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Nomenclature

Centromere

Centromere (from the Greek tentro-i meaning 'central', and '-mere', meaning 'part') is

the site of the primary constriction, a specialized condensed region of each

chromosome that appears during mitosis where the chromatids are held together to

form an "X" shape (Cheeseman and Desai 2008). In this dissertation, the centromere is

refers to the region of chromosomal DNA that directs kinetochore assembly.

Kinetochore

The term kinetochore (from the Greek 'kineto-i meaning 'move', and '-chore', meaning

'means for distirbution') is the proteinaceous structure that associates with the

centromeric DNA. The terms "centromere" (Darlington 1937) and "kinetochore" (Sharp

79341have been used as synonyms until 1981. In 1981 Ris and Witt defined the term

"kinetochore" as the precise region on the chromosome that becomes attached to

spindle and it is visible only in ultra-thin electron microscope sections. Centromere is

the chromosomal region with which the kinetochore is associated (Rieder 1982).

Generally, nowadays, the former is refers to the molecular viewpoint, while the latter is

used in a structural viewpoint. In this dissertation, kinetochore is refers as the

proteinaceous structure that forms on the centromere.

lV



Kinetochore (component) protein(s)

Kinetochore (component) protein is any protein that is transported to, or maintained at,

the kinetochore. Kinetochore (component) proteins are generally divided into two

Sroups:

L. Constitutive kinetochore proteins (inner kinetochore proteins)

Constitutive kinetochore proteins, such as CENP-A, CENP-8, and the CCAN (constitutive

centromere-associated network), are associated with the centromere throughout the

cell cycle. CCAN is a group of L5 proteins, comprising CENP-C, H,l, K-U and W. CCAN

proteins are grouped on the basis of their co-localization with the CENP-A throughout

the cell cycle. They are known as the inner kinetochore proteins. From a structural

viewpoint, during interphase or early mitotic phase, even when the inner kinetochore

plate is not visible, inner kinetochore proteins are associated with the centromere.

2. Transient kinetochore proteins (outer kinetochore and fibrous corona proteins)

Transient kinetochore proteins localize at the kinetochore only at a certain time point

during the cell cycle, mostly from late interphase (G2) until telophase (See Fig. 2-IAfor

details). The KMN network, spindle assembly checkpoint (SAC) proteins, kinetochore

nucleoporins, motor proteins and other fibrous corona components are the transient

kinetochore proteins that assemble and disassemble from the kinetochore.

The KMN network consists of KNLl, Mis12 complex (comprising 4 subunits: MisL2,

Misl3 or Dsn1., Mis14 or Nsl1, and Nnfl) and Ndc80 complex (comprising 4 subunits:

HecL or Ndc80 in yeast, Nuf2, Spc24 and Spc25). The KMN network forms a hairpin-like

structure (Cheeseman et al. 2006), acting as the core kinetochore-microtubule

attachment site (See Fig. 2-tB for details). From a structural viewpoint, they are the

main components of the outer kinetochore plate. In the absent of microtubules, a

fibrous corona is seen to radiate outward from the outer plate (Rieder 1982). The



fibrous corona is formed by a dynamic network of resident and temporary proteins

implicated in the spindle checkpoint, in microtubules anchoring and in the regulation

of chromosome behavior (Maiato et al. 2004). The fibrous corona components, such as

CENP-E and CENP-F are facilitating the stability of microtubule binding. CENP-E, a

kinesin-7 family member of the motor proteins, plays a key role in the movement of

chromosomes toward the metaphase plate during mitosis (Kapoor et al. 2006; Cai et al.

2009) (See Fig 2-LCfor details).

In the current studies, I found two proteins, ASURA and RBMX, which are

required for the kinetochore functions but yet have no specific localization at the

kinetochore. These proteins are acting differently from the rest of the kinetochore

(component) proteins to date, and therefore are referred to as non-kinetochore

component proteins.

Chromosome orientation

Chromosome orientation is a process whereby kinetochores attach end-on to

microtubules emanating from the pole(s) (Compton 2OO7). Microtubules bundle

interacts end-on to the kinetochore are known as kinetochore fiber (k-fiber).

Bi-orientation is the phenomenon whereby sister kinetochores of a chromosome

attach to the microtubules emanating from opposite poles, resulting in the sister

chromatids moving to opposite poles of the cell during cell division. Mono-orientation

arises when one kinetochore forms microtubule attachments before its sister, resulting

in single unattached kinetochore. Lateral/side-on attachment is form when the

kinetochore interacts with the lateral surface of microtubule(s). Mono-orientation and

lateral attachment are common during initial microtubule capturing (Rieder and

Alexander 1990). See Fig. 2-1C and 3.3.2 in Chapter 3 for details.
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Chapter 1

General introduction

1.1 Outline of mitotic cell cycle

Chromosomal instability has been recognized as a hallmark of human cancer

(Schvartzman et al. 2010) and is caused by continuous chromosome mis-segregation

during cell division (Kingsbury et al. 2006). Equal partition of the duplicated genetic

information (one set each on sister chromatids) is prerequisite to avoid chromosomal

instability (Kops et al. 2005). Eukaryotic cells replicate their entire nuclear DNA during S

phase, and sister chromatids are physically connected with each other from the time

of their synthesis (Hauf and Watanabe 2004). Upon entry into mitosis, compaction of

replicated interphase chromatin occurred concomitantly with the formation of a

special structure on the surface of the primary constriction, termed kinetochore

(Maddox et al. 2006). After nuclear envelope breakdown (NEB), with the aid of bipolar

spindle apparatus linking centromeric DNA with opposite poles (i.e., bi-orientation),

sister chromatids carrying identical genetic information are apportioned to a pair of

daughter cells (Kops et al. 20L0). Error-free sister chromatid separation is orchestrated

by: (1) pairing of sister chromatids via cohesin until anaphase onset (Peters et al. 2008);

and (2) a faithful physical link between spindle microtubules and centromeric DNAvia

kinetochore (Cleveland et al. 2003), so that sister chromatids are attached to the

opposite poles and are moved in opposite directions to finally form two genetically

identical daughter cells in cytokinesis (Fie. 1-14).
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bind chromatin (Peters et al. 2008). (C) Regulation of sister chromatid cohesion during

the vertebrate cell cycle (Peters et al. 2008)
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The cohesin complex in somatic vertebrate cells consists of SMCl (structural

maintenance of chromosomes L), SMC3, SccL and either SA1 (stromalin antigens 1) or

SA2, but never both (Losada et al. 2OOO; Sumara et al. 2000) (FiC. 1-18). In somatic cells,

cohesin with SA2 is about threefold more abundant than cohesin with SAL, whereas

Xenopus eggs contain 10 times more cohesin with SA1 than cohesin with SA2. The

functional differences between cohesin consist of either SA1 or SA2 is yet to be

clarified. In mitosis, cohesin is removed from the chromosomes by two pathways

(Peters et al. 2008) (Fig. 1-1C). During prophase, the bulk of cohesin dissociates from

chromatin (Losada et al. 1998; Sumara et al. 2000), and this removal is regulated by

Plkl (polo-like kinase 1), Aurora B kinase, condensin l, Wapl (wings apart-like) and

phosphorylation of SA2 (Losada et al. 2002; Gimenez-Abian et al. 2004; Hirota et al.

2OO4; Hauf et al. 2005; Gandhi et a|.2005; Kueng et al. 2006). Cohesin at centromeres

is protected by Sgol (shugoshin 1) (Salic et al. 2004) and PP2A (protein phosphatase 2)

(Kitajima et al. 2005). At the metaphase-to-anaphase transition, separase is activated

by the APC/C (anaphase-promoting complex/cyclosome) and cleaves centromeric

cohesin as well as residual cohesin on chromosome arms, enabling sister chromatid

separation.

Kinetochore is a protein supercomplex which achieves full assembly on the

surface of the centromere during mitotic phase (Cheeseman and Desai 2008).

Accumulating strands of evidence reveal that the kinetochore performs at least four

functions: 1.) a chromosomal attachment site for spindle microtubules during cell

division (Schrader L953; Rieder L982; Brinkley et al. 1989l; 2l a complex machine that

exerts the force for poleward chromosome motion (Gorbsky et al. L987; Nicklas 1989;

Rieder and Alexander 1990); 3) simultaneously controlling the dynamics of its

associated microtubules (Mitchison et al. L986; Mitchison 1988; Wise et al. 1991); 4)



generating the cell-cycle checkpoint that delays anaphase onset until all chromosomes

are bi-oriented and aligned at the spindle equator (Rieder and Salmon 1998; Maiato et

al. 2OO4; Tanaka 2005). Since kinetochore is only established during mitotic phase,

proper kinetochore assembly is essential for all its functions to finally achieve stable

kinetochore-m icrotubu le attach ment.

Our previous efforts in elucidating chromosome morphogenesis based on their

constituent proteins enabled us to identify over 200 proteins by proteome analysis of

human metaphase chromosomes (Uchiyama et al. 2005; Takata et al. 2007a). Further

purification procedures identified 107 compositions, comprising a majority of proteins

essential for chromosome structure and functions. In addition, a group of proteins with

unknown mitotic functions were among the list, and we therefore were particularly

interested in these proteins in terms of their roles, if any, in chromosome structure

and/or function. Two proteins which are relatively abundant, are ASURA (PHB2) and

RBMX (hnRNP G), and of our particular interest. Both are known as multifunctional

proteins but yet have no mitotic functions reported.

1.2 Overview of ASURA (identicalto PHB2 or prohibitone, BAP37, and REA)

ASURA has a molecular weight of 34 kDa and consists of three domains, an N-terminal

hydrophobic transmembrane helix, a middle (PHB) domain and a C-terminal coiled coil

region (Winter et al. 2007) (Fig. I-2A1. ASURA is one of the prohibitins (PHBs), which

are reported to implicate cell cycle progression, transcriptional regulation, cellular

signaling, apoptosis and mitochondrial biogenesis, and mitochondrial cristae

morphogenesis (Merkwirth and Langer 2009). While prohibitin 1 is usually referred to

as PHBI, its human orthologue is known as B-cell receptor associated protein 32

(BAP32) (Terashima et al. L994). The related protein prohibitin 2 (PH82) is also known



as prohibitone (Lamers and Bacher L9971, and the human orthologue is known as

BAP37. Prohibitin orthologues have also been identified in other mammals, Drosophila,

plants and yeast. In yeast, PHBL (prohibitin) and PHB2 (prohibitone) assemble into a

ring-like macromolecular complex mainly localized to the mitochondrial inner

membrane (McClung et al. 1989; Artal-Sanz and Tavernarakis 2009). Although

subcellular localization of PHBs has been confined to mitochondria, a nuclear

localization of PHBs has also been reported (Fusaro et al. 2003; Tatsuta et al. 2005).

Human PHB2 is involved as a repressor of nuclear estrogen receptor activity, and is

identical to a protein earlier identified as REA (repressor of estrogen receptor activity)

(Montano et al. 1999). REA is identified as a histone deacetylase interacting partner

that modulates the activity of a defined subset of nuclear hormone receptors in rat,

mouse and human cell lines (Kurtev et al. 2004).

In HeLa cells, PHB2 is translocated into the nucleus in the presence of ERa

(estrogen receptor alpha) and E2 (estradiol) where it interacts with and inhibits the

transcriptional activity of the ER (estrogen receptor) (Kasashima et al. 2006). Besides

these early reports, we previously revealed that ASURA is required for chromosome

congression by protecting sister chromatid cohesion in early mitotic phases (Fig.

2-IB-E; Takata et al. 2007b). Because of its multiple functional roles, we therefore term

this protein as ASURA after the fierce Buddhist demigod that has three faces and six

arms demonstrating multiple functions.
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1.3 The RBMX (RNA binding motif protein, X-linked)

RBMX is a 43-kDa heterogeneous nuclear ribonucleoprotein (hnRNP), identical to

hnRNP G. hnRNP G is implicated in the spicing control of several pre-mRNAs, either

positively or negatively depending on the mRNA substrates (Hofmann and Wirth 2OO2;

Nasim et al. 2003; Martinez-Contreras et al. 2007; Glisovic et al. 2008), and hnRNP G

promotes the expression of tumor-suppressor Txnip and protects the fidelity of DNA

end-joining activity {Shin et al. 2OO7; 2008). While conserving the N-terminal RNA

recognition motif (RRM, also known as RNA-binding domain, RBD or ribonucleoprotein

domain, RNP) (Soulard et al. 1993), hnRNP G possesses a centrally-positioned short

domain (NTD, nascent transcripts-targeting domain) required for nuclear targeting in

amphibian oocytes, and recognizes RNA motifs predicted to adopt an hairpin structure

via the C-terminal RBD (Kanhoush et al. 2010) (Fig. 1-3A). In addition, the relatively

low-abundant hnRNP G protein is unique among hnRNPs (Kanhoush et al. 2010) for

being glycosylated (Soulard et al. 1993).

In human cells, the gene coding for hnRNP G is located in the X chromosome, and

therefore it is also known as RBMX (RNA-binding motif protein, X chromosome). RBMX

is subjected to X chromosome inactivation (Soulard et al. 1993), and is critical for

proper neural development of zebrafish and frog embryos (Tsend-Ayush et al. 2005;

Dichmann et al. 2008). Multiple processed copies of RBMX are present in the human

genome, suggesting that RBMX has multiple roles (Lingenfelter et al. 2001). In addition

to the early reports, we previously revealed that RBMX is required for chromosome

alignment and cohesion defects were significant in RBMX depleted cells (Fig. 1-38, C;

Matsunaga et al. unpublished data).
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1.4 Objective of this study

ASURA and RBMX are relatively abundant in isolated human chromosomes, suggesting

that they play important roles in chromosome formation or mitotic events (Uchiyama

et al. 2005; Fukui and Uchiyama 2OO7; Takata et al. 2007a). However, their mitotic

functions have not yet been elucidated well. Besides the early reports, our screening

for chromosomal proteins implicated in cell cycle progression revealed that both

ASURA and RBMX RNAi led to an accumulation of mitotic cells, as a result of spindle

assembly checkpoint activation (Takata et al. 2OO7b; Matsunaga et al. unpublished

data). Further investigation showed that the majority of mitotic cells were arrested at

the prometaphase, because of the failure of chromosomes to align at the metaphase

plate. Both ASURA and RBMX RNA| cells showed premature lost of sister chromatid

cohesion and were arrested at the prometaphase.

Given that chromosome congression require both sister chromatid cohesion and

stable kinetochore-microtubule attachment, in this study, I focus on whether stable

kinetochore-microtubule attachment is formed after ASURA and RBMX RNA| by

investigating the kinetochore assembly because full kinetochore assembly is a

prerequisite for stable microtubule interactions. To test this hypothesis, I examined if

ASURA and RBMX are the kinetochore components, and whether they are required for

kinetochore proteins localization. Furthermore, to investigate the effects of ASURA and

RBMX RNA| on kinetochore formation, I studied the kinetochore assembly in HeLa cells

using electron microscope (EM), and accordingly proposed a practical classification

scheme for kinetochore maturation (i.e., how pre-kinetochores assemble into the

mature three-layer structure). This classification scheme was used for the analysis of

kinetochore assembly in RNAitreated cells.

To obtain a better insight into the structuralsignificance of the kinetochore in the



RNAI transfected cultures, in addition to the mock control, I analyzed Hecl RNA|

samples with the above EM system as a control. Hecl is a subunit of the Ndc80

complex, a rod shape heterotetramer (Ciferri et al. 2008), comprising Hecl (Ndc80 in

yeast), Nuf2, Spc24 and Spc25 (Wigge and Kilmartin 200L; Janke et al. 200L). The

C-termini of Spc24-Spc25 dimer interacts with the inner kinetochore via MisL2 complex

(Petrovic et al. 2010). N-terminal domains of Hecl-Nuf2 interact directly with the plus

ends of spindle microtubules (DeLuca et al. 2006; Wan et al. 2009) by forming an

oligomeric ring structure (Alushin et al. 2010). The calponin homology (CH) domain and

tail domains of HecL generate essential contacts between kinetochores and

microtubules in HeLa cells (Sundin et al. 2077). Hecl and Nuf2 show co-localization

throughout the cell cycle in DT40 (Hori et al. 2003). Deluca et al. (2005) showed by

using EM that Hecl and Nuf2 localized at the kinetochore outer layer (also refer to Fig.

2-LBl, and when they depleted Nuf2 (Hec1 is depleted at the same time) from the cells,

normal formation and/or maintenance of the kinetochore were disrupted, which was

later confirmed by Liu et al. (2006). Hecl and Nuf2 interact directly with microtubules

and stabilize kinetochore fiber (microtubules bundle that connects kinetochores to

spindle poles) formation (DeLuca et al. 2005). The advantage of employing Hecl RNA|

is that, among the kinetochore proteins that we have tested, HecL is well studied both

molecularly and structurally. Therefore, Hecl was used as a model protein throughout

this study.

10



Chapter 2

Functional analysis of ASURA and RBMX

2.1 lntroduction: Molecular architecture of the kinetochore

The mammalian kinetochore is a small and yet an elaborate structure, providing

physical attachment to the microtubules, force generation and SAC signaling that

delays anaphase onset until all chromosomes are attached to the spindle (Maiato et al.

2OO4; Tanaka et al. 2005; Cheeseman and Desai 2008). This intricate cellular machinery

comprises of more than 120 components (Ohta et al. 2010), and an ever-increasing

number of proteins are being implicated in, and changing our understanding of the

kinetochore fu nctio ns.

The kinetochore is first described by Brinkley and Stubblefield (1966) as a

trilaminar structure based on the observation using electron microscopy (EM). Only

about two decades latel the discovery of anti-centromere antibody, CREST (Earnshaw

and Rothfield 1985) enabled other researchers to investigate the role of each

centromeric protein. Biochemical and structural analyses have provided crucial

information about kinetochore assembly.

The trilaminar structure of the kinetochore is reflected in its molecular

composition, where pools of proteins assemble to the kinetochore in different ways

(Fig. 2-1A; Cheeseman and Desai 2008; McEwen and Dong 2010). Inner kinetochore

proteins localize to the centromere throughout the cell cycle. Loading of

centromere-specific histone H3 variant CENP-A requires a deposition factor, HJURP

(Holliday junction recognition protein) (Foltz et al. 2009; Dunleavy et al. 2009) and was



thought to be essential for all other kinetochore proteins assembly (Liu et al. 2005).

The association of CENP-A with heterochromatin specifies the site of the kinetochore

on the chromosome (Marshall and Choo 2008; Foltz et al. 2009; Okada et al. 2009).

CENP-C and CENP-T/W interact with CENP-A by forming two distinct pathways for the

localization of other constitutive centromere-associated network (CCAN) components

(Goshima et al. 2003; Hori et al. 2008; Marshall and Choo 2008; Foltz et al. 2009;

Okada et al. 2009; Amano et al. 2009). ln the interphase, immuno-EM using CREST

antisera revealed that, mammalian centromere/inner kinetochore undergoes a regular

unfolding-refolding cycle, displaying small beadlike subunits tandemly arranged along a

linear thread of centromeric DNA, and apparently lacking kinetochore plates (He and

Brinkley 1996).

The localization of outer kinetochore and the corona components are cell

cycle-dependent, mostly from G2 phase until after nuclear envelope breakdown (NEB)

(Maiato et al. 2004; Chan et al. 2005; Liu et al. 2006). More recent reports revealed

that CENP-C (Przewloka et al. Z.OLLI and CENP-T/W complex (Gascoigne et al. 2011)

function as core kinetochore assembly factors in vertebrate cells, independent of

CENP-A, although CENP-A recruits both CENP-C (Goshima et al. 2OO3; Gascoigne et al.

zOtL) and CENP-T/W (Hori et al. 2008) to the centromere. All other kinetochore

component proteins are known to be recruited by other kinetochore proteins upstream

(i.e., localized to the kinetochore in a self-assembly manner) (Maiato et al. 2004; Chan

et al. 2005; Liu et al. 2006; Cheeseman and Desai 2008). Mis12 complex interacts with

CENP-C (Screpanti et al. 2011; Przewloka et al. 2OLL; Gascoigne et al. 20L1), while

Ndc80 complex interacts with the CENP-T/W complex (Gascoigne et al. 20L1), linking

the inner and outer kinetochores. The KMN network (KNL-L/Mis12/Ndc80 complex)

functions at kinetochores to form a core attachment site between kinetochore and
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microtubules (Cheeseman et a|.2006). From a structural viewpoint, kinetochores are

visible on the surface of the primary constrictions as roughly circular patches of finely

fibrillar materials as cells enter mid prophase and gradually differentiate into the

trilaminar morphology that is visible untilthe end of mitosis (Roos 1"973; Rieder 19821.

The stepwise manner of protein assembly (Liu et al. 2006) and the molecular

architecture of this layered structure (Wan et al. 2009; Santaguida and Musacchio

2009; Ribeiro et al. 2010) provided crucial insights into kinetochore assembly pathways.

Although structural models have enabled many missing molecular networks to be

linked (Maresca zOtI), understanding the very fundamental question of how the

tri lamina r kinetochore is developed rema ins cha I lenging.
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dynamically regulated during cell cycle (Cheeseman and Desai 2008).

lmmunofluorescence images showing DNA (blue), microtubules (green) and

kinetochore localization (red) throughout the cell cycle in human cells. Arrows on the

periphery of the circle outline when the corresponding protein(s) begin to associate

with, or delocalize from, the kinetochore during the cell cycle. Arrows representing

dissociation indicate the initial reduction of protein levels, but not necessarily the

absolute loss of the components listed. (B) Protein architecture of the human

metaphase kinetochore. lnner centromere refers to the heterochromatic domain

where cohesins are targeted to and is located between the two sister kinetochores.

The inner kinetochore is a region of distinct chromatin composition containing

centromere specific histone H3 variant (CENP-A), at the interface with the inner

centromere. The outer kinetochore is the site of microtubule binding. Fibrous corona is

the outermost domain of the kinetochore, which can be visualized by conventional EM

only in the absence of microtubules, containing mostly SAC and motor proteins. (C)

Kinetochore translocation along microtubules (Cheeseman and Desai 2008). The two

motor proteins that are localized to kinetochores (mainly to the outer kinetochore and

fibrous corona) are CENP-E and dynein. Dynein translocates laterally associated

kinetochores (C1) to the vicinity of spindle poles. CENP-E translocates along the

kinetochore fiber of an already bi-oriented chromosome (C3) to move a mono-oriented

chromosome (C2) towards the metaphase plate. LlSl (type I human lissencephaly) and

the ROD-ZWlfZwilch (RZZ) complex associate with dynein and contribute a poleward

force at end-on attached kinetochores (left kinetochore of C2 and kinetochores in C3)

that contributes to the chromosome alignment and segregation

2.2 Materials and methods

Cellculture

HeLa cells were maintained in Dulbecco's modified Eagle's medium (DMEM; GIBCO

serum (FBS; Equitech-Bio) at 37"C and 5o/oBRL) supplemented with 10% fetal-bovine

Coz.

Antibodies

The following antibodies were used in immunofluorescence

15
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immunoblotting. A rabbit ASURA polyclonal antibody and a rabbit polyclonal

anti-RBMX antibody (for immunofluorescence use) were generated as described

previously (Takata et al. 2007bl and were used at a dilution of 1:1000. In brief,

full-length ASURA or RBMX cDNA was inserted into the vector pDEST1T (lnvitrogen).

His-tagged ASURA or RBMX was expressed in Escherichia coli, purified with an FPLC

system (GE Healthcare), and was used to immunize a rabbit. The antibody produced

was affinity-purified using antigen. The other primary antibodies were anti-CENP-F

rabbit polyclonal (1:2000, Novus Biologicals), anti-Hec1 mouse monoclonal (1:1000,

Affinity Bioreagents), anti-CREST (1:1000, Cortex Biochem), anti-RBMX goat polyclonal

(for immunoblot analysis use) (1:1000, Santa Cruz Biotechnology) and anti-B-actin

mouse monoclonal (1:L0000, Sigma). Secondary antibodies for immunoblot analyses

were anti-mouse lgG (H+L) AP (alkaline phosphatase) (1:2000, Vector Laboratories),

anti-rabbit leG (H+L) AP (1:2000, Vector Laboratories) and anti-goat lgG (H+L) AP

(L:2000, Vector Laboratories). For immunofluorescence analyses, secondary antibodies

were Alexa Fluor 488 anti-mouse monoclonal (1:500, Molecular Probes), Alexa Fluor

488 anti-rabbit monoclonal (1:500, Molecular Probes), and anti-human lgG (1:200,

Sigma).

siRNA methods

HeLa cells were transfected using Lipofectamine 2000 according to the manufacturer's

instructions at a final concentration of 1.00 nM with ASURA-sIRNA

(S'-GAAUCGUAUCUAUCUCACATT-3',PHBZ siRNA-L in Takata et a1.2007b), RBMX-siRNA

(5'-UCMGAGGAUAUAGCGAUATT-3') or Hecl siRNA (5'-AAGTTCAAAAGCTGGATGATC-3',

Martin-Lluesma et al. 20021. Cells transfected with Lipofectamine alone were used as

the mock control. Cells were collected 48h post-transfection for use in analysis.
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lmmunoblotting and gel electrophoresis

Cells (siRNA or mock transfected) grown in 24-well plate (4.3 x 10s cells/well) were

collected (2 wells for each treatment) and lysed in 2x Laemmli Sample Buffer (Santa

Cruz Biotechnology) with an equal amount of PBS (phosphate buffered saline, pH 7.al

buffer to obtain a final volume of L2O pl. 3pl of protein extracts (approximately 2.2 x

LOa cells) were applied to each lane and were fractionated on t2% polyacrilamide gels

and then transferred onto PVDF (poly vinylidene difluoride) membrane. The

immunoblots were blocked with L% BSA-TBST (O.t% Tween 20,25 mM Tris-HCl pH 7.4,

137 mM NaCl, 25 mM KCI) and labeled with the primary and secondary antibodies. The

immunoreactive protein bands were detected by NBT/BCIP solution (Roche) diluted in

AP buffer (100 mM Tris-HCl, pH 9.5, 100 mM NaCl, L mM MgClz). The band intensities

were analyzed with the lmage J program (http://rsb.info.nih.gov/ij/download.html).

lmmunofluorescence microscopy

Localization analysis of ASURA and RBMX was performed as follows. HeLa cells grown

on poly-L-lysine coated coverslips (unless otherwise stated, all coverslips used were the

same) were fixed with 4% PFA (poro-formaldehyde) either containing O.Ot% (for ASURA

staining) or O.5% (for RBMX staining) Triton X-L00 in PBS for 15 minutes at room

temperature. Cells were then blocked in t% BSA in PBS and proceeded for

immunostaining as described later. For mitotic index calculation, cells grown on

coverslips were transfected with target siRNA, fixed with 4%PFA in PBS for 15 minutes

at 37"C, and stained with Hoechst 33342 (Sigma). Mitotic index is a measure for the

proliferation status of a cell population. lt is defined as the ratio between the number

of cells in mitosis and the total number of cells (Fig. 2-38). HeLa cell cycle is 24 hours

and a mitotic cycle is approximately t hour. Therefore, mitotic index is normally 4-5%.
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For proteins localization analyses, cells grown on coverslips were fixed either with

4%PFA containing 0.5% Triton X-100 in PBS for 15 minutes at room temperature (for

Hecl and CREST staining) or lOO% ice-cold methanol for 10 minutes at -20'C (for

CENP-F and CREST staining). Alternatively, cells were arrested at metaphase by adding

colcemid (final concentration 0.1 pg/ml) into the culture medium for 3 hours at 37"C

and were collected for metaphase-chromosome spreads as described earlier (Ma et al.

2OO7l with some modifications. Briefly, cells were treated with hypotonic solution (75

mM KCI) for 15 minutes at 37"C and were cytospun onto coverslips. Then, cells were

fixed with 4% PFA in PBS and permeabilized by 0.2% Triton X-100 in PBS for 15 minutes,

respectively. Cells were then blocked with 1% BSA in PBS for 30 minutes prior to

primary and secondary antibody interactions. Unless otherwise stated, all primary and

secondary antibody interactions were performed at the same condition, I hour at

room temperature, respectively. Samples were then mounted in Vectorshield mounting

medium (Vector Laboratories) and examined under an Axioplan tr imaging

fluorescence microscope (Carl Zeiss) equipped with a CCD camera (MicroMax, Roper

Scientific) driven bythe lP Lab software (Takata et al. 2007b).

The fluorescence intensities of the kinetochore signals were analyzed using lmage

J software. Small circles were drawn around kinetochores and the total pixel intensity

above background within each circle was measured. The mean values of all kinetochore

signals from at least 10 cells were quantified. Kinetochore intensity measurements for

each protein were normalized relative to prometaphase and metaphase of control

siRNA-treated cells.
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2.3 Results

2.3.1 ASURA and RBMX do not specifically localize to the kinetochore throughout the

cellcycle

ASURA and RBMX were identified as chromosomal proteins by our proteome analysis

using isolated human metaphase chromosomes (Uchiyama et al. 2005; Takata et al.

ZOO7al, suggesting their association with chromosomes during mitotic phase. To

ascertain this possibility, I first examined the dynamics of ASURA throughout the cell

cycle. lmmunofluorescence microscopic study showed that ASURA localizes to the

nucleus and cytoplasm during interphase {Fig.2-2A; Kasashima et al. 2006). As the cells

enter prophase, ASURA distributed evenly throughout the cells, slightly enriched at the

chromosomes until prometaphase. This observation showed that active trans-

membrane transport of ASURA occurs before NEB. From metaphase to cytokinesis,

ASURA diffused to the cytoplasm and slightly enriched at the spindle. These data

showed that ASURA may interact actively with the chromatin/chromosome during

interphase, prophase and prometaphase.

During interphase, RBMX is distributed throughout the nucleoplasm with a

speckled pattern (Soulard et al. 1991), as in Fig. 2-28. When the cells enter prophase,

RBMX increasingly localizes at the chromosomes. After NEB, RBMX disperses

throughout the cytoplasm while associating with the chromosomes, and gradually

enriches at chromosome peripheral region as the cells proceed to the metaphase.

RBMX predominantly localized at the cytoplasm after anaphase onset.

We previously showed that both ASURA and RBMX RNA| resulted in premature

sister chromatid separation, and may have some role in kinetochore formation (Takata

et al. 2007b; Matsunaga et al. unpublished data). To test if ASURA and RBMX localized

to the centromere region, the cells were co-immunostained with Hecl from the outer
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kinetochore. Unlike Hec1., which localized to the kinetochore during mitotic phase,

there were no obvious signals of ASURA and RBMX specifically to the kinetochore or

centromeric region throughout the cell cycle, indicating that ASURA and RBMX are not

the kinetochore components (Fig.2-2A, Cl.

A

DNA

lnter- Pro― Prometa- Meta- Ana-

ASURA

Hecl

MERGED

B

DNA

Pro‐ Prometa- Meta- Telo-

RBMX

MER(It)

Fig. 2-2 Localization patterns of ASURA and RBMX throughout the cell cycle.

Interphase (lnter-), prophase (Pro-), prometaphase (Prometa-), metaphase (Meta-),

DNA HeclRBMX Mi[HGED
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anaphase {Ana-), telophase (Telo-) and cytokinesis cells were examined. (A) No specific

co-localization of ASURA and Hecl throughout the cell cycle. ASURA localized to both

cytoplasm and nucleus during interphase. In prophase and prometaphase, ASURA

localized to chromosomes and cytoplasm, but was mainly cytoplasmic from metaphase

until the end of the mitotic phase, although some signals were detected at the

chromosomes. (B) Localization profile of RBMX. RBMX is mainly localized to the

cytoplasm during mitosis, although some signals were detected at the chromosomes.

(C) RBMX signal is not overlapping with or adjacent to the Hecl signal. A prometaphase

cell is indicated. (A-C) Scale bars are 10 pm
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2.3.2 Mitotic progression was impaired by depletion of ASURA and RBMX

ASURA has been well studied for its roles in mitochondria and estrogen receptor

especially during interphase. Similarly, RBMX is well studied for its functions in

interphase, particularly in the splicing control of several pre-mRNAs. However, the

mitotic functions of ASURA and RBMX remain to be elucidated. To assess the functional

roles of ASURA and RBMX in mitosis, an RNAi-mediated gene-silencing approach was

employed to knockdown either ASURA or RBMX from the cells. Hecl RNAI was used as

a control in addition to the mock control. As a result, ASURA expression levels were

strongly reduced 48 hours after transfection (26% of control) as shown in Fig. 2-3A.

lmmunoblot analysis of HeLa cultures subjected to RBMX siRNA treatment for 48 hours

revealed a decline in the expression level of RBMX of less than 2O% when compared

with mock transfected cells.

Cytological analyses immediately indicated a high degree of aberration as the

cells lacking either ASURA or RBMX were assayed for the mitotic profiles. Mitotic arrest

was significant, as indicated by a 3-fold increase in mitotic index comparing to that of

the control (4.7!0.3%) (Fig. 2-3C). The mitotic index was 13.41L.9% in ASURA RNAI

cultures and 13.113.3% in RBMX RNA| cultures. The mitotic index of Hecl RNA|

(L2.9!2.3%) was similar to that of ASURA and RBMX RNA|. Apparently, most of the

mitotic cells lost their ability to congress chromosomes at the metaphase plate,

characterized by a high percentage of prometaphase cells, 82.012.5% in ASURA RNAI,

87.3!4.8% in RBMX RNAI, and 88.211.0% in Hecl RNA|, more than double the control

(36.9!3.Ln (fig. 2-3D). Typically, chromosomes disperse throughout the cells at

varying degrees (nonalignment), or apparently align at the spindle equator along with

some scattered chromosomes (misalignment) (Fig. 2-3E-l).
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Fig. 2-3 Abnormal chromosome congression and mitotic defects associated with

ASURA and RBMX depletion. (A) Depletion of ASURA, RBMX and Hecl by RNA|

treatments were analyzed by Western blot. B-actin was used as loading control. (B) The

misalignment

23



definition of mitotic index. (C) Mitotic indexes of ASURA, RBMX and Hecl depleted cells

(n >1000). Three independent experiments were performed for each set of treatment.
(D) Percentages of each mitotic phase of ASURA, RBMX and Hecl depleted cells. {E)

Distortion of chromosome alignment in ASURA, RBMX and HecL depleted cells. (F)

Metaphase cell. Red bracket indicates the metaphase plate. (G) Cell with misalignment.

Blue arrows reveal chromosome/chromatid clusters outside the metaphase plate (red

bracket). Misalignment represents cells with <10 unaligned chromosomes. (H, l) Cells

with nonalignment. Nonalignment represents cells with >10 unaligned chromosomes/

chromatids (blue arrows), either with (H) or without (l) an apparently recognizable

metaphase plate (red bracket). (J)Anaphase cell with chromatin bridge (yellow bracket).

(F-J)Scale bar is 10 pm
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2.3.3 Kinetochore proteins mislocalization correlates with chromosome misalignment

in the absence of ASURA and RBMX

Increased mitotic index as a result of failure in chromosome alignment implicates that

ASURA and RBMX are essential for chromosome congression. ln addition to precocious

sister chromatid separation, aberrant microtubule association are a common feature of

chromosome congression defects. I therefore questioned if stable microtubule

attachments were formed. Often, irregular kinetochore formation couples with

chromosome-to-spindle attachment defects. Since ASURA and RBMX do not show

stable interaction with the kinetochore or centromere, at least that was not apparent

from its localization pattern (Fig. 2-21, I evaluated whether kinetochores assemble

properly with ASURA and RBMX depletion by investigating the localization of Hecl and

CENP-F, which normally associate transiently with mitotic kinetochores. CENP-F is a

component of the outer kinetochore and the fibrous corona (Rattner et al. 1993), and

is required for proper kinetochore formation (Liu et al. 2006) and stable microtubule

attachment (Feng et al. 2006).

Both HecL and CENP-F exhibit aberrant kinetochore targeting in ASURA- and

RBMX-depleted cells lFie. 2-al. With depletion of ASURA, Hecl intensity decreased to

5O% of the control (Fig. 2-4A, C), and kinetochore localization of CENP-F lFig.2-48, Cl

was abolished. As for RBMX RNA|, kinetochores showed a mean reduction in both Hecl

and CENP-F fluorescence intensities of -3O% (Fig. 2- ). CREST intensity, an indicator of

the centromere, remained relatively unaltered in all RNAi treatments. In mock

transfected cultures, Hecl (Fig. 2-4Al and CENP-F (Fie. 2-4B) localized normally at the

outer kinetochore. CENP-F localizes to the kinetochore since late G2 phase (Liao et al.

1995), although the intensities were slightly decreased as the cells proceeded from

prometaphase to metaphase, CENP-F enrichment is observed throughout mitosis.
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CENP-F enrichment at the kinetochore was hardly detected after ASURA, RBMX and

Hecl RNA|. HecL and CENP-F are the major components of the fibrous network of the

outer kinetochore (Dong et al. 2OO7), essential for proper kinetochore formation

(Deluca et a|.2005; Liu et al.2006) where stable kinetochore-microtubule attachment

to achieve bi-orientaion is attained (Liu et al. 2OO7; Feng et al. 2006). Therefore,

mislocalization of HecL and CENP-F in ASURA and RBMX RNA| suggests that

kinetochore formation is impaired at least to some degree.
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Fig. 2-4 ASURA and RBMX depleted cells showed reduction of CENP-F and Hecl at

kinetochore. (A) Signal intensity of Hecl was decreased after ASURA, RBMX and Hecl.

RNA|. Cells with unpaired kinetochore signals (compare insets with those of the

control) were significant. (B) Enrichment of CENP-F at the kinetochore was diminished

after ASURA, RBMX and Hecl RNAi. (A, B) Scale bars are L0 ptm, and L pm for the insets.

(C) Quantitative measurement of signal intensities of HecL and CENP-F
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2.3.4 Hecl is required for the retention of sister chromatid cohesion

As I examined the signal intensity of kinetochore proteins in ASURA, RBMX and Hecl

RNA| cells (Fig.2-41, I found that in many cells the signals were not paired, even in Hecl

depletion (compare the CREST signals with control cells in Fig. 2-4A, Bl. Therefore, I

performed chromosome spread of Hecl RNAI cells to ascertain these observations.

ASURA RNA| cells were used to facilitate the analysis. Loss of ASURA resulted in

premature sister chromatid separation (Fig. 2-5A) in about 5O% of the mitotic cells (Fig.

2-58ll, as reported earlier (Takata et al. 2007b). lnterestingly, even in Hecl-depleted

cultures, some 30% of cells (Fig. 2-58) showed premature sister chromatid separation

(Fig. 2-5A), which has not been reported elsewhere.

Although the defects in cohesion were less severe in Hecl depletion, it is feasible

that lowered Hecl intensity contributed partially to the premature chromatid

separation phenotype associated with ASURA and RBMX RNA|. Further analyses

showed that sister chromatids were separated only when Hecl intensities were equal

or lowerthan 5% (Fie.2-6D)of the control (Fie.2-6A) in Hecl depletion. Therefore, this

data revealed that deficiency in sister chromatid cohesion derived from Hecl

mislocalization was not obvious in ASURA or RBMX depletion. In particular, when Hecl

intensity at the kinetochore is about 50% (Fie. 2-68) or 30% (more than 10% in Fig.

2-6C) of the control, a level similar to that of ASURA and RBMX disruption, respectively,

sister chromatids were rarely separated.
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Fig. 2-5 ASURA and Hecl depleted cells showed defects in sister chromatid cohesion.

(A) Sister chromatids were separated both in ASURA and Hecl RNA|. CREST signal

appeared as a single dot. Scale bars are 10 pm, and 1 pm for the insets. (B)

Quantitative measurement of sister chromatid cohesion after ASURA and HecL RNA|.

Scale bar is 10 pm
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depleted cells. Signal intensities of Hecl were normalized to those of the control. (B)

5O% of Hecl. intensity. (C) tO% of Hecl intensity. Sister chromatids were not separated.

(D) 5% of Hecl intensity. Sister chromatids were separated. Signal intensities lower
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2.4 Discussion

Since both ASURA and RBMX do not specifically localize to the centromere/kinetochore,

their contributions to the kinetochore formation as well as cohesion are unique. To test

if the phenotypes are specific to ASURA and RBMX depletion, we confirmed that

mitotic defects were rescued by expressing RNAi-refractory ASURA or RBMX plasmid in

the same RNA| condition (Takata et al. 2007b; Matsunaga et al. unpublished data). In

addition, to exclude the possibility that cells with sister chromatid separation were

indeed bypassed SAC and entering anaphase, we confirmed that ASURA or RBMX RNAi

cells were arrested in prometaphase or metaphase by several experiments. First,

expression levels of cyclin B and securin, proteins that are degraded at anaphase onset,

were unaltered in ASURA or RBMX RNAi cells comparing to control metaphase cells.

Second, the percentage of mitotic defects was unchanged by the proteasome inhibitor

MG132 treatment to inhibit anaphase onset.

How HecL might contribute to cohesion protection is unclear. In this study, I

found that CENP-F enrichment atthe kinetochore required Hecl (Fig. 2-48,C), which is

consistent with the results obtained by Miller et al. (2008), although previous reports

suggested the different results (Martin-Lluesma et al.2OO2; Liu et a|.2006). Repression

of CENP-F weakens centromeric cohesion in about 28% of metaphase spread

chromosomes (Holt et al. 2005). The present study indicate that premature separation

was found in about 30% of the metaphase spread chromosomes after Hecl knockdown

(Fig. 2-58), while CENP-F intensities at the kinetochores were less than 25% of the

control (Fig.2-48, C). These results suggest the possibility that loss of sister chromatid

cohesion with Hecl RNA| recapitulate partially, if not all, the phenotypes in decreased

levels of CENP-F. Alternatively, a recent report showed that Aurora B and HecL

recruited Mpsl to the kinetochore to ensure that mitotic checkpoint is efficient at the

31



onset of mitosis (Saurin et al. 201L). This study, in agreement with those demonstrated

by Meraldi et al. (2004) indicating that Hecl localization at the kinetochore is crucial for

SAC activation, and mitotic arrest is abrogate when HecL is totally depleted from the

kinetochore. Therefore, it is also feasible that the cells with premature loss of sister

chromatid cohesion were indeed cells that had overridden the mitotic checkpoint and

entered anaphase as the Hecl levels were very low (FiC. 2-6D). Nevertheless, the

possibility that the loss of sister chromatid cohesion in ASURA or RBMX depletion was

due to the lower levels of Hecl was not apparent from the data. HecL expression

remains unperturbed in the absence of ASURA and RBMX (Fig. 2-3A). Hecl RNAI alone

does not impair sister chromatid cohesion as much as ASURA or RBMX depletion. In

particular, when Hec1 intensity at the kinetochore is above tO% of the control, a level

similar to that of ASURA and RBMX disruption, sister chromatids were rarely separated.

A recent study indicated another possibility for the untimely sister chromatid

separation, referred to as cohesion fatigue, which is due to prolonged mitotic arrest

(Daum et al. z9ttl. Whether this is the case in Hecl, ASURA and RBMX RNAI is

unknown, because stable microtubule interactions were very few (Takata et al. 2007b;

Matsunaga et al. unpublished data), whereas cohesion fatigue requires microtubule

pulling forces.

To understand the underlying mechanism, interaction partner(s) of ASURA or

RBMX localized to the kinetochore should be determined. However, initial mass

spectrometry screening did not detect any kinetochore protein from ASURA or RBMX

immunoprecipitates. In addition, previous yeast-two-hybrid system screening for

protein interactions provided by the MitoCheck consortium (Neumann et al. 20L0;

www.mitocheck.org) did not identify any kinetochore component interacting with

either ASURA or RBMX. How can ASURA and RBMX be involved in kinetochore
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assembly without being integrated in the kinetochore or stably interacting with the

kinetochore proteins? There are three major possibilities:

1. Functions of ASURA and RBMX other than mitotic functions

ASURA, also known as PHB2, is required for histone deacetylase recruitment (Kurtev et

al. 2004). Human SIRT2 (sirtuin 2), homologs to the yeast Si12 protein, preferentially

deacetylases tubulin and histone H4 (lnoue et al. 2007), and show interaction with

PH82 by yeast-two-hybrid screening (Ewing et al. 2007). In budding yeast, Si12 is an

essential silent chromatin (a repressive chromatin structure that functionally resembles

heterochromatin of higher eukaryotes) component. Recent study showed that binding

of cohesin to silent chromatin to a small carboxyl terminal fragment of Si12 targeted

sister chromatid cohesion, which does not required Sir2 deacetylase activity (Wu et al.

zOtL). Another report indicated that hypoacetylated H4K16 is important for

maintaining the integrity of the kinetochore and accurate chromosome segregation,

whereas Sir2 is the H4K16 deacetylase (Choy et al. 20L1). However, the functions of

human SIRT2 have not yet been determined, moreover the correlation with ASURA is

largely unknown. Similarly, whether the role of ASURA as transcription repressor

contributes to kinetochore assembly or cohesion is largely unknown. No significance

difference in protein expression levels of HecL (Fig. 2-3A) and SccL (the cohesin

subunit) (Takata et al. 2007b) was detected after ASURA RNAI.

As for RBMX, whether its role in pre-mRNA spicing regulation is involved in

kinetochore assembly and/or cohesion protection is not known, however the

expression levels of several kinetochore proteins and SccL was unaltered in RBMX

depletion (Fie. 2-3A; Matsunaga et al. unpublished data). Whether RNA binding is

essential for the localization of RBMX on the chromosomes is under investigation. A

study of maize CENP-C revealed that centromeric RNA helps to recruit CENP-C to the
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inner kinetochore by stabilizing its DNA binding (Du et al. 20L0). However, the direct

correlation of centromeric RNA and RBMX mitotic functions are not clear.

2. Sister chromatid cohesion is required for kinetochore assembly

We found that both ASURA (llma Master Thesis 2010) and RBMX (Akatsuchi Master

Thesis z01-ll interact with cohesin. In addition, since Hecl RNAI also resulted in

premature sister chromatid separation, I considered whether cohesion itself is required

for kinetochore development. Shugoshin (Sgo) localized to the inner centromere and is

protecting centromeric cohesion until anaphase. Loss of Sgo in human cells reduced

the kinetochore localization of CENP-E and CENP-F by 2.9- and 2.3-fold, respectively,

whereas HecL localization is highly unperturbed (Salic et al. 2004). However, Vagnarelli

et al. (2004) showed that specific inhibition of topoisomerase ll, which is required for

decatenation of replicated chromosomes, can bypass the cohesin requirement for

metaphase chromosome alignment and spindle checkpoint silencing. Since the

kinetochore effects of Sccl deficiency can be compensated for by topoisomerase ll

inhibition, Sccl is not absolutely required for kinetochore assembly or function, and

that its principal role in allowing the onset of anaphase is the establishment of

sufficient inter-kinetochore tension to allow bi-orientation. Therefore, the effect of

cohesion to kinetochore formation may not be significant.

3. ASURA and RBMX may be the targeting factors for kinetochore protein(s)

ASURA localizes at the nucleus/chromosome and cytoplasm during G2 phase, prophase

and prometaphase. RBMX localizes at the nucleus during interphase, while associates

with chromosomes during prophase and prometaphase (Fig.2-2). Hecl (Liu et a1.2006)

and CENP-F (Liao et al. 1995) assemble at the kinetochore since late G2. Although

ASURA and RBMX do not localize specifically to the centromere region or kinetochore,

they are required for the localization of Hecl and CENP-F. Therefore, ASURA and RBMX
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may act as targeting factor for kinetochore protein(s) during late G2 or early mitosis.

Combining the present data with our previous studies (Takata et al. 2OO7b;

Matsunaga et al. unpublished data), kinetochore proteins mislocalized after ASURA

{green boxes) or RBMX (indicated in blue font) depletion are as follows (Fig. 2-7). Both

ASURA and RBMX are required for the localization of Hec1, CENP-E and CENP-F, while

RBMX RNAI also reduced the localization of Mis13 (a subunit of the Mis12 complex).

Kinetochore localization of all subunits of the human MisL2 complex is interdependent

(Kline et al. 2005). The possible pathways involved in according to early reports (Liu et

al. 2O06; Cheeseman and Desai 2OO8; Hori et al. 2008) are indicated (Fig. 2-7). HecL

RNA| abolished CENP-F enrichment at the kinetochore, and therefore is acting

upstream of CENP-F (red arrow). CENP-E required CENP-C and CENP-F for its

localization. lt is feasible that RBMX is required for Mis12 complex localization,

whereas ASURA is required for Hecl targeting. Liu et al. (2006) showed by EM that

Mis12 and Hecl RNAI exhibited very distinct phenotypes, although Hecl required

MisL2 complex for its localization. Accordingly, they are proposed to be involved in

two different pathways, where Hecl is the hub of the two pathways. Because Hecl (in

ASURA RNA|) and Mis13 (in RBMX RNAI) acting upstream among all kinetochore

proteins have been tested, the immunofluorescence results suggest that ASURA is

involved either in the CENP-I or CENP-C pathway by targeting Hecl, whereas RBMX is

most probably involved in the CENP-C pathway bytargeting Mis13 (See Chapter 4for

details). By EM study, it is possible to determine which pathways ASURA and RBMX are

involved in.
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kinetochore protein(s). Proteins mislocalized after ASURA and RBMX depletion were

indicated as green boxes and in blue font, respectively. Arrows show the dependencies

of the kinetochore proteins targeting. Black arrows indicating the dependencies reveal

by previous studies. CENP-F requires Hecl for its kinetochore localization (red arrow).

Round arrows (green and blue) indicate that both ASURA and RBMX are not the

kinetochore com ponent proteins
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2.5 Summary

ASURA and RBMX make important contributions to chromosome segregation due to its

importance in regulating sister chromatid cohesion and proper kinetochore assembly.

Interestingly, both ASURA and RBMX do not show specific localization at the

kinetochore or centromeric region. Kinetochore proteins, except for CENP-A where

HJURP serves as its deposition factor (Dunleavy et al. 2009; Foltz et al. 2009), are

known to be recruited by other kinetochore proteins upstream (Maiato et al. 2004;

Chan et al. 2005; Liu et al. 2005; Cheeseman and Desai 2008). Therefore, the

involvement of ASURA and RBMX are unique as they are not integrated in the

kinetochore.

ASURA and RBMX associate with the chromosome during late G2 and early

mitotic phases. In agreement with their localization patterns, outer kinetochore

proteins accumulated at the kinetochore from late G2 phase, and some of them

achieve full complement during prometaphase, including Hecl and CENP-F

(Cheeseman and Desai 2008). Therefore, it is feasible that ASURA and RBMX act as

targeting factors for kinetochore protein(s), which is the third possibility described

above. ASURA and RBMX are required for Hec1, CENP-F and CENP-E localization (Fig.

2-4;Takata et al. 2007b; Matsunaga et al. unpublished data). RBMX RNAI also disrupted

Mis13 of the Mis12 complex (Matsunaga et al. unpublished data), which is required for

Hecl localization. These suggested that ASURA is targeting Hecl (or Ndc80 complex),

whereas RBMX is required for Mis13 (or MisL2 complex) loading.

Based on the pattern of chromosome distribution, the nonalignment phenotype

associated with ASURA and RBMX RNAI was similar to that observed after depletion of

Mis12 complex (Goshima et al. 2003; Kline et al. 2006) and Hecl (Ndc80 complex). To

further investigate how ASURA and RBMX might contribute to kinetochore formation,
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particularly to determine their involving pathway(s), I turned to EM analysis to study

kinetochore structures after the RNA| treatments in order to obtain some clue of how

both proteins contribute to kinetochore development.
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Chapter 3

K inetochore matu ration

3.1 lntroduction: Kinetochore structure

Almost a century after the discovery of centromere by Walter Flemming in 1879,

electron microscopic (EM) studies provided the first insight into the layered structure

forming at the primary constriction of the chromosome (Brinkley and Stubblefield

1966). This structural body was termed kinetochore, and the trilaminar morphology

was later established by several studies using conventional chemical fixation

procedures and thin-section transmission EM of chromosomes in vertebrate cells

(Jokelainen \967; Comings and Okada 1971l'.

Kinetochore morphogenesis has been well documented in for mammalian cells

(Rieder L9821, especially in PtK (Roos 1973). Correlative light microscopy and EM

revealed that, during mitosis, the kinetochore is visible on the surface of the primary

constrictions as roughly circular patches of fine fibrillar materials (fibrillar ball), which

gradually differentiated into two layers within the ball and developed finally into the

trilaminar morphology. This layered structure of kinetochore becomes visible on the

surface of the chromosome from late prophase, about the time of nuclear envelope

breakdown, but before the acquisition of microtubules (Roos 1973). Innermost is an

inner plate, which forms the interface with chromatin. The central kinetochore layer

(15-30 nm thick) appears as a less electron dense interzone. Outer kinetochore plate

(35-40 nm thick) is a dense but loosely organized flexible network of LO-20 nm fibers

(Rieder and Salmon 1998), which interacts with multiple microtubules by either
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extending out from the plate to bind microtubule walls or embedded the microtubule

plus-end tips in a radial mesh (Dong et al. 2OO7l. The outermost is a moderately dense

filamentous material extended -100-300 nm away from the outer layer, termed fibrous

corona, which can only be visualized in the absence of microtubules. Most mammalian

kinetochores ranged from 100-500 nm in diameter (Rieder 19821, whereas human

kinetochores are 200-500 nm in size (Wendell et al. L993). The diminutive size of the

kinetochore makes the electron microscope the only tool available for visualizing

kinetochore st ructu re.

As kinetochores undergo a cycle of assembly and disassembly during each mitotic

division, defects observed in kinetochore after ASURA and RBMX RNA| may be derived

from disruption of the maturation process. I first ascertained the kinetochore assembly

in HeLa cells. Based on the stepwise ultrastructural alteration of the kinetochore in

each mitotic phase, I developed a classification scheme represent kinetochore

assembly and disassembly (refer to Fig. 3-11 for details).

3.2 Materials and methods

Cellculture

HeLa cells were maintained in DMEM (GIBCO BRL) supplemented with 10% FBS

(Equitech-Bio) at 37"C and 5% COz.

Live cellimaging

HeLa cells cultured in 35 mm poly-L-lysine-coated glass-bottom dishes (Matsunami)

were transfected with or without Lipofectamine 2000 (lnvitrogen). The medium was

changed to a CO2-independent medium, phenol-red free DMEM (GIBCO BRL)

containing l0o/o FBS, 0.1 mg/ml penicillin/streptomycin, 2O mM glutamine, and 100
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mM HEPES at L hour before imaging. The dishes were placed on the inverted platform

of a fluorescence microscope (lX-8L; Olympus) equipped with a COz chamber set at

37"C. DIC images were acquired every 15 minutes with a 403 objective controlled with

the MetaMorph software (Universal lmaging Corporation). Stacks of images were

assembled and processed with the MetaMorph software.

Electron microscopy

HeLa cells grown on plastic coverslips (mono-layer) were transfected with

Lipofectamine 2000 alone and were fixed for L hour in 3% glutaraldehyde and 0.2%

tannic acid in PBS buffer at room temperature. Post-fixation was in 2% OsOa for 20

minutes. The cells were dehydrated through an increasing ethanol series and infiltrated

with epoxy resin (Quetol812). The resin was polymerized at 37'C for L2 hours,45"C for

1.2 hours and 60"C for 48 hours. Cells of interest embedded in the resin were chosen

under an optical microscope and trimmed to -1.0 mm2. Samples were cut into 70-80

nm thick serial sections with an ultramicrotome equipped with a diamond knife

(ULTRACUT E; Reichart-Jung). The sections were stained with uranyl acetate and lead

citrate for examination with a transmission electron microscope (JEM-1200EX; JOEL).
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3.3 Results: Kinetochore in each mitotic phase

In human, descriptions of the mature trilaminar kinetochores are abundant, but yet,

ultrastructural studies of the kinetochore assembly process are lacking. Therefore,

before further analyses of the RNA| defects could be performed, kinetochore

maturation, particularly in human should be elucidated in detail. For this purpose, I

analyzed 1 prophase, 23 prometaphase, 8 metaphase, 5 anaphase and 3 telophase cells

from the mock control (transfected with Lipofectamine 2000 alone).

During observation, I found that the appearance of individual kinetochores varied

even in successive thin serial sections (Fig. 3-1A), which has also been reported for

Indian muntjac chromosomes (Zinkowski et al. 1991). Hence, several adjacent serial

sections were observed for individual kinetochores to determine their structures.

Adjacent serial sections were indicated by serial numbers of i-v. In addition, cells

transfected with Lipofectamine 2000 often resulted in 'full of holes' appearance as

depicted in Fig. 3-1B and many other electron micrographs (describe below). Cells were

monitored for the effects of Lipofectamine 2000 treatment. Cells either transfected

with (+) or without (-) Lipofectamine 2000 were examined (Fig. 3-18). 20 cells without

treatment and 40 transfected cells were recorded. There was no significant difference

in mitotic duration (i.e., prophase until cytokinesis) between both conditions. Moreover,

despite the 'full of holes' appearance, Lipofectamine 2000 treatment did not

apparently affect the viability of those cells.
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Fig. 3-1 Serial sections of a trilaminar kinetochore with robust microtubule

attachment and the effects of Lipofectamine 2000 transfection to the cells. (A) i-v

Continuous adjacent serial sections of a trilaminar kinetochore. Outer plate (red

arrows) and inner plate (yellow arrows) are apparent. Microtubules are indicated by

white arrowheads. iv The kinetochore was rather fuzzy (blue arrow). Scale bar is 500

nm. (B) Time-lapse of cells treated with or without Lipofectamine 2000, indicated as +

and -, respectively. Red arrows denoted cells at the time point of 0 minute (min).

Bubbles or 'holes' that were generated by Lipofectamine 2000 treatment are indicated

by green arrowheads. Scale bar is L0 pm

O rnin 15m:n 30 min 45 min 60 min
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3.3.1 Prophase

Fig. 3-2A showed a prophase HeLa cell. The nuclear envelope (green arrows) and

nucleoli (red arrowheads) are visible. Microtubules were not found on kinetochore

{describe later in the text), nor elsewhere inside the nucleus, while were detected

outside the nuclear envelope (Fig. 3-28, white arrowheads). Kinetochores were

observed as: L. fibrous mass (Fig. 3-2D, E, blue arrowsl;2. Fuzzy ball with a partially

constructed kinetochore plate (Fig. 3-2C, E, red arrows). Both structures attached to

opposite lateral faces of the primary constriction of chromosomes.
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Flg. 3-2 Prophase. Green arrows showed the nuclear envelope and red arrowheads

indicated nucleoli. Red arrows showed the outer kinetochore plate and blue arrows

revealed the fuzzy ball appearance. (A) Low magnification of a prophase cell. Scale bar

is L0 gm. (B-E) High magnification electron micrographs. (B) Microtubules (white

arrowheads) were observed outside the nucleus. (C-E) Kinetochores in the prophase.
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(C) Fibrillar balls with faint outer plates. (D) Fuzzy ball. (E) Fibrillar ball with (right, red

arrows) or without (left, blue arrows) partially constructed outer plate. (B-E) All

micrographs are shown in the same magnification. Scale bar is 500 nm

3.3.2 Prometaphase

After nuclear envelope breakdown, kinetochores gradually differentiated into the

layered structure while interacting with spindle microtubules. In prometaphase,

kinetochores showed a vast variety of appearances according to its maturation and

microtubule association. Three types of kinetochores can be distinguished. !. Fuzzy

balls with finely fibrillar materials without internal structure, similar to those in

prophase, although they apparently associated with the microtubules (Fig. 3-3D, 3-4G).

2. Fibrillar mass with a somewhat distinguishable outer plate. They are usually

stretched upon microtubules pulling (Fig. 3-3C, E, 3-48-D, 3-58, D). 3. The unambiguous

triple layered structure. An electron dense band (outer plate) and the chromosome

body were separated by an electron-lucent middle layer (Fig. 3-3F-H, 3-58, C).

Occasionally, the other electron dense band attached to the centromere (inner plate)

was visible (Fig. 3-4E, F).

3.3.2-t Early prometaphase

An overview of the cell showed chromosomes interaction with the spindle

microtubules (Fig. 3-3A). Kinetochores facing the pole (Fig. 3-3B) interacted

with robust microtubules (Fig. 3-3C). Kinetochores were usually fuzzy (Fig.

3-3D), however, faint outer layer (red arrows in C and E) were somewhat

visible. Nevertheless, the kinetochores are often stretched. In some

kinetochores, the outer plate were more electron dense, as shown in Fig.

3-3F-H. Without microtubule attachment, the fibrous corona (blue

arrowheads)was visible in 3-3H.
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arrowheads. (A) Low magnification. Scale bar is 10 pm. (B) Centriole as the center of

the aster. (C-H) Higher magnification of kinetochores. (B-H) All micrographs are

shown in the same magnification. Scale bar is 500 nm
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3.3.2-2 Mid prometaphase

Chromosomes begin to align at the metaphase plate (fig. 3-4A). Almost all

kinetochores were oriented to face (centrosomes or) each pole, and the faint

outer plates were visible (Fig. 3-48-D), although many of them were stretched

while interacting with the microtubules (Fig. 3-4C, left kinetochore in D).

Some kinetochores showed the distinct triple layered structure (red and

yellow arrows in Fig. 3-4D-F), although some were remained as fuzzy ball

without internal structural differentiation (blue arrows in Fig. 3-4G).

3.3.2-3 Late prometaphase

Outer plates were developed in almost all kinetochores (Fig. 3-58-D) although

they were less distinct in Fig. 3-58 (left kinetochore) and D. Most

chromosomes were bi-oriented (Fig. 3-5C) and congressed to the metaphase

plate (Fig. 3-5A), although a laterally associated kinetochore (left kinetochore

in Fig. 3-5B) was found, probably by gliding on the microtubules of bi-oriented

kinetochores (Kapoor et al. 2005). During prometaphase, kinetochores facing

the poles are favorable in capturing microtubules (Rieder and Alexander L990).

Once this association is established, kinetochores were transported poleward

via the corona (Rieder and Alexander 1.990), forming lateral interactions with

any stabilized microtubule bundles (Cai et al. 2009). Even if chromosomes fail

to achieve bi-orientation at the poles, the chromosomes glide along the

kinetochore fibers with the aid of CENP-E from the corona to obtain

bi-orientation at the metaphase plate (Kapoor et al. 2006), which is known as

the mono-oriented pathway (Caiet al. 2009).
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Fig. 3-4 Mid prometaphase. Red and yellow arrows showed the outer and inner plate,

respectively. Blue arrows revealed the fuzzy ball appearance. Microtubules are

indicated by white arrowheads. (A) Low magnification. Scale bar is 10 pm. (B-F) Outer

kinetochore plates are visible. (G) Fuzzy ball. (B-G) All micrographs are shown in the

same magnification. Scale bar is 500 nm
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Fig. 3-5 Late prometaphase. Red arrows showed the outer plate and blue arrows

revealed the fuzzy ball appearance. Microtubules are indicated by white arrowheads.

(A) Overview of the cell in low magnification. Scale bar is L0 ;rm. (B) The kinetochore at

the left is interacting side-on with a microtubule running close-by, and the fibrous

corona (blue arrowhead) is visible. The right kinetochore is interacting end-on with

robust microtubules. (C) Bi-oriented kinetochores. (D) Kinetochore with a less distinct

outer plate. (B-D) All micrographs are shown in the same magnification. Scale bar is

500 nm
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3.3.3 Metaphase

Almost all kinetochores showed the distinct trilaminar structure, with robust

microtubules interaction (Fig. 3-68-D). Chromosomes were bi-oriented (Fig. 3-5B, C and

E) and aligned at the metaphase plate (Fig. 3-6A).

Fig. 3-6 Metaphase. Red and yellow arrows showed the outer and inner plates,

respectively. Microtubules are indicated by white arrowheads. (A) Chromosomes

aligned at the metaphase plate. Scale bar is L0 pm. (B-D) Unambiguous trilaminar

kinetochores with robust microtubule interactions. (E) Less distinct layered structure.

(B-E)All micrographs are shown in the same magnification. Scale bar is 500 nm

If,-:,tal
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3.3.4 Anaphase

In anaphase, sister chromatids separated and moved to the opposite poles. Two types

of kinetochores were observed. L. Distinct trilaminar kinetochore as in metaphase. 2.

Fibrous mass with less distinct layered structure.

3.3.4-1 Very early anaphase

Chromosomes remained aligned at the metaphase plate (Fig. 3-7A) while

cohesion between sister chromatids were dissolved (Fig. 3-78-E). The

trilaminar structures were retained, and the inner plates were slightly more

electron dense than the chromatin.

3.3.4-2 Mid anaphase

Kinetochores of separated sister chromatids were leading the way to the

opposite poles (Fig. 3-8 A). Layered structure of the kinetochores was retained

(Fig. 3-8B), although many of them were less distinct and showed the fuzzy

ball structure at the same time (Fig. 3-8C, D). Robust microtubule interactions

were detected.

3.3.4-3 Late anaphase

Sister chromatids gather at the poles (Fig. 3-9A), microtubules gathered

stem body at spindle equator (Fig. 3-9B). The layered structure of

kinetochores was visible, although they were fuzzy as in mid anaphase

3-9C, D). Microtubule interactions were detected.
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Fig,. 3-7 Very early anaphase. Red and yellow arrows showed the outer and inner

plates, respectively. Microtubules are indicated by white arrowheads. (A) Bi-oriented

chromosomes aligned at the metaphase plate. Scale bar is 1.0 pm. (B-E) Unambiguous

trilaminar kinetochores with robust microtubules interaction. Sister chromatids began

to separate. All micrographs are shown in the same magnification. Scale bar is 500 nm
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D

Fig. 3-8 Mid anaphase. Red arrows showed the outer plates and blue arrows revealed

the fuzzy ball appearance. Microtubules are indicated by white arrowheads. (A) Sister

chromatids were moving to the opposite poles. Scale bar is 10 pm. (B) Distinct layered

structure with robust microtubules interaction. (C, D) Outer plates were visible

although kinetochores were slightly fuzzy. (B-D)All micrographs are shown in the same

magnification. Scale bar is 500 nm
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Fig. 3-9 Late anaphase. Red and yellow arrows indicated the outer and inner plates,

respectively. Blue arrows revealed the fuzzy ball appearance. Microtubules are

indicated by white arrowheads. (A) Sister chromatids reached the opposite poles. Scale

bar is 10 pm. (B) Stem body observed at the spindle equator. (C) Kinetochore is

trilaminar but slightly fuzzy. (D) Outer plate is visible but less distinct. (B-D) All

micrographs are shown in the same magnification. Scale bar is 500 nm
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3.3.5 Telophase

Nuclear envelope reconstructed (Fig. 3-108) and chromosomes were no longer

distinguishable but fused into a continuous mass while an equatorial constriction is

initiated (Fig. 3-10A). Two types of kinetochores were visible at the polar faces of

daughter nuclei. 1. Less distinct but layered kinetochores interacting with microtubules

(Fig. 3-10C). 2. Kinetochore dissolved into fuzzy patches (Fig. 3-10D). However, they

were not covered by the nuclear envelope yet (Fig. 3-10C, D).

Fig. 3-10 Telophase. Red arrows showed the outer plates and blue arrows revealed the

fuzzy ball appearance. Microtubules are indicated by white arrowheads. (A) Sister

chromatids at the poles fused into a chromatin mass. Scale bar is 10 gm. (B) Nuclear

envelope is denoted by green arrows. (C) Kinetochore with less distinct outer plate. (D)

Fuzzy ball. (B-D) All micrographs are shown in the same magnification. Scale bar is 500

nm
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3.4 Discussion

There are generally three types of kinetochore structures (Table 1). 1. The fuzzy ball

structure which is often observed in prophase until early prometaphase and after mid

anaphase. 2. Fuzzy ball with faint outer plate which usually observed from prophase to

mid prometaphase and after mid anaphase. 3. Trilaminar structure which is observed

from early prometaphase to late anaphase, and formed the majority from late

prometaphase until early anaphase. Therefore, in HeLa cells, trilaminar kinetochore

assembled from prophase to metaphase and disassembled from mid anaphase until

the end of mitosis.

Fuzzy ball
Fuzzy ball with faint Trilaminar

outer plate structure

prophase

early
prometaphase

mid prometaphase

late prometaphase

metaphase

early anaphase

mid anaphase

late anaphase

telophase

¨
　

　

＋

　

　

＋

　

　

＋

+

+

+

+

+

+

+

+

+

+

+

+

Table 1 Kinetochore structure in each mitotic phase. + indicated structures that are

usually visible. - indicated structures that are visible in less than L5% of total

kinetochores examined at the corresponding mitotic phase
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3.5 Summary

A classification scheme for kinetochore maturation in human cells is presented (Fig.

3-11) based on the ultrastructural analysis; microtubules are omitted to avoid

complexity. Kinetochores are classified into 3 groups, Class 1., Class 2 and Class 3.

Class L represents kinetochore with amorphous fibrillar mass without internal

structure (also refer to as fibrillar/fuzzy ball or prekinetochore) (orange shades in Fig.

3-11). Class 1 kinetochore is mainly visible during prophase and early prometaphase,

and also after mid anaphase. Virtually, this is the initial stage of the kinetochore

assembly and also the final stage of kinetochore disassembly in mitosis. Once the outer

plate (pink layer in Fig. 3-11) is developed, kinetochore appeared as fibrillar ball with a

faint outer plate is referred to as Class 2. Class 2 kinetochores are mainly visible from

prophase to mid prometaphase and after mid anaphase. As cell cycle progress toward

metaphase, the outer plate became more and more electron dense and the fuzzy

appearance gradually disappeared (yellow shades in Fig. 3-11). Once the electron

dense outer plate and distinct electron-lucent middle zone became apparent,

kinetochores are classified as trilaminar kinetochore (also known as the matured

kinetochore) or Class 3. In most cases, inner plates (red layer in Fig. 3-11) were visible.

Class 3 kinetochore is visible mainly from late prometaphase until early anaphase.

Differences between Class 2 and Class 3 kinetochores are the electron density of the

outer plate and the middle zone. lt is notable that in many individual cells, all three

types of kinetochores are visible, particularly in prometaphase. This observation

indicate that for an individual cell, proteins from the mitotic pool assemble randomly to

the kinetochores, untilthe full complement of kinetochore proteins is achieved, usually

by late prometaphase.
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Fig. 3-11 A schematic model of kinetochore development. Kinetochore maturation (i.e.

transformation of fibrillar ball to a trilaminar kinetochore) is classified as 3 groups,

Class 1, 2, and 3. Note that kinetochores are grouped based on their structures, and

therefore kinetochores in an individual group are not necessarily containing the same

protein composition (See Fig. 2-1.A for kinetochore composition). The maturation

process occurs in parallel with chromosome condensation from prophase until the

onset of anaphase, however does not depend on NEB or on the degree of chromosome

condensation (Ghosh and Paweletz 19871. After anaphase, sister chromatid separated,

and kinetochore gradually degraded into the fuzzy ball structure. Microtubules were

eliminated from the figure to avoid complexity. Scale bar is 500 nm
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Chapter 4

ASURA and RBMX are required for kinetochore

assembly

4.1 Introduction: Kinetochore assembly pathways

Kinetochore proteins assemble to the kinetochore by a stepwise self-assembly manner.

Inner kinetochore proteins, CCAN localize to the centromere throughout the cell cycle,

and the rest of the kinetochore proteins localizes gradually to the kinetochore outer

plate and/or fibrous corona. This is known as the kinetochore assembly. Several early

studies provided good profiles of the effect of over thirty kinetochore proteins to the

kinetochore structure, and Liu et al. (2005) carefully classified the assembly pathways

into three, the CENP-1, CENP-C and Aurora B pathways (Fig. a-1).

CENP-I pathway is thought to be the main stream of the trilaminar structure

formation. CENP-I was later found to be downstream of CENP-T/W complex (Fie. 2-7;

Hori et al. 2008). Knockout or knockdown of components in this pathway always

resulted in a majority of kinetochores with fibrous mass without internal structure,

resembling the prekinetochores (Fig. 4-1B, Liu et al. 2006). These suggested that

kinetochore proteins in this pathway are required for plate formation or differentiation

itself. A recent study showed that CENP-T/W complex interacts directly with Ndc80

complex (Gascoigne et al. 2011). When Hecl and/or Nuf2 are disrupted, more than

5O% of the kinetochores observed failed to construct the plate structure, suggesting

that this complex play an important role in kinetochore maturation and differentiation
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(Deluca et al. 2005), where similar phenotype observed in CENP-I depletion (Liu et al.

2006) may be due partially to the mislocalization of Hecl-Nuf2. CENP-F is another

outer kinetochore and fibrous corona component placed downstream of CENP-l (Liu et

al. 2005). CENP-F displays weak microtubule-binding activity (Feng et al. 2006). CENP-F

repression resulted in unstable kinetochore-microtubule interaction, while Ndc80

complex is unaltered. Therefore, Ndc80 complex and CENP-F are thought to be

constructing two independent branches downstream of CENP-|.

CENP-C pathway is essentialto maintain the size, shape and structural integrity of

kinetochore plates. Mis12 complex associated directly with CENP-C, while Mis14

provided the attachment site of Spc24-Spc25 (Ndc80 complex) and KNLl (Petrovic et al.

2010). ln either of the CENP-C or Mis12 knockout and/or knockdown analyses,

trilaminar kinetochores were observed in more thanTO% of the kinetochores, although

the majority of them were either forming the thin and/or punctate plates, partial

and/or pulled out plates or small kinetochore plates (Fig.4-tC, Liu et a1.2006). Even

though this pathway is also affecting kinetochore association of Hecl-Nuf2 and CENP-F,

the effects were less severe than those of CENP-|.

Aurora B pathway affects the shape and structural integrity of kinetochore plates.

When Aurora B is depleted from the cells, more than 9O% of the kinetochores were

trilaminar with C-shaped outer plates (Fig. 4-1D, Liu et al. 2006), while the others

sometimes showed inner and outer plates seemingly fused at one end (Fig. 4-LE, Liu et

al. 2006). As the biochemical analyses failed to provide important clues about ASURA

and RBMX localization and/or interaction partners at kinetochore, I turned to EM

analysis to examine the defects in kinetochore formation after the RNAI treatments.
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potential feedback mechanism between CENP-I and the Hecl-Nuf2 complex. Boxes

denote proteins whose roles in kinetochore assembly were examined by EM. (B)

Kinetochore in CENP-l depleted cells. Black arrowhead indicates the fuzzy ball

appearance. Scale bar is 400 nm. (C) Kinetochore with smaller plates in CENP-C RNA|

cells. Trilaminar structure (white arrowhead) is remained. Scale bar is 400 nm. (D, E)

Kinetochores in cells lacking Aurora B. (D) Kinetochores maintain the plate structures,

but extend significantly to a C-shape without microtubule binding. (E) Outer and inner

plates (black arrowheads) seemingly fused at one end displaying hairpin-like structure

(white arrow). (B-E) Cited from Liu et al. (2006)

4.2 Materials and methods

Cellculture

HeLa cells were grown

(Equitech-Bio) at 37"C and

・‐ｎ　
　
Ｍ

DMEM (GIBCO BRL) supplemented with tO% FBS;

COz as described in Chapter 2.

siRNA methods

HeLa cells were transfected at a final concentration of 100 nM with ASURA-s|RNA

(S'-GAAUCGUAUCUAUCUCACATT-3' PHB? siRNA-1 in Takata et al. 2007b), RBMX-siRNA

(5'-UCAAGAGGAUAUAGCGAUATT-3') or HecL siRNA (S'-AAGTTCAAAAGCTGGATGATC-3',

Martin-Lluesma et al.2OO2l using Lipofectamine 2000 according to the manufacturer's

instructions. Cells transfected with Lipofectamine alone were used as a mock control.

48 hours after transfection, cells in each treatment were collected for EM analysis.

Electron microscopy

HeLa cells grown on plastic coverslips (mono-layer) were transfected as in Chapter 2.48

hours post transfection, cells were fixed in 3% glutaraldehyde containing 0.2o/o tannic

acid diluted in PBS buffer for t hour at room temperature. Post-fixation was in 2% OsOq

for 2O minutes. The cells were dehydrated through an increasing ethanol series and
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infiltrated with epoxy resin (Quetol 8L2). The resin was polymerized at 37"C for L2

hours, 45'C for 12 hours and 60"C for 48 hours. Cells of interest embedded in the resin

were chosen under an optical microscope and trimmed to -1.0 mm'. Samples were cut

into 70-80 nm thick serial sections with an ultramicrotome equipped with a diamond

knife (ULTRACUT E; Reichart-Jung). The sections were stained with uranyl acetate and

lead citrate for examination with a transmission electron microscope (JEM-1200EX;

JOEL).

The EM analyses were based on those of Deluca et al. (2005) with some

alterations. For control, cells that apparently aligned at metaphase were chosen for

analysis (Fig a-2A). ASURA, RBMX and Hecl RNA| cells were chosen based on their

phenotypes, poor chromosome alignment as shown in Fig. 4-3A,4-4A,8 and 4-5A. All

kinetochores observed were included in the analyses regardless of their appearance.

For individual cells, only a few sections, containing chromosome-rich regions, which

were often close to the center of the cells, were examined. To obtain an overall view of

the RNA| effects, kinetochores from several cells were chosen rather than examining all

the kinetochores in a single cell. As the boundary between individual chromosomes is

not obvious, and sister kinetochore appearances can sometimes show differences

depended on kinetochore fiber attachment, kinetochores were analyzed individually

rather than as a kinetochore pair of a chromosome. Several adjacent serial sections

were observed to elucidate the structural and developmental stages of the

kinetochores.
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4.3 Results

4.3.1 lmmature kinetochore development in ASURA and RBMX depletion

To test the possible pathway(s) ASURA and RBMX may be involved in, kinetochores in

mock control lFig. a-21 and RNA| treated cells (Fig. 4-3, 4-4 and 4-5) were analyzed.

Kinetochores were classified by referring to their maturation process (Fig. 3-11).

Several adjacent serial sections (indicated by serial numbers of i, ii, iii in Fig. 4-2to 4-5)

were analyzed to classify individual kinetochores. A kinetochore structure is classified

as trilaminar (Class 3) once the canonical layered structure is visible in any of the

adjacent serial sections for an individual kinetochore (Fig. 4-2Eil, even the structure

was rather fuzzy in the next section (Fig.  -2Eii).

The quantitative data are shown in Fig. 4-6. The control cells (Fig. 4-21 are

identicalto the metaphase and very early anaphase cells in Chapter 3. Normally, Class 3

kinetochores (Fig. 4-2D, E) form the majority, more than 75% of the population. This is

rarely the case in the Hec1, ASURA and RBMX RNAi cultures, where less than 2O%o were

Class 3. Consistent with previous reports for Nuf2 RNAi (Deluca et al. 2OO5; Liu et al.

2006l, typical fuzzy ball structures (Class 1, Fig.4-38, C) were increased in Hecl RNA|

cells (Fig. 4-3). Class 2 (Fig. 4-3D, E) kinetochores were also increased significantly. As

expected, kinetochores were either fuzzy ball (Class L, blue arrows in Fig. 4-4C-G, N,

4-58-E) or poorly-formed (Class 2, Fig. 4-4C, H-l, L-B 4-5E) with ASURA (Fie. 4-4) and

RBMX (Fig. a-5) depletion. Kinetochore structure were severely perturbed in RBMX

RNA|, similar or even greater than that of the HecL RNA| cultures, consistent with the

immunofluorescence results showing low population of Hecl and many other

kinetochore proteins in RBMX depleted cells. Plate development seemed to be

proceeded further in ASURA RNAIcells, but is nevertheless compromised. Even when a

layered structure was constructed, the outer plates, and sometimes even the inner
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plates, were often pulled out or stretched (Fig.  - L-P), indicating that without ASURA

the kinetochore lacks physical rigidity against the microtubule pulling forces, although

microtubule attachment were less frequent compared to the control (Fig. 4-2D, E).

Increased Class L and Class 2 kinetochores after the RNA| treatments indicated

that kinetochore assembly is prolonged or terminated at early mitotic stages, due to

the declined accumulation of certain important components of the outer kinetochore,

as indicated by immunofluorescence studies (Fig. 2-4, 2-71. lt is notably that these

structures are not totally identical to those in the early mitotic stages in their protein

components. Considering that the amount of kinetochore proteins in the mitotic pool

is unaltered, the importance of ASURA and RBMX as the targeting factors of

kinetochore components in early mitotic stages is evident.
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Fig. 4-2 Control cells. Red and yellow arrows show the outer and the inner plates,

respectively. Blue arrows show the kinetochore with fuzzy appearance. White

arrowheads indicate microtubules. (A) An overview of a control cell, forming the

metaphase plate. Scale bar is 10 pm. (B) Kinetochore with fibrillar ball appearance

(Class 1). (C) An immature kinetochore with a faint outer plate (Class 2). (D, E)

Trilaminar kinetochores with microtubule attachment, classified as Class 3 kinetochores.

(B-E)All micrographs are shown in the same magnification. Scale bar is 500 nm
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Fig. 4-3 Kinetochore disorganization in Hecl RNAI cells. (A) Nonalignment phenotypes

were significant in Hecl RNA|. Scale bar is 10 prm. (8, C) Kinetochores showing fibrillar

structure (Class 1), the typical phenotype in Hecl RNAi. (D, E) Partially formed outer

plates are visible (Class 2). (E) Both inner and outer plates of the left kinetochore are

pull-away from the centromere. (B-E) All micrographs are shown in the same

magnification. Scale bar represent 500 nm
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Fig. 4-4 ASURA depletion resulted in kinetochore assembly disorder. (A, B) Low

magnification electron micrographs showing an ASURA depleted cell with

nonalignment. Serial sections are not adjacent. Scale bar represent L0 pm. (C-P) Inner

plates (yellow arrows), outer plates (red arrows) and fuzzy ball appearance (blue

arrows) are indicated. Microtubules are denoted as white arrowheads. (C) Sister

kinetochores showed faint outer plate (|eft, Class 2) and fuzzy ball structure (right, Class

1). (D-G) Kinetochores showing fibrillar structure (Class 1). (H-J) Partially formed outer
plates (Class 2l are visible. (K) Trilaminar kinetochore (Class 3). (L-P) Class 2
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kinetochores, most are stretched and some inner plates were even pulled-away from

the centromeres. Right kinetochore in (N) is a fuzzy ball (Class 1). (C-P) All micrographs

are shown in the same magnification. Scale bars represent 500 nm
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Fig. 4-5 Kinetochores in RBMX disrupted cells. (A) An overview of RBMX RNA| cell.

Chromosomes distributed in the cell with various degrees. Scale bar is 10 pm. (B-D)

Kinetochores with fibrillar appearance (Class 1), the major phenotype of RBMX

depletion. (E) Sister kinetochores showed poorly-formed outer plate (upper, Class 2)

and fuzzy ball (lower, Class 1). (F) Trilaminar kinetochore without microtubule

attachment (Class 3). (B-F) Red and yellow arrows show the outer and the inner plates,

respectively. Blue arrows show the kinetochore with fuzzy appearance. Microtubules

are denoted as white arrowheads. All micrographs are shown in the same

magnification. Scale bar is 500 nm
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Fig. 4-6 Quantitative analysis of kinetochores in each treatment. Kinetochores were

classified as Class L,2,and 3, accordingtothe maturation stages (Chapter 3, Fig 3-11).

In ASURA and RBMX RNAi, the majority of the kinetochore plates were either

poorly-formed (Class 2) or unrecognized (Class L), similar to that of the HecL RNA| cells
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4.3.2 Microtubule attachment was decreased in ASURA and RBMX RNA|

Mammalian outer kinetochore is a fibrous network, providing the physical attachment

site for microtubules (Dong et al. 2007). Over 9O%of the kinetochore microtubule plus

ends terminate in the outer plate of the trilaminar kinetochore {VandenBeldt et al.

2006). Each human kinetochore can interact with 15-25 microtubules (Cheeseman and

Desai 2008; Raaijmakers et al. 2009). Although microtubules do not attach evenly

throughout the kinetochore plate, normally, in 70-80 nm thick serial sections,

approximately 3-6 microtubules attached end-on to the kinetochores. When I

examined the number of microtubule attachment, I found that usually more than 50%

of the kinetochores in the control cultures were capable to bind more than 3

microtubules, even in the early prometaphase (EP), mid prometaphase (MP) and late

prometaphase (LP). Kinetochores in the RNA| treated cultures were overall associated

with fewer microtubules. Microtubule capturing occurred in a random manner, largely

depending on the spatial location of the kinetochores. In addition, it is also reflecting

the ability of kinetochores in stabilizing microtubule binding, which is largely affected

by the protein composition at a given time point. Although the latter may not always

be the case in normal cells except for those kinetochores before achieving full

complement of theirconstituents, shortly after NEB such as the EP cells, it is especially

true in the RNAI treated cells lacking a subset of important components for

microtubule capturing and stabilization. Therefore, it is obvious that the number of

stable microtubule attachment was decreased after ASURA and RBMX RNAI,

particularly in Class L and Class 2 kinetochores.
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every serial section. Therefore, for individual kinetochore, only serial section with the

highest number of microtubule interaction was analyzed
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4.3.3 Defects in kinetochore formation after ASURA or RBMX depletion were similar

to that of Hecl disruption

The morphological defects observed in ASURA- and RBMX-depleted cultures were

similar to those of Hecl disruption. In addition, the level of plate disorganization tends

to reflect kinetochore proteins population at the kinetochore after RNA| treatment.

This suggests that the abnormalities observed in kinetochore formation derived from

the degree of mislocalization of HecL and perhaps many other kinetochore proteins,

either upstream or downstream.

lmmunofluorescence results (Fig. 2-al suggested the possible involvement of

ASURA and RBMX in CENP-I and/or CENP-C pathways (Fie. 2-71. From the structural

analysis, the majority of the kinetochores were fibrillar balls, while the rest failed to

form the rigid trilaminar structure. Although the latter is similar to that of CENP-C

depletion, these features were also observed in Hecl-Nuf2 RNAI cells. Together with

high percentage of kinetochores showing fuzzy ball appearance, which is a

representative defect in CENP-I pathway (Liu et al. 2005), particularly when the Hecl

localization is highly disrupted, these data suggested the involvement of both ASURA

and RBMX in the CENP-l pathway.
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4.4 Discussion

In both ASURA and RBMX RNAi, kinetochore maturation, in particular, outer plate

development was severely perturbed. Defects in kinetochore maturation observed

were similar to that of HecL depletion. As kinetochore localization of Hecl were

disrupted after both ASURA and RBMX RNA|, the phenotypes observed may

recapitulate partially, if not all, those of HecL depletion due to its mislocalization. In

addition, end-on microtubule attachment was decreased in both ASURA and RBMX

RNAI, reflecting the lost of the important microtubule capturing protein(s), most

probably Hec1. This suggested that kinetochore aberration observed in ASURA and

RBMX RNA| were mainly caused by mislocalization of Hecl or other components in the

CENP-I pathway. lmportantly, the kinetochore structures were highly disorganized in

RBMX depletion, even more severe than that of Hecl RNA| alone. This can be

explained by loss of Mis13 (and Mis12 complex) and perhaps other components from

the CENP-C pathway, although CENP-C localization itself is not affected in RBMX

depletion (Matsunaga et al. unpublished data). Although kinetochore association of

Hecl decreased in Mis12 RNAi, Mis12 depletion alone only affected the size of the

outer plate (Liu et al. 2005). Interestingly, synergy in phenotypic defects has been

reported for double depletion of CENP-K (an inner kinetochore protein downstream of

CENP-I) and KNL1 (a member of the KMN network, showing dependency on Mis12)

(Cheeseman et al. 2008). CENP-K and KNLL depletion alone give little effect to each

other and also the localization of Hec1, while double knockdown of these proteins

nearly diminished Hecl localization totally. Hecl is supported by CENP-T/W, Mis12 and

perhaps also by KNL1. Therefore, the degree of kinetochore disorganization may also

reflect the remaining population of proteins working together to support the outer

plate.
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4.5 Summary

ln this study, we found that cells lacking either ASURA or RBMX showed particularly

aberrant chromosome congression, suggesting that they are defective with respect to

microtubule capture. EM studies support this conclusion. Authentic trilaminar

kinetochores are notably rarer in both ASURA and RBMX RNAI cultures. In addition,

significant increase in fuzzy ball structures, resembling the prekinetochores often

observed in early mitotic stages, suggest that kinetochore maturation was highly

disrupted. Normally, most of the kinetochores interact with microtubules after NEB,

even when the trilaminar structure has not been fully constructed. Only a few

kinetochores in RBMX RNAI cells associate with microtubules; those with a particularly

low population appeared as fuzzy balls.

Notably, similar observation was made for HecL depleted cultures, consistent

with previous reports. The EM study significantly showed that kinetochores in ASURA

and RBMX RNAI cells mainly recapitulated the defects observed in Hecl depletion. This

result reinforced the possible involvement of both proteins mainly in the CENP-I

assembly pathway. Although both ASURA and RBMX RNAI showed similar mitotic

defects, and is feasible to be involved in the CENP-I pathway, their contributions to

kinetochore assembly seem different. RBMX is likely to recruit the upstream

component(s) of Hec1, in CENP-I and/or CENP-C pathways, whereas ASURA is likely to

be the Hecl targeting factor. Altogether; this clearly shows that ASURA and RBMX play

critical roles in kinetochore plate development and stable microtubule attachment,

which are the prerequisites for accurate chromosome congression and segregation.
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Chapter 5

General conclusion

ln this study, I found that two relatively abundant chromosomal proteins, ASURA and

RBMX play critical roles in kinetochore formation, in addition to our initial finding on

their functions in protecting sister chromatid cohesion. By analyzing RNA| cells using

electron microscope, I demonstrated how ASURA and RBMX are required for

kinetochore assembly.

In Chapter 2, I investigated the localization pattern of ASURA and RBMX. Both

ASURA and RBMX localize to the nucleus during interphase and associated with

chromosomes during prophase until late prometaphase. However, no specific

localization of both proteins was detected either at the centromere or kinetochore, and

therefore they are not the kinetochore component proteins. To assess the roles of

ASURA and RBMX in chromosome segregation, both proteins were depleted from HeLa

cells using RNA| and were examined for the localization of a subset of kinetochore

proteins. Depletion of ASURA and RBMX decreased the localization of Hec1, CENP-E

and CENP-F, while RBMX was also required for Mis13 targeting. Therefore, the possible

pathway involved in is Misl3 ---+ HecL ---+ CENP-F + CENP-E. RBMX is likely to recruit

Mis13 or Mis12 complex, while ASURA is targeting Hecl or Ndc80 complex. Given that

interactions between ASURA and RBMX with the kinetochore proteins were not

detected, this prompted me to test the consequences of ASURA and RBMX in

kinetochore formation by electron microscopic study.

In Chapter 3, I examined kinetochore structures in each mitotic phase to obtain a
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better insight into kinetochore assembly and disassembly in HeLa cells. Prophase

kinetochores appear as roughly circular patches of finely fibrillar material at the

primary constriction of chromosomes. This structure was classified as Class L.

Occasionally, a faint layer representing outer kinetochore was observed within the

fibrillar material. This structure was classified as Class 2. The outer kinetochore was

gradually distinct and finally the trilaminar kinetochore, conspicuous outer plate and

the inner plate separated by the unambiguous electron-lucent middle layer, is

established in almost all chromosomes by late prometaphase. This structure was

classified as Class 3. After NEB, all three types of kinetochores were able to interact

with microtubules, although robust end-on attachment was mainly observed in Class 3

kinetochore. After sister chromatid separation in anaphase, as the chromosomes

moved to the opposite poles, Class 3 kinetochores gradually dedifferentiated into Class

2 and finally Class 1. at the end of mitosis. A classification scheme featuring the

stepwise ultrastructural changes of human kinetochore assembly and disassembly with

corresponding mitotic stage was develop.

f n Chapter 4, I analyzed the kinetochore structures in each siRNA transfected

cultures based on the classification scheme developed in Chapter 3. Metaphase and

early anaphase cells were used as control. HecL RNA| cells showed a significant

increase of Class 1 kinetochores. Similarly, both in ASURA and RBMX RNAI, most of the

kinetochores examined lacked trilaminar plates, and displayed the Class 1 phenotype.

This is followed by a significant increase in the Class 2 kinetochores. Although these

structures resembled those of the early mitotic stages, the ability to form stable

microtubule interaction was significantly decreased, comparing to the prometaphase

and metaphase kinetochores. ASURA and RBMX RNAi exhibited very similar

phenotypes associated with Hecl depletion, although they were varied in the degree
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of disorganization.

In conclusion, despite not being integrated into the kinetochore, ASURA and

RBMX play critical roles in recruiting several kinetochore components of to the CENP-C

and/or CENP-l assembly pathways. This conclusion is reinforced by ultrastructural

analysis of kinetochores in ASURA- and RBMX-depleted cells. Kinetochore defects were

mainly due to the lost of Hecl, suggesting that both ASURA and RBMX are involved in

the CENP-l pathway (the assembly pathway to which Hecl and CENP-F belong). ASURA

is likely to recruit HecL, whereas RBMX may either contribute to the loading of other

CENP-I pathway component upstream or both proteins from CENP-C and CENP-I

pathways (Fig. 5-1A).

This finding revealed for the first time that non-kinetochore component proteins

(i.e., proteins required for kinetochore functions but not being integrated into the

kinetochore) are involved in targeting of kinetochore proteins to facilitate kinetochore

assembly (FiC. 5-1B). Despite a nearly complete list of more than 120 proteins are

found to localize at the kinetochore (kinetochore component proteins), the underlying

mechanism of kinetochore assembly remain murky, partly because all studies are

focusing on the kinetochore itself. This finding suggested the contribution of

non-kinetochore component proteins, and thus provided an important future direction

for ki netochore research.

In-depth insight the molecular mechanisms of kinetochore assembly and

functions will provide the foundation for cancer therapy as well as cellular and

chromosome engineering. Uncontrolled proliferation is the most distinctive

characteristic of cancer cells, and therefore many anticancer drugs directly inhibit cell

growth. Currently available anti-proliferative anticancer drugs are the microtubule

poisons (e.g., pactitaxel, vinblastine, etc.), although very efficient, drug resistance is a
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serious problem. Since microtubules involved in both mitosis and other cellular

functions outside the mitosis, total inhibition of the microtubule functions produces

dose-limiting toxicities such as peripheral neuropathy. Kinetochore plays essential roles

in mitotic segregation and mitotic checkpoint signaling, and therefore is attractive as a

potential target for developing mitosis-specific anticancer drugs (Liu and Yen 2009). In

addition, understanding the process of kinetochore formation in details may be able to

stimulate kinetochore assembly in a process that could lead to new genetic research

tools, such as efficient creation of artificial human chromosomes.

81



A CENP―A

＼
CENP―C3/、RBIMXミ

/ゝ¬

ルlis13

|

KNLl

Ｗ

　

　

¨
―

／

　
　
　
Ｐ

・
丁

―

Ｉ

Ｎ

Ｒ‐
　
ＭＸRB

ASURA

Kinetochore
component

proteins

Non-kinetochore
component

proteins

B

・
・
・
・
・
一
′

．

Fig. 5-1 Possible involvements of ASURA and RBMX in targeting kinetochore

protein(s) and the importance of non-kinetochore component proteins in

kinetochore assembly. (A) Proteins mislocalized after ASURA and RBMX depletion were

indicated as green boxes and in blue font, respectively. Red arrow indicates

dependency of CENP-F on HecL as defined in this study. Round arrows show the

possible involvement of loading factor. ASURA is likely to recruit Hec1., whereas RBMX

may involve in CENP-I and/or CENP-C pathways as indicated by L, or 1-+3, or 2+3. t
represents Hec1" targeting factor. 2 represents the loading of protein upstream of Hecl

in the CENP-l pathway. 3 represents recruitment of Mis13 or other component in the

82



CENP-C pathway, upstream of HecL but downstream of CENP-C. + represents possible

synergistic effect. (B) Possible contributions of non-kinetochore component proteins in

kinetochore assembly. Non-kinetochore component proteins, including ASURA and

RBMX, facilitate kinetochore assembly most probably by targeting kinetochore

components. Whether non-kinetochore component proteins involve directly in

kinetochore assembly (dotted arrow) is under determination
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