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© 2011 The Japan Society of Histochemistry andASURA (PHB2) knockdown has been known to cause premature loss of sister chromatid

cohesion, and disrupt the localization of several outer plate proteins to the kinetochore. As

a result, cells are arrested at mitotic phase and chromosomes fail to congress to the metaphase

plate. In this study, we further clarified the mechanism underlying ASURA function on

chromosome congression. Interestingly, ASURA is not specifically localized at the kinetochore

during mitotic phase, unlike other kinetochore proteins which construct the kinetochore.

Electron microscopy (EM) observation showed that ASURA is required for proper kinetochore

formation. By the partial depletion of ASURA, kinetochore maturation is impaired, and

kinetochores showing fibrillar balls without a well-defined outer plates are often observed.

Moreover, even when the outer plates of kinetochores are constructed, most showed

structures stretched and/or distended from the centromere, which resembled premature

kinetochores at prometaphase, indicating that the constructed kinetochore plates are less

rigid against tension derived from kinetochore microtubule pulling forces. We concluded that

ASURA is an essential protein for complete kinetochore development, although ASURA is

not being integrated to the kinetochore. These results highlight the uniqueness of ASURA

as a kinetochore protein.

Key words: ASURA, PHB2, kinetochore assembly, chromosome congression, electron 
microscopy

I. Introduction

Proper chromosome segregation requires a faithful

physical link between spindle microtubules (MTs) and

centromeric DNA via a protein supercomplex called the

kinetochore [10]. Accumulating strands of evidence reveal

that the kinetochore performs at least four functions. In

addition to the well-known role as a chromosomal attach-

ment site for spindle MTs during cell division [4, 38], the

kinetochore is also a complex machine that exerts the force

for poleward chromosome motion [35, 39], while simulta-

neously controlling the dynamics of its associated MTs [33,

51], and generating the cell-cycle checkpoint that delays

anaphase onset until all chromosomes are bioriented and

aligned at the spindle equator [46].

Kinetochore is a trilaminar structural body revealed

by electron microscopic studies [3, 11], and was shown to

be visible only during mitosis [40]. Kinetochore morpho-

genesis has been well documented for mammalian cells

[38], especially in PtK [40]. Biochemical analysis together

with correlative light microscopy and EM provided crucial

insights into kinetochore assembly. From a structural

viewpoint, during mitosis, the kinetochore is visible on the

surface of the primary constrictions as roughly circular

patches of fine fibrillar materials (fibrillar ball), which
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gradually differentiates into two layers within the ball and

develops finally into the trilaminar morphology. This lay-

ered structure is reflected by its molecular mean. CENP-

A, CENP-B and other CCAN (constitutive centromere-

associated network) proteins reside throughout the cell

cycle [9, 16]. Pools of proteins for the kinetochore outer

plate and the corona, as well as the spindle checkpoint com-

ponents gradually localize at the kinetochore since G2-

phase and the trilaminar structure is established [9, 25].

Thanks to the continuing effort to elucidate the kinetochore

components [1, 7, 8, 36] by fluorescence microscopy [20, 37,

50], electron microscopic study [14, 25], and biochemical

means [9], over 120 components constituting the molecular

architecture of kinetochore [41] have been reported to date.

In-depth insight into their contributions to kinetochore as-

sembly and function have also emerged. Nonetheless, the

mechanisms of kinetochore maturation, that is, how pre-

kinetochores assemble into the mature three-layer structure,

remain largely uncharacterized.

Prohibitins (PHBs) are reported to implicate cell cycle

progression, transcriptional regulation, cellular signaling,

apoptosis and mitochondrial biogenesis, and mitochondrial

cristae morphogenesis [31]. PHB1 (prohibitin 1) and PHB2

(prohibitin 2 or prohibitone) assemble into a ring-like

macromolecular complex mainly localized to the mitochon-

drial inner membrane [2, 29]. Although subcellular local-

ization of PHBs has been confined to mitochondria, a nuclear

localization of PHBs also has been reported [18, 47]. Human

PHB2 is involved as a repressor of nuclear estrogen receptor

activity, and was found to be identical to REA (repressor

of estrogen receptor activity) [34], a histone deacetylase

interacting partner that modulates the activity of a defined

subset of nuclear hormone receptors in rat, mouse, and

human cell lines [23]. In HeLa cells, PHB2 is translocated

into the nucleus in the presence of ERα (estrogen receptor

alpha) and E2 (estradiol) where it interacts with and inhibits

the transcriptional activity of the ER [22]. Besides these

early reports, we previously revealed that PHB2, which

was identified as a metaphase chromosome component in

chromosome proteome analysis [44, 49] and is essential for

the protection of sister chromatid cohesion, is required for

mitotic spindle formation and localization of several

kinetochore proteins [45]. Because of its multifunctional

roles, we termed PHB2 (identical to REA) as ‘ASURA’ in

the rest of this manuscript, which is named after the fierce

Buddhist demigod that has three faces and six arms

demonstrating its multiple functions. In this electron micro-

scopic study, we uncovered a new function of ASURA in

ensuring proper kinetochore formation.

II. Materials and Methods

Cell culture

HeLa cells were maintained in Dulbecco’s modified

Eagle’s medium (DMEM; GIBCO BRL) supplemented with

10% fetal-bovine serum (FBS; Equitech-Bio) at 37°C and

5% CO2.

Antibodies

The following antibodies were used in immunofluores-

cence microscopy and immunoblotting. A rabbit ASURA

polyclonal antibody was generated as described previously

[45] and used at a dilution of 1:1000. 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 Bio-

chem), and anti-α-tubulin mouse monoclonal (1:500, Cal-

biochem). Secondary antibodies for immunoblot analyses

are alkaline phosphatase anti-mouse IgG (1:2000, Vector

Laboratories) and alkaline phosphatase anti-rabbit IgG

(1:2000, 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 IgG (1:200, Sigma).

siRNA methods

HeLa cells were transfected using Lipofectamine 2000

(Invitrogen) according to the manufacturer’s instructions at

a final concentration of 100 nM with ASURA-siRNA (PHB2

siRNA-1 in [45]) or Hec1 siRNA (5'-AAGTTCAAAAGCT

GGATGATC-3') [27]. Cells transfected with Lipofectamine

alone were used as a control. Cells were collected 48 hr

post-transfection for use in analysis.

Immunoblotting and gel electrophoresis

Cells (siRNA or mock transfected) grown in 24-well

plates were collected and lysed in 2× Laemmli Sample Buffer

(Santa Cruz Biotechnology) with an equal amount of PBS

buffer. Protein extracts were fractionated on 10% poly-

acrylamide gels and then transferred onto PVDF mem-

brane. The immunoblots were blocked with 1% BSA-TBST

(0.1% Tween 20, 25 mM Tris-HCl pH 7.4, 137 mM NaCl,

25 mM KCl) and labeled with the primary and secondary

antibodies. The immunoreactive protein bands were de-

tected by NBT/BCIP solution (Roche) diluted in AP buffer

(100 mM Tris-HCl, pH 9.5, 100 mM NaCl, 1 mM MgCl2).

Immunofluorescence microscopy

HeLa cells grown on coverslips were transfected with

target siRNA, fixed with 4% PFA (para-formaldehyde)

diluted in PBS (phosphate buffered saline, pH 7.4) for 15

min at 37°C, and stained with Hoechst 33342 (Sigma) for

mitotic index calculation. For proteins localization analyses,

cells were fixed either with 4% PFA containing 0.5% Triton

X-100 diluted in PBS for 15 min (for Hec1 and CREST

staining) or 100% ice-cold methanol for 10 min at −20°C

(for CENP-F and CREST staining). Alternatively, cells were

arrested at metaphase by adding colcemid (final concentra-

tion 0.1 μg/ml) in the culture medium for 3 hr at 37°C and

were collected for metaphase-chromosome spreads as

described earlier [26]. Cells were blocked with 1% BSA in

PBS at room temperature for 30 min. Then, primary and

secondary antibody interactions were carried out for 1 hr at

room temperature, respectively. Samples were then mounted
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in Vectorshield mounting medium (Vector Laboratories)

and examined under an Axioplan II imaging fluorescence

microscope (Carl Zeiss) equipped with a CCD camera

(MicroMax, Roper Scientific) driven by the IP Lab software.

Electron microscopy

HeLa cells transfected as above for 48 hr were later

fixed in 3% glutaraldehyde and 0.2% tannic acid diluted in

PBS buffer for 1 hr at room temperature. Post-fixation was

in 2% OsO4 for 20 min. The cells were dehydrated through

an increasing ethanol series and infiltrated with epoxy resin

(Quetol 812). The resin was polymerized at 37°C for 12 hr,

45°C for 12 hr and 60°C for 48 hr. 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).

Our EM analyses are based on those of DeLuca et al.

[13] with some alterations. For control, cells that apparently

aligned at metaphase plate were chosen for analysis. ASURA

and Hec1 RNAi cells were chosen based on their phenotypes

of poor chromosome alignment. 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. As the boundary between

individual chromosomes is not obvious, and sister kineto-

chore appearances can sometimes show differences depend-

ing on kinetochore fiber attachment, kinetochores were

analyzed individually rather than as a kinetochore pair

of a chromosome. Furthermore, as kinetochore morphology

varies even between adjacent serial sections, which has also

been reported for Indian muntjac chromosomes [53], we

analyzed several adjacent serial sections to classify indi-

vidual kinetochores. Kinetochore is classified as trilaminar

once the canonical layered structure is visible in any of

the adjacent serial sections for an individual kinetochore,

even if the structure is rather fuzzy in other sections.

III. Results

Mitotic progression was impaired by partial depletion of 

ASURA

To test how ASURA functions in mitosis, we trans-

fected HeLa cells with a 21-nucleotide duplex homologous

to a portion of the ASURA sequence. As a result, ASURA

expression levels were strongly reduced 48 hr after trans-

fection (26% of control) as shown in Figure 1A. Further

observation revealed a significant increase in mitotic index

to about 3-fold that of the control (4.7±0.3%) in ASURA

RNAi cultures (13.4±1.9%) (Fig. 1B). We previously

showed that ASURA RNAi affected the kinetochore local-

ization of several kinetochore proteins, including Hec1 [45].

Thus, we checked the effects of Hec1 knockdown as well.

The mitotic index of Hec1 RNAi (12.9±2.3%) was similar

to that of ASURA RNAi (Fig. 1B). The advantage of

employing Hec1 RNAi is that, among the kinetochore

proteins that we have tested, Hec1 has been studied the most

regarding its function at the kinetochore. DeLuca et al. [13]

showed by using EM that Hec1 and Nuf2 localized at the

kinetochore outer layer. As the structural effect of Nuf2

RNAi (Hec1 is depleted at the same time) is well studied,

Hec1 was used as a model protein throughout this study.

We next assessed the role of ASURA on mitotic

progression. Cultures subjected to ASURA siRNA treatment

displayed a high percentage of prometaphase cells

(82.0±2.5%), more than double the control (36.9±3.1%)

(Fig. 1C). There were only a few cells with chromosomes

aligned in the metaphase plate (Fig. 1C, D), with most of

the mitotic cells showing non-alignment or misalignment.

Decreased kinetochore localization of Hec1 and CENP-F 

correlates with chromosome misalignment in ASURA 

repression

When we examined for ASURA localization profile,

immunofluorescence showed that ASURA is predominantly

localized at the cytoplasm (Fig. 1E), as revealed by expres-

sion of GFP-ASURA [45]. Unlike Hec1, which localized to

the kinetochore during mitotic phase, there was no obvious

signal of ASURA localization specifically to the kinetochore

or centromeric region throughout the cell cycle, indicating

that ASURA is not a kinetochore component. Next, we

investigated ASURA effect on kinetochore proteins local-

ization. In mock transfected cultures, Hec1 (Figs. 1E, 2B)

and CENP-F (Fig. 2A) localized normally at the kinetochore.

With partial depletion of ASURA, kinetochore localization

of CENP-F (Fig. 2A, C) was abolished, whereas Hec1

intensity decreased to 50% of the control (Fig. 2B, C),

consistent with our previous report [45]. Hec1 expression

level was unaltered in the absence of ASURA (Fig. 1A),

indicating that this is not an off-target effect.

We confirmed premature sister chromatid separation

(Fig. 2B) after knockdown of ASURA [45]. Interestingly,

we found that even in Hec1 knockdown cultures, sister

chromatids were separated in about 30% of the cells, which

has not been reported elsewhere (Fig. 2B). The exact reason

for this separation remains obscure (refer to discussion),

although this is observed only in cells with Hec1 intensity

lower than 5% of the normal (Fig. 3). The possibility that

the loss of sister chromatid cohesion in ASURA partial

depletion was due to the lower levels of Hec1 was not

apparent from our data. In particular, when Hec1 intensity

at the kinetochore is about 50% of the control, a level similar

to that of ASURA disruption, sister chromatids were rarely

separated.

Combining all the data [45], ASURA is required for

kinetochore localization of Hec1, CENP-F, and also CENP-

E. Thus, we suggest that ASURA depletion leads to improper

kinetochore assembly.
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Fig. 1. Abnormal chromosome congression and mitotic defects associated with ASURA partial depletion and ASURA localization throughout

the cell cycle. (A) Partial depletion of ASURA and Hec1 by RNAi treatment. α-tubulin was used as loading control. (B) Mitotic indexes of

ASURA and Hec1 knockdown cells (n >1000). Three independent experiments were performed for each set of treatment. (C) Percentages of

each mitotic phase of ASURA and Hec1 RNAi cells. (D) Distortion of chromosome alignment in ASURA and Hec1 knockdown cells.

Misalignment represents cells with ≤10 unaligned chromosomes at the metaphase plate and nonalignment represents cells with >10 unaligned

chromosomes. (E) 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. Bar=10 μm.
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DNA CENP-F CREST MERGED MERGED

DNA MERGEDHec1 Hec1CREST

Fig. 2. ASURA knockdown cells showed reduction of CENP-F and Hec1 at kinetochore and defects in sister chromatid cohesion. (A) Signal

intensity of CENP-F was diminished after both ASURA and Hec1 RNAi. (B) Signal intensity of Hec1 was decreased after both ASURA and

Hec1 RNAi. Most of the chromatids lost their cohesion in both ASURA and Hec1 RNAi. (A, B) Bars=10 μm, 2 μm (insets). (C) Quantitative

measurement of signal intensities of Hec1 and CENP-F.
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Kinetochore assembly is divided into three stages

To confirm the above hypothesis, we adopted electron

microscopy for our RNAi analyses. As the defects observed

in kinetochore may be derived from the disruption of the

maturation process, we first ascertained the kinetochore

development in HeLa cells. Figure 4A showed a prophase

cell. The nuclear envelope (green arrows) and nucleoli

(red arrowheads) are visible. Kinetochores were observed

as either a fibrous mass (Fig. 4B, D, blue arrows) or fuzzy

ball with a partially constructed kinetochore plate (Fig. 4B,

C, red arrows). After nuclear envelope breakdown, the

outer plates became clearer and began to interact with

MTs. Figure 4E shows a pair of sister kinetochores from

a chromosome located near the metaphase plate in a

prometaphase cell. The right one is interacting end-on with

the robust kinetochore MTs, although the plate structure is

less obvious. The kinetochore at the left is interacting side-

on with a MT running close-by, and the fibrous corona (blue

arrowheads in Fig. 4E) is visible [14]. During prometaphase,

kinetochores facing the poles are favorable in capturing MTs

[43]. Once this association is established, kinetochores were

transported poleward via the corona [43], forming lateral

interactions with any stabilized MT bundles [5]. 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 [21], which is known as the mono-

oriented pathway [5]. In the prometaphase, some kineto-

chores remained as fuzzy balls without internal structure

(data not shown).

The final step of the maturation is achieved when the

electron-dense outer plate and inner plate are completely

formed, enabling the kinetochore to capture robust MTs and

achieve bi-orientation (Fig. 4F) by the end of prometaphase.

A schematic model showing the development of the

kinetochore is presented based on the observations above

(Fig. 4G). Kinetochores are classified into three develop-

mental groups, Class 1, 2, and 3.

Defective kinetochore-MT attachment in ASURA RNAi 

derived from immature kinetochore development

Mock transfected control (Fig. 5A), ASURA RNAi

(Fig. 5B) and Hec1 RNAi (Fig. 5C) cells were analyzed

under the aforementioned conditions. Kinetochores were

classified by referring to their maturation process (Fig. 4G).

The quantitative data are shown in Figure 5M. Normally,

Fig. 3. Sister chromatid separation in Hec1 knockdown cells. (A) Control. (B–D) Hec1 partially depleted cells. Signal intensities of Hec1 were

normalized to those of the control. (B) 50% of Hec1 intensity. (C) 10% of Hec1 intensity. Sister chromatids were not separated. (D) 5% of Hec1

intensity. Sister chromatids were separated. Bar=10 μm.
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Class 3 kinetochores form the majority, more than 75% of

the population, as shown in the control. This is rarely the

case in the ASURA and Hec1 RNAi cultures, where less

than 10% are classified as Class 3. DeLuca et al. [13] showed

that in Nuf2-Hec1 depletion, more than 50% of the

kinetochores observed failed to form a well-recognized outer

plate. Liu et al. [25] also revealed that fuzzy balls were

frequently observed in the absence of Nuf2. We made a

similar observation for Hec1 RNAi, where highly disorgan-

ized kinetochores were significantly increased (Fig. 5M,

Class 1). As expected, kinetochore outer plates were either

undeveloped (Class 1) or poorly-formed (Class 2) with the

partial depletion of ASURA. Even when a layered structure

was constructed, the outer plates, and sometimes even the

inner plates, were often pulled out or stretched (Fig. 5H, I),

indicating that without ASURA the kinetochore lacks

physical rigidity against the MT pulling forces, although

MT attachments were less frequent compared to the authentic

trilaminar structure (Fig. 5D). The morphological defects

observed in ASURA knockdown cultures were similar to

those of Hec1 disruption (Fig. 5J–L). This suggests that the

abnormalities observed in kinetochore formation derived

from the effect of mislocalization of Hec1 and other outer

kinetochore proteins downstream. Altogether, this clearly

shows that ASURA is an essential protein for proper

kinetochore formation, most probably by targeting kineto-

chore proteins.

IV. Discussion

We confirmed that mitotic defects were rescued by

expressing RNAi-refractory ASURA plasmid in the same

RNAi condition. We also confirmed that ASURA RNAi

cells were arrested in prometaphase or metaphase, in addition

Fig. 4. Kinetochore maturation revealed by EM and its schematic representation. (A) Low magnification electron micrograph of a prophase cell.

Nuclear envelope (green arrows) and two nucleoli (red arrowheads) are visible. Bar=5 μm. (B–D) Kinetochores at prophase, either showing the

ambiguous outer plates (red arrows) or fibrillar balls (blue arrows). No kinetochore-MT was detected. Nuclear envelope is shown by green

arrows. (E) Prometaphase kinetochores retaining the fibrillar balls with the faint outer plates (red arrows). MTs (white arrowheads) interact

end-on with the right kinetochore. The left kinetochore interacts laterally with a microtubule. Fibrous corona (blue arrowheads) is visible. (F)

The mature and bi-oriented kinetochores observed at early anaphase. The conspicuous inner layers (yellow arrows) and outer plates (red arrows)

were separated by an electron-lucent middle layer. Robust MTs (white arrowheads) with end-on attachment were detected. Scale bars are 500

nm. (G) A schematic model of kinetochore development. Kinetochore maturation is classified into 3 groups, Class 1, 2, or 3 based on their

morphology. The maturation process occurs in parallel with chromosome condensation during mitosis. MTs were eliminated from the figure to

avoid complexity.
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Fig. 5. Electron micrographs of ASURA and Hec1 knockdown cells. (A) Mitotic metaphase cell as the control. (B) ASURA RNAi cell. (C)

Hec1 RNAi cell. Bar=10 μm. (D–L) ASURA partial depletion resulted in kinetochore assembly disorder. Adjacent serial sections are indicated

as i and ii. Red and yellow arrows show the outer plates and the inner plates, respectively. Blue arrows show the kinetochore with fuzzy appear-

ance. White arrowheads indicate MTs. (D–F) Serial sections of kinetochores from the control. (D) Trilaminar kinetochores with MT attach-

ment, classified as Class 3 kinetochore. (E) Example of an immature kinetochore with a faint outer plate (Class 2). (F) Kinetochore with fibrillar

ball appearance (Class 1). (G–I) Kinetochores in ASURA partially depleted cells. (G) Kinetochore showed the fuzzy ball structure (Class 1).

(H, I) Despite kinetochore plates being partially formed, they were stretched and/or pulled out from the chromosome body (Class 2). (J–L)

Kinetochores in Hec1 RNAi cultures. (J, K) Kinetochore plates were partially formed (Class 2), but were stretched or pulled out from the chro-

mosome body as in ASURA RNAi. Even the inner plates seem to be partially pulled off from the centromere (also observed in H, I). (L) Class

1 kinetochore. All micrographs are shown in the same magnification. Bar=500 nm. (M) Kinetochores in each treatment were classified into

Class 1, 2, or 3 based on their structure. In ASURA and Hec1 RNAi, the majority of the kinetochore plates were either poorly-formed (Class 2)

or unrecognized (Class 1).
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to its role in the regulation of sister chromatid cohesion,

proper mitotic spindle formation, and localization of some

kinetochore proteins, and activates the spindle assembly

checkpoint [45]. In this study, we further examined the

mechanism underlying disruption of the stable kinetochore-

MT attachment establishment in ASURA RNAi. When

investigated under EM, only a few kinetochore-MTs were

detected in the ASURA knockdown cells, and even less in

those depleted of Hec1. MT associations were not com-

pletely abolished, because MT interactions were detected,

Fig. 6. Roles of ASURA for kinetochore assembly and subsequent chromosome congression. (A) ASURA recruits Hec1 and then CENP-F to

kinetochores (red arrows). CENP-I recruits Hec1 and CENP-F through two distinct pathways, and Hec1 has a negative feedback effect to

CENP-I. CENP-C recruits Mis12 and subsequently Hec1 to the kinetochore (black arrows) [25]. Dotted lines indicate putative pathways for

kinetochore assembly. (B) Schematic models presenting kinetochore maturation. Left: Each step of immature kinetochore development and

chromosome nonalignment as a result. Right: Each step of authentic kinetochore maturation and chromosome segregation.
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although they were not stable and were probably transient.

This is consistent with our previous report that cold-stable

MTs do not persist in cells lacking ASURA, similar to those

of Hec1 RNAi [45]. Decreased levels of outer kinetochore

proteins are likely to contribute to the abnormalities observed

in kinetochore formation when ASURA is partially depleted.

It is noteworthy that ASURA has neither been shown to

specifically localize at the kinetochore nor has been

identified as a kinetochore protein in proteome analyses of

several model organisms tested [1, 36, 44, 49], nor even

has been reported to interact with any kinetochore protein.

ASURA is a component of the highly purified metaphase

chromosomes [49]. Recent proteome analysis using purified

DT40 chromosomes identified 4000 proteins, which were

classified into 28 classes [36]. Prohibitin was classified

as a contaminant from the mitochondria and cytoplasm,

although it was not specified which subunit of the prohibitin

complex this referred to.

This is the main reason why ASURA is so unique in

the kinetochore assembly. ASURA associates with chroma-

tin in G2 phase (data not shown), and is slightly enriched

at the chromosome mainly during prophase and prometa-

phase (Fig. 1E). Hec1 [25] and CENP-F [24] assemble at

the kinetochore during late G2, while CENP-E assembles

onto the kinetochore slightly after the nuclear envelope

breakdown [52]. Further investigation on how ASURA

interacts with the kinetochore proteins may be revealed

by their ultrastructural localization analyses [28, 48]. The

kinetochore phenotypes of ASURA partial depletion are

similar to that of Hec1 and CENP-F depletion; this, together

with the fact of their mislocalization after ASURA knock-

down, suggests that the defects observed in kinetochore

assembly were indirect, where ASURA is required for

targeting one or more of these proteins to the kinetochore,

and that the failure to do so in turn leads to improper

kinetochore development. When we partially depleted Hec1

from the cells, CENP-F was largely diminished, consistent

with the results obtained by Miller et al. [32]. Although

some contradictions remain regarding CENP-E recruitment,

our data suggested that the reduction of kinetochore outer

plate proteins after ASURA depletion is derived from

the Hec1-CENP-F pathway, and subsequently CENP-E

(Fig. 6A).

CENP-I and CENP-C are required for Hec1 localiza-

tion, in two independent pathways [25]. ASURA may be

involved in one or both of the pathways, or may also form

another completely different pathway from those that have

already been reported, to localize and/or maintain Hec1 at

the kinetochore. Whether ASURA affects the inner kineto-

chore formation has yet to be determined, because inner

kinetochore plates with some defects (e.g. pulled-away from

the centromere) were detected more frequently in ASURA

RNAi than in Hec1 RNAi. However, this can also be

explained by the greater degree of disorganization in the

kinetochore lacking Hec1, compare to that of ASURA RNAi.

Something else that intrigued us was that Hec1 partial

depletion also led to premature sister chromatid separation.

It has been reported by Holt et al. [19] that CENP-F

repression weakens centromeric cohesion in about 28% of

metaphase spread chromosomes, which is similar to our

Hec1 RNAi, where CENP-F intensities at the kinetochores

were less than 25% of the control. These results suggest the

possibility that loss of sister chromatid cohesion with Hec1

RNAi recapitulate partially, if not all, the phenotypes in

decreased levels of CENP-F. Alternatively, two independent

studies indicated that Hec1 localization at the kinetochore

is crucial for checkpoint activation, and mitotic arrest is

abrogated when Hec1 is totally depleted from the kineto-

chore [30, 42]. 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 Hec1 levels were very low. A recent study

published during our manuscript preparation indicated

another possibility for the untimely sister chromatid sepa-

ration, referred to as cohesion fatigue, which is due to

prolonged mitotic arrest [12]. Whether this is the case in

Hec1 RNAi is unknown, because stable microtubule inter-

actions were very few, whereas cohesion fatigue required

microtubule pulling forces.

In summary, ASURA is essential for chromosome

congression, due to its important role in facilitating kineto-

chore assembly and regulating sister chromatid cohesion.

Mitotic arrest with ASURA knockdown is largely derived

from the failure of kinetochore outer plate formation,

resulting in poor kinetochore-MT attachment (Fig. 6B).

Kinetochore proteins, except for CENP-A where HJURP

serves as its deposition factor [15, 17], are known to be

recruited by other kinetochore proteins upstream [6, 9, 25].

Thus, the underlying mechanism should be carefully

investigated, as this is the first protein reported to be required

for both kinetochore assembly and cohesion, but which does

not show any specific localization at the centromere region.
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