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ABSTRACT

The cell relies on absolute symmetry to accurately segregate its genome into two
daughter cells. The start of this symmetry is during DNA replication, where one chromosome
is completely and precisely duplicated to produce two exact copies. These two copies are
cohesed together and brought under tension by the mitotic spindle, which attaches microtubules
to the kinetochore complexes assembled on centromeres. Lack of tension is sensed by the
spindle assembly checkpoint (SAC), but when each chromatid pair is properly bioriented, the
chromosomes are freed of their ties and are pulled to opposite spindle poles. Thus, bilateral
symmetry is essential for proper chromosome segregation.

Despite the checkpoints and intrinsic nature of the system to biorient sister chromatids,
chromosome missegregation does occur. The result is cellular progeny that is aneuploid,
or having an abnormal number of chromosomes. Aneuploidy is a hallmark of cancer, so
understanding how chromosome segregation could go awry has been intensely studied.
Disrupting the spindle microtubules, the kinetochores, cohesin, or the SAC have proven to
increase missegregation rates in model systems, however, this machinery is rarely inoperative in
actual tumor samples, leaving scientists to search for other sources of aneuploidy.

Due to the essential role of bilateral symmetry in chromosome segregation, I investigated
whether it could be disrupted outside of mitosis. The symmetry of the sister chromatids
relies on a “once and only once” round of replication; if a re-replication event was to occur
that encompassed a centromere, then the bilateral nature of the sister chromatid pair would
be abolished. Using the Li Lab re-replication genetic system, I showed that centromeric
re-replication can induce aneuploidy, either through the missegregation of the re-replicated

chromosome or by the creation of an entire, whole chromosome. Microscopic analysis of

v



newly re-replicated cells demonstrates the extra centromere is able to attach to the mitotic
spindle, indicating it may produce a merotelic attachment that could lead to the chromatid’s
missegregation or enhance the fragility of the re-replication bubble. Together, I have shown that
centromeric re-replication is a potent inducer of aneuploidy, which may initiate investigation into

the role re-replication may play in aneupoidy in cancer.
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CHAPTER ONE: INTRODUCTION



THE cONTROL OF DNA REPLICATION

Whether it is responding to external signals, communicating with other cells, or just
maintaining homeostasis, the cell relies on its DNA to provide the genetic instructions necessary
to survive. In eukaryotic cells, the DNA is contained within the nucleus, which confers a
second membrane for protection as well as providing spacial separation from other organelles
and components of the cell. This DNA is organized into linear pieces called chromosomes,
and the number of chromosomes varies from organism to organism. Humans have 23 pairs
of chromosomes, and the budding yeast Saccharomyces cerevisiae has 16 pairs; this number
is referred to as a cell’s ploidy. When a cell has a single set of chromosomes, it is considered
haploid, and when it has a pair of each chromosome, it is diploid.

Due to the importance of the information, great care is taken by the cell to ensure the
faithful passage of its DNA to its progeny. Each daughter must receive a single, whole copy of
every chromosome —nor more, no less. The first step in this process is the complete replication
of the genome using hundreds of replication origins throughout the genome. There are so many
origins that controlling each one individually would require absurd amounts of regulation, as
well as increase the chance an origin will fire more or less than exactly once. Thus, the cell
regulates all origins at once by temporally dividing the process of DNA replication into two
parts: origin preparation (during G1 phase) and origin initiation (during S phase) (Costa et al.
2013; Siddiqui et al. 2013). While origins are being prepped, origin initiation cannot occur.
Conversely, during the time the cell is able to initiate replication, origins cannot be prepped.
Separating these processes means that each origin is sure to fire only once in a single cell cycle

(Figure 1).
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During origin preparation, each replication origin is licensed, meaning it becomes
decorated with proteins that will be used during replication. In Saccharomyces cerevisiae,
origins of replication are sequence-defined and are called “autonomous replication sequences”
or ARS elements (Dhar ef al. 2012). These 80-120 bp sequences are able to confer replication
activity on an extrachromosomal piece of DNA like a plasmid, and their strength is characterized
by how well the plasmid is able to be maintained over several generations. In their endogenous
chromosomal context, ARS elements vary in their timing and use during replication. Some
origins are used in nearly cell cycle and fire early in S phase, while others are rarely used and
only fire if necessary (MclIntosh and Blow 2012). Despite their activity, all confirmed origins are
subject to the same licensing factors so that each may have the potential to initiate replication in
the upcoming S phase.

The main objective during origin licensing is to load the replicative helicase (Bell and
Kaguni 2013). Six Mcm proteins (Mcm2-7) form a ring that will encircle a single strand of
DNA that will serve to unzip the DNA ahead of the replication fork. To load this ring, several

licensing proteins associate with an origin in a controlled, step-wise manner. First, the origin



recognition complex, or ORC, binds ATP and associates with the DNA (Klemm et al. 1997).
Next comes Cdc6, which binds directly to the ORC complex. This association allows the
Mcm?2-7 ring bound to its escort protein, Cdt1, to be recruited to the origin (Kawasaki et al.
2006). The binding and hydrolysis of ATP by the Mcm?2-7 complex is required for its loading
and subsequence release of Cdtl (Coster et al 2014; Kang et al. 2014). It is known that at least
two copies are loaded onto double-stranded DNA, one for each fork (Evrin et al. 2009). This
dimerization likely occurs before the helicases are stably associated with the origin (as indicated
by their resistance to salt wash in vitro) and may be dependent on the presence of a second ORC
and Cdc6 (Evrin et al. 2014). An origin that has successfully loaded stable Mcm?2-7 rings has an
established pre-replicative complex, or pre-RC.

During G1 phase, origin licensing is permitted and origin initiation is restricted. This
temporal separation is made possible by regulating levels of cyclin-dependent kinase, or CDK,
and Cdc7 kinase bound to Db4 (Dbf4-dependent kinase or DDK) (Labib 2010). CDK and DDK
activity is low while origins are licensed, but at the start signal of S phase, the activity levels of
these kinases rise exponentially. The phosphorylations they place have dual effects depending on
the substrate.

For initiation proteins, the kinase phosphorylations are sequentially placed to enable
components to associate with one another (Heller ef al 2011). The CDK phosphorylation of
replisome proteins SId2 and SId3 enable their binding to Dbp11, which may facilitate other
interactions with Cdc45 and the GINS complex (Tanaka et al. 2007). The association of Cdc45
with GINS is likely also dependent upon CDK phosphorylation (Zegerman and Diffley 2007).
DDK phosphorylation of Mcm 2, 4, and 6 help it associate with Cdc45 and GINS to form the

CMG complex, which is essentially the activated form of the helicase (Ilves ef al. 2010).



CDK phosphorylation of licensing proteins, however, leads to their inactivation by either
targeting them for destruction or excluding them from the nucleus (Nguyen et al. 2001; Nishitani
and Lygerou 2002). The CDK phosphorylation of ORC prevents its interaction with Cdt1,
thereby preventing the loading (or reloading) of the Mcm2-7 helicase (Chen and Bell 2011).
Cdc6 is phosphorylated and targeted for destruction in both S phase and mitosis (Perkins et al.
2001). Unbound Mcm?2-7 complexes are also phosphorylated on Mcm3, which enables their
export from the nucleus so they are unavailable for reloading (Liku et al. 2005).

The regulatory phosphorylations on licensing proteins by CDK enables global regulation
of replication. These controls, however, are not redundant (Green et al. 2006). If they were,
then the frequency of re-replication would not change whether one or all the regulations were
in place, and the presence of the extra controls would simply exist for backup in case the
primary regulation is lost. This redundancy model was widely accepted since re-replication was
undetectable within a single cell cycle unless several CDK controls were disrupted at once. With
the use of more sensitive assays that can detect lower amounts of re-replication, it is clear that
removal of a single regulation enables mild re-replication, removal of two regulations produces
more re-replication, and so on, indicating these controls are overlapping.

In the process of disrupting combinations of CDK controls, a particular pair of
deregulations produced highly efficient re-replication originating from ARS317 (Figure 2). This
feature was turned into a tool by the Li Lab, which moved this origin to a region on Chromosome
IV between Ty elements. These are naturally occurring transposable elements that provide
short regions of homology and are scattered throughout the yeast genome. When re-replication
is transiently initiated between these elements, the result is a high frequency of segmental

amplifications that relies on homologous recombination (Green et al. 2010; Finn and Li 2013).
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If the regulation preventing re-replication was truly global, then one would expect its

partial deregulation to increase the probably of re-replication evenly across all origins. This

is not the case, however, as the re-initiation ability of ARS377 was found to be due to a “re-

initiation promoter” or RIP element. When placed in front of other replication origins, their

replication efficiency and timing remained unchanged, however they were now able to re-

replicate under permissive conditions (Richardson and Li 2014). This localized origin control

suggests ARS elements may have more autonomy than previously thought: the global control

may be a “federal” mode of regulation, whereas individual origins could have more local or

“state” control to enable how and when the origin will fire. If an origin is more prone to re-

replicate, it could have a variety of effects on genomic stability depending on its chromosomal

context, as illustrated by the arm re-replication producing segmental duplications. The

implication for the disruption of DNA replication control in creating more drastic genomic

instability will be addressed in CHAPTER TwoO: RE-REPLICATION OF A CENTROMERE CAUSES WHOLE-

CHROMOSOMAL INSTABILITY AND ANEUPLOIDY .



THE CONTROL OF CHROMOSOMAL SEGREGATION

As DNA replication proceeds, the cell’s strategy for accurate chromosome segregation
is just beginning. The budding yeast Saccharomyces cerevisiae employs many mechanisms
and layers of regulation to ensure each of its daughter cells receive a single, complete copy of
the genome (Marston 2014). To physically segregate chromosomes, they must be pulled apart,
but not until the cell is completely ready to do so. Thus, the newly-replicated strands of DNA
(sister chromatids) must be held together until their segregation. To do this, the cell encircles the
sister chromatids using rings of protein called cohesin that are established during the replication
process (Uhlmann and Nasmyth 1998; Unal et al. 2008; Murayama et al. 2014). This ring
ensures the chromatids to stay together until the cell is ready to split the genome in anaphase.

One of the earliest elements to be replicated on a chromosome is its centromere
(McCarroll and Fangman 1988), which in budding yeast is a very simple sequence-defined
element (Cottarel et al. 1989). The centromere is essential for the proper segregation of a
chromosome (Verdaasdonk and Bloom 2011). Its main task is to provides the link between the
DNA and the mitotic spindle by recruiting proteins that form a kinetochore (Biggins 2013).
This elaborate structure binds to the DNA as wells as to an individual microtubule emanating
from a spindle pole. The budding yeast centromere is always decorated with a kinetochore and
therefore are always connected to one of the spindle poles (Collins ef al. 2005). The exception
is when the kinetochore is displaced from the DNA during replication, however as soon as the
proteins reassemble onto the centromere, they are able to re-bind to a microtubule (Kitamura et
al.2007).

As replication finishes, each of the sister chromatids are bound to one another and are



likely attached to the spindle pole through one or both kinetochores. During this time, the poles
where the spindle microtubules emanate from have duplicated and begin to move away from one
another along the nuclear membrane (Winey and O’Toole 2001). If the sister centromeres of a
chromatid pair are attached to different poles, then the chromatids will become bioriented with
each centromere being pulled to opposite poles. However, if only one centromere is attached

to a pole—or if both centromeres are attached to the same pole —the chromatid pair will not

be bioriented. Lack of biorientation is a problem for the cell: if it was to divide without the
biorientation of all its chromosomes, then it would not be able pull sisters chromatids away from
one another into the daughter cells, which would result in aneuploidy.

To ensure each of the chromatid pairs are bioriented, the cell utilizes a spindle assembly
checkpoint (SAC) (Lara-Gonzalez et al. 2012). This checkpoint can become activated if just a
single chromatid pair is not properly oriented with the spindle since unopposed spindle forces
on a single chromatid pair results in kinetochore complexes not held under tension. This lack of
tension enables SAC components to bind at the kinetochore, ultimately leading to the formation
of the mitotic checkpoint complex (MCC) comprised of BubR1/Mad2/Mad3/Bub3/Cdc20
(Foley and Kapoor 2013). The MCC physically interacts with the anaphase-promoting complex
(APC) to prevent its activation, thus preventing the cell from entering anaphase. Additionally,
errant microtubule-kinetochores connections are destabilized to retry for a correct attachment
that generates tension. Once each kinetochore (and thus chromatid pair) is under tension, the
microtubule-kinetochore connections are stabilized to produce proper chromosome biorientation
(Dewar et al. 2004), and SAC components disappear from kinetochores. As the MCC is no
longer produced, the inhibition of the APC is lifted to enable the initiation of anaphase: the rings

of cohesin established in S phase are cut to allow the chromatids to separate (Uhlmann et al.



1999), and due to their biorientation, each is pulled to a different spindle pole.

Bilateral symmetry is essential for proper chromosome segregation: opposite spindle

poles connecting sister chromatid centromeres produce a chromosomal structure that is easily

bisected during anaphase. When the machinery meant to provide this symmetry goes awry,

chromosome segregation is negatively affected to result in cellular aneuploidy (Figure 3). Since

aneuploidy is a hallmark of cancer, much focus has been on if the failure of this machinery is

responsible for the aneuploidy observed. The next section focuses on our current understanding

of the causes and consequences of chromosomal instability in cancer.

MULTIPLE
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INSTABILITY AND ANEUPLOIDY.
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aneuploidy. Shown is a visual
summary of the errors that have
been demonstrated to produce
instability leading to aneuploidy.



WHOLE-CHROMOSOMAL INSTABILITY IN CANCER

The importance of bilateral symmetry during chromosome segregation has long been
known. Beginning in 1902, Theodor Boveri’s examined the effects of multipolar mitoses on
chromosome distribution to daughter cells in sea urchin embryos. In his piece describing the
work, Boveri first speculated how these abnormal mitoses may contribute to tumor formation
(Boveri 1902). Not being an MD, Boveri was met with skepticism and was discouraged
from continuing his project. He kept with it, and in his 1914 publication he expanded on his
argument for abnormal mitoses driving tumor formation through the abnormal distribution of
chromosomes (Figure 4A; Boveri 1914). Boveri hypothesizes how too many spindles during a
multipolar mitosis could produce four aneuploid daughter cells, some missing chromosomes and
others with too many.

Today, we know Boveri was right. Events that disrupt the bilateral symmetry of the
mitotic apparatus have been shown to increase the rate of chromosome missegregation, a state
known as whole-chromosomal instability or W-CIN (Holland and Cleveland 2009). This
unstable state can lead to aneuploidy, which is a hallmark of cancer and can affect its progression
(Figure 4B; Holland and Cleveland 2012; Zasadil et al. 2013). In fact, around 85% of solid
tumor samples have been found to be aneuploid (Mitelman ez al. 2012). Though it is still a
matter of debate, it appears that this aneuploidy may not just be a consequence of W-CIN, but
could provide its underlying cause (Weaver and Cleveland 2006; Sheltzer ef al. 2011). Thus,
finding potential sources of aneuploidy has been a large focus.

The most obvious source of aneuploidy starts with the disruption of segregation

machinery to affect the bilateral symmetry of mitosis. Disruption of these mechanisms in
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Fig. A,

FIGURE 4: ANEUPLOIDY: YESTERDAY AND TODAY.

A) Boveri first proposed a source of aneuploidy in the early 1900s. This illustration is from his 1914 work,
“Concerning the origin of malignant tumors.”

B) A karyotype from the LS174T colon cancer cell line. As highlighted, Chromosomes 7 and 15 are trisomic, and
Chromosomes 11 and the sex chromosome are monosomic (Abdel-Rahman ez al. 2001).

model systems has proven to be a source of instability and aneuploidy (Schvartzman et al. 2010;
Gordon et al. 2012). Results of cancer genome sequencing, however, has shown that mutations
in these components are rare (Perez De Castro et al. 2006). Additionally, many cancers have a
fully-functional mitotic checkpoint that is meant to protect against missegregation (Tighe et al.
2001). How does a cell with functional mitotic components become aneuploid?

In order to answer this question, strategy has shifted to connecting the known genetic
abnormalities in cancer to aneuploidy generation (Hanahan and Weinberg 2011). Two of
the most disrupted proteins are RB and p53, tumor-supressor genes that control cell cycle
progression (Sherr and McCormick 2002). Though they have been consistently found to be
disrupted in cancer, their connection to W-CIN has been unclear. Recently, it has been shown
that their deregulation is crucial to promote W-CIN, indicating that the inactivation of these
tumor-supressor pathways may be the first step taken by cancer cells to generate W-CIN
(Schvartzman et al. 2011). Together, a new “oncogene-induced mitotic stress” model was
produced to connect oncogenic inactivation and W-CIN (Malumbres 2011; Duijf and Benezra

2013). This model proposes that the timing of key cell cycle events such as replication and



mitotic checkpoint can become dysfunctional, leading to untimely replication and/or mitotic

stress to promote W-CIN (Roschke and Rozenblum 2013)

The lack of genetic disruptions to mitotic components in combination with the fresh

perspective the oncogenic-induced mitotic stress model provides is leading to a search for

W-CIN sources that originate outside of mitosis. Since DNA replication timing is under the

ultimate control of the pRb and p53 pathway, perhaps re-replication could contribute to W-CIN.

Indeed, overexpression of replication factors has been documented in cancer (Bonds et al.

2002; Lionton et al. 2007; Murphy et al. 2005; Ren et al. 2006; Santarius et al. 2010; Carter

et al. 2006) and have been found to be overexpressed in conjunction with p53 (Karakaidos et

al.2004). How would a lapse in replication control promoter W-CIN? If a centromere was to

become re-replicated, the bilateral symmetry that is integral to the chromosomal segregation

process would be disrupted since a single chromatid could become itself bioriented with the

spindle. This effective merotely could promote the chromatid’s missegregation during mitosis,

despite all mitotic components and checkpoints being in tact. In the following chapter, I will

report my findings regarding the generation of W-CIN after centromeric re-replication in the

simple model system Saccharomyces cerevisiae.

REPLICATION

DNA replication control

|

Re-replication

|

Cell death

1F

SEGREGATION

Mitotic regulation

|

Improper segregation

\®\ Aneuploidy /

FI1GURE 5: VISUALIZATION OF
HYPOTHESIS.

The search for sources of
chromosomal instability and
aneuploidy have focused mainly on
errors occurring during segregation.
During my graduate work, I asked
if errors originating outside of
segregation are able to promote
aneuploidy. CHAPTER Two discusses
the details and results of my
findings.
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Abstract

Aneuploidy, a hallmark of cancer, often arises from whole-chromosomal
instability (W-CIN). Many cancers exhibiting W-CIN, however, show no direct insult to
the mitotic proteins that ensure proper segregation of chromosomes, stimulating interest
in non-mitotic defects that can disrupt chromosome segregation. Here we show in
Saccharomyces cerevisiae that transient re-replication of centromeric DNA, due to
deregulation of replication initiation proteins, greatly induces aneuploidy of the
rereplicated chromosome. Some of this aneuploidy arises from missegregation of sister
chromatids, indicating that centromeric re-replication can disrupt proper chromosome
behavior during mitosis. Aneuploidy also arises from the generation of an extra sister
chromatid via homologous recombination, suggesting that centromeric re-replication can
trigger breakage and repair events that expand chromosome numbers without
causing chromosomal rearrangements. Given the emerging connections between the
deregulation of replication initiation proteins and oncogenesis, our findings offer the

possibility of a new non-mitotic source of aneuploidy that may be relevant to cancer.
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Introduction

During their life cycle, cells must duplicate their genome exactly once and then precisely
segregate the two copies into the daughter cells. In eukaryotes, elaborate regulatory controls
ensure that each of these processes occur with great fidelity. Because DNA replication and
chromosome segregation are such distinct processes occurring at opposite stages of the cell
cycle, these controls are usually studied independently of each other.

The initiation of DNA replication is regulated at thousands of replication origins scattered
throughout eukaryotic genomes This initiation is restricted to one round per cell cycle by
multiple mechanisms that inhibit early initiation proteins—the origin recognition complex
(ORC), Cdc6, Cdtl, and replicative helicase Mcm?2-7—after they have executed their initiation
function: the loading of Mcm2-7 at origins to license them for initiation (1-3). Once these
origins initiate in S phase, the inactivation of these licensing proteins prevents re-licensing and
hence re-initiation for the remainder of the cell cycle. Much of this inactivation is mediated by
cyclin-dependent kinases (CDKs) through phosphorylation and/or direct binding. In addition,
Cdtl is inhibited in metazoans by replication-coupled proteolysis or by binding to inhibitory
proteins called geminins. Each of these many mechanisms contributes to minimizing the
probability of re-initiation, as deregulation of these mechanisms leads to progressively more re-
initiation as more mechanisms are compromised.

After chromosomal replication, faithful segregation of the resulting sister chromatids
requires the correct bi-polar attachment of sister centromeres to microtubules emanating from
opposite poles of the mitotic spindle (4, 5). This biorientation of sister chromatids is established

in mitosis at kinetochore complexes that are assembled onto centromeres and serve as an
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attachment site for microtubules. Rings of cohesin complexes are thought to embrace both sister
chromatids especially around their centromeres, preventing their premature separation and
allowing for the detection of tension across sisters when they become bioriented. The absence of
this tension is sensed by the spindle assembly checkpoint (SAC), which prevents anaphase until
all sister chromatid pairs become bioriented (6). When anaphase proceeds, the cohesin rings are
cleaved, releasing each chromatid to be pulled to the spindle pole to which they are attached.
Importantly, this precise segregation of sister chromatids depends on the premise of bilateral
symmetry for both the spindle and the sister kinetochores.

In cancer cells, the fidelity of chromosome segregation is frequently compromised,
resulting in increased missegregation rates (i.e., whole-chromosomal instability, or W-CIN) and
aneuploidy (7). Approximately 90% of solid tumors and 50% of hematopoetic cancers are
aneuploid, with many exhibiting W-CIN (8, 9). Moreover, there are increasing hints that
aneuploidy may contribute to tumorigenesis and is not simply an associated consequence (10).
Thus there is much interest in understanding how in cancer cells aquire W-CIN..

Despite their essential roles in chromosome segregation, genes directly involved in
kinetochore function, spindle function, cohesion, or the SAC are rarely mutated in sequenced
cancer genomes (11). Instead, investigators are now focused on other perturbations that can
facilitate merotelic kinetochore attachments, where one sister chromatid is attached to
microtubules from opposing centrosomes at the poles of mitotic spindles (11, 12). These
merotelic attachments are frequently observed in cancer cells with W-CIN and can lead to a tug-
of-war on the affected chromatid, increasing its chance of missegregating. One perturbation that
has received considerable support is the amplification of centrosomes, which is thought to

facilitate merotelic attachments by disrupting the precise bilateral symmetry of the
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spindle. Despite its prevalence in many cancers, however, centrosome amplification is not
observed in all cancers displaying W-CIN (13), raising the question of what other perturbations
can contribute to W-CIN.

Given that replication initiation proteins are often deregulated in cancer cells (14), one
appealing potential source of W-CIN is the re-replication of centromeres, as it has the potential
to disrupt segregation in multiple ways. The most obvious way is by eliminating the bilateral
symmetry of sister centromeres and making the re-replicated chromatid susceptible to a pseudo-
merotelic attachment, but re-replication through a centromere could also conceivably
compromise its kinetochore or its cohesion. To explore this possibility, we asked whether
transient and localized re-replication of a centromere could disrupt the segregation of a
chromosome in the budding yeast Saccharomyces cerevisiae. We find that centromeric re-
replication is a potent way of inducing missegregation of both sister chromatids to one daughter
cell. Surprisingly, we also discover that centromeric re-replication can induce aneuploidy by
formation of an extra sister chromatid. This formation is dependent on homologous
recombination (HR), suggesting that centromeric re-replication can lead to chromosomal breaks
that then undergo homologous recombination to reconstitute intact chromatids. Finally,
microscopic examination of re-replicated centromeres suggests that they have the ability to
reassemble functional kinetochores and be placed under tension. In summary, the deregulation
of DNA replication initiation can have a significant impact on the mitotic mechanisms that
ensure faithful chromosome segregation and provides a potential new source of W-CIN and

aneuploidy in cancer cells.
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Results

We previously demonstrated that the cell cycle controls preventing reinitiation of
replication are critical for genome stability by showing that compromising these controls leads to
intrachromosomal amplifications (15). In those studies we developed a system in which
conditional deregulation of replication initiation proteins can induce transient and localized re-
replication of any chromosome segment of interest. This system provided an opportunity to
explore how the regulation of DNA replication influences the execution of mitosis by allowing
us to induce the re-replication of a centromere and break a fundamental premise of mitosis: the
bilateral symmetry of centromeres in sister-chromatid pairs.

To examine if re-replication could affect chromosomal stability, we designed an assay to
quantify the segregation fidelity of a budding yeast chromosome following the transient,
localized re-replication of its centromere. We had previously shown that conditional
deregulation of a specific subset of DNA replication controls makes origins susceptible to re-
initiation, with the most prominent and detectable re-initiation occurring at the origin ARS317
(15, 16). To induce overt re-replication of a centromere, we inserted a cassette containing
ARS317 8 kb from the Chromosome V centromere (CENS) on one of the two homologs in a
diploid re-replicating strain. To monitor the copy number of the re-replicating chromosome, the
cassette also carried the copy-number reporter ade3-2p, which makes cells containing zero, one,
or more copies white, pink, or red, respectively (17).

In our assay (Fig. 1A), exponentially growing cells were allowed to proceed through a
normal S phase before being arrested in metaphase using the spindle inhibitor nocodazole. At

the arrest, re-replication was transiently induced until half of the ARS3177 in the population had
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re-initiated, as measured by array comparative genomic hybridization (aCGH) (Fig. 1B). Cells
were released from the arrest either before or after the induction of re-replication by plating for
individual colonies. These colonies were screened for colored sectors that suggested the ade3-2p
marked Chromosome V homolog missegregated in the mitosis following the induced re-
replication. Normal segregation of one sister chromatid to each daughter cell (1:1 segregation)
produces a uniformly pink colony. However, missegregation of both sister chromatids to one
daughter (2:0 segregation) would leave it cell with both copies of the ade3-2p reporter and the
other daughter with none, generating colonies divided into large red and white sectors (Fig.

1C).

The frequency of red/white sectored colonies observed after centromeric re-replication
was 7.8 x 107, nearly 20 times the frequency observed in colonies plated before the induction of
re-replication (Fig. 2A). In contrast, this induction did not significantly stimulate the frequency
of red/white colonies in a congenic strain lacking ARS317 or a strain where ARS317 was
relocated near the right end of Chromosome V (Fig. 2A). In the latter strain, re-initiation from
ARS317 was too far away to cause measurable CENJS re-replication (Fig. 1B, bottom panel),
demonstrating that it was specifically centromeric re-replication that induced the high frequency
of red/white colony formation.

To determine if the red/white sectored colonies induced by CEN) re-replication are
genotypically consistent with a 2:0 missegregation of the re-replicated Chromosome V homolog,
we used aCGH to assess genomic copy number in each sector. Assuming that the unmarked
nonrereplicating homolog segregates normally 1:1, we would expect the red sector to contain a
total of three copies of Chromosome V and the white sector to contain one copy. Nine out of 11

red/white sectored colonies showed such a distribution of Chromosome V (Fig. 2B, Table S2),



suggesting that a large proportion of the red/white sectored colonies scored likely arose from a
2:0 missegregation event. Of the much fewer red/white colonies derived from the re-replicating
strain completely lacking ARS317, a similar proportion (3/4) also corresponded to colonies that
had undergone 2:0 missegregation of the ade3-2p marked Chromosome V homolog (Table S2).

This aCGH analysis allowed us to estimate the frequency of apparent 2:0 missegregation
events from the frequency of red/white colonies (Fig. 2C, Table S7). Centromeric re-replication
induced by ARS317 caused a missegregation frequency of 6.4 x 10~ in the following mitosis,
approximately 12-fold higher than the missegregation frequency observed in the absence of
ARS317. We suspect that the latter frequency is itself elevated both because of the prolonged
nocodazole arrest (18, 19) and because of cryptic re-replication occurring throughout the genome
independent of ARS317 (and possibly involving CENS5) (16, 20). Hence, we were most
interested in comparing the re-replication-induced frequency of Chromosome V 2:0
missegregation events to the spontaneous frequency of these events. Although the latter has not
been directly measured for Chromosome V in wild-type diploid cells, upper limits can be
estimated by the spontaneous rate of Chromosome V loss (2-8 x 10 per cell division (21, 22))
and gain (3 x 107 per cell division (23)), respectively. Thus, the frequency of 2:0
missegregation events induced by transient centromeric re-replication in a single cell cycle is at
leasta 10° - 10* higher than the expected spontaneous frequency of these events. We conclude
that centromeric re-replication can be a potent inducer of W-CIN and aneuploidy.

Surprisingly, we also discovered a second source of aneuploidy induced by centromeric
re-replication from ARS317. Colonies divided into large red and pink sectors were observed
following centromeric re-replication at a frequency of 2.4 x 107, ten-fold higher than the

frequency of red/pink colonies observed in a strain lacking ARS377 (Fig. 3A). The color of the
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sectors suggested the presence of one copy of the ade3-2p marked Chromosome V homolog in
the pink sector and at least two copies in the red sector, consistent with there being three copies
of the re-replicating homolog segregating in a 2:1 manner. For most of these red/pink colonies,
this 2:1 segregation was confirmed by aCGH data showing a total of three copies of
Chromosome V in the red sector and two copies in the pink sector (Table S3). Using the aCGH
data to convert red/pink colony frequencies to 2:1 segregation frequencies (Table S7), we
observed that strains with ARS377 driving centromeric re-replication induced these events at a
frequency of 2.0 x 1072, 22-fold higher than strains without ARS317 (Fig. 3B). This induction of
2:1 segregation suggests that centromeric re-replication can induce chromosome gain by forming
a whole additional copy of the chromosome. Upper limits on the frequency of these 2:1 events is
provided by the spontaneous rate of chromosome gain, 3 x 107 per cell division (23). Thus, the
frequency of 2:1 missegregation events induced by transient centromeric re-replication in a
single cell cycle is approximately 10* to 10> higher than the expected spontaneous frequency of
these events.

A trivial explanation for chromosome gain is that, despite the predominantly localized
nature of the re-replication induced by ARS317 on Chromosome V (Fig. 1B), a small fraction of
these chromosomes somehow manage to re-replicate to completion. If that were the case,
however, we would expect the red-pink colony frequency to be independent of the chromosomal
location of ARS317. Using the strain with ARS317 relocated near the right end of Chromosome
V to minimize centromeric re-replication (Fig. 1B), we found that the red/pink colony frequency
was similar to that of the strain completely lacking ARS317 (Fig. 3A). We thus conclude that the
extra copy of Chromosome V detected in the red/pink colonies is dependent on centromeric re-

replication and unlikely to be due to re-replication of the entire chromosome.



An alternative route for generating these extra chromosomes is suggested by our previous
observation that re-replication forks are highly susceptible to breakage (24). Hence, we
wondered whether the extra chromosomes in our red/pink colonies could have been the product
of double-strand break (DSB) repair. Eukaryotes rely primarily on two pathways to repair DSBs
(25-27). One is homologous recombination (HR), which in budding yeast is dependent of
Rad52, a protein that can facilitate complementary strand annealing and single-strand exchange
(28, 29). The other is nonhomologous endjoining (NHEJ), which depends on Dnl4, the ortholog
of DNA Ligase IV in budding yeast (30). To test if DSB repair plays a role in the induction of
2:1 segregation events, we performed centromeric re-replication experiments in rad52A, dnl4A,
and rad52Adnl4A backgrounds.

Deletion of RADS52 reduced the induced frequency of red/pink colonies (Fig. 3C) and 2:1
segregation events (as determined by aCGH) (Fig. 3D and Tables S3, S7) by approximately half.
Thus a significant proportion of 2:1 segregation events induced by centromeric re-replication
depend on HR. Curiously, the induced frequency of red/pink colonies and 2:1 segregation events
nearly tripled when DNL4 was deleted (Fig. 3C, 3D and Tales S3, S7). Moreover, the vast
majority of these additional colonies and segregation events were dependent on RADS52, as
demonstrated by the drop to rad52A levels in the rad52Adnl4A double deletion strain (Fig. 3C &
3D). Importantly, none of the changes in frequencies observed with any of the deletions could
be attributed to changes in re-replication efficiency because the re-replication profiles of the
deletion mutants were comparable to that of the wild-type strain (Fig. S2). In addition, the effect
of the deletions was specific to the 2:1 segregation events because the red-white colony
frequencies associated with 2:0 missegregation events were not affected by the deletions (Fig.

S3). Together these results suggest that DNA damage induced by centromeric re-replication can

31



32

be efficiently repaired by HR in a manner that generates an extra whole sister chromatid. This
route to aneuploidy appears to be partially inhibited by NHEJ, possibly by competition for the
damage substrate (25, 26).

By temporally isolating the centromeric re-replication of a chromosome from its normal
replication and segregation, the experimental strategy used above provided the cleanest
demonstration that re-replication induces 2:0 and 2:1 segregation events. This strategy, however,
left open the possibility that the spindle disruption and/or metaphase arrest caused by nocodazole
was also required for the induction of these events (18, 19). Hence, we asked if centromeric re-
replication induced in unarrested, asynchronously-dividing cells was sufficient to induce 2:0 and
2:1 events. We activated re-replication for three hours in these cells, which induced equivalent
amounts of centromeric re-replication as that induced by three hours of re-replication in
nocodazole-arrested cells (Fig. S4). The state of the cells plated after the re-replication was also
comparable in that they had undergone re-replication for approximately one cell cycle before the
DNA damage caused by re-replication (31-34) triggered their transient arrest in mitosis (Fig. S5).
In the absence of nocodazole, we still observed strong induction of red/white and red/pink
colonies relative to a strain lacking ARS317 (Fig. 4A, 4C). Analysis of chromosomal copy
number using aCGH confirmed that this colony induction reflected increases in the frequencies
of 2:0 and 2:1 segregation events (Fig. 4B, 4D and Tables S4, S5, S7). Thus, centromeric re-
replication induced in cycling cells is sufficient to generate these events.

As a first step toward exploring the molecular events that lead from centromeric re-
replication to chromosome missegregation or breakage we examined the mitotic behavior of re-
replicated centromeres by fluorescence microscopy. The re-replicating CENS5 was fluorescently

marked with TET operator arrays placed 2 kb to the left of the centromere in haploid cells



expressing TdTomato-tagged Tet repressors. At this distance, bipolar spindle tension placed on
normal bioriented sister centromeres in metaphase can be detected by the separation of sister
arrays into two resolvable fluorescent spots (35-37). To monitor the position of the marked
centromeres relative to the mitotic spindle, the microtubule subunit Tubl was tagged with GFP.

Cycling cells induced to re-replicate trigger a DNA damage response that casuses them to
arrest in metaphase (Figure S5, (32)). At this point, we can observe the opposing action of
bipolar spindle tension and pericentromeric cohesion on centromeres. When ARS317 was not
present to re-initiate replication near CENJS, all metaphase arrested cells displayed two resolvable
fluorescent spots during periodic imaging over a 20 min period. This was consistent with the
“centromere breathing” expected of bioriented sister centromeres. In contrast, when ARS317
was positioned near CENS so that 40-50% of these centromeres re-replicated, cells displaying
three or four spots were observed (Fig. SA and 5B). The total number of additional spots
observed was 33-40% above that expected for bioriented sister centromeres in the absence of
centromeric re-replication. This implies that a large proportion of the re-replicated centromeres
of a sister chromatid can be pulled apart from each other as well as from the centromere (or
possibly re-replicated centromeres) of the other sister chromatid. During the periodic imaging,
both unrereplicated and re-replicated centromeres could be seen moving back and forth along the
length of the metaphase spindle. The highly dynamic nature of these oscillations was captured
with time-lapse imaging of re-replicated cells containing three spots (Fig. 5C, Movie S3). These
results are consistent with re-replicated centromeres in each cell undergoing separation and
oscillations due to bipolar spindle tension.

To determine if the separation and motion of centromeres was indeed dependent on

spindle tension, the cells we scored for spot numbers were continuously imaged after treatment
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with nocodazole, which inhibits microtubule polymerization. For the cells without 4RS3/7 near
CENS5, approximately 85% of the sister centromere pairs collapsed to a single spot as the mitotic
spindle disappeared, similar to a previously published quantification of the effects of nocodazole
on centromere breathing (38). This collapse is due to pericentromeric cohesion, which resists the
spindle tension placed on bioriented sister centromeres. For cells with ARS317 near CEN5, most
of those with two or three spots end up with one spot displaying little directed motion (Fig. SA
and 5B, Movies S1 and S2). The collapse of three spots to one indicates that many of these re-
replicated centromeres separated and oscillated because of spindle tension. It further implies that
these re-replicated centromeres reassembled functional kinetochores, maintained pericentromeric
cohesion, and underwent pseudo-merotelic attachments.

We note that, although many cells with four resolvable spots showed a reduction in the
number and motion of spots upon nocodazole addition, most did not collapse down to a single
spot. There were also a few cells with three spots that retained all three after nocodazole
treatment. These observations suggests that in some cases pericentromeric cohesion of re-
replicated centromeres may be compromised, particularly if more than one centromere is re-

replicated.



Discussion

We have shown that centromeric re-replication can provide a highly potent way to induce
W-CIN and aneuploidy in cells where the mitotic segregation machinery is intrinsically intact.
This aneuploidy is generated in part through missegregation of both sister chromatids to one
daughter cell. Such a re-replication induced missegregation may be relevant to cancers
associated with W-CIN that have no obvious molecular insult to their mitotic proteins or
structural defect in their mitotic spindle. Exactly how centromeric re-replication promotes
missegregation remains to be determined, but it has the potential to perturb the segregation
machinery in multiple ways. Three of the most obvious possibilities are disruption of
kinetochores, disruption of centromeric cohesion, and pseudo-merotelic attachment to a sister
chromatid with duplicated kinetochores.

In budding yeast, replication forks disrupt kinetochores inherited from the previous cell
cycle, but these kinetochores are rapidly reassembled onto replicated centromeres after the fork
passes through (39). Hence, although re-replication forks are also likely to disrupt kinetochores,
this only poses a problem if kinetochores cannot reassemble back onto the re-replicated
centromeres. In principle, we might not expect a major problem, as budding yeast kinetochores
can assemble and become functional throughout the cell cycle (40). Moreover, our observation
that more than two centromeres in a re-replicating strain can be microscopically resolved in a
microtubule dependent manner is consistent with the assembly of functional kinetochores on
many re-replicated centromeres. Nonetheless, we cannot rule out that failure to reassemble
kinetochores onto re-replicated centromeres in a minority of cells was responsible for some of

the missegregation we detected in our sectored colony assay.
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The microtubule-dependent separation of re-replicated centromeres also suggests that
pericentromeric cohesion is often preserved following centromeric re-replication. Such cohesion
is presumably responsible for the collapse of re-replicated and separated CENS spots to a single
spot following the disruption of microtubules. However, this complete collapse is less likely
when more than three spots are present in a cell, suggesting that in some instances, particularly
when more than one centromere re-replicates, pericentromeric cohesion may be compromised.

Once centromeres re-replicate and reassemble kinetochores, microtubules from opposite
spindle poles can form bipolar attachments to the duplicated kinetochores in the re-replication
bubble, making a pseudo-merotelic attachment to the sister chromatid (Figure 6). Our
observation of three or four resolvable centromeres oscillating back and forth along the spindle
in a microtubule dependent manner is consistent with such pseudo-merotely. During anaphase
such attachments can cause the re-replicated sister chromatid to be pulled by both poles of a
mitotic spindle, increasing the chances of its missegregation. Importantly, the re-replication
bubble at the center of this pseudo-merotely is a transient chromosomal structure. It can be
readily eliminated during DNA replication in subsequent S phases, leaving a simple
chromosomal aneuploidy to be propagated in both daughter cells following the missegregation.
Thus, re-replication can induce aneuploidy in a hit-and-run fashion, in contrast to dicentric
chromosomes, whose equivalent bipolar attachment inevitably leads to chromosome breakage
and rearrangement (41-43).

In addition to inducing aneuploidy by missegregating sister chromatids, centromeric re-
replication can also induce aneuploidy by the formation of extra sister chromatids, as manifest by
the appearance of 2:1 segregation events. The dependence of at least half of these events on

RADS52, a gene essential for the main forms of homologous recombination in budding yeast,
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implies that many of these extra chromatids are generated by chromosome breakage and
recombinational repair. The breakage is not surprising: we have previously shown that re-
replication forks are susceptible to breakage (24), and their fragility may be exacerbated by
mechanical stress when a centromeric re-replication bubble is placed under bipolar tension by
pseudo-merotelic attachment. What is striking, however, is the apparent efficiency with which
the repair of these breaks can be channeled into the formation of extra sister chromatids, in sharp
contrast to the chromosomal rearrangements that almost always result from dicentric
chromosome breaks. Whether similar generation of aneuploidy by extra sister chromatid
formation can occur in mammalian cells with their much larger chromosomes remains to be
seen. Nonetheless, centromeric re-replication in budding yeast has identified a novel way in
which aneuploidy can be generated.

It is possible that centromeric re-replication can also lead to other chromosomal
consequences that we did not observe either because they are lethal or because we did not score
them. For example, the large rise in RAD52-dependent 2:1 segregation events in a dn/4 mutant
background provides a hint that there may be other competing fates for chromosome breakage
events that involve nonhomologous end-joining. In our primary colony screen, we focused on
colonies that were obviously induced by centromeric re-replication and that we anticipated
would be most straightforward to interpret, namely red-white and red-pink sectored colonies.
Analysis of some of the other colonies with different or more complex shapes and color patterns
may uncover other types of chromosomal loss, gain or rearrangements induced by centromeric
re-replication.

There is accumulating evidence suggesting that re-replication occurs in cancers and is

relevant to oncogenesis. First, deregulation of the replication initiation proteins Cdc6 and Cdtl,



38

which can promote re-replication in cell culture and model organisms (33, 44-49), has been
observed in multiple types of cancers (50-55). Second, experimental overexpression of
replication initiation proteins can promote carcinogenesis in mouse models (52, 56, 57). Re-
replication in either natural or experimentally derived cancer cells, however, has been difficult to
detect by standard replication assays (44, 52, 56, 57). This is likely due to the insensitivity of
these assays and the extensive DNA damage induced by re-replication, which makes re-
replication at levels detectable by current assays highly lethal (31-34, 44, 45, 58-61). In our
experiments, we could minimize this lethality by conditionally and transiently inducing re-
replication. However, any re-replication occurring natively without such experimental
manipulation would likely be limited to low cryptic levels that are compatible with cell viability.
Fortunately, the development of more sensitive re-replication assays shows promise in detecting
such low levels in cancer cells (62).

The striking efficiency with which centromeric re-replication induces aneuploidy in our
experiments makes it conceivable for much lower levels of re-replication to still induce
substantial W-CIN. Indeed, this efficiency may account for why W-CIN could be detected in
cell lines overexpressing Cdtl despite the inability to detect re-replication (63). Our study thus
raises the possibility that centromeric re-replication can provide a new source of W-CIN and

aneuploidy in cancer.



39

Materials and Methods

Oligonucleotides

Oligonucleotides used for disrupting RAD52, DNL4, or HMRa, inserting the URA3 marker, or

inserting the targeting marker 7RP/ for the tetO array insertion are listed in Table S10.

Plasmids

The plasmids pSH006 and pSHO005 were constructed for integrating the copy number reporter
ade3-2p (17) with or without ARS317, respectively, at ChrV_160kb near CENS5. The plasmid
pSHO006 contains the kanMX-ade3-2p-ARS317 cassette cut from pBJL2890 (15) with Xbal and
Stul, and pSHO05 contains the kanMX-ade3-2p cassette from pBJL2889 (15) with Xbal and Stul,
but both cassettes are flanked by homology sequences from ChrV_160 as listed in Table S9. To
make pSHO008, pSH006 was cut with BsaBI and Xbal, filled in, and ligated to remove a

secondary NotlI site.

The plasmids pSH020 and pSHO019 were constructed for integrating ade3-2w with or without
ARS317, respectively, at ChrV_548kb near the right end of Chromosome V. The plasmid
pSHO020 contains a natMX-ade3-2w-ARS317 cassette based on the cassette in pSH008 but with
natMX replacing kanMX and ade3-2w replacing ade3-2p. The allele ade3-2w is a derivative of
ade3-2p where a frameshift mutation has been engineered at the beginning (+46) of the open

reading frame by inserting a single nucleotide. The cassette in pSHO020 is flanked by homology



sequences from ChrV_548 that are listed in Table S9. The plasmid pSHO19 is equivalent to

pSHOO05 but has no ARS317 in the cassette.

The plasmid pSHO13 was constructed to introduce barIA by two-step gene replacement. It
contains genomic sequences upstream and downstream of the BAR/ open reading frame

(separated by a Spel restriction site) cloned into pRS306 (64).

The plasmid pSR14 was obtained from the Dave Morgan Lab (UCSF) with permission from its
original source, the Susan Gasser Lab (Friedrich Miescher Institute). This plasmid contains 128
tandem copies of the tet TET operator, the LEU2 marker, and target sequence for its integration

into the genome (65).

The plasmid pCUP1-TetR-tdTomato-ADE2 was obtained from Dan Liu in the Dave Morgan Lab
(UCSF) to produce a tet TET repressor linked to the fluorescent protein tdTomato (red). To
construct it, the tet TET repressor linked to the tdTomato sequence was placed after the pCUP1
promoter. This fragment was integrated into the middle of ADE2, and the entire fragment

inserted into pRS406. The tdTomato lacks a nuclear localization sequence.

The plasmid pBJL2667 contains the tubulin subunit 7ub/ linked to the fluorescent marker GFP

(green) in pRS304. This plasmid was derived from Aaron Straight’s (Stanford) plasmid pAFS91

by Brian Green, a former student in the lab.

Sequences files for all plasmids are available upon request.
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Strain construction

All haploid and diploid strains used in our experiments are in a genetic background that can
conditionally induce re-initiation of DNA replication, most prominently from the origin ARS317.
They also have one homolog of Chromosome V marked with the ade3-2p copy number reporter
to the right its centromere CEN5 (ChrV_160kb). This ade3-2p marked homolog also contains
ARS317 close to the centromere CENS5 (ChrV_160kb), ARS317 near the right end of the
chromosome (ChrV_548kb), or no ARS317 at all. The basic strategy for generating these
diploids was to mate a MA4Ta haploid strain containing the ade3-2p marked Chromosome V with

a congenic MATa strain containing a URA3 marked Chromosome V.

All haploid strains used in these matings were derived from the haploid strain YL3155 (15)
(MATa ORC2-(Notl, SgrAl) orc6(S116A) leu2 ura3-52 trpl1-289 ade2 ade3 MCM?7-2NLS
barl::LEU2 CANI HMRa). YJL3155 is primed to re-initiate DNA replication because the
MCM7-2NLS allele makes the Mcm2-7 complex constitutively nuclear (66), and the
orc6(S1164) partially prevents CDK inhibition of the origin recognition complex (ORC) by
mutating one of the 11 CDK consensus phosphorylation sites in ORC (67). To generate the
haploid strains used in the matings, various combinations of changes to the following loci were

made:

MATa - MATa haploids were obtained by switching from MATa using pGAL-HO in pSB283

(68).



hmraA::hphMX — for both haploids, the endogenous ARS377 was removed by deleting the entire
HMRa locus. This was done by integrating an hmraA::hphMX disruption fragment that was

generated by two-step PCR amplification from pAG26 (69) using primers described in Table

S10.

barIA - for both haploids, barl::LEU2 was converted to barIA by loop-in/loop-out gene

replacement using BsrG1 linearized pSHO13.

ura3A::{ACTIterm-pGALI1/10-delntCDC6,cdk2A-CDC6term} — for both haploids, a galactose-
inducible, stabilized version of CDC6 was integrated in place of the uras3-52 allele by loop-

in/loop-out gene replacement with Smal linearized pKJF019 (24).

ChrV _160::{kanMX, ade3-2p, £ARS317} — for the MATa haploids, CEN5 was marked with the
copy number reporter ade3-2p by integration of a cassette containing kanMX and ade3-2p at
ChrV_160kb (right of the centromere). When ARS317 was to be positioned near CENS, we used
a {kanMX, ade3-2p, ARS317} cassette excised from pSHO008 with Sacl and Notl. When ARS317
was not to be on the chromosome or to be located on the right arm (at ChrV_548kb), we used a

{kanMX, ade3-2p} cassette excised from pSH005 with Sacl and Notl.

ChrV _160::URA3 — for the MATo haploids URA3 was integrated near CENS by one step gene
insertion with a URA3 integration fragment generated by two step PCR amplification from

pRS316 using the primers described in Table S10.
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ChrV _548::{natMX, ade3-2w, £ARS317} — for the MATa haploids, a cassette containing natMX
and ade3-2w (an inactive color reporter) was integrated near the right end at ChrV_568kb.
When ARS317 was to be positioned at this location we used a {natMX, ade3-2w, ARS317}
cassette excised from pSH020 excised with Sacl and Notl. When 4RS317 was not to be on the
chromosome or to be located near CENJS, we used a {NatMX, ade3-2w} cassette excised from

pSHO19 with Sacl and Notl.

dnl4A - to make diploid strains homozygous for the dn/4 deletion, DNL4 in both MATa and
MATa haploids was deleted by integrating a dnl4A::LEU2 disruption fragment that was

generated by two step PCR amplification from pRS315 (64) using the primers described in Table

S10.

rad52A - to make diploid strains homozygous for the rad52 deletion but wild-type for DNL4,
RADS52 in both MATa and MATa haploids was deleted by integrating a rad52A::LEU?2
disruption fragment that was generated by two step PCR amplification from pRS315 using the
primers described in Table S10. To make diploid stains homozygous for both rad52 and dn/4,
MATa and MATa haploids that already contained the dn/4A::LEU? allele had their RADS52 genes
deleted using a different marker. A rad52A::URA3 disruption fragment that was generated by
two step PCR amplification from pAG36 (69) was used for the MATa haploids, and a
rad52A::natMX disruption fragment that was generated by two step PCR amplification from

pAG36 was used for the MAT o haploids. Primers used for the PCR are listed in Table S10.
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trpl-289::{GFP-TUBI, TRP1} — the plasmid pBJL2667 was linearized with Bsu36I and

integrated via loop-in at the endogenous trp7-289 locus.

ade2::{pCUPI-tetR-tdTomato, URA3, ADE2} — the plasmid pCUP1-TetR-tdTomato-ADE2 was
linearized with BglII and looped-in at the endogenous ade?2 locus. Due to the inability of a
functional ADE?2 to confer complete adenine prototrophy without a fully-functional ADE3, cells
were selected for the URA3 marker in the backbone of the plasmid. However, the presence of a
fully-functional ADE?2 prevents accumulation of the red pigment produced in an ade3-2p ade?

background, meaning colonies were now without color (white).

Chr5 _151::{LEU2, tetOx128} — The plasmid pSR14 was linearized with Ascl and stability
integrated into ChrV at 151 kb, which is to the left of CENJ (the re-replication cassette is to the
right of the centromere). To integrate this construct at the proper location, targeting homology
was generated and integrated first. A fragment containing 7RPI and specific targeting sequence
was generated by PCR amplification from pRS314 using primers described in Table S10. This
construct was placed at ChrV_151, which provided the targeting homology for the sequences at
the end of the linearized pSR14. Cells were visually inspected for bright red spots prior to strain

archiving.

Media and Cell Growth

Cells were grown in or on YEP medium (70) supplemented with 2% wt/vol dextrose (YEPD),

8% wt/vol dextrose (YEP8D), or 3% wt/vol raffinose + 0.05% wt/vol dextrose (to form YEPRA).



The color development plates were synthetic base with 2% wt/vol dextrose (SD), with the final
amino acid concentrations as follows: adenine [10 pg/mL], uracil [20 pg/mL], tryptophan [20
pg/mL], histidine [20 pg/mL], arginine [20 pg/mL], methionine [20 png/mL], tyrosine [30
pg/mL], leucine [60 pg/mL], isoleucine [30 pg/mL], lysine [30 pg/mL], phenyalanine [50
pg/mL], glutamate [100 pg/mL], aspartate [100 pg/mL], valine [150 pg/mL], threonine [200
pg/mL], serine [200 pg/mL]. These plates contain low adenine and are referred to as SDClowA

plates. All cell growth was performed at 30°C except where otherwise noted.

The color from the ade3-2p reporter was most consistent when SDClowA plates were poured in
a precise manner three days prior to use. For a 2 L batch, the following was added together in a
4 L flask: 13.4g Yeast Nitrogen base without amino acids, 40g Bacto-agar, 1 stir bar, and
1850mL MQH,0. The opening of the flask was covered with foil, and the mix was stirred for 5
minutes. Media was autoclaved on a liquid cycle (30 minutes at 121°C with slow exhaust) in a
dry autoclavable plastic tray. To prevent excessive heating the flask was removed as soon as the
jacket pressure allowed the door to open, and the media was stirred for 10 minutes to mix and
cool. At this point powdered amino acid mix and 100mL 40% Dextrose were added. The media
then stirred for an additional 10 minutes to further mix and cool. Plates were poured using a
PourBoy 4 plate pouring machine to dispense 33 mL of media per plate. These SDClowA plates

were stacked unwrapped to allow them to dry but shielded from light until use in the assay.

For microscopy, cells were imaged in SDC-Trp media to maintain selective pressure on the
integrated GFP-Tubl construct. Prior to imaging, cells were grown and induced in S media

supplemented with 3% wt/vol raffinose + 0.05% wt/vol dextrose (to form SRd). Amino acid
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concentrations for both medias are as follows: adenine [40 pg/mL], uracil [40 pg/mL],
tryptophan [0 pg/mL], histidine [40 pg/mL], arginine [40 pg/mL], methionine [40 pg/mL],
tyrosine [60 pg/mL], leucine [120 pg/mL], isoleucine [60 pg/mL], lysine [60 ng/mL],
phenyalanine [100 pg/mL], glutamate [200 pg/mL], aspartate [200 pg/mL], valine [300 pg/mL],

threonine [400 pg/mL], serine [400 pg/mL].

Re-replication induction and sectoring assay

Colony color development and sectoring frequencies were most reproducible when freshly
thawed cells were used and the re-replication induction and plating were performed in a precise
manner. Yeast were thawed from frozen glycerol stocks onto YEPD plates and grown at 30°C.
The following day, this patch was used to inoculate 25 mL of YEPD and was grown to an ODgo
between 0.4 and 0.5 over the course of 4-5 hours at 30°C in a shaking (250 rpm) waterbath.
From this culture, we inoculated the experimental culture grown at 30°C in non-repressive rich
media containing 3% raffinose and 0.05% dextrose (YEPRA) so that after 13-15 hours, the

culture would be growing exponentially at an ODggo between 0.4 and 0.5.

To arrest cells, nocodazole (US Biological, Salem, MA; Cat. no. N3000) was added to the
culture at a final concentration of 15 pg/mL. After two hours of incubation, effective mitotic
arrest was confirmed microscopically (>90% large budded cells) and 40% galactose was added
to the arrested culture to a final concentration of 2.7%. Galactose induction was allowed to

proceed for three hours before cells were washed and plated. A modification of this assay was

used for YJL9631 and YJL9633, which have ARS317 integrated at the right end of Chromosome
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V. Total re-initiation from the right end of Chromosome V in these strains was higher after 3
hours of induction than the centromeric re-initiation from strains with 4RS31/7 integrated near
CENS, possibly from the low-level endogenous re-replication occurring on the end of the arm.
Thus, to compare the consequences of equivalent amounts of re-initiation at the two locations,
we reduced the galatose induction time for YJL9631 and YJL9633 to two hours. This was done
by delaying the galatose induction until 3 hours after addition of nocodazole so that all strains
were exposed to nocodazole for the same amount of time (5 hr). Cell cycle arrest and

maintenance of arrest during the induction of re-replication were confirmed by flow cytometry.

After the induction, cells were diluted into YEPD to an approximate concentration of 1000
CFU/ml concentration, as estimated from the ODg and the expected viability drop due to
prolonged nocodazole arrest (~6x after 5 hr in nocodazole). From this dilution, 200uL (~200
CFU) were promptly spread onto SDClowA plates using 6-8 sterile glass beads per plate. The
plates were incubated face-up at 30°C in the middle of an air incubator for 5-7 days, after which
the plates were placed into a dark drawer at room temperature (18-22°C) for further color
development. After 2-3 days there was optimal distinction between red and pink colors, and the

plates were scored for color-sectored colonies.

The total number of colonies was hand-counted, then plates were manually screened using a
Leica Modular Stereomicroscope MZ6 and a Leica KL1500 LCD 150-watt halogen cold light
source and ring-light fixture. Lamp was set to 3200 K with the aperture 80% open. To be
scored, sectored colonies were required to be at least I mm in diameter and have a red portion

that was less than 75% but more than 25% of the total colony. This range of sector sizes was
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chosen to accommodate differences in the time the two daughter cells might take to recover
from the cell cycle arrest or possible differences in doubling times for the two daughter lineages.
We were, however, stringent about sector color. The pink portion of each red/pink colony had to
have the same tint as the surrounding pink colonies (indicative of the color a single copy of
ade3-2p produced), and the red portion had to be of an unmistakably darker tint than the pink
portion. The white portion had to be completely white and without colored tint. Colonies
containing more than two colors were not scored. All sectors had to originate from the center of
the colony, indicating they had been formed in an early cell division immediately following
centromeric re-replication. Colonies with colored sectors originating from outside the center

were not scored.

After all plates were screened and sectors tallied, colonies were picked from their original plate
and struck onto a new SDClowA plate, then grown as described above to develop color. This
colony purification process allowed us to obtain clonal isolates from each sector of the colony.
From the streak, individual colonies were picked (one of each color) and patched onto rich media
with 2% dextrose. These patches provided the material for glycerol freezer stocks, kept in 96-

well plates at —80°C.

Monitoring re-replication via aCGH

The remainder of the cells not used in the platings described above were harvested after the

induction of re-replication and their DNA extracted as previously described (referred to as

“method 2”) (24). We have referred to this protocol as the “Clean Genomic Prep” on the GEO



microarray database. This DNA was hybridized against reference DNA from YJL8590 (collected
from a nocodazole-arrested culture that did not undergo re-replication) in the manner described
previously (16). Briefly, reference DNA was labeled with Cy5 fluorescent dye and DNA from
the re-replicating strain was labeled with Cy3 fluorescent dye. Equal quantities were combined
and applied to an in-house printed microarray (GEO platform number GPL3412) and hybridized
at 63°C for at least 20 hours. Arrays were then scanned using an Axon Scanner 4B and analyzed
as described previously (16). All microarray data is deposited in the Gene Expression Omnibus

(http://www.ncbi.nlm.nih.gov/geo/) with accession number GSE55641.

Copy-number determination via aCGH

Sectored colonies were chosen at random for analysis of copy number across the genome. For
such colonies, both purified sectors were thawed from the glycerol freezer plate stock onto
YEPD plates and grown at 30°C overnight. A part of each patch was then used to inoculate 5
mL liquid YEP8D, which was grown to saturation over 2-3 days at 30°C with most cells arrested

in GO phase.

To obtain the DNA, the extraction method used in the re-replication DNA extraction was
simplified to handle numerous small cultures at once. This DNA protocol is referred to as the
“Small DNA Prep” on the GEO microarray database. 1 mL from a saturation culture was moved
to a 2 mL screw-capped tube and spun down in a Eppendorf 5417C microfuge at 14,000 rpm for
3 minutes. Cell pellets were washed twice with 1 mL water and spun down at 14,000 rpm for 3

minutes for each wash. Cell pellets were then flash-frozen in liquid nitrogen and either
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processed immediately or stored at —80°C for future extraction. To the frozen cell pellets, 200
pL lysis buffer (2% Triton X-100, 1% SDS, 100 mM NaCl, 10 mM TrisCI pH 8, 20 mM EDTA)
was added and tubes were allowed to rock gently at 4°C for 10 minutes to mix in the buffer as
well as thaw the pellet. Then, 400 uL small glass beads and 200 puL phenol:chloroform:isoamyl
alcohol (25:24:1) were added to the tube and vortexed immediately to mix. Tubes were vortexed
on high for 10 minutes in a Vortex genie, after which 400 uL 1x TE pH 7.5 and 400 uL.
phenol:chloroform:isoamyl alcohol (25:24:1) were added the tubes were vortexed to mix. Tubes
were spun down at 13300 rpm for 10 minutes in the microfuge on soft. 500 pL of the clear, top
aqueous phase was transferred to new screw-capped tubes, along with 500 pL
chloroform:isoamyl alcohol (24:1), which were vortexed well to mix. Tubes were spun at 5100
rpm for 10 minutes in the microfuge, and 450 pL of the top phase was moved to a new
microfuge tubes. Volumes were brought up to 500uL with 50uL 1x TE pH 7.5, and 400 pL
isopropanol and 5 pLL 5 M NaCl were added followed by vortexing. Tubes were spun at 10600
rpm for 10 minutes in the microfuge. The supernatant was carefully aspirated out of microfuge
tubes, and the pellet was washed with 750 uL. 70% ethanol by vortexing well. Tubes were spun
at 10600 rpm for 5 minutes in the microfuge and the supernatant was carefully aspirated out.
DNA pellets were dried for 10 minutes with gentle heat in a speedvac. Pellets were resuspended
in 175 uL 1x TE pH 7.5 by heating in a 37°C waterbath with vortexing for 15 minutes. 1 pL
RNase (Qiagen, Cat. no. 19101, DNase free, 100mg/mL) was added to each tube, which were
inverted to mix and incubated in the 37°C waterbath for 1 hour. After the incubation, 100 pg
Proteinase K (Roche, Cat. no. 03115852001) was added to each tube and inverted to mix, then
placed in a 55°C waterbath to incubate for 30 minutes. Then, 400 puL chloroform:isoamyl

alcohol (24:1) was added to each tube followed by vortexing and a spin at 7500 rpm for 10
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minutes in the microfuge. The top 150 pL was removed and added to new microfuge tubes,
followed by 120 uL isopropanol and 1.5 pLL 5 M NaCl. Tubes were vortexed and spun at
9600rpm for 10 minutes in the microfuge. The supernatant was carefully aspirated out of
microfuge tubes, and the pellet was washed with 750 uL 70% ethanol by vortexing well. Tubes
were spun at 9600 rpm for 5 minutes in the microfuge and the wash was carefully aspirated out.
DNA pellets were dried for 10 minutes with gentle heat in a speedvac. Pellets were dissolved in
50 uL 2 mM Tris pH 7.8 and placed in the 37°C waterbath for 15 minutes to ensure complete

resuspension. DNA was then kept at —20°C until used for aCGH.

DNA from the sector isolates was hybridized against reference DNA from YJL8590 (collected
from a nocodazole-arrested culture that did not undergo re-replication) in the manner described
previously (16). Briefly, reference DNA was labeled with Cy5 fluorescent dye and DNA from
the color sector was labeled with Cy3 fluorescent dye. Equal quantities were combined and
applied to an in-house printed microarray (GEO platform number GPL3412) and hybridized at
63°C for at least 20 hours. Arrays were then scanned using an Axon Scanner 4B and analyzed as
described previously to generate copy number information across the genome (16). All
microarray data is deposited in the Gene Expression Omnibus

(http://www.ncbi.nlm.nih.gov/geo/) with accession number GSE55641.

To interpret the copy number of Chromosome V in the red or white sectors, we had to take into
account the fact Chromosome V monosomy and trisomy are not stable in the long term.
Populations of diploid cells containing these aneuploidies are eventually taken over by cells that

have become disomic for Chromosome V. Hence, during the growth, freezing, and thawing of



these aneuploidy cells, the population average of Chromosome V copy number gradually
declines from 3C to 2C (for trisomy) or increases from 1C to 2C (for monosomy). In constrast,
the populations of cells that start off euploid with a 2C copy number of Chromosome V never
show any significant difference from 2.00 C during continued growth. Hence, we scored red
sectors with Chromosome V copy number > 2.2C as trisomic for Chromosome V and white
sectors with Chromosome V copy number < 1.8C as monosomic for Chromosome V. Both
criteria had to hold in order for a red/white colony to be scored as a 2:0 segregation event. For
red/pink colonies to be scored as a 2:1 segregation event, Chromosome V copy number in the red

sectors had to be > 2.2C and in the pink sector at 2.00 C.

During our copy number analysis we discovered several sectored colonies, in which the
Chromosome V copy number in the red and/or white sectors was significantly different than 2.00
C, but not different enough to satisfy the threshholds of > 2.2C and < 1.8C respectively. Because
we suspected that the stress of freeze-thawing placed selective pressure on the outgrowth of
euploid cells, we isolated DNA directly from the frozen cells to perform aCGH. Cells from the
frozen stock were placed directly in a screw-cap tube with 1 ml water, then processed the same
as described for saturation cultures. In almost all of these cases, the new copy number analysis
established that the red sectors had a much greater than 2 C copy number for Chromosome V,

while the white sectors had a much less than 1.8 C copy number for Chromosome V.

Live-cell microscopy: cell growth and re-replication induction
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Cell growth and re-replication induction were performed in a similar manner as the re-replication
assays described above. Yeast were thawed from frozen glycerol stocks onto SDC-Trp plates
and grown at 30°C. The following day, this patch was used to inoculate 25 mL of SDC-Trp and
was grown to an ODggp between 0.2 and 0.4 over the course of 6 hours at 30°C in a shaking (250
rpm) waterbath. From this culture, we inoculated the experimental culture grown at 30°C in
non-repressive rich media containing 3% raffinose and 0.05% dextrose (SRd) so that after 13.5

hours, the culture would be growing exponentially at an ODgoo between 0.3 and 0.5.

Since re-replication can be efficiently induced in exponentially-growing cells, and we wanted to
maintain the spindle to place tension on the chromosomes, an prior arrest with nocodazole was
not performed. Instead, 40% galactose was added to the log-phase culture to a final
concentration of 2.7%. Galactose induction was allowed to proceed for 2.75 hours, after which a
small sample (500 pL) was removed and imaged live to produce a time-lapse movie of the
dynamics of a re-replicated cell (Figure 5C); this sample was taken early so the imaging would
occur after a full three hours of induction. The remainder of the culture was washed by vacuum
filtration using 10 volumes of pre-warmed sterile water, then resuspended in 25 mL pre-warmed
SDC-Trp media. From this new resuspension, a small sample (500 pL) was taken for imaging

before and after nocodazole treatment (Figures SA and B).

Live-cell microscopy: imaging

All live imaging was conducted in a temperature-controlled chamber maintained at 30°C with

yeast immobilized to the bottom of a chambered coverslip (Lab-Tek/Thermo Fisher, Cat.
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n0.12565401). Briefly, the bottom of the chamber was coated using 100 pL of 0.5 pg/mL
Concanavalin A Type IV (Sigma-Aldrich, Cat. no. C2010-25MG) and allowed to air dry in the
dark at 30°C for 1 hour. Roughly 3.5E+06 cells in 500 puL was pipetted into the chamber and
allowed to sit for 15 minutes at 30°C, after which the chamber was gently washed twice to
remove excess cells. Chambers were then imaged on the Deltavision deconvolution microscope

(Applied Precision) using SoftWorx image acquisition software.

Imaging re-replicated cells to observe spot-spindle dynamics — Re-replicating cell spindle and
spot dynamics (Figure SA an Movie S1) were visualized with a 100x 1.40 UPLS Apo objective
(Olympus) and a CoolSNAP_HQ /ICX285 camera. To visualize DNA, Hoechst 33342 stain
was added at a final concentration of 10 pg/mL to the cells prior to imaging. A set of three
images (one for each channel) was taken every 6 seconds for 10 minutes; the Z plane remained
unchanged and was prevented from drifting using the UltimateFocus feature. The settings for
each excitation wavelength are as follows: RD-TR-PE (red channel; ex: 555 nm, em: 617 nm;
32% power; 0.6 s exposure), FITC (green channel; ex: 490 nm, em: 528 nm; 50% power, 1 s

exposure), and DAPI (blue channel; ex: 360 nm, em: 457 nm; 32% power; 0.2 s exposure).

Time-lapse imaging of re-replicated cells to examine spots before nocodazole treatment — Spot
and spindle visualization before and after nocodazole (Figure 5B, C) was imaged with a 60x 1.42
NA Plan Apo objective (Olympus) and a CoolSNAP_HQ / ICX285 camera. No Hoechst stain
was added to these samples. X, Y, and Z coordinates were recorded for 25 locations on the
chambered coverslip, 10 for the no ARS317 strain and 15 for the ARS317 at CENS strain. For

each of these points, a Z-stack was taken +1 pum from the recorded Z coordinate in steps of 0.5



55

pum for both the red and green channels. This recorded Z coordinate was prevented from drifting
using the UltimateFocus technology. Four stacks were acquired for each marked position as
quickly as possible, resulting in images taken every 7 minutes for nearly 20 minutes. The
settings for each excitation wavelength are as follows: RD-TR-PE (red channel; ex: 555 nm, em:
617 nm; 32% power; 0.8 s exposure), and FITC (green channel; ex: 490 nm, em: 528 nm; 50%

power, 1 s exposure).

Addition of nocodazole and time-lapse imaging after treatment — Nocodazole was added with
extreme care to the chambers without their removal from the rig using a curved Pasteur pipette.
Immediately before addition, nocodazole was added to 500 uL fresh SDC-Trp media and then
dripped into each chamber for a final nocodazole concentration of 75 pg/mL. Nocodazole was
kept separate from the media until the last minute to keep as much in solution as possible as it
will precipitate in aqueous solutions. Using the same 25 points as the pre-nocodazole imaging, a
Z-stack was taken £1 um from the recorded Z coordinate in steps of 0.5 um for both the red and
green channels. This recorded Z coordinate was prevented from drifting using the
UltimateFocus technology. Four stacks were acquired for each marked position every 10
minutes for 2 hours. The settings for each excitation wavelength are as follows: RD-TR-PE (red
channel; ex: 555 nm, em: 617 nm; 32% power; 0.8 s exposure), and FITC (green channel; ex:

490 nm, em: 528 nm; 50% power, 1 s exposure).

Analysis of spot number before and after nocodazole addition
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Analysis re-replicated cells to examine spot number before nocodazole treatment — All images
were assigned with a random numerical prefix using the free demo version of Renamerox
(Branox Technologies) so that they may be scored blindly. Using the free imaging software Fiji
(71), a single Z-stack was opened and cells meeting specific criteria were annotated with a letter.
The criteria is as follows: the cell must be large-budded, but not actively budding (as can be
determined by observing the cell through time), and the cell’s spindle must also be in short (<2
pum) as to indicate it is not undergoing anaphase. Using the Z- and time-dimension, the number
of centromeric spots for each cell was determined and recorded. Due to the dynamic nature of
the spindle and spots, as well as centromeric breathing, it was necessary to look beyond a single
plane or time frame for each cell to assess the correct number of spots. Additionally, it was
unknown how many spots may arise from centromeric re-replication, therefore using the time-

and Z-dimensions enabled us to record an accurate number of spots pre-nocodazole treatment.

Analysis re-replicated cells to examine spot number after nocodazole treatment — All images
were assigned with a random numerical prefix using the free demo version of Renamerox
(Branox Technologies) so that they may be scored blindly. Using the free imaging software Fiji
(71), single Z-stacks were opened until the file matching the pre-nocodazole treatment was
found. Then, using the annotated pre-nocodazole image as a guide, each cell was revisited after
2 hours of nocodazole treatment. At this specific timepoint, the Z-planes were examined to
determine how many spots were present. Several spots that were originally scored in the pre-
nocodazole treatment were thrown out due to one of the following reasons: the cell underwent
anaphase before the nocodazole treatment had an effect; the cell’s spots separated into opposite

lobes after spindle disappearance, indicating they were mid-anaphase; the spindle was not broken



down; the centromeric spot was not visible at the final 2 hour timepoint, either because it lost
signal or it became out of focus; or the cell died. Thus, only large-budded cells in metaphase
prior to nocodazole with spindle breakdown and visible spot(s) 2 hours after nocodazole were
scored. For each strain in each trial, > 100 cells were scored. Values were recorded and can be

seen graphically in Figure 5B or in Table S11.

It should be noted that all images were scored with only moderate changes to brightness and

contrast as needed.

Image creation for Figure 5

Images viewed in Figure 54 — images were adjusted for brightness and contrast only.

Images viewed in Figure 5C — the red channel of this montage was subjected to Fiji’s bleach
correction using an exponential line fit. The resulting image fit a curve with R*"2>0.99. To
remove background, it was subtracted using Fiji’s background subtraction, using a rolling ball
radius of 200 pixels. The green channel was altered only in brightness and contrast. The blue

channel underwent a simple ratio (0.5) bleach correction.
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Fig. 1: Monitoring chromosome segregation fidelity after centromeric re-replication.
(A) Experimental flowchart starting with diploid re-replicating cells containing one
Chromosome V homolog marked with the ade3-2p copy number reporter. (B) Re-
replication profile of Chromosome V for diploid cells arrested in metaphase (with
baseline copy number of 4C) and induced to re-replicate (see Table S1). ARS317 and
ade3-2p mark integration sites of the re-initiating origin and the copy number reporter,
respectively. Inset shows schematic of re-replication bubbles inferred from profiles.
Circles on X-axis and in schematic represent centromere CENS. (C) Schematic showing
how first division 1:1 segregation of ade3-2p marked homolog leads to pink colonies and
2:0 missegregation leads to red/white sectored colonies.
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Fig. 2: Centromeric re-replication causes 2:0 missegregation of chromosomes.

(A) Centromeric re-replication induces red/white sectored colonies. Diploid re-
replicating strains (characterized in Fig. 1B and induced to re-replicate as described in
Fig. 1A) were scored for the frequency of red/white sectored colonies either before (-)
or after (+) induction of re-replication (see Table S6). Data is presented as the average
+ SEM for n > 3 trials. (B) aCGH copy number analysis of a representative red/white
colony that was scored as a 2:0 segregation event (see Materials and Methods). (C)
Estimated frequency of 2:0 segregation events after 3 hr of re-replication. The average
sectoring frequency for each strain shown in (A) was multiplied by the fraction of aCGH-
analyzed isolates that showed 2:0 segregation of the ade2-3p marked Chromosome V
homolog (see Tables S2 and S7).
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Fig. 3: Centromeric re-replication causes 2:1 segregation through chromosome gain.
(A) Centromeric re-replication induces red/pink sectored colonies. Diploid re-replicating
strains characterized in Fig. 1B and induced to re-replicate as described in Fig. 1A,

were scored for the frequency of red/pink sectored colonies (see inset) either before (-)

or after (+) induction of re-replication (see Table S6). Data is presented as the average

+ SEM for n > 3 trials. (B) Estimated frequency of 2:1 segregation events after 3 hr

of re-replication. The average sectoring frequency for each strain shown in (A) was
multiplied by the fraction of aCGH-analyzed isolates that showed 2:1 segregation of

the ade2-3p marked Chromosome V homolog (see Tables S3 and S7). (C) Dependence
of red/pink colony frequencies induced by centromeric re-replication on homologous
recombination. Diploid re-replicating strains with re-initiating origin ARS317 at CENS
and homozygous deletions of the indicated genes were scored for the frequency of red/
pink sectored colonies as described and presented in (A) (see Table S6). (D) Dependence
on homologous recombination of 2:1 segregation events induced by centromeric re-
replication. Segregation events were estimated as described in (B) using the frequencies
reported in (C) (see Tables S3 and S7).

68



Fig. 4

A S, B o4 Csz D
oy 2 25 1 25
c c >
5 | 3 5 g
g0.3 €03 320 § 20]
o 3 o 2
= g — o
2 = 215 + 1.5/
= 0.2 c 0.2 = c
g S S 2
=
3 ® S 1.0 S 1.0
7] g n )
2Lo.1 501 x 5
.g 8 '5_0.5 3 0.5
3 =} 3 by
o} A & N
o 0.0, No ARS317 0.0 No ARS317 o'ow No ARS317 0.0, No ARS317
ARS317 at CEN5 ARS317 at CEN5 ARS317 at CEN5 ARS317 at CEN5
— O —— O —— > —— O

Fig. 4: Centromeric re-replication induced in cycling cells causes 2:0 and 2:1
segregation.

Re-replication and quantification of 2:0 and 2:1 segregation events was as described in
Fig. 1A, except the arrest prior to the induction of re-replication was omitted. The re-
replication profiles of diploid strains used are shown in Fig. S4. (A and C) Frequencies
of red/white and red/pink sectored colonies are presented as the average + SEM for n >
3 trials (see Table S6). (B and D) Estimates of 2:0 and 2:1 segregation frequencies were
calculated as previously described in Fig. 2C and 3B (see Tables S4, S5, and S7).
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Fig. 5: Dynamic spot movement and separation are dependent on an intact spindle.

(A) Exponentially-growing cells with the re-replicating origin ARS317 near CEN5 or
without ARS317 were induced to re-replicate for three hours. Cells were then washed and
the induction stopped with the addition of dextrose, followed by live imaging of cells in the
absence of nocodazole in open microscopy imaging chambers. Nocodazole was added to
each chamber, and the same cells were imaged live after two hours when the spindles had
completely disappeared. Spots corresponding to the TET operator arrays bound to tdTomato-
tagged TET repressors to the left of CENS are indicated by arrowheads. (B) Quantification
of the number of spots observed before and after nocodazole addition in cells with ARS377
near CEN) or without ARS317. The number of cells scored pre-nocodazole is charted based
on initial spot number, with each bar divided into the number of cells having one, two, three,
or four spots observed post-nocodazole treatment (see Table S11). Each strain in both trials
was scored for > 100 cells. (C) Time-lapse imaging of a live cell at a single Z-plane that has
undergone centromeric re-replication. The three spots corresponding to TET operator arrays
bound to tdTomato-tagged TET repressors (on the left of CENYS) are indicated by arrowheads
in the first and last panels.
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Fig. 6: Model of how centromeric replication may affect chromosome segregation.
Normal sister chromatids are held together via cohesin to ensure their bi-orientation
with the mitotic spindle. When a centromere is re-replicated, this bilateral symmetry is
disturbed, possibly disrupting the pericentromeric cohesin and/or allowing the merotelic
attachment of a single chromatid to both spindle poles. During anaphase, this chromatid
could missegregate to produce the 2:0 segregation pattern (consistent with red/white
colony formation), or break and repair in a RAD52-dependent manner to produce a 2:1
segregation pattern (consistent with red/pink colony formation).
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Fig. S1: Red/pink colony frequencies induced by re-replication in strains lacking the re-
initiating origin ARS317 and deficient in recombinational repair.

Diploid re-replicating strains with no ARS377 on the ade3-2p marked Chromosome V homolog
and containing homozygous deletions of the indicated genes were scored for the frequency of
red/pink sectored colonies both before (—) and after (+) re-replication as described in Fig. 3 (see
Table S6). Frequencies are presented as the average + SEM for n > 3 trials.
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Fig. S2: Re-replication profile of Chromosome V for diploid strains deficient in
recombinational repair.

Diploid re-replicating strains with homozygous deletions of indicated genes and both re-
initiating origin ARS317 and ade3-2p integrated at CENS5 (circle) were arrested in metaphase and
induced to re-replicate for 3 hr as described in Fig. 1A (see Table S1). DNA copy number was
analyzed by array CGH with baseline normalized to 4C.
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Fig. S3: Red/white sectoring frequencies for strains deficient in recombinational repair.
Diploid re-replicating strains with homozygous deletions of indicate genes and ade3-2p
integrated at CEN) were induced to re-replicate as described in Fig. 1A were scored for the
frequency of red/white sectored colonies either before (-) or after (+) a 3 hr induction of re-
replication (see Table S6). Data is presented as the average = SEM for n > 3 trials. (A) Strains
containing no ARS317. (B) Strains containing ARS3 17 integrated at CENS.
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Fig. S4: Re-replication profiles of Chromosome V for diploid strains induced to re-replicate
for 3 hr without prior metaphase arrest (see Table S1).

ARS317 and ade3-2p mark integration sites of the re-initiating origin and the copy number
reporter, respectively. Inset shows schematic of re-replication bubbles inferred from profiles.
Circles on X-axis and in schematic represent centromere CENS.
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Fig. S5: Cycling cells induced to re-replicate transiently arrest in M phase.
Flow cytometry of strains analyzed in Fig. S4 before and after the induction of re-replication. (A)
Strain containing no ARS3177. (B) Strain containing ARS317 integrated at CENS.



77

TrLOYETINSD wonoq ¢S (3se11e 0U) £TESAV ON LT6TMR
I¥LOVETINSD doy ‘4 (1sa1re ou) GNHAD e L1ESYV LEYGTILA
07LOFETINSD wonoq ‘s VEIUPVZSPPA ‘SNAD 18 L1ESTV 8E€TOTTLA
6ELOVETINSD S[ppIw woyoq ‘zs VEIUp ‘SNAD 18 LTESAV 9LTOTTILA
8E€LOVETINSD o[ppru dop ‘zS VZspp4 ‘GNAD 18 L1ESUV ILTOTTILA
8TTIVETINSD doy ‘zs SNAD 18 LTESUV LEIGTIA
LELOVETINSD wopoq ‘g 8%S” SIYD O} PoAOW /[ €SIV 1€967ILA
9ELOVETINSD o[pprut ‘g | L1E€SIV ON 6796'IA
SELOVETINSD doy ‘g SNHD 12 LT€STV LEIGTLA
.owwmhww n31g ad£)ouds jueAdy urens

Y10M s1y) ul payudsdad saqyoad uonedrdaa-aa ayy a0y O Aellay 1S dqeL




78

TLLOVETINSD + - ¥l ANYM MET-ST-SHHS SNAD 18 LIESAV 6£96TTA
ILLOYETINSD Lo LT Py MET-ST-SAHS SNAD 18 LIESAV 6£96TTA
0LLOVETINSD + - €1 ANYM MOT-ST-SHHS SNAD 1B LIESUV 6£96T(A
69LOVETINSD - LT Py \0T-ST-SHHS SNAD 1B LIESAV 6£96T[A
89L0FETINSD + LD1D| 91 AMYM M61-ST-SHHS SNAD 18 LIESAV 6£96TILA
LILOYETINSD - LT Py A61-ST-SHHS SNAD 18 LIESUV 6£96TLA
99LOVETINSD _ - €1 Y MLI-ST-SHHS SNAD 1B LIESAV 6£96TTA
S9LOYETINSD Loemd| 0T P ALI-ST-SHHS SNAD 1B LIESAV 6£96T(A
Y9LOVETINSD + B ANYM MII-ST-SHHS SNAD 18 LIESAV 6£961TA
€9L0VETINSD {(©PISL6-91056} 114D “{(€)PI008-9ASLSI LD LT Py A91-ST-SAHS SNED 18 LIESAV 6£96'IA
T9LOYETINSD + (rporyd| 11 AYM MYT-€T-SAHS SNAD 18 L1€SAV LEIOTLA
19L0VETINSD (SLD01UD| 8¢ P AYT-€T-SHHS SNAD 18 L1€SUV LEYGTIA
09LOVETINSD + B AMYM MS9-F1-PHHS SNAD 1B LIESAV LEYGTIA
6SLOVETINSD - LT Py AS9-F1-vHHS SNHD 18 LIESAV LE9GTIA
8SLOPETINSD + - Tl ANYM MET-€T-SHHS SNAD 1B LIESAV LE9OTIA
LSLOVETINSD Lo91d|  9¢ Py \AET-€C-SHHS SNAD 1B LIESAV LE9GTIA
9SLOVETINSD + - €1 AMYM MTT-ET-SHHS SNAD 18 LIESAV LEYGTLA
SSLOVETINSD - LT Py \ATT-€C-SHHS SNAD 18 LIESHUV LEYGTIA
YSLOVETINSD _ (S DYId (T D8MD|  S'1 aYM MIT-€C-SHHS SNAD 1B LIESAV LE9GTIA
€SLOVETINSD (TDYId (T D8UD|  0¢C POy A1C-€T-SHHS SNHD 1B LIESUV LE9GTIA
TSLOVETINSD + {8 DLA-PI0r T (DRI T-LTH 914D {(9'O)PI06-PI (S DPIS-LTH €YD LT A MIT-ET-SHHS SNHD 18 LIESUV LE9ETIA
TSLOYETINSD (€| LT P A9T-EC-SHHS SNAD B LISV LE9GTIA
0SLOYETINSD _ {(L DPI069-91099} T114D ((T0)61UD (0 D1UD| 871 SIMYM M6-6T-STHS L1ESYV ON 67961 A
67LOVETINSD (DD 0¢ Py A6-67-SHHS LT1ESAV ON 6796 T(A
87LOVETINSD + - Tl YA MIEPI-PIHS LTESAY ON LTY6TLA
LYLOVETINSD - 8T Py AIE-F1-vAHS LTESAY ON LTY6TIA
9LOVETINSD + (SR ANYM MOE-YI-FIHS LT1€SYV ON LT96TLA
SYLOPETINSD - 8¢ Py AOE-YI-vHHS LT1ESYV ON LTY6TLA
YPLOVETINSD + (S Do 1 AMYM M6T-I-FHHS LT1ESAV ON LTY6TLA
€LOYETINSD (LoD  9¢ Py A62-¥1-vHHS L1ESYV ON LT96ILA
.om_uw-_..w:.__“w :MWMmeanm $ag3ueyd dIWOUIS 1Y .SMMM_HWVU ROYREIN Jaquinu Auojo) ad£)ouas yueadpy _x.“_.w“.“wn—

QI0WO[0) JYSLI = 1Y $0IoWO0[d) Yo = [T "(SPOYIOIA PUB S[BLIdIBIAl 99S) I0309S AIYM

AU} UI §'] > PUB J0}03S PAI oY} UI 7' < sem Joquunu £dod ¢Iy)) 18103 oy J1 Juaad uoneSaiges (:7 & suoSiopun pey Sojowoy Iy padrew dg-gope oY) jey) poIIdJul A\ "S}1oxorIq
UIYIIAM SOJRUIPIOOD [BWIOSOWOIYD AQ PAIBIIPUL AI8 SHUIWSIS Y} JO SIALIBPUNOQ Y ‘(' UBY) Joy30 Joquinu Adod & yIm Sjudwgas [ewosowoyd 10,4 ‘sasayjuadted ur pajrodas
Joqunu £dod yaim ,,saSueyd o1wouad 1930, Ul paIsI| ssofun ()'z Jo Joquinu Adoo e je 918 GIyD) ULy} IO SOWOSOwoIy) 7 “S1 03 Suipuodsd.Liod o) Aeaay 7S dqeL



79

0180vETINSD + - 0T Julg dTL-ST-SHHS SNAD 1B LIESHV 6£96TMA
6080vETINSD {(I'DIN00L-990S9} T 1D 9T poy ATL-ST-SHHS SNAD 1B LIESUV 6£96TTA
808OYEINSO | + {DPISLy-ISTH SO 0T yuig d8S-$T-SHHS SNHAD 18 L1€SUV 6£967IA
LOSOVETINSD {@®ISLy-ISTPy SIUD| LT P A8S-ST-SHHS SNAD 1B LIESAV 6£96T[A
9080E NSO + - ot quid d9S-ST-SHHS SNAD 18 LIESAV 6£96T[A
S080FETINSD - LT Py 9S-ST-SHHS SNAD 18 LIESAV 6£96T[A
¥080VETINSD . — - ot yuig d€S-€C-SHHS SNAD 1B LIESAV LE9GTIA
€080V ETINSD (S OLA-PI0ST (£)IN0SH-ASETHSIUD|  XIN P AES-€T-SAHS SNAD 18 LIESAV LEIGTLA
T080VETINSD + ©s1D| 0T yurd d¥9-€C-SHHS SNHD 18 L1€SUV LEIGTILA
1080V ETINSD {(©)PI09T-M0S T €MD LT Py AP9-€C-SHHS SNHD 18 L1€STV LEI6TILA
0080VETINSD + - ot Juld d65-€C-SHHS SNAD 1B LIESAV LE9GTIA
66LOVETINSD - L7 Py A65-€C-SHHS SNAD 1B LIESAV LE9GTIA
86L0ETINSD + - ot Juld d88-v[-vHHS SNAD 18 LIESAV LE9GTIA
L6LOVETINSD a 4% Py A88-vI-vHHS SNAD 18 LIESUV LEYGTLA
96L0VETINSD - 0T yuig deb-€C-SHHS SNAD 1B LIESAV LEIGTILA
S6LOPETINSD + - 8T P AEP-€T-SHHS SNAD 1B LIESAV LE96TIA
Y6LOYETINSD + {(€)I001-9%006} #1UD| 0T quig dI1t-€2-SHHS SNHD 18 L1€SAV LEYGTIA
€6L0VETINSD - LT P ATv-€C-SAHS SNAD T8 LTESaV LE96TITX
T6LOVETINSD _ - ot yuig d11-62-SHHS LIESAY ON 6C96TTA
16L0VETINSD - o0tT P A1 1-6T-SHHS LI1ESAY ON 6796TTA
06L0VETINSD + - o0t yurd d8-67-SHHS LIESAY ON 6296TCA
68LOVETINSD Loemd| 8¢ Py A8-6T-SHHS LTESAY ON 6T96TCA
88LOVETINSD _ - ot Juld dIv-v-vdHS LT1€SAV ON LT96TLA
L8LOYETINSD {8 DPI00T-LT} STIYD H{(DLA-PI0SH} SIUD (8 7)EMD|  XIN P A1y-71-FdHS L1€SIV ON LT96TLA
98LOVETINSD + - ot Juld dOv-v[-vHHS LIESAY ON LTY6TIA
S8LOYETINSD (L DLE-I002 1} 19D {9 DPIOLI-L T €1YD| 8T Py A0v-¥1-FAHS LTESYV ON LTY6TILA
Y8LOVETINSD - 0T Juig d6€-vI-vHHS LIESAY ON LT96TILA
€8LOVETINSD + 11D H{(LDPI0LS-PI0T8S LD (S TeD| LT Py A6€-v1-vHHS LTESYV ON LTI6ILA
T8LOVETINSD _ LoD 0¢ urd d8¢€-v[-vHHS LTESYV ON LTI6ILA
18LOYETINSD @®emd| 0T P A8E-F1-vAHS L1€SIV ON LTI6TLA
08LOVETINSD . — - ot yuig d9€-v[-vHHS LIESAV ON LTY6TIA
6LLOYETINSD {6 DLA-9016} LU H(6DM09T-LTHS1UD|  XIA poy A9+ 1-+AHS L1€SYV ON LTI6TLA
8LLOYETINSD + - ot yuid dS€-vI-vHHS LIESAY ON LTY6TLA
LLLOVETINSD Loem| LT Py ASE-HI-vAHS LTIESAY ON LTY6TCA
9LLOVETINSD _ o ot Juld dze-vI-vaHS L1€SIV ON LT96TLA
SLLOYETINSD {8 DL-99069} 13D {(DPIOLE-L T TTIYD (LTI 0T P ACe-v1-FaHS L1€SIV ON LT96TLA
YLLOVETINSD _ L91d| 07T Juld dLT-Y1-vHHS LIESAV ON LTY6TLA
€LLOYETINSD L9o1mud (L Lmd| 0T P ALT-¥1-FHHS L1E€SAV ON LTI6TLA
.cm.uw-_.rw:.__ww :MN._“WuM wme s $ag3ueyd dIWOUIS 1Y .cwﬂ_ﬁwvu 10)39S Jdquinu £uojo) ad£)oudas yueaddy _n.“mw..“wm

'$9ss0[ 10 sured [ejuawgas 03 anp parodar 2q jouued GIy) Jo rquinu Adod J[oym = XIJA 2I2WO0[d} WL = 1Y QIoWO[) Yo = 1T (SPOYIIN pPue S[RLIQJBIA 995) 10309s yurd
AU} UI ()’ = PUEB J0}03S PAI oY} UI 7' < sem Joquunu Adod ¢Iy)) 18103 o1 J1 Juaad uoneSaiges [:7 e suoSiopun pey Sojowoy Iy padrew dg-gope o) ey} POIISJul dA\ "S1oxorIq
UM SOJRUIPIOOD [BWIOSOWOIYD AQ PAIBIIPUL AJ8 SJUIWSIS Ay} JO SALIBPUNOQ Y ‘(' UBY) Joy30 Joquinu Adod & M Sjudwgas [ewosowoyd 10,4 ‘sasayjuated ur pajrodas
Joqunu £dod yaim ,,saSueyd o1wouad 1930, Ul paIsI| ssofun ()'z Jo Joquinu Adoo e je 918 GIy) ULy} IO SOWOSowoIy)) ¢ “S1 03 Suipuodsd.riod gD Aeary €S dqeL




80

0S80VETINSD - ot juld dLL1-10-SHHS VEIUP ‘SNHD 18 L1€SIV 9LIOTITA
6¥80VETINSD + - 6T P ALLT-T0-SHHS VEIUP ‘SNHD 18 LT1ESIV 9LTOTILA
8780VETINSD - ot yurd d€LI-10-SAHS VEIUp “SNAD 18 L1ESAV 9LTOTILA
LY80VETINSD + - 8¢ Py MELT-T0-SHHS VEIUp “SNAD 18 L1ESAV 9LIOTIA
9Y8OVEINSD | + (S D91UD (€)1 (6D ($TEMD|  §°T quid dIL1-10-SAHS VEIUP ‘SNHAD 18 L1€SAV 9LTOTTILA
SP8OFETINSD (S D911UD (DT (S 6D ($TeMD| €€ Py A1L1-10-SHHS VEIUp “SNHD Ve L1ESYV 9LIOTILA
Y¥80VETINSD + - ot yuid dS91-10-SAHS VEIUP ‘SNHD 8 L1€SV 9LIOIIA
£780ETINSD - 8¢ P ASI-10-SHHS VAIUp ‘SNAD 18 LIESAV 9LIOTIA
TH8OVETINSD + L96md (L8MD[ 0T yurd dLST-10-SAHS VEIUp ‘SNHAD 18 LT1ESIAV 9LTOTILA
1780V TINSD - 8T P ALST-10-SHHS VEIUP ‘SNHD 18 LTSIV 9LIOTIA
07807ETINSD + - ot Suid dSS1-10-SHHS VEIUp ‘SNAD 18 L1ESAV 9LIOTIA
6£80VETINSD - 6t P ASSI-10-SHHS VEIUp ‘SNAD 18 L1ESAV 9LIOIIA
8€80FETINSD . — - ot juld dIS1-10-SAHS VEIUp ‘SNAD 18 L1€SIV 9LIOTTITA
LESOVETINSD UL DLE-PIOYS (9 DPI0PS-I091} STUD|  XIN A AIST-10-SHHS VEIUP ‘SNHD 18 L1ESIV 9LTOTILA
9€80VETINSD + - ot yurd d6¥1-10-SAHS VEIUp “SNAD 18 L1ESAV 9LTOTILA
CEROFETINSD - T P A6 T-10-SHHS VFIUP "SNHD 18 LT1£SAV 9LTOTITA
YE80VETINSD - o0t Suid d1¥1-10-SHHS VZSPP4 SNHD 18 L1ESAV [ATIRTIN
€E80FETINSD + (D sT pay AIF1-10-SAHS VZSpp4GNAD 18 L1€SAV ILI0TTIfA
TE€80VETINSD + - ot yuid d9€1-10-SAHS VZSPP4GNED 18 L1ESAV ILTIOIITA
1€80VETINSD - st POy A9ET-10-SHHS VZSpo4‘GNHD 18 L1€SUV ILTIOTITA
0€80VETINSD + 091D (1I'DIUD|  0C yurd d6T1-10-SAHS VZSpo4 ‘GNHAD 18 L1€SUV ILTOTILA
6Z80VETINSD (91D (DD  §T P A6T1-10-SHHS VZSPP4 S GNHD 1B L1€SAV [ATIRTN
8Z80VETINSD + - ot Suid d€TI-10-SHHS VZSPP4 SNHD 18 L1ESAV [ATIRTIN
LT8OVETINSD Dy 6¢ P AETI-10-SHHS VZSpp4SNHD 18 L1ESAV ILIOIITA
9Z80ETINSD + Loemdl 0T yuid d811-10-SaHS VZSpo4 ‘GNHD 18 L1€SIV IL1I017TfA
STSOETINSD ©Oemd|  §T A A8TI-10-SHHS VZSpo4 ‘GNHD 18 L1€SUV ILTOTILA
YT80VETINSD - o0t yurd dv11-10-SHHS VZSpo4L‘GNHD 18 L1€SIV ILTOTILA
€T80FETINSD + - st Py AP 11-10-SHHS VZSpo4L‘GNHD 18 LT1ESIV [ATIRTIN
TT8OVETINSD + -4 ot Suid d601-10-SIHS VZSPp4SNHD 18 L1ESAV [ATIRTIN
1280EINSD -4 st pay A601-10-SAHS VZSpp4SNHD 1B L1ESUV IL10TTILA
0Z80ETINSD + @D 0T Suid dSO1-10-SAHS VZSPP4GNED 18 L1ESAV ILIOIITA
6180VETINSD (D[ LT POy ASOI-10-SHHS VZSpo4 ‘GNHD 18 L1€SIV [LTIOTITA
8180FETINSD - ot yurd d66-10-SHHS VZSpo4 ‘GNHD 18 L1€SUV [ATIRTIN
LI80VETINSD + - v P 66-10-STHS VZSPp4SSNHD 1B L1€SAV ILIOTIA
9180VETINSD _ @D 0T Suid d€6-10-SHHS VZSPp4 SNHD 18 L1ESAV [ATIRTIN
SI80FETINSD (6'DY1UD (€ D6 07T BN AE6-10-SHHS VZ§pp4 ‘GNAD 18 LT1ESAV ILIOTTLA
Y180FETINSD . — L DLI-PI0YS (L D09 T-L T STUD|  XIA quid d98-ST-SHHS SNAD 18 L1ESAV 6€96IA
€I180ETINSD - LT P J98-ST-SHHS SNAD 1B LIESUV 6£96TTA
TI80VETINSD + - ot Syurd d08-ST-SHHS SNAD 18 LIESAV 6£96TTA
1180V ETINSD 1 st PR M08-ST-SAHS SNAD 18 LIESAV 6€96TTIA
.oww_w___..ww :mw.__w we.—."ww s sagueyd JIWouIs JY)IQ .owﬂ_.wc 10399 Jquinu Auojo) dA)ouas yueadrdy _.“__M.“wm

(panunuod) ¢S 3qe],




81

“JONS Se PAI0ds SeM AUOJ0O PUB JUIAD UONEIIZIS [:7 B YIIM JUIISISUOD Sem
eiep Joqunu Adoo Surureway ‘Sojowoy ¢iy) Juneorjdorsi-uou oY) Jo Adod enxe Sunsixa-o1d e [irm JUI)SISUOD Sem JO[0D 10)09S PUE SI0309S 30q UL GIY)) JO Joquinu £d0)) 4 4y

“JONS SB PII0JS Sem AUO[0I PUB JUIAD UOIRTITIS [:7 B YILM JUDISISUOD
sem eyep Joqunu Adoo Sururewoy ‘sSojowoy GIYD) Y3 JO SUO UI UOIOP SunIsIxa-oid & Y)Im JUSISISUOD SeM SI0309S [30q Ul GIYD) Ul sSo] Joquinu Adoo [ejuowoSos [[BWS .

*SJUQAD UONBFIZS [:7 Se PI0JS JOU 1M SAJB[OSI
959} 0S “PIJOJJE JOU SEM JWOSOUWIOIYD JIUS A} ‘TOAOMOH "10}03S JO J0[0d pal 10} Jurunodoe ‘0 g uey) roqunu £doo 10y3iy je sem dg-gope Sururejuodo gy Jo Juowsog

YL8OYETINSD + -1 07T quid dSET1-ST-SHHS VFIUPYZSPP4 “SNAD 18 L1ESAV 0rCOTILA
€LBOYETINSD -1 vT pod ASEI-ST-SHHS VFIUPYZSPP4 “SNAD 18 L1ESUV 0rCOITILA
CLSOYETINSD + -1 0¢ juid dv€1-ST-SHHS VPIUPVZEpr4 ‘GNAD 18 L1ESYV 0¥COITIA
[L8OYETINSD -1 ¥T pay ArEI-ST-SHHS VPIUPVZSpr4 ‘GNAD 18 L1ESYV 0¥COIIA
0L80VETINSD + -1 07 Auid d0€1-ST-SHHS VEIUPYZSPP4 “SNAD 18 L1ESUV 0YCOTICA
69807 TINSD -1 T¢ pad JOET-ST-SHHS VEIUPYZSPP4 “SNAD 18 L1ESAV 0vCOTILA
89807 ETINSD + oD ot quid d6T1-ST-SHHS VpIUpVZEpr4 ‘SNAD 18 L1ESYV 0YCOTTI[A
LIBOYETINSD -1 ¢t Py A6CI-ST-SHHS VFIUPVZ P4 ‘SNAD 18 L1ESYV 0¥COTI[A
99807 E1INSD + -1 07T Auid d611-ST-SHHS VPIUPVZSpo4 ‘SNAD 18 L1ESYV 0rCOITILA
S980FETINSD -1 Tt pay A611-ST-SHHS VHIUPVZSPP4 “SNAD e L1ESUV 0rCOITfA
¥980FETINSD + O D[ 0¢ juid d€6-€T-SHHS VPIUpVZSpr4 ‘GNAD 18 L1ESUV 8€TOTTIA
€980V ETINSD | ve pod A€6-€T-SHHS VEIUPVZSPPL “SNAD e L1ESUV 8€TOTTILA
T980FETINSD + -1 07T quid d16-€C-SHHS VFIUPYZSPP4 “SNAD 18 L1ESAV 8E€TOTILA
1980YETINSD -1 €T pod A16-€C-SHHS VFIUPYZSPP4 “SNAD 18 L1ESUV 8€TOTILA
09807 € TINSD + -1 0¢ juid d68-£C-SHHS VPIUPVZEpr4 ‘SNAD 18 L1ESYV 8€TOITIA
6580V ETINSD -1 Tt pay U68-€C-SHHS VPIUPVZSpr4 ‘SNAD 18 L1ESYV 8ECOIIA
8S80VETINSD + -1 07 quid dL8-€T-SHHS VEIUPNVZSPP4 “SNAD 18 L1ESAV 8E€TOIIA
LS8OYETINSD (D1 ST pad ALB-€T-SHHS VEIUPYZSPP4 “SNAD 18 L1ESAV 8ETOTIA
9S80FETINSD _ -1 07T quid dS8-€T-SHHS VEIUPYZSPP4 “SNAD 18 L1ESAV 8E€TOTTILA
SS80VETINSD @oyiud| oc pod AS8-€T-SHHS VFIUPVZSPP4 “SNAD 18 L1ESAV 8€TOTILA
7S80FVETINSD + -1 07T quid d¥61-10-SHHS VEIup ‘SNAD 18 L1ESUV 9LTOTILA
€S80FETINSD -1 8¢ pay Ar61-10-SHHS VEIup ‘SNAD 18 L1ESUV 9LTOTILA
CS8OVETINSD + -1 07 Auid dT61-10-SHHS VFIUp ‘SNAD 18 LISV 9LTOTTILA
1580V ETINSD = L7 pod "AT61-10-SHHS VEIUP ‘SNAD e L1ESUY 9LTOTTILA
.ch__thm :mw.._wwum.mw § sagueyd dJIWouds 1YIQ .cmhwaw_o R(UREIN Jqunu Auojo) adA)ouas yueaddy uleq)§ [ejudde

(panunuod) ¢S 3qe],



82

*SJUIAD UOIBTIIZIS ():7 SB PAIOIS JOU IIM SIIUO[0D ISAYY 0UIY “9[qIssod a1om uone3aI3aSSIW SWOSOWOIYI-I[OYM SIPISIq suoneue[dxd 194)0 ‘10309S
pa1 oy ur GIy) Surosyye sasearour oqunu £dod [ejuowidas [BUONIPPE JO 9SNEIq IOAIMOH “GIYD) JO Uone3aI39s ():7 YIm JUISISUOD SBM SI0J03S [10q Ul GIy)) JO Joqunu Ado)) ,

96807ETINSD + - T SYM M6T-¥T-SAHS (3so11e OU) GNHD 8 L1 €SIV 6£96TTA
S6807ETINSD - 8¢ POy A6T-7C-SHHS (3so11e OU) GNHD 18 LTESTV 6£96TTA
Y6807 ETINSD + - €1 ERSTN MS8T-vT-SAHS (3so1re ou) GNHD 18 L1€SAV 6£96'ITK
€680V ETINSD - 8T poy \A8T-HT-SHHS (1sa11e OU) GNHD 18 L1ESTV 6£96'ITA
T6807ETINSD + {(T DPI069-P1099} 1D Tl AYM MST-vT-SAHS (1so11e 0U) GNHD 2 L1ESAV 6£96TTA
1680ETINSD Losmd| LT POy AST-¥T-SAHS (3so1re ou) GNHD 18 L1ESAV 6£961TK
06807ETINSD . — - s YM MIC-+T-SAHS (1sa11e OU) GNHD 18 L1€SUV 6€96ITA
6880FETINSD L DLE-PI0ST (©)PI0ST-LT} ST (S TPI06T-M06 (€' O)PI06-90T “($TIS-LTH €1UD (L DLA-P09Thzud| XTI Py A1C-vT-SHHS (1so1re ou) GNHD 18 LIESUV 6£96 1A
88807 ETINSD . — - €1 AYM M61-vT-SHHS (3so11e OU) GNHD 18 LTESTV LEIGIIR
L880OVETINSD (SD9114D (D 111YD ($°7) LD {(STLI-APN06T (T E)PI06T-PI0YT ‘(PP I-LTH D[ XA Py A61-C-SHHS (3so11 OU) GNHD 18 LTESAV LEI6TILA
98807ETINSD (DIl 1 AYM M8I-vT-SAHS (1sa11e o) GNHAD 18 LIESUV LEIGILA
G880V ETINSD + - 8T Py A [-+T-SHHS (3sa11e 0U) GNHAD 1B LIESAV LEIEITA
¥880VETINSD {(©)@10z1-La} s 1D (1" DLA-90L6} 211D “{(£)9M088-9M018} LD  T'1 SYM MIT-+T-SHHS (3so11e OU) GNHD 8 L1£STV LEYGTIA
€880V ETINSD + - LT P A9 1-7C-SAHS (1so11e OU) GNHD 18 L1ESTV LEIGTLA
78807 ETINSD + ot L1 AYM MST-bT-SAHS (1so11e OU) GNHD 18 L1ESTV LEIGILR
1880FETINSD - 8T POy A-S1-bC-SAHS (1so11e 0U) GNHD 18 L1ESTV LEIGILA
08807ETINSD + (6Demd| €1 AMYM MP1-C-SHHS (1so11e OU) GNHD 2 L1ESAV LEIOTIA
6L807ETINSD O QzIUd (LDeud| 9T poy Ay 1-+C-SHHS (3so1re ou) GNHD 18 LI1ESAV LEIGTIR
8L80VETINSD - L1 AYM MTI-¥T-SAHS (1sa11e OU) GNHD 18 L1€SUV LEIGITA
LL3OVETINSD + B POy ACI-+T-SAHS (3sa11e 0U) GNHD 18 L1€STV LEIGITA
9L80FETINSD - 8 SIYM MOT-¥T-SHHS (3so1re ou) £ TESAV ON LT6'ITA
SL80VETINSD + - 8¢ P M0T-7T-SAHS (3so11e OU) LTESAV ON LT96TLA
.eww_w:__.ww :mw_” wamnuua s sagueyd JIWouIZ YO .oM.ﬂ;QoU R(UREIN Jqunu Luojo) ad£jouds yueAaddy _Mﬂo..wm a

"S9SSO[ 10 SuIed [2juot3s

03 anp pojrodar aq Jouued ¢Iy)) Jo roqunu Adod oJoYM = XIJA ‘0I0WO[d} JYSII = I 0IOWO0[0) oI = LT (SPOYIOIA PUR S[ELIdJEIAl 99S) I0J03S 9)IYM O} UI §'] > PUE J0J0S

pa1 oy} ul 7' < sem Joqunu AJ0d GIyD) [€1031 A3 JI JUIAD U01e3a13as ():7 & duodiapun pey Sojowoy Iy padtew dz-¢ope ) Jey) PALIQJUI OA “SIMIRIQ UIYIIM SJRUIPIOOD
[ewosowoIyd Aq pajedIpul aIe SJUSWSas Ay} JO SALIBpuUNnoq aY} ‘0’z Uey) 1930 roquinu Adoo € [jim sjuawSes Jewosowoyd 10, ‘sasaypuaied ur pajrodar roquinu Adod pim
,S8ueyd o1WOUdS IAYIQ),, Ul PAISI] Ssa[uN ()'7 JO Joquinu Adod & Je aJe GIY)) ULy} JOYIO SOWOSOWOIYD) *(SAMUO[0D IYM/PI.L) $ "SI 03 Suipuodsd.Liod ) Aedly :§S dqeL



83

TE60VETINSD + - o0t uid d89-+T-SHHS (1so11e OU) GNHD 18 LIESHV 6£96TTA
1€60vETNSD - LT P 89-¥C-SHHS (3somre ou) GNHD I8 LIESAV 6€96TMA
0€60VETINSD - ot yuid d€9-vT-SHHS (1so1re ou) GNHD 18 L1ESAVY 6€96TTA
6260VETINSD + - LT P A€9-vT-SHHS (1so1re ou) GNHD I8 L1ESIV 6£96TI[A
8T60VETINSD + - 0C uid dTS-vT-SHHS (1so11e 0U) GNHD 18 LIESTV LEIGTLA
LT60VETINSD - Lt P \TS-¥T-SHHS (3sa1re ou) GNHD I8 LIESIV LEYETIIA
9T60FETINSD + DPI0L-LT 11D H(E)LA-PSLS} L1UD {(£)aM086-94088H+1UD| 0T Juid dLy-¥T-SHHS (1sa11e ou) GNHD 18 LIESHV LEIOTLA
ST60ETINSD DPI0L-LTH 1D H(E)LA-ASLS} L1UD {(£)aN086-99088H#1UD| LT P ALY-rT-SHHS (32118 0U) GNHAD 1B LIESAV LEYETIA
YT60VETINSD - o0t yurd db-vC-SHHS (1so11e 0U) GNHD 8 L1 €SIV LEIGTILA
€T60VETINSD + - 8¢ Py \Arb-vT-SHHS (1so11e OU) GNHD 18 LTESTV LEIEILA
TT60PETINSD + Lol 0T Suid d6€-T-SHHS (3so1re ou) GNHD I8 L1ESAV LE9GTIA
12607ETINSD LoD (s em)| ¢ Py A6€-7T-SAHS (1sa11e 0U) GNHD 18 L1€SIV LEIOTLA
0Z60vETINSD + - ot yuig dS€-vC-SHHS (1sa1re ou) GNHD 18 L1ESAV LEYETIIA
6160VETINSD 4 Lt P ASE-YT-SHHS (1so11e OU) GNHO 18 LIESHUV LEYGTIIA
8160ETINSD o[  0c yuid dTE-vT-SHHS (1so11e OU) GNHD 18 L1€STV LEIGTIIA
LT60FETINSD + Lo Lt pod CE-bT-SHHS (3so1re ou) GNHD I8 L1ESUV LE9OTIA
9T160FETINSD + 9 De1UD (9D (s’ 0T Suid dOT-+T-SHHS (1so11e OU) LTESYV ON LT96TIA
ST607ETINSD (9981 (909D 9T B A01-7C-SAHS (1so11e 0U) LTESYV ON LTI6TLA
Y160VETINSD -4 o0t yulg d6-¥C-SHHS (3so1re 0U) £1€SYV ON LT96TLA
€160VETINSD + - Lt P A6-¥C-SAHS (1so1re 0u) £1€SYV ON LT6TIA
TI60VETINSD - o0t yuid d8-¥C-SHHS (1sa11e OU) LTESYV ON LT96TILA
TT607ETINSD + - LT B A8-+C-SAHS (1sa11e OU) LTESAV ON LT96TLA
0160VETINSD + L DLI-90p 1} STD (L DPI00T-LT} 814D “{(9°7)GI0LT-AN0STHEMD| 0T Jquid dL-¥T-SAHS (1so11e 0U) LTESYV ON LT96TLA
60607ETINSD O DPIOLT-IOS T} EUD| LT pod AL-¥T-SAHS (1sa11e 0U) LTESYV ON LT96TLA
80607ETINSD + ©ODMUD[ 0T juid d9-+C-SHHS (1sa11e 0u) LTESYV ON LTI6TLA
LO60YETINSD o LT P A9-+T-SHHS (1sa11e 0U) £ [€£SUV ON LT6TLA
9060vETINSD . — - ot yuid dS-¥T-SHHS (1so1re 0u) £1€SYY ON LT96TILA
S060FETINSD {LDPIOrP-1T) 1D (L DLI-PI000T HUD| XTI P AS-HT-SHHS (1so1re 0U) £1€SYV ON LTY6TIA
¥060VETINSD + - ot yurd d-¥T-SHHS (1so11e OU) LTESYV ON LT6ILA
£0607ETINSD - LT (B A-C-SAHS (1so11e 0U) LTESYV ON LTI6TLA
T060VETINSD _ Lol 0T quid d€-vT-SHHS (1sa11e ou) LTESYV ON LT96TLA
10607ETINSD Lemd|  0¢ poy A€-¥T-SHHS (1so1re ou) £1€SYV ON LTI6TLA
0060VETINSD {(€)91086-9%006} #1UD| 0T yuid dT-¥T-SHHS (1so1re ou) £[€SYV ON LTI6TILA
6630FETINSD + - LT B MT-+T-SAHS (1so11e OU) LTESAV ON LT96TLA
8680FEINSD _ - ot Syuid d1-¥T-SHHS (3so1re ou) £1€SYV ON LT96TLA
L68OVETINSD COe1d {1 DLI-PISL6F 1D (L DLI-PI06 (S OPI06-99 (L DPIS-LTI €MD 0T P A1-¥T-SAHS (1so11e 0U) LTESAV ON LT96TLA
.e%w__w.h___wm :mﬂm wo.—."ww s sagueyd JIWOuIs YO .cM_\M_.WU ELIREIN Jqunu Auo[o) ad£jouds yueAaddy _.“__W“w a

"S9SSO[ 10 SUIe3 [B)uUoIs

03 onp pajrodor oq Jouued Iy Jo roquinu Adoo AJoyM = XTJA] ‘0I0WO0[0) JYSHI = 1Y $0IowWO0[d) 1Jo] = 1T "(SPOYIOIAl PUE S[BLISIEJA] 99S) 103008 JuId o) UI ()'g = pue I0309S

pa1 oy} ul 7' < sem Joqunu Adod GIyD) [8103 93 JI JUAAD uonedaidas |:7 e duodidpun pey Sojowoy ¢y padtew dz-¢ope ) ey} PALIQJUI OA “SIMJRIQ UIYIIM SJBUIPIOOD
[ewosowoIyd Aq pajedIpul aIe SJUSWSIS a1} JO SALIBpUNOq A} ‘)’ ULy} I930 Ioquinu Adoo € yjim sjuawSos [ewosowoyd 10, "sasaypuared ur pajrodar requinu Adod pim
,Sa8ueyd o1wousd 1Y), Ul PAISI| ssafun ()'z Jo Joqunu A£dod & je a1e GIy)) Uey) JOYI0 SSWOSOwoly) *(samuofod yuid/pau) ¢ “314 03 Suipuodsd.Liod ) Aedly :SS dqeL




84

"SJUQAD UONESIZS [:7 SB PAIOJS JOU AIdM SAJB[OSI

‘po309JJe 10U SeM SUIOSOWOIYD AINUD Y} “IOAIMOH '10309S JO 10[00 Pal 10J Sununosde ‘(g uey) roqunu £doo 10ySiy je sem dg-¢ope Sururejuod ¢Iy)) Jo Juowdos

989y} 0S
9€607ETINSD + -1 0¢ Auld d9L-¥C-SHHS (152118 0U) GNHD 18 LIESHV 6€96'TA
SE60VETINSD -1 8¢ P Y9L-¥T-SHHS (1so11e 0U) GNHO 18 LIESHUV 6€96'T[A
€60V ETINSD + {(LOPIOLT-ISSTHeMD| 0T quid d¥L-¥T-SHHS (1so1re Ou) GNHD I8 L1ESAY 6£96ITA
£E60VETINSD -1 8¢ P AYL-¥T-SHHS (1so11e OU) GNHD 18 L1ESAV 6£96ITA
ogo ur uonesdaI3as ‘0N AdoD urens
-ou ajdureg P sagueyd JIWouIs JY)IQ 1) 10323S | 1dqunu Kuojo) dA)ouas yueadrdy [eyusTeg

(panunuod) ¢S dqeL




85

ee1cl (43 6 1% 01 4
19v¢ S S vLTC € 0
oLy 61 ! 66€C S 4
8L8¢ 8 € 554! [4 [4
CELET 1€ 6 S€09 €l [4
£68Y 8 I SST1 0 I
9SLY Cl 4 190¢ 9 0
€801 Il 4 6181 L !
¢80LT €59 91¢ 961¢C 194 Il
011¢C 19 L1 6651 € 0
€681 9¢ 01 80¢ [4 [4
86L1 LE 4! €261 14 0
LEBI 123 L1 1661 € 0
SPSl [43 11 000¢ S 4
S€0T (44 91 8161 € !
8¢€61 8¢ 91 €80T € 0
L8LIT 14 14! 1444 [4 [4
079¢ €6 6C L9LT 9 [4
9494 101 (1% 1453 8 4
Y10y €6 143 SS9l 14 0
S3IUO0[0d SIIUO0[0d
Huld/P3y | MNMYM/P3Y HUuld/P3y | MYM/P3Y
v v
uondnpuj 1y uondnpuj d.10)9g

spuno) Auofo) [Enpy

spjog

spjog

sjpjof

%80°0 %€£0°0 %¢€0°0 %t0°0 WHS
%ST0 %80°0 %91°0 %L0°0 S|DL1 fO uDIpY
%¥1°0 %10 %¢€1°0 %000 € £€96 02S SIUD
%010 %200 %I1T0 %800 4 1€96 0} paAowt
%10 %800 %¥1°0 %¥1°0 ! 1€96 L1E€SYV
%¢€0°0 %2C0°0 %I11°0 %¢€0°0 WAHS
%ET0 %L0°0 %61°0 %S00 S]] fo uDIpPy
%91°0 %¢20°0 %000 %600 € 6296
%ST0 %80°0 %020 %000 4 LT96 | LIESUV ON
%LT0 %01°0 %8¢°0 %S00 I LT96
%IT°0 %€£0°0 %200 %T10°0 WHS
%Th'T %8L'0 %81°0 %¥0°0 SID14 JO UDapY
%68'C %180 %610 %000 11 6€96
%Y6'1 %S0 %01°0 %01°0 01 L€96
%90°C %L9°0 %I1T0 %000 6 L€96
%Y6'C %€£6°0 %S1°0 %000 8 6£96
%L0'C %I1L0 %ST0 %01°0 L L€96 CNTD
%90°C %6L°0 %91°0 %S00 9 6€96 ® L1ESUY
%66'C %¢€8°0 %¥1°0 %000 S LE96
%LS'T %8L°0 %01°0 %01°0 4 L€96
%LS'T %08°0 %CT0 %L0°0 € 6£96
%CT'T %880 %ST0 %900 C LE96
%CET %S8°0 %¥T0 %000 I LE96
HUI/PIY | NYA/PIY | HUId/P3Y | IMYM/PY | |
ON ad£youdasd
uondnpuy 1YYy uondINpuI 10§y [eLLL urens JUBAJY
sauanbaa 3ur10399§
"PaIYS1oM JOU ST S[BLI) JO UBIIA]

“paIsI] e sjunod Auojod [emyoe pue (syderd a3y ur p3ordap se) sorouonbaiy parnsedw 3yl Yjog “N.1om siy) ul payiodaa sAesse uonedrda.a-aa [[e Jo synsay :9S dqelL




86

%0T1°0 %200 %¢€0°0 %200 WHS
9965 9 9¢ 6¥09 81 (4 SPI0L %E0°1 9%09°0 %0¢°0 %¢€0°0 SoLi] JO unapy
(4554 8¢ 14! 960C L I %I1T1 %19°0 %€€'0 %S00 € 0¥C0I | yupvzspely
€881 91 4! 8¢8I 9 0 %S8°0 %¥9°0 %€€°0 %000 [4 8€C01 ‘SNAD
TLLT 81 01 STIT S I %01 %95°0 %vT0 %S0°0 I 8€COl | 1B LICSAV
%10 %100 %900 %000 WHS
9665 Y4 4 159 L 0 SIPIOL  %Er0 %L0°0 %I11°0 %000 s|o11 fo uvIpy
920T S I SEIT € 0 %ST0 %S50°0 %v1°0 %000 € 89101 HIupY
8¢1T 8 C [4¥44 0 0 %LEO %600 %000 %000 C 69101 L 1€SHV ON
433! 4! ! ¥01¢ 14 0 %99°0 %S50°0 %61°0 %000 I 89101
%L0°0 %200 %S00 %00 WHS
8619 LS [4 ¥€79 8T 4 SPIoL %T6°0 %¥0°0 %S0 %900 S|o11 fO uvapy
9v€T (44 0 €€IT 6 3 %¥6°0 %000 %0 %b1°0 € 9101 zepery
00T X4 I 1861 IT 0 %¢€0°1 %S50°0 %9S°0 %000 (4 S910T L 1€SHV ON
CTLLT 4! I 0cIcT 8 I %6L°0 %90°0 %38¢°0 %S00 I Y9101
%050 %L0°0 %S0°0 %200 WHS
4949 €0y 19 058 61 € S0 %ly'L %01°1 %¥ve0 %100 s|oLi] fo uvapy
1€0T1 99 6 L9TT L 0 %09 %L80 %I1€0 %000 4 LLTOT
L201 oL u 0L0T 9 z %L | %Ll %620 | %010 € | LLi01 ,Mmm_w
S601 96 €1 890C 9 I YLL'8 %61°1 %670 %S00 4 OLIOL | 1 L1ESUV
6£€T S91 LT L60T 0 0 %S0°L %ST'1 %3810 %000 I 9LT0T
%S00 %I1T1°0 %L0°0 %200 WHS
CIL6 111 L9 9¥86 Y4 4 spIoL %1l %690 %9T°0 %100 SoL] Jo uapy
el6l 14 6 S661 0l 0 %ST'1 %LY'0 %050 %000 S CL10T
£€81 0T 81 1061 S (4 %601 %860 %970 %I11°0 4 IL101 spely
6¥0C 0T Il SYIT € 0 %860 %S0 %v1°0 %000 € CL101 ‘SNAD
6£61 (44 01 0181 14 I %El’l %S0 %CT0 %90°0 [4 [L10T | B LICSAV
8L61 Y4 61 S661 € I %9T'1 %960 %S1°0 %500 I IL101
SITU0[0d SITU0[0d
HUId/PY | dMYA/PNA NUIJ/PY | MYA/PIT NUIJ/PIY | QMUA/PIY | MUIA/PAY | MUM/PIY | |
v v ON — ad£youdasd
uondNpuy 1YY uondINpuy 10Jog uondInpuy 1Ny uonINpuI 10Jog reuyr | JUBAIY
sjuno) Auo[o)) [enpPy sauanbaay 3ur10399§

(panunuod) 9§ dqeL,



87

%S00 %Z0°0 %100 %000 WIS
LETO1 9z ¢ pET8 z 0 SIPIOL  %9T0 %00 %00 %0070 spoLy fo uvapy
9s1T 8 i 0912 i 0 %LEO | %S00 %S00 | %000 v | 6296
87T £ 0 8L1C 0 0 %ET0 | %000 %000 | %000 € | 1296 | (souw ou)
9961 9 z $961 I 0 %IE0 | %010 %S00 | %000 T | Lz96 | LIESUVON
L83 6 0 1€61 0 0 %ET0 | %0070 %000 | %000 1| L29
%0T0 %S00 %100 %000 WIS
LETO1 ST 61 L0€8 I 0 SIDIOL %IPT %00 %100 %000 soLy o uvapy
18€C IS 0l 001¢ 0 0 %ETT | %ih 0 %000 | %000 v | 696
€LC 79 8 9L0T 0 0 %98T | %s€0 %000 | %000 € | Lege | Osoueow
0Z61 0s S €612 i 0 %09T | %970 %S00 | %000 T | 1896 | Mﬁwmw,a
£95¢ 0L 9 861 0 0 %96 T | %L10 %000 | %000 1| L£96
%600 %b0°0 %P00  %Z0°0 WS
£h€9 op S 085S a I SIDIOL  %E9'0 %800 %ITO  %T0°0 spoLy fo uvapy
9602 S1 € 9TS1 b 0 %IL0 | %b10 %970 | %000 € | 9ge01
91T 0l 0 6€61 S 0 %90 | %0070 %970 | %000 z | seco ﬂﬁwmmwwuwm
0807 S1 z S11C € i %L0 | %010 %PI0 | %S00 1| seeol
soroa | A apgagpou | O | 1 sygaypou A0 | omuan/pou | yma/poy | ammuan/poy
nv | wapey | 7V v | wpey |7V ey |V . . ON | g | 20820003
uondnpuy J9))vy uondnpufy 2.a10jog uondnpuy J9))vy uondnpurl 3103949 euy, * JueAdRY
sjuno) Auo[o)) [enpPy saruanbaay 3ur10399§

(panunuod) 9§ dqeL,



88

%81°0 §§ 219 225 (%0L) OT/L %920 (1sa1re ou) L1€SYV ON
%I¥'C §§ 219v 225 (%001) 01/01 %IY'T (¥so1re ou) GNHD I8 LTESTV
%T6°0 €S 219vL 225 (%06) 01/6 %€0°1 VAIUPVZSPDA ‘SNHD 18 L1ESTV
%L9°9 £S5 21901 225 (%06) 01/6 %It'L VEIUp ‘SNAD 18 L1E€SUV
%€£0°T £S5 21901 225 (%06) 01/6 %11 VZSPPLSNHD 18 L1ESUV
%600 €5 21901 225 (%01) 01/ %ET0 LTESIV ON
%86'1 €S 219v1 228 (%T8) 11/6 %Tr'T SNAD ¥& LIESYV

SJUIAJ UOIB3II3IS
1:7 Jo Aduanbauay pajewnsy

SIYD JO uonNqLYSIp
1:7 SUIMOYS SITUO[0I JO UOHIBA]

(9S 91qe 1, 999)
Kduanbauy 3ur10399s uLdA

ad£joudn

SJUIAJ UOIIE3IIGIS [:T 0) UOISIIAUOD Adudnbauay Suri0399s Yurd/pay

%%0°0 #S 219vL 225 (%001) 1/1 %%0°0 (iserre ou) /[¢SYV ON
%¥T0 #S 21901 225 (%08) 01/8 %0€°0 (3sa1re ou) GNAD 18 LIESIV
%S0°0 7S 21901 225 (%SL) ¥/€ %L0°0 L1€SYV ON
%¥9°0 zS 21901 225 (%Z8) 11/6 %8L°0 SNAD 1B LIESUV

SJUIAI UOe3I.139S
0:2 Jo Aduanbauy pajewnsy

SIYD JO uonNqLYSIp
0:7 SUIMOYS SITUO[0J JO UONIRI]

(9S dqe], 99s)
Adudanbauy Sur10399s uBvIN

ad£joudn

SPUIAI UONEFIISIS ():7 0 UOISIIAUOI Adudanbauy Sur10399s AIYM/paY

"(SPOYIQIAl pUE S[RLISIEIA

995) JU9AS UONESI30S JUBA[QI 9y} 1oy Joqunu Adod GIyD) Jo uonnquysIp paoadxa oy pey jey) SOIuojoo Jo uonoelj oyl Aq (¢ < u) sjewn uonesrjdoI-a1 oy Jo Aouonbouy
Sur10300s ueow oy} Jurkjdnnw £q sarouanbaiy uone3a139s 03 PALIGAUOD d1oMm SATOUANbaLY FuL10109S *uoNEFI39s 0) Adoudnbaay Sur10393s Jo UOISIPAUO)) /LS Jqe L



89

OLVI/PLYIN ZAA T ISPPAN/ZAT T TSPPAV 8¢S A1YD/IMT

-SopY XWIDN}:88S A1YD  EVHN::09T A4YD/{dg-Capp XIWuvX}::091 A4YD XIWHIH: - DIWH/XWHIH: "VINH [40q/[10q9 STNT
~LIDI/STINT-LINDI £9pp/§apD 7ap/7apD 687~ A4)/687- 144 {11190 TD-V TP 9DADIM2p-0 1/ TVDA-uiidi [ [V} €v4/{uti2190qD
“VZAP2°90aDMIP-0 I/ I TV D d-widi [ DV} €v4n Znaj/znd] (Y9 [§)9940/(F9[ [§)9240 ([F48S TION)-ZDYO/(IV43S TION)-ZDIO

SOI0I'IA

OLVA/PLYIN ZAA T ISPPAN/ZATAT S TSPPAV 84S A4YD/IMT

-SopY XWIDNF:88S AYD  EVHN::09T A4YD/dT-Capy XWuvX}::091 A4YD XIWHIH: - DIWH/XWHIH: "VINH [40q/[-10q STNT
~LINOW/STINT-LINDIN §2pPv/Sapp 7apb/zapy 687~ d41/687-1 41 {ui2190TD-F P2 ‘9DADMIPP-0 [/ TV Dd-widl [ [} : €041/ {12190 D
“VTAP2°9DADMIP-0 [/ TV Dd-widd) [ [D Y} €v4n gnaj/zna] (Y9] [§)9940/(F9[ [§)9940 ([FA8S TION)-ZDYO/(IV43S TION)-DIO

YOIOTTILA

OLVIN/VLVIN 88S A4YD/{mz-Eapy

XIWIONG:88S AYD  SVHN09T AYD/ALTESHV “AT-€apy XWUvY}::091 A4YD XIWHIH - DIWH/XWHIH: "VINH [40q/[-10q STNT
~LINOW/STINT-LINDIN §2pPv/SapD 7apv/zapy 687~ d41/687-1 41 {ui2190TD-F P2 ‘9DADMIPP-0 [/ TV Dd-widl [ [} : €041/ {ut2190 D
“VTAP2°9DADMUIP-0 I/ TV Dd-wtdl [ DV} €v4n Znaj/znd] (Y9 [§)9940/(F9[ [§)9940 ([FA5S TION)-ZDYO/(IVA3S TION)-DIO

6€96'IA

OLVIN/OLYIN 88§ A1YD/{mZ-Sapp

XWIDNF88S AYD  EVHN:09T AYD/LIESHY “dZ-Sapv XWuvY}::091 A4YD XIWHIH " PINH/XWHIH: VYWH [49/[409 STNT
~LINOW/STINT-LINDIN §2pPv/SapD 7apu/zapy 687~ d41/68 -1 41 {u12190TD-F 7P ‘9DADMIP-0 [/ TV Dd-widl [ [} : €041/ {21900
“VTAP2°9DADMUIP-0 I/ TV DA-widd) [ [D Y} €v4n gnaj/zna] (Y9 [§)9940/(F9[ [§)9940 ([F48S TION)-ZDHO/(IVA3S TION)-DHO

LE9OITA

OLVIN/PLVIN 88 AYD/ILIESHY

‘MZ-EopY XIWIDNF:8FS A1YD V2091 A4YD/dT-Capp XIWUDN}::091 A4YD XWHIH: - DIWH/XWHIH: "PINH [40q/[10q9 STNT
~LINOW/STINT-LINDIN §2pv/Sapp 7apu/zapy 687-[d41/687 -1 A4 {u12190TD-F 7P ‘9D ADMIPP-0 [/ TV Dd-widl [ [} : €041/{ui12190 D
TP 9DADMPP-0 I/ TYDA-wid [ IOV} £04n 7ndj/zna] (Y9 [8)9240/(F9[ 89240 ([¥43S TION)-ZDYO/(IV43S TION)-ZDHO

€E96I(A

OLVIN/DLVIN 88S AYD/{LIESUV

‘MZ-EopY XIWIDNF:8FS A1YD V2091 A4YD/dT-Eapp XIWUDN} 091 A4YD XWHIH: - DIWH/XWHIH " PINH [40q/[10q STNT
~LINOW/STINT-LINOIN §2pv/Sapp 7apo/zapy 687-[A41/68T-[ A4 {uti2190TD-F 7P ‘9DADMIP-0 [/ [ TV Dd-widl [ [} : €041/{ui12190 D
VTP 9DADMP-0 /1 TYDA-wid) [ IOV} £0n gnaj/znaj (Y9 [8)9240/(F9 [ [8)9240 ([y 43S TION)-ZDYO/(IV43S TION)-ZDHO

1€96T(A

OLVIN/PLVIN 8%S AYD/IMZ

-£opo XIIDN}::85S AYD  SVHN:09T AYD/AAZ-Sapv XWuvd}::091 A4YD XIWHIH: - PIWH/XIWHIH--PYNH [409/149q STINT
“LINOW/STINT-LINOIN §2pv/Sapp 7apu/zapy 687-[d41/68T-[ A4 {u12190AD-F P2 ‘9DADMIP-0 [/ [ TV Dd-tidl [ [} §041/{ui12190 D
VTP 90ADMPP-0 /1 TYDA-wid) [ IOV} £van gnaj/zna] (Y9 [8)9240/(F9 ] [8)92.40 ([y43S TION)-ZDYO/(IV43S TION)-ZDHO

6C96I[A

OLVIN/DLVIN 88S AYD/IMT

-£opy XIWION}::85S AYD  SVHN:091 AYD/AAZ-Sapv XWuvd}::091 A4YD XIWHIH - VIWH/XWHIH--PYNH [409/149q STINT
~LINOW/STINT-LINDOIN §2pv/Sapp 7ap/zapy 687~ [d41/68T -4 {ui2190TD-F P2 ‘9DADMUIP-0 [/ [ TV Dd-widl [ [} §041/{ui12190 D
VTP 9DADMP-0 /1 TYDA-wid) [ IOV} £0an gnaj/znaj (Y9 [8)9240/(F9 [ [8)9240 ([y43S TION)-ZDYO/(IV43S TION)-ZDHO

LT96TI[A

OLVI/PLYIN IAXWMOAYD/ XY L[ ESYV ‘d7-Sapv}i:qy0S§S TAXAYD XWHIH - DIWH/XIWHJIH: “VINH
ZNAT [40G/ZNH T 1409 STINT-LINDW/STINT-LINDIN £2pD/§apD apn/zapy 687-144/687-1d41 {w12190aD-01/1TVH
UL [ IOV} €04/ (w2190 AD~0 I/ TVOd-Wid) [ [V} €v4n 7naj/znaf (Y9 [§)9240/(¥9[ [§)92.40 ([F43S TION)-ZDYO/ (V43S TION)-TDYO

06S8ITA

adKjousn

Joquinu urens

"PIOq UI oIk UTEI)S [OBd JO SaInjedj Aoy ISy pais] sIjuared e WA oY} JO 9[9[[€ o) ‘SNJ0[ [ded I0,] *Apn)s SIY) Ul pasn sure.ns :8S dqe L,




90

OLVIN/PLYIN XN ZSPOAN/SYHQTSPPAV ZAT T #IUPN/ZAT T P1UPV 84S A1YD/IMZ-EapD

XWIDNF8FS AYD  EVHN:09T AYD/LIESHY “dz-Sapy XIWuvY}::091 A4YD XWHIH: " PINH/XWHIH: PYIWH [409/[409 STNT
~LINOW/STINT-LINOIN §2pv/SapD 7apo/zapy 687-[A41/68T-[ A4 {uti2190TD-F P2 ‘9DADMIPP-0 [/ [ TV Dd-widl [ [} €041/{ui12190 D
“YZYP2°90ADMPP-0 1/ TYDA-wid3 [ DV} £04n 7naj/zna] (Y9 [8)9240/(F9] [8)9940 ([y43S TION)-ZDYO/(IV43S TION)-ZDHO

8CTOT'ILA

OLVIN/PLYIN XN ZSPPAN/SY YA TSPPAV ZAT T FIUPN/ZAT T P IUPV 84S AYD/INT

-£opy XIWION}::85S AYD  SVHN:09T AYD/AAZ-Sapv XWuvd}::091 A4YD XIWHIH: - PIWH/XWHIH--VYNH [409/149q STINT
~LINOW/STINT-LINOI §2pv/Sapp 7apu/zapy 687-[d41/68-[ A4 {uid190TD-F 7P ‘9DADMIP-0 /[ TV Dd-widl [ [} €041/ {12190
-VTAP2°90aDMIPP-0 I/ 1 TV Dd-wid) [ DV} €v4n gndj/znd] (Y9 [§)9240/(F9[ [§)9240 ([F48S TION)-ZDYO/(IV43S TION)-ZDIO

9¢C0I'ITA

OLVIN/PLYIN XINION T SPPAN/SVHQTSPPAV CAT T #IUPN/ZAT T P IUPY 84S AYD/INT

-£opY XIWION}::85S AYD  SVHN::091 AYD/AAZ-Capv XWuvd}::091 A4YD XIWHIH - VIWH/XWHIH--DYNH [409/149q STINT
“LINOW/STINT-LINDOIN §9pv/Sapp 7apu/zapy 687-[d41/68T-[ A4 {ud19DAD-F P2 ‘9DADMI2P-0 [/ [ TV Dd-widl [ [} €041/ {12190 D
“PTAP2°90aDMIPP-0 I/ 1 TV Dd-utd) [ [D Y} €van gnaj/znal (F9] [§)9240/(F9[ [§)9240 ([F48S TION)-ZDYO/(IV43S TION)-ZDIO

SECOTILA

OLVI/PLYIN CAT T PIUPN/ZAT T H1UPY 84S A1YD/AMZ-Eapp

XWIONF8FS AMYD  SVHN:09T AYD/LIESHY “dz-Sapy XIWuvY}::091 A4YD XWHIH: " PINH/XWHIH: PIWH [409/[409 STNT
~LINOW/STINT-LINDOI §2pv/Sapp 7apu/zapy 687~ d4l/68T -1 A4 {u1219DD-F 7P ‘9DADMI2P-0 /[ TV Dd-widl [ [} €041/{ui12190 D
VAP 90aDMIP-0 I/ TV Dd-utd) [ [D Y} €v4n gnaj/zna] (Y9] [§)9940/(F9[ [§)9240 ([F45S TION)-ZDYO/(IV43S TION)-ZDIO

LLTOT'ILA

OLVIN/PLVIN CAT T PIUPN/ZAA T HIUPY 88 A4y D/imz-capn

XIDN}::88S AYD  SVHN:09T AYD/ALIESHV ‘dZ-Sapy XWUDY}::091 AYD XWHIH: PIWH/XWHIH " DIWH [409/[409 STNT
~LIWOW/STINT-LINDI §2pv/Sapp 7apu/zapy 687~ d4y/68-1d4 {u1d19DD-F P2 ‘9DADMI2P-0 /[ TV DA-Widl [ [} €041/ {12190 D
“VTAP2°90aDMIP-0 I/ TV Dd-uitd) [ [D Y} €v4n gnaj/znal (Y9] [§)9240/(F9[ [§)9240 ([F48S TION)-ZDYO/(IV43S TION)-ZDIO

9LTOT'ILA

OLV/PLYIN CAF T TSPPAN/ZATT ISPV 855 A4YD/IMZ-Sapy

XNIDNS:88S AYD  SVHN:09T AYD/LIESHY ‘dZ-Sapy XIWUvY}::091 AYD XWHIH: " PIWH/XWHIH " DIWH [4104/[409 STNT
~LIWOW/STINT-LINDW §2pv/€apD 7apu/zapy 687-1d4/68-1A4 {wid190D-F TP ‘9DADM2Pp-0 [/ TV Dd-tidl [ [V} €041/ {ut1d190 D
“VZAP2°90aDMIP-0 I/ 1 TV Dd-witd) [ [D Y} €v4n gnaj/zna] (Y9] [§)9240/(F9[ [§)9240 ([F48S TION)-ZDYO/(IV43S TION)-ZDIO

CLIOTITA

OLVI/PLYIN CAT T TSPPAN/ZAT T ISPPAV 85§ A4YD/IMZ-Sapn

XIIDNL:8FS AYD  SVHN:09T AYD/LIESHV ‘dZ-Sapy XIWuvY} 091 AYD XWHIH: DIWH/XWHIH " DIWH [404/[409 STNT
~LIDI/STINT-LINDI £9pv/§apD 7ap/7apD 687-[A4)/687-1 A4 {1t1219DTD-V TP 9DADIM2p-0 I/ TVDA-uidi [ [V} €v4/{uti219DqD
VAP 90 qDMIP-0 I/ [ TV Dd-witd) [ [D Y} €v4n gnaj/zna] (Y9] [§)9940/(F9[ [§)9240 ([F48S TION)-ZDYO/(IV43S TION)-ZDIO

ILIOTILA

OLVIA/PLYIN ZAAT - PIUPN/ZAT T HIUPV 8FS A1YD/IMT

-SopY XWIONF::8FS AYD  EVHN::09T A4YD/{dT-Capp XWuvN}::091 A4YD XIWHIH: - PIWH/XWHIH: "VINH [40q/[10q9 STNT
~LIDI/STINT-LINDI £9p1/§apD 7ap/7apD 687~ A4/687-1A4 {1t1219DAD-V TP 9DADIMI2p-0 I/ TVDA-uidi [ [V} €04/{uti2190D
“VZAP2°90qDMIP-0 I/ 1 TV DAd-widd) [ [D Y} €v4n gnaj/zna] (Y9] [§)9940/(F9[ [§)9240 ([F48S TION)-ZDYO/(IV43S TION)-ZDIO

69101TfA

OLVI/PLYIN ZAA T PIUPN/ZAT T HIUPV 8FS A1YD/IMT

-SopY XWIDN}::8FS A4YD VY2091 A4YD/dT-Capp XWuvX}::091 A4YD XIWHIH: - PIWH/XWHIH: "VINH [40q/[10q9 STNT
~LDI/STINT-LINDI £9pp/§apD 7apD/7apD 687~ A4)/687- 144 {1t1219DAD -V TAP2 9DADIM2p-0 1/ TVDA-uidi [ [V} €041/{uti2190qD
“VTAP2°90qDMIP-0 I/ 1 TV Dd-witd} [ [D Y} €v4n gnaj/zna] (F9] [§)9240/(F9[ [§)9240 ([F48S TION)-ZDYO/(IV43S TION)-DHO

89101I[A

adKjousn

Joquinu urens

(panunuod) gSAqeL,




91

B DIV {8TIX0M21 TNAT}IST §4YD {MZ-£app XINIDN}::88S A4YD {LIESHV
‘dz-copv XWuvY}::091 A4YD XWHIH:-DIWH (€ADS (/S1Y [40q STNT-LINOW €2pv {THAV ‘SVYN 0mwumoIpi-yial-1d1D4d}::zapp
(1YL ‘TNI-dAD}:687-1441 {uL1219DTD-V P2 9D ADIM2P-0 I/ TVDA-wiidi [ [V} €v4n 73] (Y9 [§)9940 ([Y43S ‘[ION)-ZD¥O

CLOOTILA

| DIVIN {8TIX01 TAAT/*IST S4YD {MZT-EapP XIWIDN/*:89S A1YD {LIESHV
“dz-sopp XWuvY}::091 A1YD XWHIH: “DYWH (€ADS (/51 [40q STNZ-LINDIW £2pD {ZAAY ‘€YY ‘0mwuopi-yid)- 14104} zapy
{IdYL ‘TINL-dAD} 2687144 {w119D D~V 74P 9DADMIoP-0 [/ TVOd-Wid) [ [DV ) €v.n 7nd] (Y9 [§)9240 ([F 43S TION)-ZDYO

[L9OTITA

_ DIV {8TIX0M1 TNAT}IST §4YD {MZ-£apD XINIDN}::88S A4YD
{dz-sapp XWuvy}::091 A1YD XIWHJIH - DYWH (A0S (LS1Y [40q STNT-LINDIN §2PD0 {ZFQAV SV ‘0muo[pi-yiai-1dND4d}::zapp
{IdYL ‘TNL-dAD}:687-144 {12190V P2 9DADIMP-0 1/ TVDA-widi [ [V} €v4n 7] (Y9 [§)9940 ([Y438 [ION)-ZD¥O

99901 IfA

~ DIVIN {8TIX0M1 TAATI*IST S4YD {MZ-EapD XIWIDN/*:89S A1YD
{dz-sapv XWuvy}::091 A4YD XWHIH: DYWH (EADS (LS1Y [410q STNT-LIWIIN £2pD {ZAQAY €V ‘0muop)-y1ai-1dND4d}::7app
{IdYL ‘T9NL-dAD} 2687144 {w1219D D~V TYP2 9DADMIoP-0 [/ 1 TVOd-Wid) [ IOV} €v.4n 7nd] (F9[ [§)9240 ([F458S TION)-DYO

S9901ITA

OLVI/DLYIN XIWION S ZSPPAN/SV Y TSPPAY ZAA T HIUPN/ZAA T FIUPV 8FS A1YD/IMZ-Sapy

XWIONG8FS AYD  EVHN:09T AYD/ILIESHY “dZ-Sapy XWuvY}::091 A4YD XIWHIH: -PINH/XWHIH: DYWH [409/[409 STNT
~LDI/STINT-LINDI £9pp/§apD 7apD/7apD 687~ A4)/687- 144 {1t1219DAD -V TAP2 9DADIM2p-0 1/ TVDA-uidi [ [V} €041/{uti2190qD
“VTAP2°90qDMIP-0 I/ 1 TV Dd-witd} [ [D Y} €v4n gnaj/zna] (F9] [§)9240/(F9[ [§)9240 ([F48S TION)-ZDYO/(IV43S TION)-DHO

0¥COTIrA

adKjousn

Joquinu urens

(panunuod) gSAqeL,




92

VOVDOOLOVV.LVIOVLODLVOVLIDLOLOLVIVLIVVVVVODVVIODIODDDVVVIOVVVILDDLL

VVLLVODLOLVOVIDLVVD
LLVDIODDVVILVIIVIIOIDLLODIVYVDODDVOVVILLVILLOL

ASojouoy wva.isumoq

A3ojouoy wwa.psdn

(uoneadayur prysd 10y 393.1e)) [ST AIYD J€ UONIISUL [JY [ 10] ASo[owoy

VVVVDVVOVODLLL
VVDOLLOVLLLDDLLLIDLLDIDLDLLLLVIDDVLVVVLODVOLLOLVVVLLLODVLVVLL

DOVLVVLLLVVODOLVVVLLLLLLVOLLLOL
VVOVVVLLVLLLLLLVVDLLLLIDIDOVOLVLDLLLLLDVLLLDLL

\@QNDSQQ WDoLISUMO(]

A3ojouoy wna.ysdp)

VDY WH 10} A30[0w0H

)4
DOLLLIVLILIVIOVLLLLVLLLLIVOVIDLIOVOLLODLLLVIDVLILODDLVVLVVVLIOOV

VOOVIODIVVVVIOIILID
DVVLLVVVVVVDLLOVVVLVVVLLVLOVLVODVIDLVLVOVL

ASojouoy wwa.sumoq

AZojowoy wva.sdn)

VEup 10§ A30[owo

LV
DODLLLOLIODLIDVVYIODDLLOLLOVIDVILLODVVOVIIVIIOVVVIIVIVOVVIVVID

LLODOHVVOOVIIODILLIOLLLVL
LLLLLVVVDDLVDLVVLVVVLVVLOVDODLLLLYVODVDVLIOVV

AZojouoy wva.sumoq

A3ojouoy wna.ysdp)

VZSpn4 10} A30[0WIOH

LOVVVOLODOVOILDVVLLODDVVVLLVVVVLIDLVIOLY
JDVOVVOVVIVVIOVVILOLLLLDDIOVOVLVLLLIOVVOOVVVODLLLVVLVVIOVVLOVL
LLLIDLLLDODDOLLLOLLODVOVLOLODILDLOOVVVVLLLLLVOVVIVVLVLLOLVIOLVV
JOLOVOVOVLVLVDODLODIOLOVVOLLVVVVVOLLOLVOVOLODDLVVLLVILDDLVLOV
VOVOVLLVVDLVOVLDLOVLIOLLVLILVVVVVVODVOVLVOLOVLVOILVOVDILOVVODV
OVLIDIDOILOLVIVVVOVVDLLLYDDOVVVDDVOLVVIOIOLVLLOIOLOVIODILOODLLLVLVL
LLIODOOVIOLLLOVLLLVOVODLLLLOVLOLLVODLLLVVVVVVIOIIVDLLOVIODODDOVVOD
DVVVLVLVLLLLOVVVLVDDVVDOODDIIDVIVVVVODIIVOVOVVLLVLLOVIVOVOV
ODDIDIODILLVOVIOVOOIIILLLLODODLIDOLLLLIDOLLOLLODDLV LLLLLLDIODVLIVLIVVD
VVOLVLVLIOLOVVLILLLVIVIDVVOLDVVILDLVVVOVVIDVLVLLLLVODDDDVVDDLD

JOJLLDLLVIVOL
VODOLVOIDIODIOVIVVIVVVVLVVVVVDDVVLIDIOLVVVL
LVVLLVODOVIDLIODDLLLLODVVODVVVVVIOLLOVODDLLD
VLIVOVVDIOODLVOOVILDDOVOVVIOIIOVVIILIVVVOVOVL
DOVVVDILOOVIOLDOIOVOVVOLLLOLIDLVOOLVLLVVVIODV
VOVIILODLIODLIODLIODLYDILODVLLVVDLLOVVOVVOIOVOL
LOOVLVVVVDVLIDIOOLOVVIOVOIVLLIODVVVIOLOVVDILOD
VVDIOVIIDLLVIOOVIDOLVOLLVOLLLVODLVOVVLLOLDD
LODLLVVIIOLVDIOVVDVVIOIOLVOVOLVIVIODVILLVOVDIV
DVOVILOVVOVIVLIOVLOVLODIIILVOLOLOLVLOLLVODD

A3ojouloy Wna.sumoq

A3ojouoy wna.ysdy)

8S AIYD 10§ ASojowoy

D1DLVVVOVLOIDLVDOVVIILIIVVVVVVVVD
LLLIOVODLOLLOODDVIILVVOLIOOVVLLLLOVODILOVOVVVVVOVVILVOLLVLVILOD
VIOVOLVVIVLLVLVIILOVOVILIOVOOVIIVVVIVVOIDLVILLOLLIDILVVODOIOVOV
DOVOODIOVVLLIOLOLYODLVVOVOILLOODDDLILILODOVIDLYVOVLVILODLVLODL
LLODDLVOLVVIOVOVVVVOVLVOLODLVLLOLODIOLOLOIIODLLLY LLLLLLLDDDLO
OVVLOLVLIVLIOVLIVVVVIOVVVLVLOLOOVLLLLODDLLLVLIODLVLVIVLODLLODLLL
VLLOLVOLODLVLLLVOVOVOVVVLVOLVOIOVVVOVVVLLLOLLLLYLLVOLODODLLLL
LOVLLLLLLIDOVLVOLVVOVOVOLLOVVOVVIOLLLLYVODIVLLVVOLVVOLLODDIVLD
DDDOODLLLLOVIODVOILOLOVLLLLYLOLLOVOVILODOVIODILIOLLOLLIDODVVIIVVD

VVVLIOOVLIODLLVOVVOVOOLOLOLLIDVIOLOLY
JOVOLLOLLVOVOOVVIOVIILILOLLLOVOLLODVVOVOVVY
DOOILDLLOVLIVVOLLODODLLLYVILLOLODLIOVVVVODVLD
DVOLVOIODLVLLLOVIDLVIODDVIODLLODVOVIILLYDV

AZojouoy wiva.jsumoq

A3ojouoy wna.psdn

091 AJ1YD 10y ASojowoy

"MO0[0q UMOUS (9SEqEIR( QUWIOUID) SOOAWOIRYIIES Y} UO [-[-$93 99uonbos 0oua1oja1 DY|TS 1s91e] oy Jod se puens Uosiep\ oyl
uo ¢ 0} .G) sardojowoy Sunagie) oy Juisn SWOUIF AU} OJUT PAJIISUL AIIM $I)J9sSeD UoNedI[daI-0y *$3133ssed uoned da.a-a.a 10y sargojowoy Sunjuely :6S dqe.L




93

Sunasie y1ysd 105 uonesyrdwe /7y [ LLLDDDOHDLLODLLLLLY.LD1eSe5e35e)31e05e)5)e110e550)0) 9I1ETO
Sunagie) 41y Ssd 10y uonesyriduwe 74y ] DVIDLVYVILLYIDIDVVI.LYI9e1008)050ee53550ee)e0)0) SIIETO
Sunosie) 1Y Sd 1oy uonesyridue 747 00DD1LOHIIVLYDHLIDVD.ILOEEIIENFNII5TNI5)NEIS) Y11€10
Sunagie) 41y sd 1oy uonesyijdwe 74y [ JVDHVIDVHDHHIIDLYDHDHIDVeenesi5ieseos)eed)eoooseedre €I1ET0
VrIup 23001003 eR)IRRRRRRI))ORRRIRRR))R)ISR)e3TR)TIR)RoR) 0012110

VEIup 33oee)Teieee3Tees)oeedeiojeeeeeieeeeioejeeeieeeessd 660771L0

VFIUp OVILLLY.LODIDLOLILYIDENEITILEeeITIO0TLE)EEEERLD 860710

V#Iup DLOVOVOHLIOVIOLLYDOVIOVDISSeenessoee)sejeeedseesioves L6070

VZSpya 03301m31mennneeeodiedieeieer)er)3e33n)e33eseIove 0212710

VZSspoa 33111083)33101133ee3)0310ve3er003)133e33vRoRRLIT)IR 611210

(XIDN Yim) vz gpod DDLODVHILLYVDLYDDLYONSO5EETFe00550))15N1ENNNEREOT RS RE YSLIIO

(XIDN Ynm) vz eppi VVLLVV.LLODDDDDILVDHDISNHINSIZ15811055)55)0)53ees)05)0eesee €SL1TIO

(€P¥N 10 2T M) VZEpvi DVILLLY1ODDDLOLDLYIONSI8ees5e0053o115) 1)1 eeedsies)ee 8117110

(€4 10 ZNAT [m) VZEppd DLOHVDHVYDHLOVIDLLYDVIDVDHINSNFIFIFE)1085)5510)55ees LTITTILO

CNAD Y8 SVYN o3ee3ee3e3o3103e)13)0eeoR)RRRR)ISLIBI)3OR)FRRRRITITD $Z8T 1O

CNAD e SV¥N 19311e3ee313310)01)0380)018o83))0)) o33 RRo3LI0)0) €787110

SNAD 18 EPIN OVOLLLYLODDDLOLILYDDESNIT)NFooTeeseeseso5103e1510 T8I0

SNAD 1 EVHN DILOVDHVDLIVIDLLYDVIDVDEEREI00e0511e5eese55)0)0)08 12877110

VOYNH oeedjooenvlodeIeeee3ededeedeeee3eeeioeeo0)eeeos)311011 102271r0

VOINH BEE)NIIES)ISIRROREER)IRIINIERO1NSISROIRIONINIORNISH 002210

VOIWH DOLODVHILLYVDLVYDILYOreeI35eee1edeed)dde))elosejeeeesese TH91'1r0

VOUNH VV.LLVV.LLODDIDIDDLYDDIIeIEEEedTI)eee}Ies])TIeedeee)e 6£91110

uondnasiq (£ 01,6 24v Jpp) duanbag | Jdqunu 031 Q

"9SN 119} JO S[1eIAP 10J SPOYIJA PUE S[ELIJBIAl 99S "UOIS[IP Y} JUIUE[) Soouanbas [ewosowoIyd ayj 0}
spuodsar10o asesramof ejdwd) YDHd Y 01 SAZIPLIGAY 0310 AIYM $)eoIpul 9seotadd) sure.a)s Jo uondINIISUOd 10J PIsn SIPNOIANUOSI[O [[& JO ISIT 0[S d[qe.L




94

61 01 4 s 134 Ly 0 0 0 0 001 I | Sl
?\cw_v g%: 0 0 0 0 0 0 0 0 0 0 9]0zepodou 1oyJe sjods
wammv QXVMNV axvmos A.ﬁwv 0 0 0 0 0 0 0 0 910zepodou 1oye sjods ¢
(%ze) | (%ov) | (%10 | (%L | (%80 | (%€£0) 0 0 0 0 D) | CALD | 4 0zepocou soe s1ods 7
9 14 I 61 (4} 1 €l 61
(%10 | (%09 | (%69 | (%99) | (%zL) | (%LL) 0 0 0 0 (6L8) | (%€8) | 4 ozepo00u soyye s0ds |
14 € 9¢ 67 1€ 9¢ L8 76
¢ [PH] [ 0M4] C [PH] [ [01] Z VML [ 1014] ¢ [PH] [ [P1] I LEY) [ [PHL L) [ [PH]
sjods § Ajreniug syods ¢ Ajjeniug sjods g Ajjeniuy sjods 1 A[eniug syods ¢ Ajjeniuf sjods 7 Aqjeniug
(ST199 OT1:T TBHLL "SI 601 “T [BHL) SNAD Ve LIESYV (S1199 001:T TRML 'S99 11 T [BHL) LIESYV ON

"JUSTIIEAI) S[0ZEPOIOU IS}JE PUE I0Jq PAIOIS AIOM S[[9 MOY JO S[TeIop I0J
SPOUIOIAl PUE S[BLINEIA 99S “Joquunu jods [enIul PaJesIpul Y} JOJ PAIOOS S[[39 JO JoqUINU €10} Y} U0 Paseq dIe soSejuddiod S InSig 10j SuL103s [[PD 1S d[qe L



CHAPTER THREE: CONCLUSIONS AND FUTURE DIRECTIONS
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The results in CHAPTER Two represent the majority of the research I conducted during
my pre-doctoral training. The story is clear-cut: centromeric re-replication disrupts the proper
segregation of a chromosome. What is less clear is the mechanism of how centromeric re-
replication produces aberrant chromosomal segregation, as well as if this disturbance can affect
the stability of other chromosomes. In this chapter, I will address these questions raised by my
research to provide future directions that will expand our understanding of how centromeric re-

replication can promote W-CIN.

HoWw DOES RE-REPLICATION AFFECT CENTROMERIC CONTEXT?

In budding yeast, sister chromatid centromeres under tension are pulled so far apart that
marking them with a fluorescent protein produces two resolvable spots (Goshima and Yanagida
2000). They are prevented from being completely pulled apart because of the cohesin that holds
them together (Tanaka et al. 2000). This pericentromeric cohesin is quite different from arm
cohesin: it holds intermolecular as well as intramolecular strands together (Yeh et al. 2008),
promotes the biorientation of sister chromatids (Eckert et al. 2007; Ng et al. 2009; Sakuno et
al. 2009), and has its own protective spirit Shugoshin, or Sgol, which prevents pericentromeric
cohesin destruction during meiosis and mitosis (Wantanabe 2005).

If a re-replication fork was to pass through the region of pericentromeric cohesin, how
may this affect the centromeric context? Based on our knowledge of cohesin establishment,
three possible models can be proposed: the re-replication fork will break/displace the existing
cohesin and more will be established behind the fork (much like S phase) around the newly
re-replicated strands; the fork will displace the pericentromeric cohesin, but mechanisms that

re-establish cohesin will place more around the centromeres after they are under tension; or the



fork will displace all the pericentromeric cohesin to effectively remove it from the centromere.
The first possibility is not likely as Ecol, a protein essential for cohesin loading during S
phase, is destroyed to prevent post-replicative cohesin establishment (Lyons and Morgan
2011). However, there is evidence that two pools of cohesin exist: the cohesin that is placed
around DNA during replication, and the cohesin that can be replaced around the centromere
after stretching (Ocampo-Hafalla et al 2007). Additionally, cohesin loading is necessary during
DNA damage repair, indicating the cell has the potential to re-establish cohesin outside of S
phase that is independent of the establishment during S phase (Strém ez al. 2004). This means
the third possibility is unlikely since there are post-S phase mitotic mechanisms to re-establish
cohesin at centromeres, however, the pathway’s existence doesn’t necessitate its functionality.
Examination of the experiments presented in Figure SA and 5B of CHaPTER Two indicate that the
centromeres of re-replicated chromosomes are able to collapse into a single unresolvable spot
after spindle tension was removed. This indicates the centromeres are bound together, which is
dependent upon pericentromeric cohesin. Thus, I hypothesize that the effect of centromeric re-
replication on pericentromeric cohesin is minimal, and is not the primary stimulant of improper
chromosome segregation.

To examine pericentromeric cohesin after centromeric re-replication, I would perform
a chromatin immunoprecipitation followed by sequencing or quantitative PCR to observe the
amount of cohesin present at a centromere before re-replication, during re-replication, and after
re-replication has been terminated. I predict that the levels of cohesin may change, but after re-
replication has ceased, levels will return to normal.

I would also perform genetic and microscopy tests to determine if the disturbance of

cohesin loading factors has an effect on the number of centromeric spots observed post-re-
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replication. If after centromeric re-replication, the loading of pericentromeric cohesin was
important to biorient the re-replicated centromeres, one would expect less 3-spot cells in a
microscopy assay: if the re-replicated chromosome does not biorient and both centromeres are
pulled to one pole, then the spots would be unresolveable and the cell would appear to only
have two. Of course, one could always plate the cells to see if the frequency of missegregation
changes as well, but colony assays are tedious and cannot obtain the mechanistic resolution of
microscopy.

When the cell re-replicates, the fork passes through the centromere to knock off
kinetochore proteins. I believe both the kinetochore and the centromeric histone Cse4 are
not affected by this re-replication since a functional kinetochore can reassemble after S phase
(Collins et al 2005), and the Cse4 histone is well-targeted to centromeric DNA via sequence
identity (Bloom and Carbon 1982; Verdaasdonk and Bloom 2011). Additionally, the resolution
of centromeric spots observed in Figure 5 of CHaPTER Two indicate tension is being placed on the
re-replicated centromeres, which would be completely reliant upon functional centromeres and
kinetochore complexes post-re-replication. Taken together, I believe the centromeric context of

the re-replicated chromosome is not intrinsically disrupted.

CAN CENTROMERIC RE-REPLICATION AFFECT THE SEGREGATION OF OTHER
CHROMOSOMES?

The context of a centromere extends beyond the elements that bind to it: in yeast,
centromeres are clustered together in the nucleus (Duan ez al. 2010). Could the re-replication
of one centromere affect the segregation of another? Comparison of the frequency of non-
Chr V missegregation in sectored colonies examined via aCGH (roughly 20-30% of Chr V

aneuploid colonies; see Tables S2-S5 in CHAPTER Two) between strains with and without the
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re-replicating origin indicates that centromeric re-replication may not stimulate missegregation
of other chromosomes. This data, however, cannot predict if the sources of the non-Chr V
missegregation are the same. If the re-replication conditions imposed on cells without ARS317
made them genomically unstable, then cells that were identified to have missegregated Chr V
would have an increased chance of missegregating another chromosome as well. Due to the
potent effect of centromeric re-replication and aneuploidy generation, this background instability
that is not ARS3/7-dependent re-replication would be masked. Just as likely, the residual Chr
V missegregation events in the strain lacking ARS37/7 may be due to undetectable cryptic re-
replication involving CENS5. Though its Chr V missegregation frequency may be much lower
than the strain with ARS317, the same perturbation is occurring in both instances, and therefore
the same frequency of non-Chr V missegregation events would be expected.

Another reason the current aCGH data cannot predict how CENS re-replication will
affect the segregation of other chromosomes is that the sectored colonies were identified by
their alleged Chr V aneuploidy. If CENS re-replication stimulates specific chromosomes to co-
missegregate (perhaps, due to their proximity in the nucleus or connection via trans factors), and
the resulting aneuploidy is incompatible with a Chr V aneuploidy, the cells would perish before
forming a colony (or greatly impact the fitness of the progeny so that the final colony would not
be scored).

In order to test if this kind of co-missegregation is occurring, a system needs to be
built where events that are dependent on both the re-replicated chromosome AND another
chromosome missegregating can be screened instead of scored. For example, if the CAN/
marker (presence confers canavanine sensitivity) is on the re-replicating chromosome, and the

URA3 marker (presence confers 5’FOA sensitivity) is on different chromosome, colonies lacking
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both of these markers can be identified by replica-plating to plates containing one or both drugs
to determine the frequency of independent missegregation and co-missegregation events after
centromeric re-replication.

Though the potential of co-missegregation is applicable to all the chromosomes, it may
be especially relevant to the non-re-replicating homolog of Chr V. It is clear that re-replication
from ARS317 produces breaks (Finn and Li 2013), and though sister chromatids are the preferred
substrate for repair over the homolog, the homolog can still be used (Kadyk and Hartwell 2002).
Therefore, if centromeric re-replication destabilizes and breaks one homolog, and it uses the
other homolog to recombine with and repair from, both homologs are now physically entwined.
If both missegregate (a 4:0 distribution), then only one of the two daughter cells will survive,
thus prohibiting the formation of a sectored colony. It would be interesting to determine if
the 4:0 frequency is increased after centromeric re-replication as I did not observe reciprocal-
missegregation events. If centromeric re-replication was affecting the segregation of its non-
re-replicating homolog, then it may be expected that some events result in two, 2:0 segregation
events (a reciprocal missegregation) to yield an overall 2:2 chromosome distribution. In my
assay, [ used color to identify the copy number of the re-replicating chromosome, so a reciprocal
missegregation would result in a red-white colony (which would be scored). Genotypic aCGH
analysis would show two copies of Chr V in each sector, and out of all the red-white colonies I
examined, I did not observe any of these events. Discovering that centromeric re-replication can
promote co-missegregation of the homolog but not reciprocal-missegregation would be highly
interesting. If each homolog was labeled with a different fluorescent marker (tetO::tetR-tdTom
for the re-replicating homolog, lacO::lacI-GFP for the homolog), then once again microscopy

could be used to determine how these chromosomes interact and segregate.
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WHY ARE THE CHROMOSOME ANEUPLOIDY FREQUENCIES SO MUCH LOWER THAN THE
FREQUENCY OF CENTROMERIC RE-REPLICATION?

Array CGH demonstrates that roughly half of the ARS377 origins in a population
reinitiate after three hours of induction (see Figure 1 in CHAPTER TwWO). This measurement
is supported by microscopy data that looks directly at the number of CENS molecules in a
single cell (see Figure 5 in CHAPTER Two). With ~60% of the cells undergoing centromeric
re-replication, why do only 3% result in aneuploidy? Observation of re-replicated cells in
real-time shows that they are arrested in a violent metaphase: the spindle yanks and drags the
chromosomes from one end of the cell to the other. This rough spindle tension may ultimately
result in the missegregation and/or breakage of chromosomes, especially the re-replicated
chromosome if the spindle is connected to each of the centromeres and is applying harsh force
to a fragile re-replication bubble. Again, a specific colony phenotype was scored in these
experiments, leaving open the possibility that centromeric re-replication can cause a plethora of
rearrangements and instabilities that were not scored.

To determine how many missegregation events are occurring after centromeric re-
replication, one must look at cells immediately following re-replication induction to observe how
many missegregate or break the re-replicated chromatid. This process may take time, especially
because the cells are arresting in metaphase after re-replication and may not come out of the
arrest until they adapt to the checkpoint or correct the problem. Cells that end up missegregating
the re-replicated chromosome should be followed through a few generations to observe the
chromatid’s fate; it is possible the discrepancy in re-replication induction and aneuploidy

frequency resides in the generations after the missegregation.
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APPENDICES A THROUGH E



APPENDIX A: WHOLE-CHROMOSOMAL INSTABILITY OF CHROMOSOME X VI

When I joined the Li Lab, I decided to continue my rotation project: examine the effect
of centromeric re-replication on the segregation of a chromosome. I used a haploid strain a
previous graduate student had made where the re-replicating origin ARS317 and the color marker
ade3-2p were near the centromere on Chromosome XVI. The principle of the experiment was
to induce re-replication, plate single cells, then identify red colonies: if the color marker (and, by
extension, Chr XVI) properly segregated, each of the daughter cells would survive and be pink,
growing into a pink colony. If Chr XVI was to missegregate, then two copies would move to one
daughter and the other would have none. The daughter without Chr XVI would perish while the
daughter with both chromatids would have two copies of ade3-2p and turn red.

Great labor was taken to screen the colonies that resulted from the re-replication
experiment. Ultimately, I picked up on a particular colony phenotype that was enriched in the
strain that underwent centromeric re-replication. This phenotype was not so much red as it was
brown, and there were little white sectors that were on the fringe of the colony, so I called this
phenotype “sector red” to distinguish it from other shades of red I identified in my screenings
(Figure 1B).

When these colonies were expanded and harvested for chromosome copy number
analysis via aCGH, the results were disappointing: every chromosome was euploid, including
Chr XVI (Figure 1A and 1B). Under closer inspection, the profile for Chr XVI was ever so
slightly higher than the others, which made me think that, if this was a disomy to begin with, it
is rather unstable and I must try to enrich for a population of these special “sector red” colonies.
Going to the freezer stock I had made, I struck out cells to see how many still present the “sector

red” phenotype. In general, ~5% of the streak colonies had the phenotype, indicating it is very
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unstable. I then struck out many more, gathered them up, harvested the DNA and checked their
genotype. To my pleasure, these colonies were in fact aneuploid for Chr XVI (Figure 1C).

After the promising results with the haploid strain, I constructed a diploid strain where
one of the two homologs of Chr XVI was marked with ade3-2p and had ARS317 near the
centromere (CEN16). With this diploid strain, I hoped I would be able to see the progeny from a
missegregation event involving Chr XVI: if the re-replicated copy of Chr XVI missegregated, the
non-re-replicating homolog should presumably segregate properly to produce red-white sectored
colonies with a 3:1 Chr XVI segregation pattern. After CEN16 re-replication in a diploid, I saw
no red-white colonies, however, I did see a stimulation of red-pink colonies. The color reporter
indicates these colonies should have two copies of Chr X VI in the pink sector and three copies
of Chr XVI in the red sector, and aCGH verifies this 3:2 distribution. But how did this extra
chromosome come to be, and why did I not see any red-white colonies?

We began to suspect cells that were monosomic for Chr XVI were either very sick or
dead (Chr XVl is a large chromosome —948 kb), so our efforts moved on to find a chromosome
that would be tolerated as a monosome. We found that Chr V monosomies had little to no
growth defect as compared to euploid cells (see ApPENDIX B), so we decided to construct the re-
replication setup around CEN5. Red-pink colonies were also observed with CENS re-replication,
and it turns out they are likely the product of a breakage event that was repaired to reconstitute
an entire, whole chromosome. Though there is more work necessary to determine the exact
origin of these chromosomes (see AppENDIX C), we believe the red-pink colonies observed with
Chr XVI are products of the same breakage and repair process. As compared to Chr V, the
frequency of Chr XVI 3:1 segregation events is very similar, despite being nearly twice the size

(Figure 1D). Thus, centromeric re-replication can produce whole-chromosomal instability.
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APPENDIX B: HEMIZYGOUS-TOLERATING CHROMOSOMES

Since the goal of centromeric re-replication in a diploid was to be able to see both
daughter cell progeny after a missegregation event, I needed to find a chromosome that could be
tolerated as a hemizygote. My work with Chr XVTI hinted that I would be unable to use it, but I
wanted to formally test it as well as other chromosomes to determine which, if any, could exist as
a monosome when all other chromosomes were disomic, i.e., exist as a hemizygote.

To test if a chromosome can exist as a hemizygote, I needed to selectively get rid of a
single homolog in a diploid background. Using the strategy from the Rothstein lab (Alvaro et al.
2000), I placed an inducible galactose promoter next to the centromere on one of two homologs
for several chromosomes. When induction is off, the centromere is functional, however when
induction is on, the active transcription drives through the centromere to prevent kinetochore
assembly and render it nonfunctional. A chromosome that cannot segregate properly will soon
be lost, leaving only cells that have a single copy of the chromosome.

I employed this strategy to test several chromosomes (Figure 2). After the centromeric
inactivation, I picked colonies and performed aCGH to determine their ploidy. As chromosomes
got larger, the bimodal distribution of colony size became evident, distinguishing cells that were
likely monosomic from those that were not. Chr I, the smallest chromosome, has no problem
being monosomic. Chr XV (a little over 1 Mb) was not able to tolerate monosomy. From this
screening I was able to obtain viable cells that were monosomic for Chr V and for Chr IX,
giving me two chromosomes to work with for upcoming re-replication assays. I decided to use
Chr V first to better safeguard against re-replication through to entire chromosome (it is larger

than Chr IX).
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FIGURE 2: FINDING A CHROMOSOME THAT WILL TOLERATE HEMIZYGOCITY.

The galactose promoter was placed adjacent to the centromere on the chromosome as indicated above, then
induced to force the loss of that chromosome. As shown, smaller chromosomes (like Chr I, ~230 kb) don’t have
a bimodal colony phenotype, whereas larger chromosomes (like Chr XI, ~666 kb)) have large colonies and very
small colonies. The large and small colonies (or, subjectively the largest and smallest colonies on the plate for
chromosomes without clear growth differences) were tested for ploidy via aCGH. Large colonies were typically
euploid, and small colonoes were monosomic for the indicated chromosome. The “R” and “W” for Chr XVI
indicates the color of the isolate after forced chromosome loss. Thus, “16R” is red because the non ade3-2p
marked chromosome was lost, and “16W” is white because the galactose promoter was positioned on the ade3-2p
marked homolog.
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APPENDIX C: INSIGHTS INTO RED-PINK COLONY FORMATION THROUGH DNA REPAIR

After inducing centromeric re-replication on Chr V or on Chr XVI, there was a
stimulation of red-pink colonies. Array CGH analysis of the sectors of these colonies revealed
the color reporter was accurate: the red portion contained an extra copy of the re-replicated
homolog, and the pink portion was euploid. Somehow, centromeric re-replication was able to
induce the generation of a complete chromosome.

The initial thought was that a select few re-replication forks had made it to the ends and
re-replicated the entire chromatid. This phenotype was not observed after arm re-replication on
Chr IV (Green et al. 2010), but Chr XVI is ~500 kb shorter, which may put it inside the maximal
range of a re-replication fork. As a simple test, I moved ARS317 down onto the arm of the Chr
V but kept the color reporter ade3-2p near the centromere. When re-replication was initiated
here, there was no stimulation of red-pink colonies, indicating they were not due to whole-
chromosomal re-replication. The argument could be made that the forks are fatigued when
they arrive at the centromere-kinetochore complex and are unable to re-replicate through it. If
the centromere is a burden to re-replicate, then if they start near the centromere they can power
through it more easily and then transverse the remainder of the chromosome.

To definitively test the dependence of centromeric re-replication on the generation of
red-pink colonies, a replication fork barrier is essential. This block would prevent forks from
moving through the centromere and demonstrate that its re-replication is required for red-pink
colony formation. Unfortunately, the replication fork barrier that exists in yeast (Labib and
Hodgson 2007) does not work in our hands (May Szeto, unpublished data). Therefore, I tried

two genetic approaches to determine the origin of the red-pink colonies.
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The first approach I took was a classic one: using selectable markers, I tagged the re-
replicating homolog and the non-re-replicating homolog so that I would be able to deduce the
chromosomal composition of a sector by its growth properties. For example, one copy of each
homolog would allow for growth on six different types of medias, whereas the loss of one of the
homologs would only allow for growth on three medias (since the remaining three markers were
lost). If the red-pink colony was forming due to whole-chromosomal re-replication, then all
six markers should be present in both sectors. However, if the red-pink colonies were forming
because of something else, such as a breakage and repair event, then I would expect the pink
portions of the colony to be missing markers. During re-replication, if the bubble breaks and
two centric fragments are segregated to each daughter, the fragments could repair from either
the sister or the homolog (in what will become the red portion) or only the homolog (in what
will become the pink portion). Repair using the homolog will restore a full-length chromosome,
but the marker will forever be lost. I expected to see this marker loss in nearly all of my pink
sectors, but only 8% of pink sectors had lost a marker—the remainder had all six present. I
began to wonder if it was in fact whole-chromosomal re-replication until I found a paper from
the Hartwell lab that describes how broken chromatids prefer to use their sisters for repair
templates instead of their homologs (Kadyk and Hartwell 2002). If this is what is happening,
then that means there is still repair going on, and that repair is taking place before anaphase.

This line of reasoning led me to my second approach to test whether either of the two
major repair pathways were necessary for red-pink colony formation (described in detail in
CHAPTER Two). In summation, red-pink colony formation largely depends on RADS52, an
essential component of the homologous recombination repair pathway. Oddly enough, DNL4

antagonizes red-pink colony formation; when it is removed, the frequency of red-pink colonies



nearly quadruples.

My interpretation of the repair pathway data is simple: the broken double-stranded breaks

that result from re-replication are either carefully repaired through homologous recombination,
or they are jammed together through non-homologous end joining. If the latter occurs, the end
result is a dicentric chromatid, which can have major problems (Gascoigne and Cheeseman
2013). If the former occurs, the repair could go through to the end of the chromosome to
produce the extra copy observed in the red sectors.

The precedence for such repair exists: break-induced replication is mostly dependent
upon RAD52, and can repair kilobases of DNA. It is also entirely dependent on POL32, a
component of the replisome that is totally dispensible under normal replication but is essential
for break-induced replication. I peformed a re-replication assay (Figure 3) where I removed
POL32 or RADS51, and after adjusting for the decrease in re-replication efficiency (POL32 re-
replication is not robust for reasons we do not understand), the frequency of red-pink colonies
dropped two-fold, around the same frequency as seen with Arad52 strains. This data is

promising, but will need to be repeated at least two more times.
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In addition to the genetic frequency data, I have also observed products of unrestricted

homologous recombination, especially in cells lacking DNL4. 1 isolated these products from

red-pink colonies, and aCGH of the red portion shows a segmental duplication encompassing

the centromere (Figure 4). In one example, there is also a segmental triplication, with all

junctions being regions of homology. I interpret this to mean there are actually no segmental

amplifications, but that all three extra pieces make up a whole chromosome. In another example,

there is no additional duplication, but the boundaries of the centromeric duplication are regions

of homology. I believe this isolate has a large, circular extra-chromosomal element that was

able to form by connecting the regions of homology on its ends. Together, I believe the red-pink

colonies arise from breakage and repair and are not due to of whole-chromosomal re-replication.
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B) Array CGH of a red sector isolate
that has a segmental duplication.

Due to the duplication encompassing
the centromere, it is likely not
intrachromosomal, but due to the lack
of telomere amplifications (on Chr V
or elsewhere in the genome, data not
shown), this is likely the signature of a
circular piece of DNA.
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APPENDIX D: ARRESTING THE CELL CYCLE GENETICALLY WITH A MAD2-MAD3 FUSION
CONSTRUCT

In all of my re-replication experiments, it was useful to be able to control when re-
replication was initiated. I used nocodazole to arrest the cells in G2/M and induce re-replication,
but unfortunately it has effects of its own. It enhances the rate of missegregation (Taylor-Mayer
et al. 1988), meaning the frequencies I observe may be partially dependent upon it. Therefore, I
wanted a way to genetically arrest my cells to make sure the aneuploidy I observe is dependent
on centromeric re-replication and not nocodazole.

The most widely-used genetic G2/M-arrest tool is the pMET3-Cdc20 construct. Cdc20
is the activator of the anaphase promoting complex (APC); having it around enables anaphase
to proceed, whereas its removal arrests cells in metaphase. Methionine will shut off the pMET3
promoter driving Cdc20 production, so cells can be arrested by adding methionine to the media.
This means to keep cells growing, the media must lack methionine. Unfortunately, the red
pigment that colorizes our cells negatively affects growth and color development on media
lacking methionine, making the pMET3-Cdc20 construct unusable.

In order to circumvent this problem, I took the opposite approach: instead of controlling
the activator for the APC, I decided to control its inhibitor. During checkpoint activation, the
mitotic checkpoint complex (MCC) forms (Chao et al. 2012). This complex consists of Bub3,
Mad2, Mad3, and Cdc20, and when it forms, it sit in the active site of the APC to prevent its
function. Seeing that overexpression of a linked Mad2-Mad3 can arrest cells just as well as
Cdc20 depletion can (Lau and Murray 2011), I placed a linked Mad2-Mad3 under the control

of the methionine promoter. This way, I can grow my cells normally on media containing
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methionine (which will keep the construct off), and to arrest my cells, I will remove the
methionine so the Mad2-Mad3 MCC mimic is produced.

This construct was very functional in my hands, but it had two major flaws. First, re-
replication induction during this genetic G2/M arrest enabled other re-replication origins to fire
(Figure 5). If I cannot control the re-replication, then I cannot be sure whether an induction of
aneuploidy is due to ARS317 re-replication or other genomic re-replication. Second, when I
quickly examined my colored colonies by eye, I did not see evidence of aneuploidy. Normally,
I am able to pick out red-pink colonies without using the stereoscope, but with colonies that had
undergone re-replication during this pMET3-Mad2-Mad3 (pM3) arrest, I could see nothing.
Though I do not know if this result is repeatable, I think it would be interesting to determine
if this arrest has an affect on the chromosome segregation during centromeric re-replication. I
can imagine a scenario where the mimic of the mitotic checkpoint complex somehow helps
to promote biorientation, so that any aberrant connections that would have been made after

centromeric re-replication are corrected before the cell leaves metaphase.

Chromosome 7
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FIGURE 5: OFF-TARGET RE-REPLICATION DURING

Arrested with nocodazole, +ARS317
A PMET3-MAD2-MAD3 (PM3) ARREST.

Arrested with pM3, +ARS317
Chromosomal profile of Chr VII showing the overlay of Arrested with pM3, +ARS317

all five strains, four of which were arrested using the pM3
Arrested with pM3, —-ARS317

construct. As shown, the left arm clearly has a peak. The
location of ARS317 is near the centromere on Chr V. Arrested with pM3, ~ARS317




APPENDIX E: FREEZE-THAWING IMPOSES A STRESS ON GENOMICALLY UNSTABLE CELLS

When I was obtaining aCGH data to determine the ploidy of various sector isolates,
several of my white isolates were not at a Chr V copy number of ~1, but were closer to
1.9 instead. Though by eye it appeared the copy number may be a bit lower than the other
chromosomes, nothing was as striking as the copy numbers I had previously generated. Thinking
back, I realized I had not frozen the white isolates before I performed aCGH. In order to get a
better idea of what the original colony sector ploidy was, I removed half of the freezer stock and
performed aCGH on it: using a little stick, I scooped out some of the cell pellet that was in the
96-well plate I kept my isolates it. This sample went into a tube and was immediately entered
into the Hanlon DNA prep, followed by aCGH.

For nearly all of my white sector samples, the copy number of Chr V plummeted to
around 1.3 (Figure 6). This indicates that the stress of freeze-thawing is detrimental to these
monosomic cells; the red portions were all thawed and tested, and had maintained their extra
chromosome. It is unclear if the freeze-thaw itself is stressing the cell, or if there is a gene that is
beneficial during the freeze-thaw that is located on Chr V, so cells that are disomic have a greater

fitness than the monosomes.
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FIGURE 6: FREEZE-THAWING OF ONCE-MONOSOMIC CELLS LEADS TO RESTORED EUPLOIDY

These are Chr V aCGH profiles from the same isolate (SHA6), with the only difference being whether or not the
cells were freeze-thawed prior to DNA extraction.
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