolic properties were altered. Immortalization, the acquisition of the
ability to proliferate indefinitely, was also affected by the presence of an additional copy
of certain chromosomes. Our data indicate that aneuploidy decreases not only organismal
but also cellular fitness and elicits traits that are shared between different aneuploid cells.

114

Introduction
Numerical alterations in an organism's karyotype, a condition known as aneuploidy, is
associated with developmental abnormalities in all species examined to date. Studies in
budding yeast (Torres et al., 2007), fission yeast (Niwa et al., 2006; Niwa and Yanagida,
1985), Drosophila(Lindsley et al., 1972), maize (McClintock, 1929), rice (Singh et al.,
1996), and mice (Dyban et al., 1987; Gropp et al.,1983) showed that aneuploidy
interferes with organismal fitness and development. In humans as well, aneuploidy is
detrimental, representing the major cause of mental retardation and miscarriages (Pai et
al., 2003; Gropp et al., 1975). However, aneuploidy is also a characteristic of the disease
of uncontrolled proliferation, cancer. This raises the question: If aneuploidy is so
deleterious, why are most solid tumors aneuploid? We thus examined the consequences
of aneuploidy on cell proliferation and physiology by generating four primary mouse cell
lines that carry an additional chromosome. Aneuploidy was detrimental at the cellular
level, causing a slowing of cell proliferation and changes in cellular metabolism. We
speculate that tumor development requires the acquisition of aneuploidy-tolerating
mutations and propose that the mechanisms that elicit the traits shared by aneuploid cells
are ideal targets for cancer therapeutics.

Results
Generation of mouse embryonic fibroblasts trisomic for chromosome 1, 13, 16, or
19.
To determine the effects of an additional chromosome on murine- cell physiology, we
generated mouse embryonic fibroblast (MEF) lines that carried an additional
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chromosome (trisomic MEFs). We used a breeding scheme to obtain trisomic (Ts)
embryos (Figure 1) (Gropp et al., 1975)). Mice that were homozygous for a Robertsonian
translocation [for example, a fusion between chromosomes 6 and 16 (strain A)] were
crossed with a strain homozygous for a second Robertsonian translocation [for example,
between chromosomes 16 and 17 (strain B)]. From this cross, male offspring were
selected that carried both Robertsonian translocations (compound heterozygotes) and
mated to wild-type mice lacking any Robertsonian translocation. Between 7 to 40% of
the resulting progeny [the exact percentage depended on the strain background, stage of
embryogenesis analyzed, and identity of the translocation chromosome (8)] were trisomic
for the chromosome common to the two Robertsonian translocations because of a meiotic
nondisjunction event in the male germline.

With the exception of mice trisomic for chromosome (Chr) 19 (Ts 19), of which
a small percentage of embryos developed to term and survived for a short period of time,
trisomic embryos died in utero. However, many of these embryos developed past
embryonic day 10.5, allowing for the generation of MEF lines (Dyban et al., 1987). We
used mice that carried different combinations of Robertsonian translocations to generate
embryos trisomic for chromosome 1, 13, 16, or 19. We chose these four chromosomes
because they cover a large portion of the size and coding spectrum of mouse
chromosomes [Chrl, 197 mega-base pairs (Mbp) and 1228 genes; Chrl3, 120 Mbp, and
843 genes; Chrl6, 98 Mbp, and 678 genes; Chrl9, 61 Mbp, and 734 genes] (NCBI mouse
assembly).
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Figure 1: The breeding scheme used to generate trisomic embryos using trisomy 16 as an
example.
Homozygous mouse strains carrying a Robertsonian translocations (Rb) between
chromosome 16 and 6 [Rb(6.16); Strain A] were mated with Rb(16.17) homozygous animals
(Strain B) to obtain Rb(6.16)/Rb(16.17) compound heterozygous mice. These compound
heterozygous mice were then mated to wild-type mice. A meiotic nondisjunction event occurring
in the male germ line of the compound Rb(6.16)/Rb(16.17) heterozygote will result in offspring
that are trisomic for the chromosome common to the Rb fusion chromosomes. Similar breeding
schemes were used to generate the other trisomic embryos and cell lines in this study.
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Initially, trisomic embryos were identified by their distinctive morphology. They
developed more slowly than their euploid littermates and many exhibited nuchal edema
and other developmental abnormalities (Figure 2A) (Dyban et al., 1987). To verify that
the embryos were indeed trisomic for a particular chromosome, we counted the number
of chromosome arms in preparations of spread metaphase chromosomes from earlypassage (<2 passages) MEF cultures generated from the trisomic embryos. We also used
spectral karyotype analysis (SKY), which identifies each chromosome by a unique
fluorescent color, to confirm that the cell lines generated were trisomic for a single
specific chromosome and that other changes in chromosomal composition had not
occurred, at least during the early stages of cell culture (Figure 2B).

Gene expression from the additional chromosomes is proportional to gene copy
number.
The presence and consequence of an additional chromosome in MEFs was further
determined by a genomewide transcript- expression analysis. Total RNA was isolated
from passage 2 cultures. Overall, gene expression changed according to gene copy
number, with expression of genes present on Chrl 6 increasing by on average 152% in
cells trisomic for this chromosome (n = 3 independent cell lines) (Figure 2C). The
expression of genes on Chrl3 increased on average 146% in Ts13 cell lines (n = 4
independent cell lines), the expression of genes on Chrl increased an average of 155% in
a Tsl cell line (n = 1 cell line), and the expression of genes on Chrl9 increased on
average 151% in a single Ts19 cell line (P < 10- 74 for all cell lines, Student's t test)
(Figure 2C). The approximate 150% increase in gene expression of genes present on the
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Figure 2. Generation of trisomic embryos and MEF cell lines.
(A) Ts embryos were recovered by timed matings. The trisomy 1 (Tsl) embryo was recovered at
10.5 days after coitus. Tsl3, Tsl6, and Tsl9 embryos were recovered at 14.5 or 15.5 after coitus.
In all instances, Ts embryos were identified by their developmental abnormalities and reduced
size (7). (B) Examples of SKY analysis of metaphase spreads prepared from early passage (<p3)
Chrl3 and Chrl6 trisomic MEFs. Chromosomes and Robertsonian translocations are identified.
(C) Gene- expression pattern of aneuploid cell lines and lines from euploid littermate controls.
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Transcripts were binned by chromosome and the average gene expression/total chromosome is
shown. The asterisk indicates the identity of the trisomic chromosome. The increase in gene
expression was highly significant P < 1 x 10-7 4 , all trisomies, Student's t test).
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trisomic chromosome indicates that the genes present on the additional chromosome are
transcribed, which is consistent with expression profiles obtained from patients with
Down syndrome (Mao et al., 2003). Comparison of the expression patterns of the
different trisomic cell lines did not reveal genes that showed increased or decreased
expression in all four different trisomic MEFs (Table 1), which suggests that a geneexpression pattern common to all aneuploid cell lines does not exist. We conclude that
the majority of the genes present on the additional chromosome are expressed. Thus,
dosage compensation at the transcriptional level does not occur in these cells.

Proliferation defects of aneuploid cells.
We next examined the ability of trisomic MEFs to proliferate in culture. We used four
independent cell lines trisomic for either Chrl3, Chrl6, or Chrl9 and three independent
cell lines trisomic for Chrl. These trisomic cell lines were compared with cell lines
derived from euploid littermates, which, because of the breeding scheme, carried a single
Robertsonian translocation.

We seeded MEFs, kept for a short time in culture, (we used MEFs at passage 3 to
ensure that both the euploid and trisomic cells were karyotypically consistent with those
of the embryo) on multiple plates, and the number of cells present in the wells was
counted for 7 or 9 days. In these accumulation assays, the medium was changed every
other day (Figures 3A and 5A) or cells were kept in the same medium for the entire
experiment (Figure 4A and Figure 5B). In both fed and unfed euploid cultures, cell
number increased during the first 5 to 7 days and then remained constant thereafter. The
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trisomic cell lines behaved similarly to the wild-type cells over the first two days of the
experiment. However, after the initial two days, proliferation of the trisomic cells
decreased as compared with that of euploid controls. The decrease in proliferative
capacity was severe in Ts 1 and Ts 13 cells but less dramatic and more variable though
still statistically significant in Ts16 and Tsl9 cells (Figures 4A and 6D and Figures 3A; 5,
A and B; and 7A). Thus, the presence of an additional chromosome inhibits cell
proliferation in culture. This reduced proliferation appears to be more pronounced as the
size of the additional chromosome increases.

The trisomic cell lines analyzed carried two Robertsonian translocations (Figure
2B and Figure 1). To test the possibility that the Robertsonian translocations rather than
the presence of an extra chromosome caused the proliferation defect, we analyzed
euploid cell lines that harbored 0, 1, or 2 Robertsonian translocations. The presence of
Robertsonian chromosomes did not affect cell proliferation regardless of whether the
medium was changed or not (Figure 8A). We conclude that the presence of an additional
chromosome, not the chromosomal fusion, reduced cell proliferation.

Cell volume is increased in trisomic cells.
During the establishment of MEF cultures, we observed that the average size of trisomic
cells was increased. This was not caused by an increase in the breadth of the size
distribution but was due to a shift in the distribution of the cell size toward a larger
average size (Figures 4, B and C, and 6D and Figures 3, B and C; 5, C and D; and 7B).
The increase in cell volume was readily detectable by passage 3, the beginning of the
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Figure 3: Effects of aneuploidy on cell proliferation when the medium is changed every two
days.
Wild-type and trisomic cell lines were plated and grown with the medium changed every other
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absence of small size particles in (D) indicates that cells are not undergoing lysis. The data for
each column come from the same cell line.
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Figure 4. Proliferation defects in unfed trisomic MEFs.
Wild- type (open circles) and Ts cells (solid circles) were plated and counted daily for cell
number increase. Error bars are ±SD. The data for each column come from the same cell line.
(A) Growth of early passage (p3) trisomic cells under "unfed" (medium was not changed)
conditions. (B and C) Average cell volume of cells under growth conditions in which the medium
was not changed [unfed (B)] and the distribution of cell volumes in the culture at day 5 of the
accumulation assay (C). The low amounts of small- sized particles in (C) indicate that cells are
not undergoing lysis. (D) Analysis of the CCV (number of cells times the average cell volume)
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during the proliferation assay in (A). Error bars are +SD. (E) DNA content analysis of
asynchronous wild-type and trisomic cells.
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Figure 5: Proliferation defects in independent trisomic MEFs.
Wild type (open circles) and Ts cells (closed circles) that originated from embryos of independent
crosses were analyzed as described in Figure 4. The data for each column come from the same
cell line. The examples shown for trisomy 16 and 19 represent cases where the effects of the extra
chromosome on cell proliferation and CCV were subtle or not detectable.
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(A; B) Growth of early passage (p3) trisomic cells under "fed" (A; medium was changed every
two days) or "unfed" (B; medium was not changed) conditions.
(C, D) C shows the average cell volume of cells under growth conditions where the medium was
not changed (unfed) and D the distribution of cell volumes in the culture at day 5 of the
accumulation assay. Note that the low amounts of small size particles in (D) indicates that cells
are not undergoing lysis.
(E) Analysis of the cumulative cell volume during the accumulation assay.
(F) DNA content analysis of wild-type and trisomic cells passage 2.
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Figure 6. Cellular metabolism in trisomic MEFs.
(A to C) Tissue culture supernatants of proliferation experiments were subjected to metabolic
analyses , and the amount of glutamine used (A) and ammonium (B) and lactate (C) generated per
CCV was determined at the indicated times. The data for each column come from the same cell
line. Error bars are ±SD. (D) The table summarizes the changes in cell proliferation, cell volume
and CCV, as well as glucose and glutamine uptake and production of glutamate, ammonium, and
lactate. These P values are shown for measurements of the proliferation assays. P values were
determined through a two-way nested analysis of variance with standard statistical packages for
values obtained for days 3, 5, and 7. Values below P = 0.05 were interpreted to mean that the
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values obtained were either significantly increased or reduced. P values of> 0.06 were
interpreted to mean no difference between the Ts line and the wildtype. The asterisk denotes that
the cell number, cell volume, and CCV was determined for four trisomy 16- cell lines, whereas
the metabolic analyses were performed with three Ts 16 lines.
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Figure 8: Robertsonian chromosomes do not affect cell proliferation and metabolism.
Wild-type cells (0 Robertsonian translocations; closed circles), cells carrying one
Robertsonian chromosome (1 Robertsonian translocation; closed triangles) and cells carrying two
Robertsonian chromosomes (2 Robertsonian translocations; closed squares) were grown and
analyzed as described in Figure 2 and either medium was not changed (unfed) or changed every
two days (fed). Samples were taken at the indicated times to determine cell number (A), cell
volume (B), cumulative cell volume (C) and glutamate and lactate production (D).
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proliferation experiment, in all trisomic lines, and persisted and sometimes even
increased during the course of the experiment (Figure 4B and Figures 3B and 5C). As
observed in the cell proliferation analysis, the increase in cell volume was more
pronounced in cells carrying an extra copy of the larger chromosomes (Ts 1 and Ts 13
cells) and was less dramatic and variable but nevertheless statistically significant in cells
carrying an extra copy of the smaller chromosomes 16 or 19 (Figures 4C and 6D and
Figures 3B, 5C, and 7B). Analysis of euploid cells with 0, 1, or 2 Robertsonian
translocations showed that this increase in cell volume was not due to the presence of
fusion chromosomes but to the presence of the additional chromosome (Figure 8B).

Because proliferation of primary MEFs is inhibited when the cells come into close
contact with one another (Abercrombie, 1961), the increased size of trisomic MEFs
raised the possibility that the lower cell number observed in these cultures resulted from
earlier contact inhibition rather than a decreased ability to proliferate. To test this
possibility, we calculated the cumulative cell volume (CCV) by multiplying the cell
number by the average cell volume. If a larger cell size and thus earlier contact inhibition
was responsible for the decreased cell number in trisomic cultures, the CCV should be
the same in wild-type and trisomic cell lines. This was not the case. Trisomic cell lines
produced less CCV than euploid controls. This defect was pronounced in cell cultures
trisomic for Chrl or Chrl3, more subtle and variable but nevertheless statistically
significant in cell cultures trisomic for Chrl6, and not detectable in cells trisomic for
Chrl9 (Figures 4D and 6D and Figures 3D, 5E, and 7C). Our results indicate that the
CCV of cultures trisomic for chromosome 1, 13, or 16 is less than that of euploid
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controls. Analysis of euploid cells with 0, 1, or 2 Robertsonian translocations showed that
this decrease in CCV was not due to the presence of fusion chromosomes but to the
presence of the additional chromosome (Figure 8C). We conclude that the reduced cell
accumulation in trisomic cultures is due to proliferation defects. These defects are more
severe in cells carrying an extra copy of larger chromosomes.

To examine whether the cell proliferation defect observed in trisomic cells arose
from delays in a specific cell-cycle stage, we compared the DNA content between
asynchronously growing trisomic and euploid MEFs. The flow cytometric profile was
similar in the trisomic cells and euploid controls examined (Figure 4E and Figure 5F).
Neither cell lysis, as judged by the presence of large amounts of cellular debris in the cell
volume determination (Figure 4C and Figures 3C and 5D), nor senescence-associated 13galactosidase activity (Figure 9) was increased in trisomic cell lines. Cell proliferation
was also impaired in primary cells from humans with Down syndrome (trisomy 21), but a
specific cell- cycle defect was not observed either (Nielsen et al., 1985; Rosner et al.,
2003). It is possible that progression through the cell cycle is slowed overall in trisomic
mouse and human cells. However, we favor the idea that specific cell- cycle defects exist
but are too subtle to be detected in asynchronously growing cells. Although our results
did not reveal a specific cell- cycle defect, they clearly show that aneuploidy hampers
rather than promotes cell proliferation. Thus, during tumorigenesis, the aneuploid state of
a cell would impair rather than accelerate the process.
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Figure 9: Senescence-associated 8-galactosidase staining is not altered in cultures of
trisomic cells.
Examples of B-galactosidase staining of Ts (passage 3; A), Tsl 3 (passage 4; B) and
Ts 19 (passage 5; B) and littermate controls are shown. B-galactosidase staining is shown
in blue.
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Altered metabolic properties of aneuploid cells.
Many metabolic pathways are altered in tumor cells (Moreno-Sanchez et al., 2007). The
trisomic MEFs we generated allowed us to examine whether the aneuploid state could
contribute to these metabolic changes. We first analyzed the use of glucose, a carbon
source of tissue culture cells, and of glutamine, another carbon source as well as a
primary nitrogen source. To measure the amount of glucose and glutamine used by
trisomic MEFs, we grew cells over 9 days without changing the medium and then
measured the amount of glucose and glutamine per CCV remaining in the medium.
Glucose consumption was slightly increased in cells trisomic for chromosome 13 but was
not affected in other trisomic cell lines (Figure 6D and Figure 10, A and C). In contrast,
glutamine consumption was increased in all trisomic cells' lines. It was higher in cells
trisomic for chromosome 1 and 13 and slightly though statistically significantly increased
in cells carrying an extra copy of chromosome 16 or 19 (Figure 6, A and D, and Figures
10C and 11A).

We also examined the production of the metabolites ammonium, glutamate, and
lactate per CCV. Ammonium and glutamate are produced by the degradation of
glutamine in tissue culture cells. Additionally, ammonium is produced as a result of the
breakdown of amino acids because of higher rates of autophagy or perturbations in amino
acid metabolism. We observed an increase in the production of ammonium in all trisomic
cell lines (Figure 6, B and D, and Figures 10C and 11B). Glutamate production was
increased in Tsl, 13, and 19 cells but reduced in Tsl6 cells (Figure 6D and Figures 10, B
and C, and 11C), which indicates that production of not all metabolites is increased in all
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Figure 10: Additional examples of the metabolic characteristics of Ts cell lines in unfed
accumulation assays.
(A, B) The amount of glucose uptake (A) and glutamate generated (B) per CCV in the tissue
culture supematants of cells analyzed in Figure 3A - C was examined at the indicated times. (C)
Examples of trisomic cells in which the alterations in metabolic activity were subtle or not
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detectable. Tissue culture supernatants of the experiments shown in Figure 5 were subjected to
metabolic analyses and the amount of glucose (top panels) and glutamine (second panels) used
and ammonium (third panels) and glutamate (bottom panels) generated per CCV was determined
at the indicated times.
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Figure 11: Summary of the metabolic analyses in trisomic cells shown as the ratio between
Ts and wild-type cells.
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between trisomic and wild-type cells was determined per CCV for each experiment (Tsl N=3,
Ts13 N=4, Ts16 N=3, and Ts19 N=4). The graph shows the mean of these ratios. Error bars are
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+/- SD. A value of 1 indicates no difference between trisomic and wild-type cells, a value below
1 indicates a decrease in the trisomic cells, a value above 1 an increase.
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trisomic cells. Lactate is produced when pyruvate accumulates in cells as a result of an
increase in glycolysis, defects in mitochondrial function, the disruption of pyruvate
import into the mitochondria, or an increased activity of lactate dehydrogenase. Lactate
production was slightly though statistically significantly increased in Ts 13, Ts 16, and
Ts 19 cell cultures and was approaching significance in Ts 1 cultures (Figure 6, C and D,
and Figure 11D). The changes in metabolism observed in aneuploid cells were specific to
the presence of an additional chromosome and not to the Robertsonian fusion event.
Analysis of euploid cells carrying 0, 1, or 2 Robertsonian translocations showed that the
changes in metabolism were not due to the presence of fusion chromosomes in cells,
because all the characteristics were indistinguishable between these cell lines (Figure
8D).

We conclude that primary aneuploid cells display alterations in glutamine use and
the production of ammonium and lactate and speculate that these phenotypes may reflect
a general alteration in energy production in the aneuploid cells. An increase in lactate
production was first described nearly 100 years ago by Otto Warburg in FlexnerJobling's rat carcinomas (Warburg et al., 1924). It is now clear that many aspects of
cellular metabolism are altered in tumor cells. Our results raise the possibility that one
(but by no means the only) cause of the metabolic alterations observed in tumor cells is
their aneuploid state.

Effects of trisomy on immortalization.
Aneuploidy is a characteristic of many tumors and has been proposed to play a key role
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in promoting tumorigenesis (Boveri, 1902). Consistent with this idea is the observation
that the occurrence of acute lymphoblastic leukemia and acute megakaryoblastic
leukemia is greatly increased in Down syndrome patients (Satge et al., 1998). However,
the incidence of many solid tumors in these individuals is only half of that in the normal
population, raising the possibility that aneuploidy also restricts the formation of certain
tumors (Hasle et al., 2000; Satge et al., 2003). Studies of mouse mutants that result in an
increased frequency of aneuploidy also revealed mixed results. A mouse model in which
chromosome mis-segregation was induced by the inactivation of a component of the
chromosome segregation machinery (centromere protein E) indicated that aneuploidy
acts in an oncogenic manner in some cell types but inhibits tumorigenesis in others
(Weaver et al., 2007). Random aneuploidy caused by transient overexpression of Mad2 in
the mouse appears to initiate tumor formation only in certain cell types (Sotillo et al.,
2007). A mouse model expressing a hypomorphic allele of the spindle-assembly
checkpoint protein BubR1 displays progressive aneuploidy and exhibits an accelerated
aging phenotype but without an increased incidence of tumorigenesis (Baker et al., 2004).
Finally, segmental trisomy reduces the number of tumors in the colon cancer
adenomatosis polyposis coli (APC) multiple intestinal neoplasia (APCMin) mouse model
(Sussan et al., 2008). Thus, it is unclear whether aneuploidy inhibits or promotes
tumorigenesis or does both. The primary trisomic cell lines we generated allowed us to
begin to address this question and test the possibility that the identity of the additional
chromosome determines whether aneuploidy promotes or inhibits tumor formation. We
did this by examining the effects of specific additional chromosomes on immortalization
induced by serial passage in vitro. Although it is clear that in vitro immortalization does
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not recapitulate all aspects of tumorigenesis, it is in most cases accompanied by two
important characteristics of many solid tumors: (i) loss of p53 tumor suppressor pathway
function and (ii) aneuploidy (Todaro and Green, 1963).

MEFs can be serially passaged, and after a period of reduced proliferation these
cells will spontaneously overcome this period of reduced growth (Todaro and Green,
1963). This process of serial passaging until the culture fails, or until a subpopulation
acquires the ability to grow indefinitely (which is usually caused by loss of p53 function),
is referred to as a 3T3 protocol (Todaro and Green, 1963). We cultured four Tsl6, three
Ts 13, and three Ts 19 cell lines, and one Ts 1 cell line in parallel with littermate euploid
controls through serial passages, to analyze the number of passages required for trisomic
MEFs to generate immortalized cells. To determine the passage at which immortalization
occurred, we fit the population doublings for each culture to a double-linear fit model; the
point at which the two lines intersect represents the passage by which immortalization
had occurred. Immortalization was delayed in cell lines trisomic for Chrl 6. One line
failed to immortalize and 3 lines showed a significant delay in the process as judged by
their passage number (P < 0.04, Student's t test) (Figure 12, A and B). In the trisomic cell
lines that spontaneously immortalized, immortalization required on average 39 (± 4, SD)
passages as compared with 30 (±4, SD) passages in matched euploid cultures (Figure 12,
A and B). Thus, the presence of an extra copy of Chrl6 hampers spontaneous
immortalization. The one cell line that was trisomic for Chrl failed to immortalize
(Figure 13), which raises the possibility that an extra copy of Chrl also antagonizes
immortalization.
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experiments with cells obtained from the same embryo.
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In contrast to cell cultures trisomic for chromosome 16 or 1, the number of
passages necessary to achieve spontaneous immortalization was similar in control and
Tsl3 cell lines with 26 (+ 3, SD) passages in Tsl3 as compared with 23 (± 9, SD)
passages in euploid cultures (Figure 12, A and B). The number of passages was also
indistinguishable from the euploid controls for the Ts 19 cell lines analyzed. Ts 19 cell
lines required 22 (+ 3, SD) passages, whereas the euploid counterparts immortalized at 24
(+ 4, SD) passages (Figure 12, A and B). These results indicate that although
proliferation is slower in cells trisomic for chromosome 13 or 19, immortalization occurs
after a similar number of passages as compared with that in the wild-type. In fact, when
the time of immortalization is described as a function of population doublings, Ts 13 cells
immortalize earlier than in wild-type controls. On average only 12 (+ 5, SD) doublings
were necessary to immortalize Ts 13 cell lines as compared with 27 (+ 8, SD) doublings
in euploid controls (P < 0.05, Student's t test). Our results indicate that aneuploidy affects
the rate of immortalization in MEFs and this effect depends on the identity of the extra
chromosome. These findings imply that the immortalization barrier caused by the
proliferation defect due to aneuploidy (with perhaps the exception of that in Ts 1) can
eventually be overcome. The difference in the efficiency with which various trisomic
lines overcome the proliferation barrier indicates that the underlying mechanism might
differ in the individual aneuploid cell lines. However, once immortalized, trisomic cells
do not consistently differ from immortalized euploid cells in their chromosome number.
All immortalized trisomic and euploid cell lines were near tetraploid (Table 2), which
suggests that once immortalization occurs the degree of aneuploidy does not differ
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between euploid and trisomic cell lines.

Discussion
Our analysis of MEFs, each containing a different additional chromosome, revealed that
in addition to chromosome- specific traits, the four trisomic MEFs share characteristics
such as a cell- proliferation delay and an altered metabolism. MEFs carrying
hypomorphic mutations in the spindle- checkpoint component BubR1 frequently carry
one or two extra chromosomes, and their proliferation is also impaired (Baker et al.,
2004), which indicates that at least the defect in cell proliferation is shared among
different types of aneuploidies in the mouse. Primary foreskin fibroblasts of individuals
with Down syndrome also exhibited a proliferation delay and an increase in cell volume
(Rosner et al., 2003; Segal et al., 1974), which suggests that aneuploidy may also hamper
proliferation in human cells. In budding yeast, the proliferation defects of aneuploid cells
are caused by imbalances in intracellular protein composition due to expression of genes
on the additional chromosome (Torres et al., 2007). Because the genes present on the
additional chromosome are also transcribed in the trisomic MEFs, and thus are probably
also translated, the same could be true in mouse cells.

Most solid tumors are aneuploid. Our results and that of others indicate that
aneuploidy suppresses rather than enhances tumorigenesis. We found that the presence of
an extra chromosome hampered cell proliferation. There is also evidence to suggest that
at least human Ts21 cells do not proliferate as well as euploid cells, either (Segal et al.,
1974). Also, the percentage of cells undergoing DNA replication in solid tumors, which
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are mostly aneuploid, varies between 2 to 8%, whereas a normal renewing epithelium
such as the intestine exhibits a DNA replication index of approximately 16% (Tannock
and Hill, 1987). Furthermore, individuals carrying an extra copy of chromosome 21 have
a 50% lower probability of developing solid tumors than do individuals with the correct
chromosome number (Hasle et al., 2000; Satge et al., 2003). Segmental trisomy in the
mouse has been shown to reduce incidence of neoplasia in the sensitized APCM'n genetic
background (Sussan et al., 2008). Additionally, mouse models in which low-level
aneuploidy was induced through interference with the chromosome segregation
machinery prevented tumor formation in many tissues and caused tumor formation only
relatively late in others (Weaver et al., 2007; Sotillo et al., 2007; Baker et al., 2004).

A few findings, however, argue for a cancer-promoting role of aneuploidy. Loss
of heterozygosity, which can arise from chromosome loss or aneuploidy, is detected in
atypical ductal hyperplasias, which can be precursors of breast cancer (Larson et al.,
2006) and in small (2 mm in diameter) adenomas, which are thought to represent earlystage colon cancers (Bomme et al., 1998; Bomme et al., 2001; Shih et al., 2001). Finally,
even though tumors form late in mice carrying a low-level aneuploidy-inducing mutation,
they do occur with an increased frequency in some tissues.

How can we reconcile these results? We propose that aneuploidy is a barrier
toward tumorigenesis, but the very events that cause aneuploid cells to proliferate slowly,
the cellular imbalances caused by aneuploidy and the stresses it is associated with, might
promote tumorigenesis in a small fraction of aneuploid cells (Torres et al., 2007). The
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stresses associated with cellular imbalances could lead to an increase in mutation rate,
gene amplification, and/or genomic instability. Precedents exist for all of these scenarios
in bacteria, yeast, and tissue culture cells (Edlund and Normark, 1981; Ponder at al.,
2005; Selmecki et al., 2006; Sung et al., 2003; Mihaylova et al., 2003). Aneuploidytolerating and proliferation-promoting mutations could then eventually lead to the
selection of tumor cells with a high proliferative capacity. Furthermore, aneuploidy
would also shield the evolving tumor from lethal mutations. Thus, in a rather
counterintuitive manner, as has been suggested for chemical carcinogens (Farber, 1990;
Haddow, 1938), the proliferation-inhibiting imbalances of aneuploidy may under some
circumstances promote tumorigenesis.

Irrespective of whether or not aneuploidy can promote tumorigenesis, it is clear
that aneuploidy causes a proliferative disadvantage in budding yeast (Torres et al., 2007),
Schizosaccharomyces.pombe (Niwa et al., 2006; Niwa and Yanagida, 1985), primary
mouse cells (this study), and human cells (Segal and McCoy, 1974). This property of
aneuploidy functions as a barrier toward transformation, and this disadvantage must be
overcome during tumorigenesis. Identifying mutations that can overcome the
proliferation-inhibiting effects of aneuploidy may provide new pathways to exploit in
cancer treatment. Given that most solid tumors are aneuploid, the cellular consequences
of aneuploidy may also provide previously unidentified targets in cancer therapy.
Characterizing the phenotypes associated with aneuploidy in human cells, as well as
identifying small molecules that specifically target aneuploid cells, may provide new
avenues in the treatment of cancer.
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Table 1
Analysis of Functional Annotations
The GO Tree Machine (http://bioinfo.vanderbilt.edu/gotm/frame.php) was used to
compare the functional annotations attached to differentially expressed genes in the Ts 13
vs. wild-type comparison with those annotations attached to all gene products
interrogated by the MOE_430A_2 chip

Term
Ontology
In cellular component cytoplasm
In cellular component cytoplasmic part
extracellular matrix (sensu
In cellular component Metazoa)
In molecular function structural molecule activity
In cellular component extracellular matrix
In biologicial process biosynthesis
In cellular component microfibril
translation factor activity\,
In molecular function nucleic acid binding
In molecular function translation regulator activity
metalloendopeptidase inhibitor
In molecular function activity
In biologicial process cellular biosynthesis
In cellular component fibril
intracellular non-membraneIn cellular component bound organelle
In cellular component non-membrane-bound organelle
translation initiation factor
In molecular function activity
In cellular component extracellular matrix part
In cellular component cytosol
In biologicial process protein metabolism
In biologicial process protein biosynthesis
In biologicial process macromolecule metabolism
In cellular component ribonucleoprotein complex
In cellular component secretory granule membrane
In biologicial process macromolecule biosynthesis
actin cytoskeleton organization
9
In biologicial process and biogenesis
positive regulation of nitric
In biologicial process oxide biosynthesis
In biologicial process cortical cytoskeleton

63.83
47.65

Ratio Pval
1.49 3E-06
1.59 4E-06

4.65
9.88
4.74
20.42
0.11

3.44
2.53
3.38
1.91
27.27

2E-05
2E-05
2E-05
5E-05
0.0001

1.91
2

4.71
4.5

0.0001
0.0002

0.13
17.99
0.13

23.08 0.0002
1.89 0.0002
23.08 0.0002

23.44
23.44

1.75
1.75

0.0002
0.0002

1.25
1.72
6.62
47.53
10.28
64.46
7.11
0.2
11.43

5.6
4.65
2.57
1.43
2.14
1.33
2.39
15
2.01

0.0002
0.0003
0.0003
0.0005
0.0006
0.0007
0.0008
0.0008
0.001

2.66

3.38

0.0014

0.06
0.24

33.33 0.0014
12.5 0.0015

"
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In biologicial process
In biologicial process
In biologicial process
In biologicial process
In molecular function
In cellular component
In biologicial process
In biologicial process
In biologicial process
In molecular function
In biologicial process
In biologicial process
In molecular function
In molecular function
In molecular function
In biologicial process
In biologicial process
In biologicial process
In cellular component
In biologicial process
In molecular function
In molecular function
In biologicial process
In biologicial process
In cellular component

In biologicial process
In biologicial process
In biologicial process
In molecular function
In molecular function

organization and biogenesis
cellular protein metabolism
translation
organelle organization and
biogenesis
branching morphogenesis of a
tube
growth factor activity
actin cytoskeleton
cellular macromolecule
metabolism
morphogenesis of a branching
structure
actin filament-based process
actin binding
regulation of cAMP metabolism
neuromuscular physiological
process
polysaccharide binding
CoA desaturase activity
stearoyl-CoA 9-desaturase
activity
regulation of cyclic nucleotide
metabolism
synaptic vesicle transport
response to heat
zymogen granule membrane
actin filament polymerization
structural constituent of
ribosome
pattern binding
regulation of biosynthesis
cell proliferation
cytosolic part
regulation of actin
polymerization and/or
depolymerization
regulation of actin filament
length
regulation of nitric oxide
biosynthesis
cytoskeletal protein binding
extracellular matrix structural
constituent

44.86

1.4

2.75

3.27

0.0016
0.0017

16.46

1.76

0.0018

0.91
2.81
3.37

5.49
3.2
2.97

0.002
0.002
0.002

45.47

1.39

0.0023

0.95
2.92
4.08
0.09

5.26
3.08
2.7
22.22

0.0025
0.0026
0.0026
0.0027

0.09
1.55
0.11

22.22 0.0027
3.87 0.0044
18.18 0.0044

0.11

18.18 0.0044

0.11
0.35
0.35
0.11
0.37

18.18
8.57
8.57
18.18
8.11

0.0045
0.0045
0.0045
0.0048
0.0054

3.27
1.63
2.75
8.01
1.68

2.75
3.68
2.91
2
3.57

0.0055
0.0057
0.0062
0.0064
0.0065

4

0.76

5.26

0.0066

4

0.76

5.26

0.0066

0.13
5.95

15.38 0.0066
2.18 0.0068

1.2

4.17

29

63

2

5

0.0069
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In cellular component intracellular part
In cellular component zymogen granule
In biologicial process cell organization and biogenesis
In biologicial process translational initiation
In cellular component contractile fiber
In cellular component cytoskeleton
In biologicial process protein polyubiquitination
regulation of nucleotide
In biologicial process metabolism
In biologicial process eating behavior
In cellular component leading edge
In molecular function calcium ion binding
insulin-like growth factor
In molecular function binding
In cellular component lamellipodium
In biologicial process protein folding

139
2
44
4
5
23
2

121.86
0.13
30.7
0.8
1.25
13.57
0.15

1.14
15.38
1.43
5
4
1.69
13.33

0.007
0.007
0.0071
0.008
0.008
0.0088
0.0091

0.15
0.15
1.3
12.85

13.33
13.33
3.85
1.71

0.0091
0.0091
0.0093
0.0093

0.45
0.85
3.59

6.67
4.71
2.51

0.0098
0.0099
0.0099
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Table 2
Cell
Line
Cell Line

Passage
Passage

Cells
Counted

Ave.
Chromosome
Chromosome

Std.
Dev.

Wilcoxon Rank
p (two-sided)

Arms

WT-1
Tsl3-1

44
44

81
17

127.8
79.8

23.3
4.4

WT-3
Ts13-3

41
41

58
23

66.8
71.0

22.80.44
31.4

WT-1
Tsl6-1

40
40

53
71

76.1
77.0

22.10.30
23.2

WT-3
Ts16-3

46
46

39
30

106.2
63.3

23.5
14.3

WT-1
Tsl9-1

35
35

32
62

76.3
79.7

13.80.03
11.8

3.09x10

5.68X

11

Analysis of the chromosome number in spontaneously immortalized MEF
cultures.
Each set represents independent, littermate matched trisomic and wild type cell
line pairs, carried through a 3T3 protocol until immortalization. Metaphase
spreads were prepared from post-immortalization cultures. The number of
chromosome arms was determined by counting all arms (one Robertsonian
translocation chromosome yields 2 chromosome arms). Note: while the
differences might be significant between the immortalized wild-type and
trisomic MEF cultures within a given experiment, the differences are not
consistent across all immortalized cell lines.
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Materials and Methods
Mouse Strains
All mouse strains were obtained from the Jackson Laboratory. Strains used to generate
trisomic embryos: Rb(1.2)18Lub/J and Rb(l.3)1Ei/J (Tsl), Rb(l 1.13)4Bnr/J and
Rb(13.16)1Mpl/J (Ts13), Rb(6.16)24Lub and Rb(16.17)7Bnr (Tsl6), and Rb(5.19)1Wh/J
and Rb(9.19)163H (Ts 19). All male compound Robertsonian heterozygous mice were
mated with C57BL/6J females and embryos were collected at specific stages of
embryogenesis by timed matings. All animal studies and procedures were approved by
the MIT Institutional Animal Care and Use Committee.

Mouse Embryonic Fibroblast Derivation and Culture
Except for trisomy 1 lines, MEF lines were established as in (Williams et al., 2002). Tsl
cell lines were created from 10.5 or 11.5 day postcoitum embryos and plated after
overnight incubation in trypsin at 40 C followed by incubation for 30min at 370 C. Cells
were plated on 1 to 3 6cm plates depending on the size of the embryo isolated. All cells
were cultured in DMEM supplemented with 10% FBS, glutamine, penicillin, and
streptomycin at 370 C. Cells were cultured at 370 C with 5% CO2 in a humidified
environment. In all experiments, cells were counted using a hemocytometer or
Cellometer Auto T4 automated hemacytometer (Nexcelom).

Metaphase Spreads
Metaphase spreads were generated from early passage cell lines (<p3). Exponentially
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growing cells were treated with colchicine (Sigma) at 50p.g/ml for 4-6 hours. Cells were
collected by trypsinization followed by centrifugation. Collected cells were incubated in
0.075mM NaCl hypotonic solution for 30 mins at 370 C. Following swelling in hypotonic
solution, cells were washed in 3:1 methanol:acetic acid fix solution 3 times and
resuspended in 50-200gl of fix solution and stored at -20 0 C. Slides were generated by
adding 7 l of fixed metaphase cells to a clean glass slide and spread by tilting the slide.
The slide was subsequently held cells-side down over a boiling water bath for 5 seconds
and then transferred to a heating block set at 90 0 C for 2-5 min. Slides were allowed to
dry at room temperature overnight. Dried slides were stained with Geimsa (Sigma) or
transferred to -20 0 C for storage prior to spectral karyotyping.

Spectral Karyotyping
Metaphase spreads were prepared and hybridized with SKYPaint Probe Mixture for
Mouse Chromosomes (Applied Spectral Imaging) according to manufacturer instructions.
After hybridization, slides were visualized with an Olympus BX61 microscope equipped
with an ASI Spinning Disk Attachment (Applied Spectral Imaging). Images were then
analyzed with SkyView 2.1.1 software (Applied Spectral Imaging)

Transcript Array
RNA was isolated from early passage (5p3) cell lines by Trizol (Invitrogen). 5tg of total
RNA was then reverse transcribed and labeled with GeneChip One-Cycle Target
Labeling and Control Reagents as recommended by the manufacture (Affymetix) and
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hybridized to Affy Mouse 430A 2.0 Arrays (Affymetrix). Chips were analyzed and data
was extracted for examination by GeneChip Operating Software (Affymetrix).

Expression Analysis
Affymetrix data analysis was performed using statistical tools provided by the
r/Bioconductor projects (http://cran.r-project.org/; http://www.bioconductor.org/). Data
import and quality control assessment was done using the Affy package (Bolstad et al.,
2005a) and the AffylmGUI package (Smyth et al., 2005). Data was summarized and
normalized using gcRMA (Bolstad et al., 2005b). Genes expressed at significantly
different levels in the trisomies vs. wild-type, trisomy 13 vs wild-type and trisomy 16 vs
wild-type comparisons were identified using the local pooled error test (LPE) with the
BH correction to control for multiple hypothesis (Jain et al., 2003). The commands for
these differential expression tests and the related data file are available here (lpe.tar.gz).
The boxplots summarizing fold change data by chromosomes were created in r. Two
different sets of plots were created. The "expressed" set includes only expressed probes
with average expression > 3 and variance across all samples < 0.2. "All" plots include all
of the data. In all cases, fold change data were obtained by subtracting the average
wildtype value from the average trisomy value (or the value itself if multiple data points
were not available). Probes unmapped to specific chromosomes and those mapping to the
Y chromosome were excluded. The commands and data required to create these plots are
available here (boxplots.tar.gz).
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Gene Set Enrichment Analysis (GSEA)
GSEA (http://www.broad.mit.edu/gsea/) was used to assess the significance of the
increase in gene expression observed on the trisomic chromosomes. In comparisons
between trisomic samples and wild-type samples, the gene set consisting of genes
encoded by the trisomic chromosome has the highest normalized enrichment score and
confidence values that approach 0. The files required for these comparisons and the
results are available here (gsea.tar.gz).

Analysis of Functional Annotations
The GO Tree Machine (http://bioinfo.vanderbilt.edu/gotm/frame.php) was used to
compare the functional annotations attached to differentially expressed genes in the Ts 13
vs. wild-type comparison with those annotations attached to all gene products
interrogated by the MOE_430A_2 chip.

Accumulation assays.
Exponentially growing early passage MEFs were plated at a density of Ix10 3 cells on
individual wells of multiple 6-well plates. All cells were plated in a final volume of 3
mls of medium. Each day wells were trypsinized and counted in triplicate. For "fed"
cultures, the medium was aspirated and replaced with fresh medium every other day
throughout the course of the experiment. Statistical analysis was performed using a 2way nested ANOVA with all data points from days 3, 5, and 7.
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Metabolic Analysis
Different components of 1.5 mls of tissue culture medium were analyzed with an
MBS7100 (YSI) according to the manufacturers specifications. To prepare samples for
analysis, the medium was collected from the cells and cleared by centrifugation. The
supernatant was transferred to a fresh tube and samples were kept at -200 C until
analyzed. To determine the amount of analyte produced or used in the medium, all
samples were compared to identical medium that was not exposed to cells. Statistical
analysis was performed using a 2-way nested ANOVA with all data points obtained from
days 3, 5, and 7 of the accumulation assays.

Cell volume Determination.
Cellular volume was determined using a Multisizer 3 Coulter Counter (Becton
Dickinson) counting 5000 events according to the manufacturer instructions.

Cell Cycle Analysis
Exponentially growing cells Sp5 were collected by trypsinization followed by
centrifugation. Cells were fixed in 70% ethanol and stored at -20 0 C until analyzed. Cells
were then resuspended in propidium iodide and RNAseA in PBS. For each cell line at
least 20,000 events were collected on a FACScan Flowcytometer (Becton Dickinson).
Cell cycle analysis was determined using FloJo software (Tree Star Inc.).

Proliferation Assays.
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To determine the proliferative capacity and spontaneous immortalization of cell lines we
used a modified serial passaging protocol as in Todaro and Green (Todar and Green,
1963). Briefly, passage 3 MEFs were plated on two 6-well plates (12 wells total) at a
density of 5x10 3 cells per well. Cells were allowed to grow, and on day 3 cells were
trypsinized and counted for the number of cells per well. Cells were then pooled and
replated at 5x10 3 cells per well. This process was repeated until there were either not
enough cells to plate, or until immortalization (determined by an increase in cell
proliferation) had taken place. The passage when immortalization had taken place was
determined by modeling the doublings per passage and fitting them using the following
equation using Prism software (Graphpad Software).
Y1=slopel*x + interceptl
intercept2 = slope l*xO + interceptl
Y2=slope2*(x-xO) + intercept2
Y=IF( (x<xO), yl, y2)

Senescence-associated B-galactosidase assays
Identification of senescent cells was performed using established protocols (Dimri et al.,
1995). Briefly, cells on tissue culture plates were washed three times with PBS and fixed
with 3% formaldehyde in PBS for 5 minutes. The cells were then washed three times
with PBS, and incubated overnight at 370 C with freshly prepared staining solution
(37mM Citric acid, 126mM Na2HPO 4 , Img/ml X-Gal, 5mM K4Fe(CN) 6 , 5mM
K3Fe(CN) 6 , 150mM Nacl, 2mM MgCl 2). Cells were visualized by light microscopy.
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Chapter 4
Discussion and Future Directions

165

Summary
Accurate chromosome segregation in mitosis and meiosis is critical for the
maintenance of ploidy and genetic balance. The consequences of failure, usually
aneuploidy, are dire. In almost all organisms studied to date, aneuploid individuals are
less fit than their euploid counterparts. Aneuploidy is also a hallmark of most cancers.
This thesis has explored how accurate chromosome segregation occurs in budding yeast
meiosis. The conserved Aurora B/Ipll kinase acts in concert with the monopolin complex
to coordinate the very different meiosis I and meiosis II segregation patterns. Aurora
B/Ipll acts to biorient homologs in meiosis I and sister kinetochores in meiosis II. The
monopolin complex ensures that Aurora B/Ipl 1 does not biorient sister chromatids in
meiosis I, thus promoting their coorientation. In fact, the monopolin complex is sufficient
to induce coorientation in mitosis. Further, the monopolin complex is found to act by
clamping sister kinetochores together in a cohesin-independent manner. Whether this
clamping conceals one kinetochore or creates geometric constraints to microtubule
binding will be the subject of future studies.

Having explored the mechanisms that ensure accurate chromosome segregation,
this thesis then explored the cellular consequences of meiotic missegregation in
mammalian cells. The presence of a single extra chromosome decreases cellular fitness
and the aneuploidy-associated phenotypes increased in severity with the increasing size
of the extra chromosome. The identity of the extra chromosome determines the ability to
and speed of immortalization in trisomic cells, a first step in tumorigenesis. The working
model is that it is the cellular imbalances caused by the gene products encoded by the
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extra chromosome that elicit stress responses and lead to decreased fitness in aneuploid
cells. These responses may be targeted as treatments for cancers that are aneuploid, thus
sparing normal euploid cells.

Key Conclusions and Future Directions
The roles of Aurora B/Ipll during meiosis.
Aurora B (Ipll in budding yeast) has been shown to regulate chromosome alignment and
segregation, cytokinesis, and microtubule dynamics during meiosis in several organisms
(Bishop et al., 2005; Kaitna et al., 2002; Ohi et al., 2004; Rogers et al., 2002; Schumacher
et al., 1998). Meiotic depletion of Aurora B/Ipll in budding yeast revealed that the
protein kinase is required for several aspects of meiotic cell division in this organism as
well. First, Ipll-depleted cells were somewhat delayed in entry into pre-meiotic S phase,
the basis of which is at present unclear. Second, Aurora B/Ipll is required for the
coordinated stepwise-loss of cohesion in a fraction of cells, through the localization of the
protective factor Sgo 1 to centromeric regions. This result is consistent with findings in
Drosophilamelanogasterwhere it was further shown that the Aurora B/Ipl homolog
phosphorylates the Sgol homolog MEI-S332 (Resnick et al., 2006). It will be interesting
to determine whether in yeast as well Aurora B/Ipll phosphorylates Sgo 1. To this end,
one can perform kinase assays with recombinant Aurora B/Ipl 1 and Sgo l. Further, one
could make phosphomutants of Sgo 1 and determine whether they phenocopy
AuroraB/Ipl 1-depletion mutants.
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The third meiotic function of Aurora B/Ipll that we uncovered is the promotion of
biorientation of homologs during meiosis I and that of sister chromatids during meiosis
II. Aurora B/Ipll appears to accomplish biorientation by a mechanism similar to that used
during mitosis, i.e. the protein kinase severs microtubule-kinetochore attachments that are
not under tension. It is the monopolin complex that allows Aurora B/Ipll to distinguish
and biorient homologs rather than sister chromatids during meiosis I.

Establishing sister kinetochore coorientation during mitosis.
We were able to induce co-segregation of sister chromatids during mitosis by cooverexpressing CDC5 and MAM1. This co-segregation either reflected genuine
coorientation of sister kinetochores as it exists during meiosis I, or simply non-specific
interference with kinetochore function. Arguing against general kinetochore defects is the
fact that GAL-CDC5 GAL-MAM1 cells did not display delayed anaphase or lagging
chromosomes, phenotypes associated with inactivation of core kinetochore components
or interference with kinetochore-microtubule attachments. The induced coorientation was
also not due to interference with Aurora B/Ipl 1 function because overproduction of Cdc5
and Maml did not enhance the ipll-ts phenotype at the semipermissive temperature, nor
did overexpression of IPL1 affect sister chromatid cosegregation in GAL-CDC5 GALMAM1 cells. Further, Securin (Pdsl in yeast) degradation was delayed in cells
overproducing Cdc5 and Maml1. This might be expected if Aurora B/Ipl 1 was active,
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sensing a lack of tension between cooriented sister kinetochores, and arresting the cell
cycle via the spindle assembly checkpoint. Together, our studies indicate that general
kinetochore defects and effects on Aurora B/Ipll function are not the reason for the cosegregation of sister chromatids in GAL-CDC5 GAL-MAM1 cells. Furthermore, the cosegregation of sister chromatids in cells overproducing Cdc5 and Maml is dependent on
the monopolin complex components Csml and Lrs4, leading us to conclude that the
induced mitotic co-segregation represents genuine coorientation.

Mechanisms of sister kinetochore coorientation.
Given the essential role that Aurora B/Ipll plays in bi-orienting sister
kinetochores during mitosis, there was a distinct possibility that factors promoting the
coorientation of sister kinetochores during meiosis I would be inhibitors of Aurora B/Ipll
function. Our studies indicate that this is not the case, and Aurora B/Ipll does function in
meiosis I. Aurora B/Ipll performs the same function during meiosis I and II as it does
during mitosis, that is severing microtubule-kinetochore attachments that are not under
tension. The monopolin complex modifies sister kinetochores so that they are only under
tension when homologs are bi-oriented. How does the monopolin complex accomplish
this?

Several lines of evidence indicate that the monopolin complex functions as a link
between sister kinetochores that is distinct from cohesins. Co-segregating sister
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chromatids in GAL-CDC5 GAL-MAM1 cells are tightly associated near centromeres, a
phenomenon not observed in other mutants that co-segregate sister chromatids (such as
ipll-ts mutants or cells depleted for cohesins). Importantly, high levels of Cdc5 and
Maml are capable of linking co-segregating sister chromatids in these mutants.
Additionally, during meiosis I we observe that even in the absence of the cohesin subunit
REC8, 91% of sister chromatids are associated at centromeres during prophase I (ndt80A
block). Further, sister chromatids still preferentially (85%) co-segregate to the same pole
during meiosis I even in the absence of REC8. During this co-segregation, centromeric
sequences appear tightly paired whereas arm sequences are not. Importantly, this
association of sister chromatids in spollA rec8A cells is in part dependent on MAM1
indicating that the protein has sister centromere connecting abilities not only when
overproduced during mitosis but also during meiosis I.

There are two likely models for how the joining of sister kinetochores could bring
about coorientation. According to one model, the fusion of sister kinetochores could put
steric constraints onto the two sister kinetochores, so that they are preferentially
accessible to microtubules emanating from the same spindle pole. Ultrastructural
analyses of meiosis I spindles in the salamander Amphiuma tridactylum and several
grasshopper species support this hypothesis (reviewed in Moore and Orr-Weaver, 1998).
An alternate model for coorientation is that the monopolin complex, in the process of
joining sister kinetochores, conceals one of the two sister kinetochores thereby preventing
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attachment of microtubules. The result is a pair of linked kinetochores with one
kinetochore actively being pulled to a spindle pole and the other being brought passively
along. At least in budding yeast, we favor this model because it is more consistent with
ultrastructural analyses of meiosis I spindles. In S. cerevisiae, in which kinetochores bind
to only one microtubule, the number of microtubules in the meiosis I spindle is more
consistent with one microtubule attaching to one homolog or pair of sister chromatids
(Winey et al., 2005). In other organisms such as Drosophilaand mouse, sister
kinetochores also appear to form a single microtubule binding surface during metaphase I
(Goldstein, 1981; Parra et al., 2004). The second observation leading us to favor this
model is that overexpression of a functional monopolin complex allows 35 % of
nocodazole-treated cells to escape the spindle checkpoint arrest. Nocodazole is a
microtubule-depolymerizing drug, which causes activation of the spindle assembly
checkpoint through the generation of unattached exposed kinetochores. One
interpretation of this finding is that the monopolin complex is blocking some
kinetochores so that they are no longer exposed, thus allowing the spindle checkpoint to
be silenced.

Understanding the architecture of the monopolin complex on kinetochores will
help to shed light on its mode of function. One important question in this regard is
whether two sister kinetochores are required for monopolin complex loading, or if
loading can occur on a single kinetochore. To this end, one can examine yeast strains
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depleted for the key DNA replication factor Cdc6 in meiosis. These strains do not
undergo DNA replication and proceed through meiosis lacking sister chromatids. In
extracts from these cells, one could use chromatin immunoprecipitation (ChIP) to
determine if there is less monopolin bound to centromeres as compared to wild-type cells.

The mechanisms whereby the monopolin complex links sister kinetochores
remain to be determined. We propose that after DNA replication sister chromatids are
initially topologically linked due to catenation even in the absence of cohesins. Maml
assembles onto the kinetochores of these sisters joining them at centromeres. Whether
this link is able to withstand the pulling forces exerted by microtubules is unclear, but we
envision that the monopolin complex bridges the sister kinetochores in a way that ensures
their concerted movement and conceals one of the two microtubule attachment sites. The
monopolin complex could itself bridge sister chromatids or induce changes in
kinetochore substructures to induce their interaction with each other. In this regard it is
interesting to note that a component of the monopolin complex, Hrr25, forms multimers
only during meiosis I (Petronczki et al., 2006), potentially providing a bridging function.
One could take advantage of the GAL-CDC5 GAL-MAM1 system to determine whether
dimerization of Hrr25 can be induced in mitosis, and if so which specific factors (Cdc5,
Maml, Csml, or Lrs4) are important.

In S. pombe, coorientation factors appear to bring about sister kinetochore
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coorientation through cohesin complexes (Yokobayashi and Watanabe, 2005; Sakuno et
al., 2009). These Rec8 cohesin complexes localize to the core centromere only during
meiosis I and appear to link sister kinetochores, forcing them into a geometric
conformation that only allows for monopolar microtubule binding (Sakuno et al., 2009).
Our results suggest that in S. cerevisiae coorientation factors themselves have the ability
to join sister chromatids. We propose that this function is important to promote sister
kinetochore coorientation. Whether these linkages simply impose steric constraints or in
addition limit microtubule attachments to kinetochores will be an important question to
determine in the future.

The Consequences of Aneuploidy
The consequences of aneuploidy at the organismal level were discussed in depth
in Chapter 1. Therefore, this discussion will focus on the consequences of aneuploidy at
the cellular level. Our analysis of mouse embryonic fibroblast (MEF) lines, each
containing a different additional chromosome, revealed that in addition to chromosomespecific traits, the four trisomic MEF lines share characteristics such as a cellproliferation delay, an increase in volume and an altered metabolism. MEFs carrying
hypomorphic mutations in the spindle- checkpoint component BubR1 frequently carry
one or two extra chromosomes, and their proliferation is also impaired, indicating that at
least the cell proliferation delay is shared among different types of aneuploidies in the
mouse (Baker et al., 2004). Human cells with decreased chromosome segregation fidelity
also display growth defects (Thompson and Compton, 2008). Primary foreskin fibroblasts
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of individuals with Down syndrome also exhibited a proliferation delay and an increase
in cell volume, suggesting that aneuploidy may also hamper proliferation in human cells
(Rosner et al., 2003; Segal and McCoy, 1974). As in yeast, the defects in our trisomic
MEFs increased with the size of the extra chromosome.

Why are aneuploid cells/organisms disadvantaged?
In most aneuploid organisms studied, transcript levels of genes on the extra
chromosomes are increased in accordance with gene copy number (reviewed in Torres et
al. 2008). At least in some cases in yeast and MEFs, these increased transcript levels
result in increased protein levels (Torres et al., 2007; Klose and Putz, 1983). The
resulting protein imbalances could lead to disruption of function of protein complexes by
perturbing the stoichiometry of their components. The perturbations in protein
composition and stoichiometry could adversely affect diverse cellular functions,
ultimately leading to developmental defects and reduction of fitness. Although
imbalances in single gene products are unlikely to cause severe phenotypes, there are
some examples where this is the case. In yeast, single copy imbalances between the
number of copies of 3-tubulin and a-tubulin lead to lethality (Katz et al., 1990; Schatz et
al., 1988). In humans, duplication of the SCNA gene leads to early onset Parkinson's
disease and that of PMP22 leads to CMT1A neuropathy (reviewed in Farrer, 2006 and
Hannemann and Muller, 1998). However in the vast majority of cases, genes are not
haploinsufficient and overexpression has a negligible effect. Thus, it is more likely that
the additive effects of protein imbalances from the numerous genes on an extra
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chromosome, and the cellular responses elicited, are the cause of the fitness reduction
observed in aneuploids.

A number of findings support the theory that the additive effects of protein
imbalances cause fitness reduction in aneuploid organisms. First, introduction of
mammalian DNA (that does not lead to protein production) into budding yeast does not
cause proliferation delays or reduction of fitness (Torres et al., 2007). Further, the
severity of phenotypes in aneuploid organisms increases with the size of the extra
chromosome (reviewed in Torres et al., 2008). In budding yeast, haploid cells are far
more sensitive to the presence of an extra chromosome than are diploid cells, suggesting
that the fraction of the genome that is imbalanced plays an important role in aneuploid
fitness.

It is important to note that protein imbalances may not be the sole reason
aneuploidy is disadvantageous. The presence of an extra chromosome places an extra
burden on the DNA replication and chromosome segregation pathways. In budding yeast,
it has been shown that these pathways are responsible for fitness reduction of polyploid
cells (Storchova et al., 2006). Further, the transcription and translation of the extra genes
may make RNA polymerases and ribosomes rate limiting and thus reduce or slow the
production of essential gene products. In fact, aneuploid yeast cells exhibit increased
sensitivity to inhibitors of transcription and translation (Torres et al., 2007). The reduced
proliferation in our trisomic MEF lines may also be due to perturbations of translation
elicited by the extra chromosome. To determine whether such perturbations exist, one
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could perform pulse labeling of wild-type and aneuploid cells with 35S-methionine and
determine whether the total rate of incorporation per cell is different. Additionally, one
could perform polysome analysis by sucrose-gradient centrifugation and determine
whether there are fewer polysomes in trisomic cells. Fewer polysomes would suggest that
the extra transcripts produced by the extra chromosome are titrating away ribosomes that
might have otherwise been used in polysomes for faster accumulation of proteins
encoded by normal (and perhaps more important) transcripts.

Cells do appear to respond to aneuploidy. Whereas dosage compensation does not
occur at the transcript level, it does appear to occur at the level of protein abundance. In
budding yeast, the levels of most proteins were increased with their gene copy number in
aneuploid cells, as assessed by mass spectrometry (E. Torres, personal communication).
However, the levels of 13 out of 16 proteins studied by Western blotting were not
increased in accordance with gene copy number, whereas their transcript levels were
(Torres et al., 2007). In human cells, which were derived from Trisomy 21 patients,
proteins encoded by genes on chromosome 21 were not concomitantly increased with
transcript levels (Cheon et al., 2003 a,b,c,d; 2007). These findings indicate that cells are
actively trying to restore the protein balance of euploid cells, either by downregulating
translation or by degrading the extra proteins. Consistent with this notion, aneuploid yeast
cells and cancer cells (which are aneuploid) are more sensitive to proteasomal inhibitors
than are euploid cells (Torres et al., 2007; Whitesell and Lindquist, 2005). Microarraybased expression analysis of aneuploid yeast cells reveals a gene expression signature
that is consistent with a general stress response, called the environmental stress response
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(Torres et al., 2007; Gasch et al. 2000). This stress response may reflect the cell's attempt
to restore homeostasis. Although trisomic MEFs do not exhibit any common trends by
microarray-based transcriptional analysis, given that they share some of the phenotypes
of aneuploid yeast cells, it is likely that in these cells too, an abnormal karyotype leads to
an aneuploidy stress response.

The nature of the proliferative disadvantage
Trisomic cells could grow slower than wild-type because they in fact undergo cell
divisions more slowly. All (asynchronously growing) trisomic lines studied to date do not
show significant change in distribution of cell cycle stage, as judged by flow cytometry
analysis. This is consistent with observations made in human trisomy 21 amniotic fluid
cells (Rosner et al., 2003). These results could indicate that there is no stage specific
defect and that the cell cycle as a whole is slowed, or that the defects are too subtle to be
detected in asynchronous cultures. One could use live cell microscopy to determine the
total cell cycle time in asynchronous cultures. Adherent cells undergoing mitosis
temporarily detach from the tissue culture plate and round up, a phenomenon exploited
by the mitotic shake off synchronization method. Using the morphological change as a
marker, one could measure the time interval between each mitosis on a cell-by-cell basis,
and thus the average cell cycle time for our MEF lines. One could also determine by
Western blotting, whether there are higher levels of cell cycle inhibitors such as p16, p19,
p21, p2 7 and p53 in trisomic cell (asynchronous) extracts as compared to wild-type cells.
Higher levels of these inhibitory proteins would indicate that aneuploidy is impinging on
the cell cycle and slowing it down. To more closely follow the cell cycle progression of
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trisomic cells, we have performed synchronous block-releases using serum starvation
followed by collection of samples for flow cytometry analysis of DNA content, and for
Western blotting for cyclin A and cyclin B levels. Unfortunately, the results have been
inconclusive because of poor synchrony (Appendix A). An alternative method of
synchronization would be to use the microtubule destabilizing drug nocodazole and arrest
cells in metaphase before release. In addition to flow cytometry analysis, one could also
perform immunofluorescence for tubulin to determine if there are detectable differences
in the timing of spindle formation and dynamics. An alternative explanation for the poor
growth exhibited by trisomic cells is that they are undergoing higher levels of senescence
or apoptosis, thus leading to less cell accumulation in a given period of time. We have
tried to examine cells for increased senescence by a senescence-associated 3galactosidase assay (SApgal assay), and for increased apoptosis by annexin-5 staining.
However, the results have been inconclusive (Appendix A). Another mechanism worth
exploring is autophagy. The process can be assayed microscopically by acridine orange
staining for autophagocytic vesicles or by Western blotting for increased levels of the
autophagy marker LC3-B (Kabeya et al., 2000).

Metabolic Changes in Aneuploid cells
All of our trisomic lines utilized more glutamine (per culture volume) and
produced more ammonia. Glutamine, a major nitrogen source for cells in culture, is
broken down by cells into glutamate and ammonia. Glutamate can then be converted into
a-ketoglutarate, which can be fed into the Kreb's cycle for energy production. Whether
the increased glutamine utilization requires increased glutamine transporter levels/activity
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remains to be determined. All of our trisomic cells, with the exception of Ts 1, also
showed increased lactate production (per culture volume) without a concomitant increase
in glucose utilization. This result suggests that there is less oxidative phosphorylation
occurring. Increased lactate production in the presence of oxygen, "aerobic glycolysis," is
a key feature of cancer cells (Warburg, 1956). Whereas it seems counterintuitive to do so,
there are a few possible reasons for why cancer cells choose this inefficient mode of
energy production. Cancer cells may experience periods of hypoxia away from blood
vessels and so aerobic glycolysis may be a way to prepare for these periods. Further, the
production of lactate leads to acidification of the immediate environment. Cancer cells
may be better adapted to this environment, so that potentially competing normal cells are
disadvantaged or killed. Cancer cells do display increased uptake of glucose, whereas our
trisomic MEFs do not. Our data raise the interesting possibility that it is the aneuploid
state of cancer cells that causes the phenomenon of aerobic glycolysis. The enzyme
pyruvate kinase, which regulates the final step of glycolysis, has four isoforms. Tumor
cells only express the embryonic M2 isoform (Mazurek et al., 2005). Replacing the M2
isoform with the adult Ml isoform not only reverses the aerobic glycolysis of cancer cell
lines, but also reduces their ability to form tumors in mouse xenografts (Christofk et al.,
2008). Thus, the M2 isoform is important for establishing aerobic glycolysis and
tumorigenesis of cancer cells. It will be interesting to examine our trisomic lines to
determine whether the M2 isoform is upregulated. If it is, it might explain the aerobic
glycolysis that we see in the aneuploid cells and help to reinforce the notion that the
aneuploid state of cancer cells is what gives rise to aerobic glycolysis in tumor cells. An
alternative explanation for the aerobic glycolysis that we see is that mitochondrial
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function is perturbed in aneuploid cells. To examine this possibility, one could measure
the mitochondrial membrane potential using a fluorescent dye that changes color
depending on whether it is in a polarized or depolarized environment, and compare the
intensities to that of wild-type cells. Cells treated with DNP (a mitochondrial uncoupler)
can be used as a positive control.

What is the role of Aneuploidy in tumorigenesis?
The most prominent disease where aneuploidy is observed at the cellular level is
cancer, a disease of hyper-proliferation. Here aneuploidy is not restricted to one
chromosome, rather the disease is characterized by a high degree of numeric as well as
structural karyotypic abnormalities (Albertson et al., 2003). How can the presence of a
single extra chromosome cause a decrease in organismal fitness, but at the same time
high degree aneuploidy is associated with a disease characterized by unregulated cell
proliferation? Is aneuploidy simply a consequence of cancer, or is it in fact a cancercausing agent?

The results presented in Chapter 3 and those of others indicate that aneuploidy
suppresses rather than enhances tumorigenesis. We found that the presence of a single
extra chromosome hampered cell proliferation. In the case of humans, Trisomy 21 cells
do not proliferate as well as euploid cells (Segal and McCoy, 1974). Also, the percentage
of cells undergoing DNA replication in solid tumors, which are mostly aneuploid, varies
between 2 to 8%, whereas a normal renewing epithelium such as the intestine exhibits a
DNA replication index of approximately 16% (Tannock and Hill, 1987). Furthermore,
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individuals carrying an extra copy of chromosome 21 have a 50% lower probability of
developing solid tumors than do individuals with the correct chromosome number (Hasle
et al., 2000; Satge et al., 2003). Segmental trisomy in the mouse has been shown to
reduce incidence of neoplasia in the sensitized APCM'" genetic background (Sussan et al.,
2008). Induction of low-level aneuploidy in mouse models, through interference with the
chromosome segregation machinery, prevented tumor formation in many tissues, and led
to relatively late tumor formation in others (Weaver et al., 2007; Sotillo et al., 2007;
Baker et al., 2004). A few findings, however, argue for a cancer-promoting role of
aneuploidy. Loss of heterozygosity, which can arise from aneuploidy, is detected in
atypical ductal hyperplasias, potential precursors of breast cancer (Larson et al., 2006)
and in small (2 mm in diameter) adenomas, which are thought to represent early- stage
colon cancers (Bomme et al., 1998; Bomme et al., 2001; Shih et al., 2001). Finally, even
though tumors form late in mice carrying a low-level aneuploidy-inducing mutation, they
do occur with an increased frequency in some tissues (Weaver et al., 2007).

We propose that aneuploidy per se is a barrier toward tumorigenesis. However,
the very cellular imbalances and the associated stresses that cause aneuploid cells to
proliferate slowly, might promote tumorigenesis in a small fraction of aneuploid cells
(Torres et al., 2008). The stresses associated with cellular imbalances could lead to an
increase in mutation rate, gene amplification, and/or genomic instability, scenarios for
which precedent exists in bacteria, yeast, and tissue culture cells (Edlund and Normark,
1981; Ponder at al., 2005; Selmecki et al., 2006; Sung et al., 2003; Mihaylova et al.,
2003). Aneuploidy-tolerating and proliferation-promoting mutations could then be
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selected for, eventually leading to highly proliferative tumor cells. Furthermore,
aneuploidy (involving chromosome gains) would also shield the evolving tumor from
lethal mutations. Thus, in a rather counterintuitive manner, as has been suggested for
chemical carcinogens (Farber, 1990; Haddow, 1938), the proliferation-inhibiting
imbalances of aneuploidy may under some circumstances promote tumorigenesis.
Various factors such as tissue type, the identity of the extra chromosome(s) and the
genetic state of the cell becoming aneuploid will undoubtedly also determine the
outcome.

The data from our 3T3 (serial passage) experiments are consistent with the idea
that aneuploid cells can adapt to the stresses associated with the extra chromosome(s) and
become tumorigenic. The presence of an extra chromosome appears to accelerate
immortalization in some cases, but delay it in others. However, with the exception of
Trisomy 1, immortalization did eventually occur. Further, immortalization in trisomic
MEFs often occurred with fewer cell doublings than euploid cells even if it took longer in
time. In the case of Trisomy 1, perhaps the burden of the relatively large extra
chromosome 1 is too high to overcome. One could utilize other methods to immortalize
our MEFs, such as knockdown of tumor suppressors like p53 or p I6/p 19, and determine
whether aneuploidy hampers proliferation. One can also determine the tumorigenic
potential of such immortalized cells by injection into nude mice and measuring tumor
burden. The caveat here is that wild-type cells often become grossly aneuploid upon such
immortalization, making comparisons between wild-type and trisomic cells, and
interpretation of data difficult. An important question to address is whether or not our
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trisomic cells lead to tumor formation in vivo. Unfortunately, all mouse trisomies are
embryonic lethal and so one cannot determine whether there is an increased frequency of
tumors in these animals relative to wild-type. However, one can try to isolate embryonic
stem (ES) cells from these trisomic embryos. One can then generate chimeras with these
ES cells and wild-type cells so that critical organs like the heart may form normally. The
trisomic ES cells will likely contribute to some tissues and one can then ask whether
there is an increased frequency of tumors in the resulting animals. The controls would
have to be chimeras made from ES cells derived from littermate euploid embryos.

Irrespective of whether or not aneuploidy can promote tumorigenesis, it is clear
that aneuploidy causes a proliferative disadvantage in budding yeast (Torres et al., 2007),
Schizosaccharomycespombe (Niwa et al., 2006; Niwa and Yanagida, 1985), primary
mouse cells (Chapter 3), and human cells (Segal and McCoy, 1974). This property of
aneuploidy is a barrier against transformation that must be overcome during
tumorigenesis. The finding that aneuploidy causes a proliferative disadvantage has
important ramifications for potential cancer treatment. Since most tumor cells are
aneuploid, they must have adapted, through stress responses and/or mutations, to allow
for increased proliferation and successful tumor growth despite aneuploidy. Previous
studies indicate that the aneuploidy stress response could be a valuable avenue of
research in oncology. Cancer cells, like aneuploid yeast cells, have been shown to be
sensitive to conditions that interfere with protein translation and turnover (reviewed in
Williams and Amon, 2009). Inhibitors of the molecular chaperone Hsp90 have been
shown to reduce proliferation of cancer cells (Bagatell and Whitesell, 2004). Hsfl, one of
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the transcription factors that mediate the heat shock response, is critical for the
development of tumors. Hsfl is required for the growth of human cancer cell lines, and
loss of Hsfl reduces the incidence of tumors in p53 deficient mice (Dai et al., 2007). Just
as targeting the heat shock response can reduce tumor burden, the proteasome has also
been shown to be a good therapeutic target in the treatment of cancer (Richardson et al.,
2005). Anti-proteasomal agents, such as MG132 and Velcade activate an apoptotic
response in or reduce the proliferation of cancer cells. Tumor cells likely require more
energy to shield themselves from the protein imbalances from their extra chromosomes,
as well as to maintain their high rates of proliferation. Tumor cells, and perhaps
aneuploid cells in general, utilize aerobic glycolysis for energy production, instead of
exclusively oxidative phosphorylation like normal cells (reviewed in Williams and
Amon, 2009). This dependence on aerobic glycolysis is already being exploited as a
cancer therapy (Pelicano et al., 2006). It is important to note that the sensitivity of cancer
cells to the treatments discussed above will vary according to various factors such as the
type of karyotypic abnormalit, identity of the chromosome(s) involved, the tissue type
and the genetic state of the cell becoming aneuploid.

Given the adverse effect of aneuploidy on proliferation, the selection for
mutations that overcome this effect will likely be great in tumor cells. Thus, identifying
mutations that can overcome the proliferation-inhibiting effects of aneuploidy may also
provide new pathways to exploit in cancer treatment. One could screen a library of
shRNAs for genes which when impaired, allow trisomic MEFs to proliferate better.
Briefly, one could infect pools of shRNAs into trisomic cells and determine the
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proliferative capacity of the resulting transformants. One could then subclone cells that
proliferate better and identify the contributing shRNA through its characteristic barcode.
Knock-down constructs so identified could be studied for their effects on all trisomyassociated phenotypes, both in vitro and in vivo. Furthermore, one could examine banks
of human tumors for the status of the identified target genes. We reason that mutations
that allow cells to tolerate aneuploidy must play an important role in tumor formation and
ought to be present in human tumors. By characterizing genes identified in such a screen,
one might be able to identify the molecular mechanisms whereby aneuploidy causes a
proliferative disadvantage. As in yeast, we predict that it is the imbalance of intracellular
proteins and the attempts to restore homeostasis that are the causes of impaired growth. If
this is true, this screen should identify inhibitors of protein degradation and folding. The
mutations that allow cells to tolerate aneuploidy may represent a new class of tumor
suppressors, which can be exploited for cancer therapeutics.
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Concluding Remarks
The mechanisms that govern sister kinetochore coorientation in human meiosis I
are not well understood, though they may rely on some sort of geometric constraint or
concealment as is being proposed for yeast. The role of Aurora B/Ipl in biorienting
homologs is likely to be conserved in humans. Given that non-disjuntion in both meiotic
divisions in women is the main source of birth defects and miscarriages, investigating
Aurora B/Ipl l's function is very important. Aneuploidy causes cellular defects that are
likely the cause of organismal defects. If aneuploidy is an early event in tumorigenesis,
specifically targeting aneuploid cells can be an effective strategy for treatment.
Understanding mechanistically how aneuploidy affects cells is critical to being able to
exploit the differences between aneuploid tumor cells and euploid normal cells, in order
to effectively treat cancer with minimal side effects.
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Appendix A
Investigating the Cell Cycle and Cell Death in Aneuploid cells
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Introduction
All of our trisomic (Ts) mouse embryonic fibroblast (MEF) lines exhibited
impaired proliferation as compared to their euploid counterparts (Chapter 3, Williams et
al., 2008). This growth impairment could be a result of cell cycle defects or increased cell
death. Flow cytometric analysis of asynchronous cultures did not reveal any changes in
distribution of cell cycle stage between trisomic and euploid cells, indicating that there is
no major cell cycle stage-specific delay. However, these data however do not exclude the
possibility that there is a subtle stage-specific delay, or even that there is an overall
slowing of the cell cycle so that cells spend longer time in every phase. Here, we conduct
preliminary studies on the cell cycle by using serum starvation/release to synchronize
cells. We also perform preliminary studies to compare the levels of apoptosis in trisomic
and euploid cells.

Results
Cell Cycle
Two Ts 16, three Ts 13 and three Ts 19 MEF lines along with littermate matched euploid
controls were subjected to serum starvation to arrest cells in Gl/Go. Cells were released
into the cell cycle by the addition of serum containing medium and samples collected
every 2 hours for 30 or 24 hours. Cells were incubated with bromo deoxyuridine (BrDU)
one hour prior to harvest to label S phase cells. However, the anti-BrDU staining did not
show significantly higher signal than negative controls (data not shown) making it
impossible to identify BrdU positive cells from BrDU negative cells. Thus, propidium
iodide staining intensity was used as the basis for staging cells in the cell cycle. In one
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case of Ts 16, cells appeared to enter S phase with the same kinetics as euploid cells, but
with a smaller peak height. In the other case, the Ts 16 line appeared to enter and exit S
phase slightly earlier than the control (Figure 1A). With Ts13, the results were also
highly variable. In one case, trisomic cells entered S phase sooner, in another later, and
the third entered S phase too asynchronously to make a strong conclusion (Figure 1B).
Two of the Ts 19 lines appeared to be delayed in S phase entry, while the third entered S
phase sooner than the euploid control (Figure 1C). In every case, a significant proportion
of cells appeared to remain in the G /Go phase and not enter the cell cycle upon serum
feeding (Figure lA, B, C). Further, not all cells were in the Gl phase at the 0 timepoint,
which implies that the arrest was leaky. Given the high variability of our data and the
poor synchrony achieved, it is difficult to make a strong conclusion regarding the
existence of cell cycle defects in our trisomic MEF lines.

Apoptosis
Apoptosis was assayed by using Annexin V-FITC and propidium iodide (PI)
staining. Annexin V binds phosphatidyl serine, a plasma membrane inner leaflet
component, that is translocated to the outer leaflet upon initiation of apoptosis (Vermes et
al., 1995; Martin et al., 1995; Koopman et al., 1994). Propidium iodide stains dead cells
and is excluded from live cells. Thus, cells that that stain high for Annexin V and low for
PI are cells in the process of undergoing apoptosis, but not yet dead. Cells that stain high
for both markers are dead, but the mechanism of death cannot be ascertained. Cells that
stain low for both markers are alive. As a positive control, cells were treated with
Doxorubicin (Dox) to induce apoptosis (Skladanowski and Konopa, 1993). Additionally,
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Figure 1 Cell Cycle Analysis
Ts16 (A), Tsl3 (B) and Tsl9 (C) MEF lines along with euploid littermate matched controls were
serum starved for 72 hours before serum-containing media was added. Samples were collected at
the indicated time points and treated as described. For each timepoint, the relative number of cells
is plotted against the relative propidium iodide staining intensity (FL2-A). For each trisomyeuploidy pair, the percent of cells in S phase is extrapolated as described and plotted against time.
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cells were incubated with Hank's Balanced Salt Solution (HBSS) to mimic starvation.
There did not appear to be a significant difference in levels of apoptosis between trisomic
and euploid cells (Figure 2). Unfortunately, neither of the positive controls appeared to
show significantly higher levels of apoptosis than untreated cells. Thus, it is difficult to
draw any conclusions regarding differences in apoptosis, if any, between trisomic and
euploid MEF lines.

Discussion
Whereas trisomic MEFs exhibit a growth disadvantage, asynchronous cultures do
not show accumulation of cells in any cell cycle stage by flow cytometry analysis. Thus,
it was possible that there was only a slight cell cycle defect, too subtle to be detected in
asynchronous populations, or that the cell cycle as a whole was slowed down in trisomic
MEFs. It was also possible that trisomic cells were undergoing higher levels of cell death
via apoptosis or senescence.

Data from our serum starvation-release experiments do not support the existence
of cell cycle defects. However our data cannot exclude these possibilities. Many of our
cells failed to release from serum starvation, resulting in poor synchrony of the cultures
and making our results difficult to interpret. Better methods of synchronization are
required to exclude subtle cell cycle defects as being responsible for the poor growth of
our trisomic MEF lines. In the future, one could use nocodazole treatment to arrest cells
in metaphase and determine the length of time it takes for the entire (asynchronous)
population to accumulate in the G2/M phase. Other methods of synchronization of
primary cells such as mitotic shake off or elutriation exist but are not suitable for our
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Figure 2. Comparison of levels of apoptosis
The indicated cell lines were grown and treated as described. There were no significant
differences between trisomic and euploid cells (red boxes). The first two columns in each
graph represent the indicated cell lines processed like the other samples, except in the
absence of propidium iodide (no PI) and Annexin V-FITC (no AnV) respectively. AnV=
Annexin V-FITC; PI= propidium iodide. The category "AnV lo/PI hi" should in theory
not exist, since cells permeable to PI should stain positive for Annexin V-FITC as well.
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MEFs because we have limiting amounts of embryonic material and these methods
require a large amount of starting material (Jackman and O'Connor, 2001). An alternative
approach would be to use live cell light microscopy to determine the total cell cycle time
in asynchronous cultures. Adherent cells undergoing mitosis temporarily detach from the
tissue culture plate and round up, a phenomenon exploited by the mitotic shake off
synchronization method. Using this morphological change as a marker, one could
measure the time interval between consecutive mitoses on a cell-by-cell basis, and thus
the average cell cycle time for our MEF lines. Our studies of apoptosis using Annexin VFITC staining showed no significant difference between trisomic and euploid cells.
However, our positive controls did not show significantly higher levels of apoptosis than
untreated cells, making our data difficult to interpret. In the future, one could utilize
staining for active caspase 3 as a marker of apoptosis (Dai and Krantz 1993; Thornberry
and Lazebnik, 1998). It is also possible that our trisomic MEF lines are undergoing cell
death by other mechanisms such as senescence or necrosis. Understanding how the
posited aneuploidy stress response impinges on cell growth is important (discussed in
Chapter 4). The first step in this endeavor is to identify the nature of the proliferative
disadvantage. Future experiments will be directed at this problem.

Materials and Methods
Cell culture
Cell lines used are described in Chapter 3 of this thesis. All cells were cultured in DMEM
supplemented with 10% FBS, glutamine, penicillin, and streptomycin at 370 C. Cells were
cultured at 37C with 5% CO2 in a humidified environment. In all experiments, cells were
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counted using a hemocytometer or Cellometer Auto T4 automated hemacytometer
(Nexcelom).

Serum starvation
For every timepoint, one million cells were plated on 10cm plates each. The next day the
culture medium was replaced by that containing 0.1% FBS (all other components the
same as normal culture medium). Cells were serum starved for 72 hrs before release by
replacing the low serum medium with normal culture medium. Cells were treated with
10uM BrdU for 1 hour prior to harvest. Cells were harvested by trypsinization and 15%
of the cells were collected in a FACS tube for PI staining and BrdU labeling. The
remaining cells were spun down and snap frozen in liquid nitrogen for protein extraction
and Western blotting. The culture medium of the plate was collected and used to stop
trypsinization.

Cell cycle analysis
Cells were washed in 1% BSA/PBS then fixed in 70% ethanol. Cells were then treated
2N HC/0O.5% Triton X-100 for DNA denaturation, then with 0. 1M Sodium Borate pH8.5
for neutralization. Finally, the cells were resuspended 70% ethanol and stored at -20 0 C
until analyzed. For anaylsis, cells were resuspended in 500 ul of 1%BSA/PBS/0.5%
Tween 20 with 7ul of antiBrdU FITC per tube. Cells were then washed in
1%BSA/PBS/0.5% Tween 20 and resuspended in propidium iodide in PBS. For each
sample, 5000 events were collected on a FACScan Flowcytometer (Becton Dickinson).
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Cell cycle analysis was determined using FloJo software (Tree Star Inc.). The percent of
cells in S phase was defined as the percent of cells falling between FL2-A intensity 225
and 375.

Apoptosis
Apoptosis was assayed using the Annexin V-FITC Apoptosis Detection Kit from BD
Biosciences and by following the manufacturer's instructions. One half million cells were
plated on 10 cm tissue culture plates. Cells were harvested by trypsinization five days
later. Prior to harvest, positive control plates were treated for 4 or 6 hours with
Doxorubicin (added directly to the tissue culture medium) or Hank's Balanced Salt
Solution (HBSS) for 4-6 hours. Cell number per plate was determined and 100,000 cells
were collected for Annexin V-FITC staining. For each sample, 5000 events were
collected on a FACScan Flowcytometer (Becton Dickinson). Analysis of signal strength
of FITC and propidium iodide, and cell distribution along those two axes was conducted
using CellQuest software (BD Biosciences).
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