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1.Summary

Centromere contains repetitive sequences in many eukaryotes and is crucial to faithful
segregation of chromosomes. Fission yeast centromere is composed of a unique core sequence
surrounded by inverted repeats. Although the stability of repetitive sequences in telomere and
rDNA regions has been extensively studied. little is known about the centromere repeats. Here.
we have developed a fission yeast system to detect gross chromosomal rearrangements (GCRs).
using a minichromosome that contains a complete set of centromere sequences. Pulse field gel
electrophoresis and comprehensive genome hybridization of the GCR products that formed
spontaneously under the normal growth condition reveal that two types of GCR events are
detected in this system. One is translocation between homologous chromosomes. and another
type is formation of isochromosomes in which the one arm of chromosome has been replaced
by a copy of the other. Remarkably, the isochromosome formation is associated with
rearrangement of the centromere repeats. The Rad3*'® kinase is found to suppress both the
translocation and isochromosome formation. These data suggest that instability of the

centromere repeats can cause isochromosome formation.
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2. General introduction

All living organisms including human consist of cells. The genetic information called
gene is translated into the protein that is composed of the cell. So the genetic
information is vital for maintaining our lives. Genes are encoded by DNA and are
packed into chromosome. Chromosome is DNA-protein complex and has a large
amount of DNA. For example, the length of human chromosome is 48 million base
pairs (1 base pair is one DNA molecule). Bacteria has usually ring chromosome and the
eukaryote including yeast to human has linear chromosome. Chromosome is folded
compactly and packed into the nucleus where is far smaller compared with the size of
the chromosome in the cell.

To maintain the genetic information during the cell proliferation, chromosomes must
be replicated accurately and a pair of chromosomes called sister chromatids must be
segregated equally to daughter cells (Figure 1). There are three elements needed for
these processes. Replication origin is the site for initiating DNA replication and a
number of the replication origins are distributed throughout the chromosome in order to
replicate the whole chromosome in a short time. Centromere is only a site in the
chromosome for forming the kinetochore (DNA - protein large complex that connects
chromosome and spindle) - spindle (microtubule that is needed for pulling the sister
chromosome to the separating cells) attachment and vital for equal segregation.
Telomere is the site of the linear chromosome end. Telomere is formed by the
repetitive DNA sequences and usually protected against the DN A degradation and DNA

damage recognition by a lot of proteins because telomere is similar structurally to the
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Figure 1 Stable maintenance of genetic information is important for all living organism
In order to maintain the genetic information stably, Chromosome (contains genetic information)
must be replicated accurately and segregated equally to duaghter cellduring cell proliferation



DNA double strand break.

Cancer becomes one of the major causes of death and serious problems in modern
society. Establishing the cancer treatment is immediate subject. Cancer cells grow
limitlessly and finally destruct the human body leading to death. Recently,
understanding the mechanism of tumorigeneis progressed and it is thought that the
alteration of genetic information causes cancer.

Chromosome stability is important for the cell survival. Chromosome instability
including gross chromosome rearrangements (GCRs) is one of the major characteristics
of cancer and genetic diseases. In the figure 2, the translocation between chromosome
7 and chromosome 9 is observed in cancer cells. Such a translocation is suggested to
cause tumorigenesis by the destruction of tumor-suppressor genes or amplification of
oncogenes by the fusion of the actively transcribed genes and oncogenes. Aneuploidy
is also observed in the cancer cell (Figure 2) and is suggested to causes tumorigenesis
by the imbalanced expression of a subset of genes. Furthermore, some genetic
diseases are associated with chromosome instability. For example, an additional
chromosome 21 in human cell causes dawn syndrome. Although a lot of information
about the relationship between chromosome instability and diseases has been obtained,
the molecular mechanism leading to GCR such as translocation and aneuploidy remains
unknown.

The fission yeast, Schizosaccharomyces pombe is a one of a model organism.
Fission yeast belongs ecukaryote and is a unicellular fungus. Fission yeast has

advantage for using genetic technique easily such as gene knockout. Furthurmore, the
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Figure 2 Gross chromosome rearrangements (GCRs) and aneuploidy are associated
with tumorigenesis and genetic diseases

Translocation between chromosome 7 and chromosome 9 and trisomy of chromosome 8

are observed in cancer cell. Gross chromosome rearrangements such as translocation

induces destruction of the tumor suppressor gene and fusion of the oncogene and actively

transcribed gene.



size of fission yeast genome is not so large compared with human genome but has
common characteristics of chromosome structure to human. For example, centromere
size is large 40 — 110kb and is composed of highly repetitive sequences (Figure 3). This
feature is common to human centromere that also has repetitive sequences and the size
is so large 0.3Mb to SMb(Cleveland et al., 2003). These characteristics make fission

yeast excellent model organism for chromosomal research.
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Figure 3 Centromere structure of budding yeast, fission yeast and human
Centromere of budding yeast, fission yeast and human is shown. Characteristics of
centromere of fission yeast are similar to those of human. Fission yeast centromere
is large (40-110kb) and contains inverted repeat sequence. Human centromere is
very large (300-5000kb). Core centromere contains tandem repeat sequence and
pericentromere also contains repeat sequence but the repeat direction is not uniform.



3. Introduction

Precise replication of chromosome DNA and faithful transmission of the genetic material to
daughter cells are crucial to maintain the genetic information throughout cell divisions (Bell and
Dutta, 2002; Nasmyth, 2002; Tanaka, 2005). However, external stresses such as ionizing
radiation and ultraviolet light or internal stresses such as replication errors and reactive oxygen
can introduce some damage into DNA. The damaged DNA can be cured by various kinds of
processes including recombinational repair, nucleotide excision repair, base excision repair, and
mismatch repair (Friedberg, 2001; Lindahl, 2000; Paques and Haber. 1999). DNA structure
checkpoint that, can be divided into DNA damage and replication checkpoints, detects aberrant
DNA structures and coordinates the repair and the cell cycle progression (Carr, 2002;
McGowan and Russell, 2004; Nyberg et al., 2002). Prior to the onset of mitosis, spindle
checkpoint ensures correct attachment of mitotic spindle and kinetochore, so that unequal
segregation of sister chromatids is prevented (Hardwick, 1998). Many elaborate systems
collaborate in cells to maintain the genetic information.

Gross chromosomal rearrangement (GCR) such as translocation and deletion is one
of the hallmarks of cancer cells, suggesting that chromosome instability is intimately associated
with the tumorigenesis (Lengauer et al., 1998). An isochromosome, a chromosome with
homologous arms that are mirror images of one another, is one of GCR products. In humans.
isochromosomes are observed in genetic diseases including cancer (Mertens et al., 1994).
Since isochromosome formation can be associated with loss of tumor suppressor genes or

amplification of oncogenes, it is implicated in the tumorgenic process of neoplasms. In



Candida albicans, the most prevalent human fungal pathogen, formation of an isochromosome
V is associated with resistance to azole, one of a limited number of available antifungal drugs
(Selmecki et al., 2006). Although centromere cleavage is proposed to account for
isochromosome formation (Jin et al., 2000), the sequence complexity of centromere hampers the
underlying molecular mechanism.

GCR events have been extensively studied using the budding yeast, Saccharomyces
cerevisiae (for a review see (Kolodner et al., 2002)). DNA repair and checkpoint regulation
play important roles to suppress GCRs (Myung et al., 2001a; Myung et al., 2001b). Not only
trans-factors but also cis-elements that affect chromosome stability have been found. The
number of replication initiation along a chromosome affects chromosome stability (Huang and
Koshland, 2003; van Brabant et al., 2001). DNA elements such as inverted repeat, transposons
and tRNA genes can induce GCR events (Admire et al., 2006; Lemoine et al., 2005; Lobachev
et al., 2000; Umezu et al., 2002). In the fission yeast, Schizosaccharomyces pombe, it has been
observed that a site-specific DNA double-strand break or replication fork barrier causes GCRs
(Lambert et al., 2005; Prudden et al., 2003).

Centromere is crucial for proper segregation of chromosomes, and it can be divided
into two regions, kinetochore and pericentromeric regions (Pidoux and Allshire, 2005; Schueler
and Sullivan, 2006). Kinetochore domain is the place where chromosome and mitotic spindle
is attached, whereas pericentromeric region is in heterochromatic state and play a role in
cohesion of sister centromeres (Bernard et al., 2001). The budding yeast centromere is
extremely short (125 bp) and contains no obvious repeats (Cheeseman et al., 2002). In

humans, centromere spans 300-5,000 kb and contain extensive copies (1,500->30,000) of a



171-bp sequence element termed o satellite (Cleveland et al., 2003). In the centromere core, o
satellites are arranged in extremely homogeneous higher-order, multimeric repeat units.  While,
in pericentromeric region, the stretch of o satellites is frequently interrupted by interspersed
elements such as LINEs, SINEs and LTRs, and the a satellites are not uniformly oriented
(Schueler and Sullivan, 2006). In fission yeast, centromeres span 40-110 kb and consist of a
unique central core (cnt) surrounded by pairs of inverted repeats (imr, otr and irc) (Grewal and
Jia, 2007). It is known that DNA repeats in telomere and rDNA regions are maintained by
sophisticated manners (Autexier and Lue, 2006; Kobayashi, 2006). However, little is known
about the DNA repeats present in centromere.

Here, I develop a new system to detect GCR events using a fission yeast
minichromosome ChL that is derived from chromosome Il (Chlll). The detailed analyses of
the GCR products show that translocation between homologous chromosomes, ChL and ChlII,
and isochromosome formation are detected in my system. Interestingly, the formation of
isochromosomes is found to be associated with rearrangement of the centromere repeat,

suggesting that the centromere repeat can cause the isochromosome formation.



4. Results

An assay system to detect gross chromosomal rearrangements (GCRs) in fission yeast
Fission yeast has three chromosomes, Chl to ChIIl (Wood et al., 2002).  Gross chromosomal
rearrangements (GCRs) are the genetic alteration at the chromosomal level.  When an essential
gene is eliminated by GCR, the cell will be dead preventing the analysis of the GCR event.
Thus, to monitor chromosome instability, I decided to use a minichromosome that is
dispensable for cell proliferation. It seems that the minichromosome Ch16 that is derived from
ChIlI is useful to this purpose, since it contains an intact centromere and telomere sequences,
and is transmitted to daughter cells with a high fidelity (Matsumoto et al., 1987: Niwa et al.,
1986). To monitor the chromosome stability, I introduced three genetic markers onto Chl6,
creating ChL (Fig. 4A). LEU2 was introduced into a centromere-proximal site on the left arm
of the minichromosome, whereas ura4™ and ade6™ genes were introduced in the middle of the
right arm. In a leul ura4 ade6 strain background. the presence of ChL is manifested as Leu”
Ura” Ade". If GCR events associated with specific loss of ura4” and ade6” markers take place,
the cell becomes Leu™ Ura” Ade (Fig. 4B, GCR). While, loss of ChL results in Leu” Ura (Fig.
4B, Chromosome loss). To obtain the clones that have expericnced GCR or chromosome loss,
the yeast strain harboring ChL was grown on the rich medium, YE3S. To detect Ura™ cells,
single colonies on YE3S plates were picked, suspended in distilled water and plated onto YE3S
and SFOA media supplemented with Leu and Ade (SFOA+LA) (Fig. 4C). The Ura colonies

formed on SFOA+LA plates were further examined by replica plating onto the media lacking
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Figure 4 An assay system to study chromosome stability using ChL minichromosome.

(A) ChL minichromosome was created by the introduction of LEU2, ura4" and ade6" markers
onto Ch16 (Niwa et al., 1986). Indicated are positions of the three markers integrated and the
centromere. (B) The parental ChL gives Leu” Ura" Ade" prototroph to leul ura+ ade6 cells.
Gross chromosomal rearrangements (GCRs) associated with specific loss of the region encom-
-passing ura4+ and ade6+ lead to Leu” Ura” Ade™ (the left arrow). Loss of ChL results in

Leu” Ura  (Ade) (the right arrow). (C) A schematic view of a protocol to determine the rate of
GCRs and chromosome loss. A single colony formed on YE3S, that contains Leu Ura and Ade,
was suspended in distilled water and plated onto YE3S and SFOA+AL media. After 4-5 days'
incubation at 30, C. the colonies were counted to determine the number of total and Ura™ cells.
The Ura™ colonies formed on SFOA+AL plates were replicated onto EMM+U and EMM+UA
plates and incubated for additional 3-4 days, to determine the number of Leu” Ura and

Leu™ Ura” Ade" cells, respectively. The numbers of Leu” Ura” Ade” (GCRs) and Leu” Ura”
(chromosome loss) cells were calculated as shown in (D). A, Ade; L, Leu; U, Ura.



Leu (EMM+UA) or both Leu and Ade (EMM+U). The numbers of Leu" Ura” Ade cells (i.e.

GCR) and Leu Ura (i.e. chromosome loss) were calculated as shown in Fig. 4D.

Analysis of GCR products by puise field gel electrophoresis

From 15 independent clones of Leu” Ura” Ade and the parental strain (P), chromosomal DNA
was prepared and separated by pulse field gel electrophoresis (PFGE) (Fig. 5). DNA staining
with ethidium bromide (EtBr) showed that all the clones contained minichromosomes in
addition to ChI-III (Fig. 5A-C, the left panels). However, the length of the minichromosomes
was different form that of the parental ChL, indicating that GCRs rather than simple gene
conversions have occurred in Leu” Ura® Ade clones. To see more details about the GCR
product, DNA in the gel was transfer to a nylon membrane and hybridized with specific probes
indicated in Fig. 5D (Fig. 5A-C). When the hybridization was performed using probe LEU2
all the minichromosomes were detected (Fig. 5A, probe LEU?2). demonstrating that they were
derived from ChL. From the results shown in Fig. SA-C. the GCR products observed in this
assay can be categorized into two types (Fig. SE). Type-I products contain regions A and B as
well as region C and rDNA, and are ~2.0 Mb long. It should be noted that ChIII contains
arrays of rDNA genes on its both ends. On the other hand, type-I1 products have lost regions
A and B, and are slightly smaller than the parental ChL (0.5 Mb). These results show that at

least two types of GCR products can be detected in this assay.

Translocation between homologous chromosomes, ChL and ChIII

The above results suggest that type-I GCR products are formed by translocation between ChL
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Figure 5 ChL chromosome has been rearranged in Leu” Ura” Ade™ clones.

(A-C) Chromosomal DNA was prepared from the parental strain (P, Parental; TNF1610) and
15 Leu" Ura- Ade” GCR clones derived from different colonies on YE3S, separated by PFGE
(pulse time: 1,800 sec in 2 V/cm for 72 hr) using 0.7% agarose gel in 1x TAE buffer, and
stained with EtBr (the left panel). Positions of Chl, Chll, ChIII and ChL chromosomes

(5.7, 4.6, 3.5 and 0.5 Mb, respectively) in the parental strain are indicated on the right of the
EtBr panel. DNA in the agarose gel was transferred onto a nylon membrane and hybridized
sequentially with the specific probes indicated on the top of each panel. (D) Positions of the
probes used in Southern blotting are indicated as red boxes. ChIII and ChL are shown.

(E) Type-I and Type-II GCR products observed in this assay. The size of the GCR products
and the clone number are shown in parentheses.
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Figure 6 Type-1 GCR products are associated with translocation between ChIII and ChL
chromosomes.

(A) A schematic diagram of ChIII and a ChL derivative (P, Parental; TNF2076) that contains the kan
gene (the blue box) on the right side of cen3. Positions of the probes used in Southern hybridization
are indicated as red boxes. (B) Chromosomal DNA was prepared from the parental strain (TNF2076)
and 15 Leu” Ura- Ade clones derived from different colonies on YE3S, separated by PFGE (pulse
time: 1,800 sec in 2 V/cm for 72 hr) using 0.8% agarose gel in 1x TAE buffer, and stained with EtBr
(the left panel). DNA was transferred onto a nylon membrane and hybridized sequentially with the
specific probe C and probe kan.



and Chlll. To narrow the position where the translocation takes place, 1 introduced an
additional marker, the kan gene, into a centromere-proximal site o the right side of cen3 (Fig.
6A), and carried out the isolation of Leu” Ura® Ade clones and the Southern analysis as
described above. Out of 15 GCR clones, 6 clones contained type-1 products judged by the
chromosome length and the presence of region C (Fig. 6B). Among the 6 type-1 products, 5
retained the kan marker. Thus, in most cases type-I products are formed by the translocation
between the right arm regions (~170 kb, see Fig. 4A) of ChL and Chlll. Loss of the kan maker

may be due to translocation between centromere regions.

The isochromosome produced around centromere

To determine the length of type-Il GCR products that have lost the original right arm (Fig. 7),
chromosomal DNA was separated with Lambda DNA ladder by PFGE under the condition
where 50-800 kb DNA can be resolved. DNA staining with EtBr showed that type-II products
were 320-400 kb although the parental ChL was ~540 kb (Fig. 7A). Since the length of ChL
except the right arm is ~220 kb (Fig. 4A), some additional sequence of 100-180 kb must be
present on type-II products. To see the additional sequence, the minichromosomes were
recovered from the gel and subjected to comprehensive genome hybridization (CGH) using an
oligonucleotide array (Fig. 7B). As expected, the parental ChL consisted of a ~540 kb region
of Chlll (Fig. 4B, Parental ChL)). However, the ~220 kb region of ChL and no other sequences
were detected in a type-1l product (Fig. 7B, Type-II). These results suggest that type-l11
product is the isochromosome in which the original right arm has been lost and replaced with a

copy of the left arm. To test this possibility, from the 15 Leu™ Ura Ade clones and the
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Figure 7 Analysis of type-II GCR products by comprehensive genome hybridization.

(A) To determine the chromosome size of type-II products, chromosomal DNA prepared from

the parental strain (P, Parental, TNF1610) and type-II GCR clones shown in Fig. 2 were separated

by PFGE (pulse time: 5 to 120 sec linear, 4.5 V/cm for 48 hr) using 1.0% agarose gel in 0.5x TBE
buffer and stained with EtBr. The position of the parental ChL is indicated on the left of the panel.
Sizes of Lambda DNA ladder (New England Biolabs) are indicated on the right. The clone numbers
are shown on the bottom. (B) By a DNA microarray technique, comprehensive genome hybridization
(CGH) was carried out for the parental ChL and a type-II GCR product. Each bar represents the mean
of 11 oligonucleotide probes within adjacent 250-bp windows. Orange bars represent significant binding
Chromosome position corresponds to the fully assembled virtual contigs in Sanger Center S. pombe
Genome Database. The Y-axis scale is log2.
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Figure 8 Type-I1 GCR products are isochromosomes.

(A) The parental ChL contains a single LEU? (the red box) on the left of cen3. However, if type-II
GCR products were isochromosomes, they have two copies of LEU2, one on the left and another on
the right arm. Positions of BmgBI and Xhol restriction sites are indicated as B and X, respectively.
(B) Chromosomal DNA was prepared from the parental strain (P, Parental; TNF1610) and 15 Leu®
Ura” Ade™ clones shown in Fig. 2, digested with BmgBI, separated by PFGE, transferred onto a nylon
membrane, and hybridized with the LEU2 probe. (C) Chromosomal DNA was digested with Xhol.
Type-I1 GCR clones are indicated by closed circles on the top of each panel. It is estimated that
clones 2, 10, 11, 13 and 14 contain the same number (i.e. ~12 copies) of ofr3 tandem repeats on both
sides of cnt3 while clones 1, 4 and 8 contain 2, 7 or 13 otr3s, respectively, on the right side.



parental strain, chromosome DNA was digested with BmgBI (B) or Xhol (X), separated by
PFGE, and the restriction fragment containing LEU2 was detected by Southern blot. When the
isochromosome is formed around centromere, the LEU2 marker will be duplicated, and the
LEU? restriction fragments are detected as two separate bands as far as they are significantly
different in the length (Fig. 8A, Parental versus Isochromosome). Fig. 8B&C show that, in the
case of type-II products that are indicated by closed circles at the top of the panel, at least one
the two digestions creates two separate LEU2 bands. These results show that type-Il GCR
products are the isochromosome that contains essentially the same sequence on both arms.
The difference lengths of the restriction fragments among type-II clones (Fig. 7A and Fig. 8)

may be due to the differences in the centromere repeats (see also below).

The isochromosome formation is associated with rearrangement of the centromere repeat

Cen3 consists of a unique central sequence, cnt3 (4.9 kb), and surrounded by inverted repeats,
imr3 (5.4 kb), otr3 (6.3 kb) and irc3 (2.2 kb) (Grewal and Jia, 2007) (Fig. 9A). There are ~12
and 2 copies of orr3s on the left and right sides of ¢nt3 on ChL, respectively (Supplemental data
Figure S1). The nucleotide sequences of the two imr3s are completely identical (Takahashi et
al., 1992), while small differences between the repeats of otr3s or irc3s. To diagnose the
integrity of centromere of isochromosomes, PCR analysis was carried out using the rearranged
and parental ChLs as templates. 440-bp region of irc3s was amplified using a pair of primers,
digested with Apal, and separated by conventional agarose gel electrophoresis (Fig. 9A).
Because of the nucleotide difference, an additional Apal site is present in the PCR fragment

amplified from the right irc3 (irc3-R) compared to that from the left (irc3-L). Four restriction

13
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Figure 9 Isochromosomes are associated with rearrangement of the centromere repeats.

Fission yeast cen3 is consist of a unique central sequence called cnt3 (blue) and inverted repeats of
tnree different sequences imr3 (red), otr3 (orange) and irc3 (gray). The parental (P, Parental; TNF1610)
and rearranged ChLs were separated by PFGE, recovered from the agarose gel and used as templates in
PCR amplification. A region of irc3 on the left and right sides was amplified using irc3-R and irc3-F primers,
digested with Apol, separated by 2.0% agarose gel electrophoresis, and stained with EtBr. Because of nucleotide
polymorphism, the amplified regions in the left and right irc3s contain one and two Apol sites, respectively.
(B) Centromere regions encompassing the junction of imr3 and otr3 was amplified using imr3-out and dh primers,
separated by 2.0% agarose gel electrophoresis, and stained with EtBr. Because of small deletions on the right side,
917 (L1) and 868-bp (R1) fragments are amplified from the left and right, respectively. (C) Centromere regions
encompassing the junction of cnt3 and imr3 was amplified, using a combination of three primers, cnt3-L, cnt3-R
and imr3-in2, separated by 1.2% agarose gel electrophoresis, and stained by EtBr. 446 (L2) and 622-bp (R2) regions
are amplified from the left and right, respectively. Type-II GCR clones are indicated by closed circles on the top of
each panel. The clone number is shown at the bottom of each panel.



fragments were produced from the parental and type-I ChLs. However, the two fragments
specific to irc3-R (136 and 211-bp) were not produced from any of the 8 type-II ChLs (Fig. 9A,
type-1I products are indicated by closed circles), indicating that the isochromosomes have lost
the original irc3-R sequence. 1 extended this assay to otr3 by amplifying the junction of imr3
and otr3 (Fig. 9B). Because of small deletions, two fragments of different sizes (LI and R1)
are amplified using a pair of primers from the left and right, respectively. Only the L1
fragment was amplified from 5 of the 8 type-II ChLs, indicating that some isochromosomes
have lost the right ofr3 too. When the junction of c¢nt3 and imr3 were amplified, the two
fragments (1.2 and R2) corresponding to the left and right junction, respectively. were detected
in all the cases examined (Fig. 9C). These data show that the isochromosome formation is

associated with rearrangement of the centromere repeat.

Rad3*"™ kinase suppresses GCRs

Mammalian ATR (ataxia telangiectasia- and Rad3-related) kinase is the central player in DNA
structure checkpoint control. ATR knockout mice accumulate chromosomal breaks and
become embryonic lethal, suggesting an essential role for ATR even in the absence of
exogenous stresses (Brown and Baltimore. 2000). To see whether Rad3. the fission yeast
homolog of ATR, affects chromosome stability in the absence of external stresses, the rates of
GCRs and chromosome loss that occur spontaneously were determined using the wild-type and
the rad3 deletion (rad3A) strains (Table. 1). In the wild type. GCRs were found to occur at
2.9x10° per cell division, which is comparable to those observed in budding yeast using

artificial chromosomes (YACs) (Huang and Koshland, 2003). The loss rate of ChL is similar



Table 1. Rates of GCR and chromosome loss in the wild type and rad3 mutant strains.

GCR Chromosome loss
Strain Sample#  Genotype Rate (x Eov Relative Rate C:o-mV Relative
TNF1610 45 wild type 291 25~32] 10 341 26~ 4.1] 10
TNF1700 31 rad3A 21.7118.4~284] 74 33.7(25.0~ 41.2] 100
TNF1728 15 rad3D2230A 32.028.1~38.2] 109 72.0 [60.5~218.0] 214
TNF1730 15 rad3N2235K 57.6137.3~82.0] 19.6 150.0 [94.0~287.0] 44.5
TNF1732 15 rad3D2249E 19.2[16.2~29.3] 6.5 41.7[30.5~ 649] 124

Fluctuation analysis was carried out to determine rates at which GCR or chromosome loss takes place per
cell division. The number of independent colonies examined is listed under Sample#. The mean value of
the rates is indicated, and 95% confidence interval is shown in | |. The relative rate compare to that of

wild type is indicated.




to that determined using Ch16 (Niwa et al., 1986). Compared to the wild type, the rates of
GCR and chromosome loss were significantly increased in rad3A cells, indicating Rad3 is
required to maintain the minichromosome. Both type-1 and type-II products were observed in
15 Leu" Ura” Ade clones isolated from rad3A cells (data not shown). Introduction of the
kinase-dead mutations (rad3D2230A, rad3N2235K or rad3D2249EF) also increased the rate of
GCR and chromosome loss (Table 1). Thus, the kinase function of Rad3 may play an

important role to maintain chromosome stability in the absence of external stresses.



5. Discussion

Gross chromosomal rearrangements (GCRs) can cause cell death because of loss of the genes
essential for cell proliferation, which hampers the study of the GCR mechanism. Here, using
an extra minichromosome ChL, I have developed a fission yeast system to detect GCRs that
occur spontaneously.  Detailed analyses of the rearranged chromosomes produced in the wild
type showed two different types of GCRs: Translocation between homologous chromosomes
ChL and Chlll, and formation of isochromosomes. Remarkably, the isochromosome
formation was associated with rearrangements of the centromere repeat. Both the translocation
and isochromosome formation were suppressed by Rad3*™® kinase. the central player in DNA
structure checkpoint.

In my assay, the GCR (i.e. Leu” Ura” Ade’) clones are isolated based on the specific
loss of both the two markers (ura4” and ade6) onto the right arm of ChL during the growth on
nonselective media. Pulse field gel electrophoresis (PFGE) showed that the length of ChLs in
the GCR clones were different from that of the parental ChL, indicating that simple gene
conversions do not account for loss of the markers. Gene conversion between allelic loci
occurs at the rate of 1~4x10° per cell division in vegetatively growing cells (Virgin et al.. 2001).
and the mean length of the conversion tract is ~1 kb (Grimm et al., 1994). Since ura4" and
ade6” on ChL are ~8 kb apart from each other, the chance of the co-conversion must be far less
than the rate of Leu” Ura Ade formation determined in my assay (i.e. the GCR rate. 2.9x107).
Simultaneous loss of two genetic makers near telomere sometimes results in deletion of a

chromosome end combined with de novo addition of telomere sequence (Chen et al., 1998).



However, such kind of GCR products was not seen in this study, probably because
chromosomal rearrangement between homologous sequences is prevailing when they are
available.

About a half of the GCR products were larger (~2.0 Mb) than the parental (~540 kb).
However, the rate of this type of GCRs (type-I) is likely to be underestimated, since I noticed
that the cells harboring type-I products grew less well compared to those containing the parental
ChL or isochromosomes (type-11). Southern blot analysis showed that type-1 products
contained the sequence unique to the right arm of Chlll, and also rDNA that is present right
next to Chlil telomeres. As ChlL is a derivative of Ch16 that has been created by truncation of
ChIIl (Niwa et al., 1986), type-I is the products formed by translocation between homologous
chromosomes, ChL and ChIIl. In most cases the breakpoint is located in the 170-kb region o
the right arms, since a marker introduced adjacent to the right edge of cen3 was retained in 5 of
6 type-l products. Translocation between homologs is accompanied with loss of heterogeneity
(LOH), which is one of the ways to eliminate wild-type alleles of tumor suppressor genes
(Cavenee et al., 1983). A similar type of translocation was induced by DNA double-strand
breaks (DSBs), and it was shown by pedigree analysis that the translocation occurs either by
reciprocal crossing over in late S or G2 phase or nonreciprocal break-induced replication (BIR)
mechanism (Cullen et al., 2007, Prudden et al., 2003). The spontaneous translocation
observed in this study may be initiated by DSBs produced at fragile sites on a chromosome arm
(Cha and Kleckner, 2002). tRNA gene is one of the fragile sites (Admire et al., 2006; [vessa et
al., 2003), and the minichromosome has three of them on the right arm (~70, 110, 220 kb from

centromere). DNA degradation from a chromosome end may also leads the translocation,



although BIR rather than crossing over occurs in this case because the DSB has only one end.

Another type (type-II) of the GCR products observed in this study has lost the right
arm sequences. The length of type-1I products determined by PFGE is longer than that
estimated by comprehensive genome hybridization (CGH) (320-400 versus ~220 kb). This
apparent discrepancy can be solved if the right arm had been replaced by a copy of the left.
Indeed, I found that the LEU2 marker integrated on the left side of cen3 was duplicated. These
data demonstrate that type-II products are the isochromosomes that form around cen3.
Different lengths among the isochromosomes are likely to be due to the copy number of tandem
repeats (otr3) present in cen3. The fission yeast centromere is composed of a unique central
core (cnt) surrounded by the inverted repeats; innermost repeats (imr), outer repeats (otr), and
also irc except cen2 where no irc is recognized. In all the 8 isochromosomes examined, the
right edge of cen3 (i.e. irc3-R) had been altered whereas the cnt3/imr3 junctions were preserved,
indicating that the breakpoint of the isochromosome locates somewhere in the centromere repeat
(i.e. imr3, otr3 and irc3) but not in cnz3. Interestingly, about a half of the isochromosomes
retain at least a part of the original or3-R and another half has lost it. The breakpoint may be
located in imr3 in the former case while it is in o#r3 or irc3 in the latter. These data show that
the isochromosome formation is associated with rearrangement of the centromere repeat and
that the breakpoint is not limited to a specific repeat.

Centromere can be divided into two sub-regions with respect to the function; the
kinetochore (cnt and imr) where attachment of microtubules to chromosomes takes place during
mitosis and the pericentromeric heterochromatin region (otr and irc). Incorporation of histone

variants (e.g. CENP-A) occur in Kinetochore, and specific modifications of histones (e.g. H3



K9-methylation) take place in pericentromeric heterochromatin. In imr and irc, the chromatin
boundary of pericentromeric heterochromatin is present (Cam et al., 2005; Scott et al., 2006).
The tRNA genes are also embedded in imr of any centromere. Thus, it is possible that aberrant
DNA is produced in centromere and causes isochromosome formation.  Consistent to this idea,
two-dimensional electrophoresis has shown that cruciform DNA is produced in centromere of
fission yeast (Smith et al., 1995). In addition, pausing of replication forks has been seen in
centromere of budding yeast (Greenfeder and Newlon, 1992). It cannot be formally excluded
the possibility that the initial event (e.g. DSB formation) occurs on a chromosome arm or
telomere rather than centromere. However, I think it unlikely because a DSB is repaired using
the sequence adjacent to the break before extensive degradation of broken end (Paques and
Haber, 1999). Interestingly, in humans, most pericentromeric heterochromatin regions have
been subjected to a complex series of segmental duplications during the course of evolution
(She et al., 2004). Isochromosomes are observed in various types of genetic diseases including
cancer (Mertens et al., 1994). Thus, rearrangement of the centromere repeats may be one of a
driving force of the evolution and one that enforces tumorigenesis.

DNA sequences of imr inverted repeats on a chromosome are the same while they
are different among the three chromosomes in fission yeast (Takahashi et al.. 1992). suggesting
an interaction between the inverted repeats in centromere. It has been observed that. in
budding yeast, an intramolecular loop (C-loop) is produced around centromere in mitosis (Yeh
et al., 2008). C-loop formation may facilitate the interaction between the inverted repeats in
the fission yeast centromere. The isochromosomes observed in this study appear to be

produced via recombination between the inverted repeats surrounding a central sequence car. 1



propose that BIR accounts for the isochromosome formation. Since, intramolecular crossing
over between a pair of the inverted repeats only flip the orientation of centromere and does not
result in an isochromosome. It was seen that the fission yeast homolog of mammalian ATR
checkpoint kinase, Rad3 is required to suppress GCRs in my assay. The kinase activity of
Rad3 appears to be important for the GCR suppression, as amino acid substitution in the kinase
domain caused chromosome instability as well as a deletion of Rad3. The assay system
described here seems to be useful to study the molecular mechanism underlying isochromosome

formation and translocation.
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6. Materials and methods

Yeast strains and media

The fission yeast strains used in this study are listed in Table S1. Cells were grown in
complete (YE) or minimum (EMM) medium supplemented with the indicated amino acid at a
final concentration of 225 ug/ml (Moreno et al., 1991).

Construction of the ChL chromosome

To construct the ChL chromosome, LEU2, ura4™ and ade6® genes were integrated into Chl6
(Niwa et al.. 1986) as follow. A 1.0 kb region flanking the ubcp4™ gene was amplified using
I11_1057F and II1_1057R primers by PCR, and digested with Mscl and HindlIl. The resulting
0.4 kb Mscl-Hindlll fragment was introduced between Hincll and HindlII sites of pBluescriptll
SK* (Stratagene), creating the plasmid pTN593. A 2.0 kb region flanking the chkI" gene was
amplified using III_1062F and I1I_1062R primers, digested with Sacl and HindlIl and the
resulting 0.4 kb Sacl-Hindlll fragment was introduced between Sacl and HindIIl sites of
pTN593, creating pTN594. A 2.2 kb HindIll fragment containing LEU2 from pREP8I
(Maundrell, 1993) was introduced into the Hindlll site of pTN594, creating pTN595. A 3.1 kb
Sacl-Xhol fragment containing the ubcp4::LEU2::chkl construct from pTN595 was introduced
into an yeast strain harboring Chl6, and the transformants were selected using a medium
lacking Leu, creating the yeast strain TNF844. A 1.7 kb Pvull-HindHll fragment containing
5"-half of ade6” from pTN435 was introduced into TNF844 strain, and the transformants were
selected using a medium lacking Ade, creating TNFI1383 strain. 0.3 and 0.5 kb regions

flanking the ORF, spccl322.09, were amplified using a primer pair, HI_1310A and

21



HI_1310B+ura4ANS5, and another pair, III_1310C+ura4AN3 and III_1310D, respectively.
The second amplification was carried out in the presence of the two PCR products, pTN445
plasmid containing ura4” and a pair of primers, 11l _1310A and I1I_1310D. The PCR product
of 2.5 kb was introduced into TNF1383 strain, and the transformants were selected using a
medium lacking Ura, creating TNF1610 strain.

A ChL derivative that contains the kanMX6 gene on the right arm proximal to cen3
was created as follows. 0.2 kb regions flanking the ORF, spcc4B3.18, were amplified using a
primer pair, irc3R7and irc3R8+kanAN3, and another pair, irc3R9+kanANS and irc3R10. The
second amplification was carried out in the presence of the two PCR products. pFA6a-kanM X6
(Bahler et al., 1998) and a pair of primers, irc3R7 and irc3R10. The PCR product of 1.8 kb
fragment was introduced into TNFI1610 strain. and the transformants were selected using a
medium containing G418 (Nacalai tesque) at a final concentration of 50 pg/ml, creating
TNF2076 strain. The sequence of the oligonucleotide primers used in this study is listed in
Table S2.  Correct integration was confirmed by PCR or by Southern blotting.
Pulsed field gel electrophoresis (PFGE) and Southern hybridization
In the case where DNA was not treated with restriction enzymes, chromosomal DNA was
prepared basically as described before (Smith et al.. 1987). 1.6x10° cells were collected from
log-phase culture, washed with 50 mM EDTA twice, and suspended in | ml of CSEI solution
[20 mM citrate phosphate (pH5.6), 1.0 M sorbitol. 50 mM EDTA] supplemented with
Zymolyase 20T (Seikagaku) and Lysing enzyme (Sigma) at the final concentration of 0.25
mg/mi each. After incubation at 30°C for 30 min with rotation, the spheroplasts were collected

by centrifugation at 500 rpm for 15 min (MX-201 micro centrifuge, TOMY), washed with 0.5
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ml of CSE2 solution [20 mM citrate phosphate (pH5.6), 0.9 M sorbitol, 50 mM EDTA], and
resuspended with 200 pl of CSE2.  After addition of 200 pl of 1.6% low-melting agarose LM
(Nacalai tesque) solution in H,O that was pre-incubated at 50°C, the spheroplast suspension was
transferred into molds (Bio-Rad) to make four agarose plugs. The four plugs were incubated
at 60°C for 2 h in 2 ml of ES solution [0.25 M EDTA, 1% SDS], and then incubated at 50°C for
24 h in 2 ml of ESP solution 0.5 M EDTA, 1.0% N-lauroyl sarcosine (Sigma), 1.0 mg/ml
Proteinase K (Merck)]. The plug was washed with TE10:1 [10 mM TrisHCl1 (pH8.0), | mM
EDTA] three times, and kept at 4°C. Electrophoresis was carried out using Certified
Megabase agarose gel and CHEF-DRII system (Bio-Rad) under the condition indicated in the
figure legends. After treatment of the gel with 0.25 M HCl for | h, with 0.6 M NaCl, 0.2 M
NaOH for 30 min twice, and with 50 mM sodium phosphate (pH6.5) for 1 h, DNA was
transferred to a Nytran nylon membrane (Schleicher & Schuell).

In the case where chromosomal DNA was digested with BmgBI or Xhol restriction
enzyme, 6.25 x 10® cells were collected, washed with TE10:25 [10 mM TrisHCI (pH8.0), 25 mM
EDTA| and then with SPI1 buffer [1.2 M sorbitol, 50 mM citrate phosphate (pH5.6), 40 mM
EDTA (pH8.0)}, and stored at -80°C before use. The cells were resuspended with 1.25 ml SPI
buffer. After addition of 0.25 ml of SPI containing Lyticase (Sigma) at 3.5 mg/ml. the cell
suspension was incubated at 37°C for 30-60 min. The spheroplasts were collected by
centrifugation at 2,000 rpm for 3 min (GRX-250 centrifuge, TOMY) and suspended with 150 ul
of SP1. After addition of 200 pl of low-melting agarose LM, the spheroplasts were transferred
into molds. The plug was incubated overnight at 50°C in 5 ml of DB buffer [1.0 mg/ml

Proteinase K (Merck), 1.0% N-lauroy! sarcosine (Sigma), 25 mM EDTA]. and then stored at
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4°Cin TE10:50 [10 mM TrisHCI (pH8.0), 25 mM EDTA]. The plug was treated with 10-20 U
of a restriction enzyme at 37 °C for 3 h. The plug was melted by incubation at 70°C for 10
min. After addition of 2 ul of 0.5 mg/ml RNase A (Sigma) and 2 U of B-agarase I (New
England Biolabs), the solution was incubated at 42°C for | h, followed by addition of 20 U of
restriction enzyme and overnight incubation at 37°C.  After centrifugation at 13.000 rpm for
10 min (MX-201, TOMY), DNA in the supernatant was alcohol precipitated. DNA was
applied to PFGE (pulse time: | to 6 sec, 6 V/cm, 22 h in 0.5x TBE buffer). 0.8 and 0.7%
agarose gels were used for BmgBI and Xhol cases. respectively. Following UV irradiation
(300 mJ), the gel was pretreated as described above prior to blotting. The probe for Southern
hybridization was prepared using Megaprime DNA labeling system (GE Healthcare) with a-**P
-dATP. Radioactive signals were detected using a BAS2500 phosphorimager (Fuji film).

The rate of gross chromosomal rearrangements and loss of the ChL chromosome

Rates of GCRs and the minichromosome loss were determined by a fluctuation analysis using
the method of the median (Lea and Coulson, 1949; Lin et al., 1996). 95% confidential interval
was determined as described (Dixon and Massey, 1969).

PCR analysis of the centromere region of ChL

ChL chromosomes separated by PFGE were recovered from the gel using QlAquick gel
extraction kit (Qiagen). The PCR products were separated by agarose gel electrophoresis in 1x
TAE buffer. The oligonucleotide primers used are listed in Table S2.

Comprehensive genome hybridization (CGH) analysis

DNA microarray analysis was carried out as described before (Hayashi et al., 2007), using ChL

chromosomes recovered from pulse field agarose gel using QIAquick extraction kit (Qiagen).
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Plasmids

A 1.4 kb region near SPCC11E10.02¢ was amplified using ChLR-F and ChLR-R primers and
digested with EcoRI and Haelll. The resulting 1.3 kb EcoRI-Haelll fragment was introduced
between EcoRI and EcoRV sites of pBluescript 11 SK”, creating pTN672, and used to prepare
the probe B.  pTN445 harboring a 3.0 kb Xbal-BamHI fragment containing the ura4” gene on
SK*, was digested with HindIIl and self-ligated. creating pTN753. A 0.5 kb Xbal-Hindlll
fragment from pTN753 was used as to prepare the probe E. A 2.0 kb fragment near the chk/”
gene was amplified using I1I_1062F and II1_1062R primers and digested with Clal and HindIII.
The resulting 0.7 kb fragment was introduced between Clal and Hindlll sites of SK”, creating
pTN754, and used to prepare the probe D. A 2.2 kb region near spcc4B3.18 was amplified
using cen3R-F and cen3R-R primers and digested with EcoRI. The resulting 0.6 kb EcoRI
fragment was cloned into the EcoRI site of pBluescript I SK, creating pTN755, and used to
prepare the probe A. A 1.0 kb region near the ade5" gene was amplified using ChIIIR-F and
ChIIR-R primers and digested with EcoRl and Xbal. The resulting 0.8 kb EcoRI-Xbal
fragment was cloned between EcoRI and Xbal sites of SK*, creating pTN756, and used to
prepare the probe C. A 2.2 kb HindIll fragment from pREPI (Maundrell, 1993) was used to
prepare the probe LEU2. A 10.4 kb Hindlll fragment from YIp10.4 (Toda et al.. 1984) was

used to prepare the probe rDNA.
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8. Supplemental Data

Table S1 The fission yeast strains used in this study

Strain Genotype
TNF844 W, ade6A-D, ura4-DI8, leul-32,

ChL [ubcp4::LEU2::chkl, ade6-M216]
TNF1383 h', ade6A-D, ura4-DI18, leul-32,

ChL [ubcp4::LEU2.::chkl, ade6”|
TNF1610 W, ade6A-D, ura4-DI18, leul-32,

ChL [ubcp4::LEU2::chkl, spcc1322.09::ura4”, ade6")
TNF2076 h,ade6A-D, ura4-DI8, leul-32,

ChL [ubcﬁ4: LEU2::chkl, kanMX6:spcc4B3.18, spccl322.09: :ura4”, ade6”|
TNF1700 k', ade6A-D, ura4-D18, leul-32, rad3::kanMX6,

ChL [ubcp4::LEU2::chkl, spccl1322.09::ura4", ade6”|
TNF1728 h', ade6A-D, ura4-DI8, leul-32, rad3D2230A,

ChL |ubcp4::LEU2::chkl, spccl322.09::ura4", ade6”|
TNF1730 h', ade6A-D, ura4-DI18, leul-32, rad3N2235K,

ChL [ubcp4::LEU2::chkl, spccl322.09::ura4”, ade6"|
TNF1732 h,adeb6A-D, urad-DI8, leul-32, rad3D2249F,

ChL [ubcp4::LEU2::chkl, spccl322.09::ura4”, ade6']
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Table S2 Nucleotide sequences of the oligonucleotides used in this study.

Name Nucleotide sequences

II_1057F 5'-AAACGATAATGGGCTTGAAAATGGG
II_1057R 5’-ATCTTTAATAGGTCCTGAAGCCGGC
HI_1062F 5’-AGCAAATATCAATGGTTGCGAATGC
II1_1062R 5’-GTTTATCCCAATACTGGAATGCTGC
III_1310A 5’-CAGAATGTCGTTCGATCAATATTGG

HI_1310B+ura4ANS5

III_1310C+uradAN3

I1_1310D
irc3R7
irc3R8+kanAN3

irc3R9+kanANS

irc3R10
irc3-F
irc3-R
imr3-in
imr3-out
dh
cnt3-L
cnt3-R
cen3R-F
cen3R-R
ChLR-F
ChLR-R
ChIIIR-F
ChIIIR-R

5’-GCCAGTGGGATTTGTAGCTAGGTCTTGTCTA
-GTTGATGAGTTTCG
5’-GGCGTTTTATGTCAGAAGGCTAGAGCAATG
-TTAGAGTAGTGAGCG
5-TTGGTCTTATTCATCATCAACAGG
5-GTTTATTGAAGATTTAACAATATGC
5-CGATACTAACGCCGCCATCCTCAATCTTTTT
-CTGTAAAGAACAGG
5’-CCCGGCGGGGACGAGGCAAAAAGTCATTG
-ATGAATCATGATGC
5>-TTTGTAGCAGAATCTTGGGAAGTCG
5'-CATTAAAAATCAACAAGTCTTGTCC
5-GAAACATTTTTGAGTGTTGTTCAGG
5-AAGTTTTGATGCTCAACAAATGGC
5-GTGGTTAGAATTGGACAAGC
5'-CGTGTAAATAAGGGACAAATAGG
5’-AACCGCAACAAACGATTAGC
5'-CGGAATTAGAAAGATTGATGATTTG
5-CCGCAGCCGTAATCGTCAAAGATGC
5-TGCTTTAACTTATATGAACTATCGG
5’-CCAAGGATGCCTTATTGGTAATGG
5-CCGGAATTCTGACATTTTAATAACG
5’-AGTTATAGGAAACCGACTGAAACCG
5"-TATCGCAAGAGCACTAAAATTCCCG

28



EtBr probe A

12345 12345

Figure S1 Measurement of the otr3 repeat number on the right side of cen3.

(A) Positions of Xhol restriction sites on the right side of cen3 are indicated. X, Xhol.

(B) Chromosomal DNA was prepared from TNF1610, TNF664 and 972 strains, digested

with Xhol, separated by PFGE (pulse time: 0.5 to 1.3 sec in 6 V/cm for 16.5 h; 1.0% agarose

gel in 0.5x TBE buffer), transferred onto a nylon membrane, and hybridized with probe

A shown in (A) and in Fig. 2. Lane 1, TNF1610; lane 2, TNF664 (h-, ade6M-210, his2, Chl6),
lane 3, 972 (h-); lane 4, 1 kb DNA ladder (New England Biolabs); lane 5, HindIIl digested Lambda
DNA. Lengths of the standard are indicated on the right. The restriction fragment detected by
Southern blot was determined to be 21.0 kb. Since the sequence other than o#r3 in this fragment is
9.5 kb in the length, two copies of otr3 (6.3 kb each) must be present on the right side of cen3.



9, References

Admire, A., Shanks, L., Danzl, N., Wang, M., Weier, U., Stevens, W., Hunt, E. and Weinert, T.
(2006) Cycles of chromosome instability are associated with a fragile site and are increased
by defects in DNA replication and checkpoint controls in yeast. Genes Dev, 20, 159-173.

Autexier, C. and Lue, N.F. (2006) The structure and function of telomerase reverse transcriptase.
Annu Rev Biochem, 758, 493-517.

Bahler, J., Wu, J.Q., Longtine, M.S., Shah, N.G., McKenzie, A., 3rd, Steever, A.B., Wach, A.,
Philippsen, P. and Pringle, J.R. (1998) Heterologous modules for efficient and versatile
PCR-based gene targeting in Schizosaccharomyces pombe. Yeast, 14, 943-951.

Bell, S.P. and Dutta, A. (2002) DNA replication in eukaryotic cells. Annu Rev Biochem, 71,
333-374.

Bernard, P., Maure, J.F., Partridge, J.F., Genier, S., Javerzat, J.P. and Allshire, R.C. (2001)
Requirement of heterochromatin for cohesion at centromeres. Science, 294, 2539-2542.

Brown, E.J. and Baltimore, D. (2000) ATR disruption leads to chromosomal fragmentation and
early embryonic lethality. Genes Dev, 14, 397-402.

Cam, H.P., Sugiyama, T., Chen, E.S., Chen, X., FitzGerald, P.C. and Grewal, S.I. (2005)
Comprehensive analysis of heterochromatin- and RNAi-mediated epigenetic control of the
fission yeast genome. Nat Genet, 37, 809-819.

Carr, A.M. (2002) DNA structure dependent checkpoints as regulators of DNA repair. DNA
Repair (Amst), 1, 983-994.

Cavenee, W.K., Dryja, T.P., Phillips, R.A., Benedict, W.F., Godbout, R., Gallie, B.L., Murphree,
A.L., Strong, L.C. and White, R.L. (1983) Expression of recessive alleles by chromosomal
mechanisms in retinoblastoma. Nature, 305, 779-784.

Cha, R.S. and Kleckner, N. (2002) ATR homolog Mecl promotes fork progression, thus
averting breaks in replication slow zones. Science, 297, 602-606.

Cheeseman, [.M., Drubin, D.G. and Bames, G. (2002) Simple centromere, complex
kinetochore: linking spindle microtubules and centromeric DNA in budding yeast. J Cell
Biol, 157, 199-203.

Chen, C., Umezu, K. and Kolodner, R.D. (1998) Chromosomal rearrangements occur in S.
cerevisiae rfal mutator mutants due to mutagenic lesions processed by double-strand-break

repair. Mol Cell, 2,9-22.

29



Cleveland, D.W., Mao, Y. and Sullivan, K.F. (2003) Centromeres and kinetochores: from
epigenetics to mitotic checkpoint signaling. Cell, 112, 407-421.

Cullen, J.K., Hussey, S.P., Walker, C., Prudden, J., Wee, B.Y., Dave, A., Findlay, J.S., Savory,
A.P. and Humphrey, T.C. (2007) Break-induced loss of heterozygosity in fission yeast: dual
roles for homologous recombination in promoting translocations and preventing de novo
telomere addition. Mol Cell Biol, 27, 7745-7757.

Dixon, W.I. and Massey. FJ., Jr. (1969) Introduction to Statistical Analysis. McGraw-Hill
Book Company, New York.

Friedberg, E.C. (2001) How nucleotide excision repair protects against cancer. Nat Rev Cancer,
1,22-33.

Greenfeder, S.A. and Newlon, C.S. (1992) Replication forks pause at yeast centromeres. Mol
Cell Biol, 12, 4056-4066.

Grewal, S.1. and Jia, S. (2007) Heterochromatin revisited. Nat Rev Genet, 8, 35-46.

Grimm, C., Bahler, J. and Kohli, J. (1994) M26 recombinational hotspot and physical
conversion tract analysis in the ade6 gene of Schizosaccharomyces pombe. Genetics. 136,
41-51.

Hardwick, K.G. (1998) The spindle checkpoint. Trends Genet, 14, 1-4.

Hayashi, M., Katou, Y., Itoh, T., Tazumi, A., Yamada, Y.. Takahashi, T.. Nakagawa, T..
Shirahige, K. and Masukata, H. (2007) Genome-wide localization of pre-RC sites and
identification of replication origins in fission yeast. EMBO J, 26, 1327-1339.

Huang, D. and Koshland, D. (2003) Chromosome integrity in Saccharomyces cerevisiae: the
interplay of DNA replication initiation factors, elongation factors, and origins. Genes Dev,
17, 1741-1754.

Ivessa, A.S., Lenzmeier, B.A., Bessler, J.B., Goudsouzian, L..K., Schnakenberg, S.L.. and Zakian,
V.A. (2003) The Saccharomyces cerevisiae helicase Rrm3p facilitates replication past
nonhistone protein-DNA complexes. Mol Cell, 12, 1525-1536.

Jin, Y., Jin, C., Salemark, L., Martins, C., Wennerberg, J. and Mertens, F. (2000) Centromere
cleavage is a mechanism underlying isochromosome formation in skin and head and neck
carcinomas. Chromosoma, 109, 476-481.

Kobayashi, T. (2006) Strategies to maintain the stability of the ribosomal RNA gene
repeats--collaboration of recombination. cohesion, and condensation. Genes Genet Syst, 81,
155-161.

Kolodner, R.D., Putnam. C.D. and Myung, K. (2002) Maintenance of genome stability in

30



Saccharomyces cerevisiae. Science, 297, 552-557.

Lambert, S., Watson, A., Sheedy, D.M., Martin, B. and Carr, A.M. (2005) Gross chromosomal
rearrangements and elevated recombination at an inducible site-specific replication fork
barrier. Cell, 121, 689-702.

Lea, D.E. and Coulson, C.A. (1949) The distribution of the numbers of mutants in bacterial
populations. J Genet, 49, 264-285.

Lemoine, FJ., Degtyareva, N.P., Lobachev, K. and Petes, T.D. (2005) Chromosomal
translocations in yeast induced by low levels of DNA polymerase a model for chromosome
fragile sites. Cell, 120, 587-598.

Lengauer, C., Kinzler, K.W. and Vogelstein, B. (1998) Genetic instabilities in human cancers.
Nature, 396, 643-649.

Lin, M., Chang, C.J. and Green. N.S. (1996) A new method for estimating high mutation rates
in cultured cells. Mutar Res, 351, 105-116.

Lindahl, T. (2000) Suppression of spontaneous mutagenesis in human cells by DNA base
excision-repair. Mutat Res, 462, 129-135.

Lobachev, K.S., Stenger. J.E., Kozyreva, O.G., Jurka. J.. Gordenin. D.A. and Resnick. M.A.
(2000) Inverted Alu repeats unstable in yeast are excluded from the human genome. EMBO J,
19, 3822-3830.

Matsumoto, T., Fukui, K., Niwa, O., Sugawara, N., Szostak, J.W. and Yanagida, M. (1987)
Identification of healed terminal DNA fragments in linear minichromosomes of
Schizosaccharomyces pombe. Mol Cell Biol, 7. 4424-4430.

Maundrell, K. (1993) Thiamine-repressible expression vectors pREP and pRIP for fission yeast.
Gene, 123, 127-130.

McGowan, C.H. and Russell, P. (2004) The DNA damage response: sensing and signaling. Curr
Opin Cell Biol, 16, 629-633.

Mertens, F., Johansson, B. and Mitelman, F. (1994) Isochromosomes in neoplasia. Genes
Chromosomes Cancer, 10, 221-230.

Moreno, S., Klar, A. and Nurse, P. (1991) Molecular genetic analysis of fission yeast
Schizosaccharomyces pombe. Methods Enzymol, 194, 795-823.

Myung, K., Chen, C. and Kolodner, R.D. (2001a) Multiple pathways cooperate in the
suppression of genome instability in Saccharomyces cerevisiae. Nature, 411, 1073-1076.

Myung, K., Datta, A. and Kolodner, R.D. (2001b) Suppression of spontaneous chromosomal

rearrangements by S phase checkpoint functions in Saccharomyces cerevisiae. Cell, 104,

31



397-408.

Nasmyth, K. (2002) Segregating sister genomes: the molecular biology of chromosome
separation. Science, 297, 559-565.

Niwa, O., Matsumoto, T. and Yanagida, M. (1986) Construction of a mini-chromosome by
deletion and its mitotic and meiotic behaviour in fission yeast. Mol Gen Genet, 203,
397-405.

Nyberg, K.A., Michelson. R.J., Putnam, C.W. and Weinert, T.A. (2002) Toward maintaining
the genome: DNA damage and replication checkpoints. Annu Rev Genet, 36, 617-656.

Paques, F. and Haber, J.E. (1999) Muitiple pathways of recombination induced by
double-strand breaks in Saccharomyces cerevisiae. Microbiol Mol Biol Rev, 63, 349-404.

Pidoux, A.L. and Allshire, R.C. (2005) The role of heterochromatin in centromere function.
Philos Trans R Soc Lond B Biol Sci, 360, 569-579.

Prudden, J., Evans, J.S.. Hussey, S.P., Deans, B.. O'Neill, P., Thacker, J. and Humphrey, T.
(2003) Pathway utilization in response to a site-specific DNA double-strand break in fission
yeast. EMBO J, 22, 1419-1430.

Schueler, M.G. and Sullivan, B.A. (2006) Structural and Functional Dynamics of Human
Centromeric Chromatin. Annu Rev Genomics Hum Genet.

Scott, K.C., Merrett, S.L.. and Willard, H.F. (2006) A heterochromatin barrier partitions the
fission yeast centromere into discrete chromatin domains. Curr Biol, 16. 119-129.

Seimecki, A., Forche, A. and Berman, J. (2006) Aneuploidy and isochromosome formation in
drug-resistant Candida albicans. Science. 313, 367-370.

She, X., Horvath, J.E., Jiang, Z., Liu, G., Furey, T.S., Christ, L., Clark, R., Graves, T., Gulden,
C.L., Alkan, C., Bailey, J.A., Sahinalp, C., Rocchi, M., Haussler, D., Wilson, R.K., Miller,
W., Schwartz, S. and Eichler, E.E. (2004) The structure and evolution of centromeric
transition regions within the human genome. Nature, 430, 857-864.

Smith, C.L., Matsumoto, T., Niwa, O., Klco, S., Fan, I.B., Yanagida, M. and Cantor, C.R.
(1987) An electrophoretic karyotype for Schizosaccharomyces pombe by pulsed field gel
electrophoresis. Nucleic Acids Res, 15, 4481-4489.

Smith, J.G., Caddle, M.S., Bulboaca, G.H., Wohlgemuth, J.G., Baum, M., Clarke, L. and Calos,
M.P. (1995) Replication of centromere Il of Schizosaccharomyces pombe. Mol Cell Biol, 15,
5165-5172.

Takahashi, K., Murakami, S., Chikashige, Y., Funabiki, H., Niwa, O. and Yanagida, M. (1992)

A low copy number central sequence with strict symmetry and unusual chromatin structure

32



in fission yeast centromere. Mol Biol Cell, 3, 819-835.

Tanaka, T.U. (2005) Chromosome bi-orientation on the mitotic spindle. Philos Trans R Soc
Lond B Biol Sci, 360, 581-589.

Toda, T., Nakaseko, Y., Niwa, O. and Yanagida, M. (1984) Mapping of rRNA genes by
integration of hybrid plasmids in Schizosaccharomyces pombe. Curr Genet, 8, 93-97.

Umezu, K., Hiraoka, M., Mori, M. and Maki, H. (2002) Structural analysis of aberrant
chromosomes that occur spontaneously in diploid Saccharomyces cerevisiae: retrotransposon
Ty plays a crucial role in chromosomal rearrangements. Genetics, 160, 97-110.

van Brabant, A.J., Buchanan, C.D., Charboneau, E., Fangman, W.L. and Brewer, B.J. (2001)
An origin-deficient yeast artificial chromosome triggers a cell cycle checkpoint. Mol Cell, 7.
705-713.

Virgin, J.B., Bailey, J.P., Hasteh, F., Neville, J., Cole, A. and Tromp, G. (2001) Crossing over is
rarely associated with mitotic intragenic recombination in Schizosaccharomyces pombe.
Genetics, 157, 63-77.

Wood, V., Gwilliam, R., Rajandream, M.A., Lyne. M., Lyne, R., Stewart, A.. Sgouros, J., Peat,
N., Hayles, J.. Baker, S.. Basham, D.. Bowman, S., Brooks, K.. Brown, D., Brown, S.,
Chillingworth, T., Churcher, C., Collins, M., Connor, R., Cronin, A., Davis, P., Feltwell, T.,
Fraser, A., Gentles, S., Goble, A.. Hamlin, N., Harris. D., Hidalgo, J., Hodgson. G., Holroyd,
S.. Hornsby, T., Howarth, S., Huckle, E.J., Hunt. S., Jagels. K., James, K., Jones, L., Jones,
M., Leather, S., McDonald, S., McLean, J., Mooney, P., Moule, S., Mungall, K., Murphy, L.,
Niblett, D., Odell, C., Oliver, K., O'Neil, S.. Pearson, D., Quail, M.A., Rabbinowitsch, E.,
Rutherford, K., Rutter, S.. Saunders, D., Seeger. K.. Sharp. S., Skelton. J., Simmonds. M..
Squares, R., Squares, S., Stevens, K., Taylor, K., Taylor, R.G., Tivey, A., Walsh, S., Warren,
T., Whitehead, S., Woodward, J., Volckaert, G., Aert, R.. Robben. J.. Grymonprez. B.,
Weltjens, 1., Vanstreels, E., Rieger, M., Schafer, M., Muller-Auer, S., Gabel, C., Fuchs, M.,
Dusterhoft, A., Fritzc, C., Holzer, E., Moestl, D., Hilbert, H., Borzym, K., Langer, 1., Beck,
A., Lehrach, H., Reinhardt, R., Pohl, T.M., Eger, P., Zimmermann, W., Wedler. H..
Wambutt, R., Purnelle, B., Goffeau, A., Cadieu, E.. Dreano,. S.. Gloux, S., Lelaure. V.,
Mottier, S., Galibert, F., Aves, S.J., Xiang, Z., Hunt, C., Moore, K., Hurst, S.M., Lucas, M.,
Rochet, M., Gaillardin. C.., Tailada, V.A., Garzon, A., Thode. G., Daga. R.R., Cruzado, L.,
Jimenez, J., Sanchez, M., del Rey. F., Benito, J., Dominguez, A., Revuelta, J.L., Moreno, S.,
Armstrong, J., Forsburg, S.L., Cerutti, L., Lowe, T., McCombie, W.R., Paulsen, I., Potashkin,
J.. Shpakovski, G.V., Ussery, D.. Barrell, B.G. and Nurse. P. (2002) The genome sequence

33



of Schizosaccharomyces pombe. Nature, 415, 871-880.

Yeh, E., Haase, J., Paliulis, L. V., Joglekar, A., Bond, L., Bouck, D., Salmon, E.D. and Bloom,
K.S. (2008) Pericentric chromatin is organized into an intramolecular loop in mitosis. Curr
Biol, 18, 81-90.

Elenbaas B, Spirio L, Koerner F, Fleming M.D., Zimonjic D.B, Donaher J.L., Popescu N.C.,
Hahn W.C., and Weinberg R.A. (2001) Human breast cancer cells generated by oncogenic

transformation of primary mammary epithelial cells. Genes Dev, 15, 50-65.

34



10. Achievement

1. oA EE—, FIFGER. FHAAR

[y ZIRERE D N TR % F W T2 R AR T M DR HT R DRSS
#2 2E DNA B8, HEY—rVav T RAY—FHEK

2. PR, A BRS TEAAR. FIIHRER
[y BT 2 A D = R BR R E VR D BT
AXxEm¥Es HB76EKRE HNEER

3. R E—, M LRRSC FFAAK. IHRER
[y SeEERE 2 F U T R AR 1 O AT )
¥7 60 HADTAEYFER F2 FAF—FERX

4. AT, MBS FFAAK. FIHAER
[ ZRERE X R AR E R U 7 R BT D AT
Fo ol REKRT—VavT RAYIHEEK

5. kHE—, A ERSC. FFAEAK. HIFRER
[DNA F v 7 RA1 > N ORBIROEE MR BT 2 1%E
#7770 HESTEHES F2 TAY—HEK

6. Ken-ichi Nakamura, Hisao Masukata, Takuro Nakagawa

IDNA checkpoint proteins are required for chromosome stability in fission yeast]
2006 FASEB summer research conferences, California, USA

7. AHE—, DEEEE, FAER, PEERE, SEER, AR, ARRE,
1 FRER

(o> Z4BE 1 % O 7 B AR O 22 TE MERF RS O MR AT
TR HASTEFR Fa RAS-JEXR

35





