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Mitosin/CENP-F is a conserved kinetochore protein subjected to cytoplasmic

dynein-mediated poleward transport
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AABSTRACT

Mitosin/CENP-F is a human nuclear protein transiently associated with the outer kinetochore plate in M

phase and is involved in M phase progression. LEK1 and CMF1, which are its murine and chicken orthologs,

however, are implicated in muscle differentiation and reportedly not distributed at kinetochores. We therefore

conducted several assays to clarify this issue. The typical centromere staining patterns were observed in mitotic

cells from both human primary culture and murine, canine, and mink cell lines. A C-terminal portion of LEK1

also conferred centromere localization. Our analysis further suggests conserved kinetochore localization of

mammalian mitosin orthologs. Moreover, mitosin was associated preferentially with kinetochores of unaligned

chromosomes. It was also constantly transported from kinetochores to spindle poles by cytoplasmic dynein.

These properties resemble those of other kinetochore proteins important for the spindle checkpoint, thus im-

plying a role of mitosin in this checkpoint. Therefore, mitosin family may serve as multifunctional proteins

involved in both mitosis and differentiation.
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INTRODUCTION

Mitosin/CENP-F is a 350-kD kinetochore protein

[1-3]. Electron microscopy reveals that mitosin/CENP-

F is located at the outer kinetochore plate[2, 4].  In

primate cell lines studied to date, mitosin is expressed

in a cell-cycle dependent manner. The protein level is

low in G1 phase, but increases sharply in S phase as a

nuclear protein. Following the progression of M phase,

mitosin is hyperphosphorylated and exhibits localiza-

tion at the kinetochores, spindle poles, and midbody

[1, 3, 5]. It is subjected to rapid degradation at the

end of mitosis[1].  In addition, mitosin/CENP-F is

farnesylated at the C-terminal CAAX motif, a modifi-

cation which<directs its localization at the nuclear

envelope[6, 7].Overexpression of the C-terminal por-

tion of mitosin capable of kinetochore localization de-

lays progression through G2/M in farnesylation-de-

pendent way[1, 7]. These results suggest roles of

mitosin/CENP-F in M phase progression, especially

chromosome segregation.

Orthologs of mitosin, including avian CMF1 and

murine LEK1, have recently been characterized[8-

11]. These proteins share overall similarities ranging

from 60% to 80% and are characteristic of multiple

hydrophobic zippers. However, according to reports

to date, they appear to differ in expression patterns

and even functions. Distribution of CMF1 appears to

be restricted to myogenic tissues. It is highly expressed

in differentiating chicken heart from stages 9 to 18;

after this, the expression level drop dramatically[8, 10].

Subcellular localization of CMF1 is variable. It exhib-

its cytoplasmic localization throughout the differen-
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tiation stages of cardiac myocytes[10].  In skeletal

myocyte, however, CMF1 first appears as a nuclear

protein in early myoblasts, then as a cytoplasmic pro-

tein in differentiating myoblasts[11].  In contrast to

presumed functions of mitosin/CENP-F as a general

M phase regulator, CMF1 is involved in induction and/

or accumulation of myosin in differentiating myocytes

[8, 11].

LEK1 also implicated in muscle differentiation[9].

It is ubiquitously expressed in early mouse embryo.

However, there is a general cessation of expression

throughout the embryo as cell division subsides. LEK1

is not detected in adult proliferative cells, for instance,

skin and intestinal epithelia. However, it is highly

expressed in the nuclei of all interphase C2C12 cells

before and after induction of myotube formation. Simi-

lar to CMF1, LEK1 is not detected at the kinetochore

in mitotic C2C12 cells[9], leading to a speculation that

the kinetochore localization of mitosin/CENP-F is

merely due to deregulations in transformed cells[9].

We therefore performed a variety of assays to

clarify some of the discrepancies. Our results suggest

that the kinetochore distribution is an intrinsic prop-

erty of all mammalian mitosin and imply involvement

of mitosin/CENP-F in the spindle checkpoint, a

mechanism that guarantees proper timing of anaphase

onset[12, 13]. Therefore, the mitosin/CENP-F family

proteins may exert multiple functions in growth and

differentiation.

MATERIALS AND METHODS

Antibody production

Fusion protein MBP-10C, containing amino acid 2,484 to 3,113

of mitosin, was expressed and purified as described previously[1].

Purified protein was used as immunogen to immunize chicken. a10C

IgY was purified from egg yolk by polyethylene glycol (PEG) precipi-

tation method[14]. The specificity of a10C antibody was tested by

immunoblotting and immunofluorescence.

Plasmid construction

cDNA encoding the C-terminus of murine LEK1 nucleotides (4,

714-7,492)[9] was obtained by RT-PCR from mouse embryos 12

days post gestation. The PCR products were cloned into pUHD30F,

a vector containing a FLAG-coding sequence driven by the tetracy-

cline-response promoter[5]. The sequence was confirmed by sequenc-

ing using GenBank accession AF194970 as the reference sequence.

Cell culture and transfection

Human lymphokine-activated killer (LAK) cells were maintained

in RPMI medium 1640 (GIBCO); other cell lines were maintained in

Dulbecco's modified Eagle's medium (DMEM, GIBCO) supplemented

with 10% calf serum (Sijiqing company, Hangzhou, China) in an

atmosphere containing 5% CO2. Primary culture of human umbili-

cal vein endothelial cells (HUVEC) were freshly prepared[15]. Trans-

fection was performed using the calcium phosphate method as de-

scribed[1].

ATP inhibitor assay

The ATP inhibitor assay was performed as described[16,17].

Briefly, cells were rinsed twice with phosphate-buffered saline to

remove culture medium and soaked in saline alone or saline plus 5

mM Na-azide (Sigma) and 1 mM 2-deoxyglucose (Fluka) at 37oC for

30 min prior to fixation with methanol for IIF staining.

Immunofluorescence     microscopy    and
immunoblotting

Indirect immunofluorescence (IIF) labeling and chromosome

spreads were performed as previously described[1,18]. Nuclear DNA

was stained with DAPI (4',6'-diamidino-2-phenylindole). Anti-FLAG

M2 mAb (Sigma), anti-mitosin mAb (Transduction Laboratories,

KY) were used at 1:1000, 1:200 dilution. The appropriate secondary

antibodies were diluted to 1:100. Images were collected by confocal

microscopy (ACAS Ultima) or using cool CCD SPOT II (Diagnostic

instruments, Inc) on Olympus BX51 microscope and were reorga-

nized using Adobe Photoshop software.

For immunoblotting, cells were lysed directly in SDS-Loading

buffer. Samples were subjected to SDS-PAGE prior to

immunoblotting. 3-12% gradient SDS-PAGE was used for full-length

mitosin.

PCR and cloning for mitosin gene fragments

To clone mammalian mitosin orthologs, fresh liver samples were

cut into pieces and digested with proteinase K (100 μg/ml; Promega)

at 55oC overnight in lysis buffer (50 μM Tris-HCl, pH 8.0, 0.1 M EDTA,

0.5% SDS). Followed by phenol/chloroform extraction and ethanol

p r e c i p i t a t i o n .  D e g e n e r a t e  P C R  p r i m e r s  M A  ( 5 '

GARGCYGATGAAAAGAAGCAGCT 3'; Y = C or T, R = A or G)

and MB (5' CTCATTKAGCTCYTTTAAYTG 3'; K = G or T) were

based on two conserved regions within the internal repeats of hu-

man mitosin ("EADEKKQL" between amino acids 2,128-2,135 and

2,310-1,317, and "QLKELNE" between amino acids 2,263-2,269 and

2,435-2,441). Wax-mediated Hot Start PCR [19] was performed using

genomic DNA as template and Ex Taq from TaKaRa Biotechnology

Co. (Dalian, China). PCR products migrated at positions equivalent

to about 0.5 Kb and 0.9 Kb were purified and subcloned into T-

vector (Promega). Southern hybridization to plasmid preparations

was performed using radioactively-labeled human mitosin cDNA

fragment as a probe (nucleotides 6,349-7,533)[19]. Positive plas-

mids were then subjected to restriction analysis and sequencing.

Desired ones were then fully sequenced.

Sequences were analyzed using DNASTAR software (DNASTAR
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Inc., Madison). Divergence of DNA sequences was calculated as

percentage of replacement mutations, i. e. mutations which resulted

in nonsynonymous codon changes[20].

RESULTS

Kinetochore  localization  of  mitosin  in  primary
cells

To study the subcellular localization of mitosin

homologs in non-primate cell lines, antibodies with

broader reactivity are required. Since our anti-mitosin

antibodies for previous studies recognize only primate

mitosin[1,5], we generated a new polyclonal antibody

in chicken using the same immunogen as for the pro-

duction of α10C antibody[1]. As shown in Fig 1A,

purified a10C IgY (i.e., yolk IgG) specifically recog-

nized both the unphosphorylated form of mitosin in

i n t e r p h a s e  H E K 2 9 3  c e l l s  ( l a n e  1 )  a n d

hyperphosphorylated mitosin existing only in mitotic

cells (lane 2, upper band).

α10C IgY also generated IIF staining typical of

mitosin  (Fig 1B). In CV1 cells, mitosin is highly ex-

pressed in cells in S phase but not G1 (Fig 1B, panels

1-2); it is concentrated on kinetochores in addition to

some distribution in cytoplasm during M phase (panels

3-4)[1]. Similar patterns were also observed in other

primate cell lines, including hepatoma, SMMC-7721

and human embryonic kidney HEK293 (data not

shown). The chicken antibody a10C IgY is therefore

specific to mitosin.

To test if distribution of mitosin at the kinetochore

is only restricted in immortalized cell lines as suspected

[9], we examined two human primary cultures, umbili-

cal vein endothelial (HUVE) cells (Fig 1C, panels 1-2)

and lymphokine-activated killer (LAK) cells (Fig 1C,

panels 3-4). In mitotic cells of both cell lines, the anti-

mitosin IgY labeled bright punctate foci typical of cen-

tromere/kinetochore localization of mitosin.

Kinetochore localization of mitosin orthologs in non-
primate mammalian cells

     Fig 1. Kinetochore localization of mitosin in primary cells.

Anti-mitosin antibody 10C IgY (yolk IgG) was purified from

yolks of chicken eggs. For IIF, cells growing on coverslips were

fixed in cold methanol prior to staining with a10C IgY. Nuclear

DNA was labeled with DAPI. Scale bar, 10 mm. (A) a10C IgY

recognizes mitosin on Western blot. HEK293 cells were blocked

at G1/S with thymidine or M phase with nocodazole. Cell ly-

sate was subjected to 3-12% gradient SDS-PAGE and Western

blotting using a10C IgY (lanes 1-2) and rabbit a10Stu antise-

rum (lanes 3-4)[5]. The upper band is the hyperphosphorylated

mitosin detected only in mitotic cells[1]. (B) 10C IgY stains

typical patterns of mitosin in CV1 cells. Panels 1-2, interphase

cells. Arrow and arrowhead indicate G1 and S/G2 cells,

respectively, judged by expression levels of mitosin[1]. Panels

3-4, a mitotic cell. Bright fluorescence dots at the DNA region

are the centromere staining of mitosin[1]. (C) Centromere lo-

calization of mitosin in primary cells. Mitotic cells are indi-

cated by arrows.
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Fig 2. Kinetochore localization of mammalian mitosin orthologs. Scale bar=10 μm ( A) Conservation of the core region

of mitosin in LEK1 and CMF1. The arrowhead indicates cysteine-2864 critical for activity of the core region. Residues D/

E, L/I/V, N/Q, R/K, or S/T are considered similar. (B) Three cell lines from mouse, mink, and dog were fixed by cold methanol

and subjected to IIF using α10C IgY (green). Nuclear DNA was stained by DAPI (red). Images were digitized by confocal

microscopy. Areas with centromeres staining are marked by arrows. In addition to centromeres, the antibody also deco-

rated the spindle poles (arrow heads) in NIH3T3 (panels 1-3). (C) α10C IgY recognizes LEK. A C-terminal portion of LEK1

(LEK1C) was tagged with FLAG and expressed in HEK293T cells. Cell lysates were subjected to SDS-PAGE and

immunoblotting with indicated antibodies. Cells transfected with vector alone served as control. ( D) Localization of

LEK1C to centromeres. CHO cells expressing FLAG-LEK1C were enriched for M phase population prior to chromosome

spread. IIF was then performed with anti-FLAG antibody (green). Three chromosomes with typical centromere staining

of LEK1C are indicated by arrows in the merged image.

Mitosin/CENP-F is a conserved kinetochore protein
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LEK1 is reportedly not a centromere protein[9].

We have previously shown that two sequence regions

are critical for stable binding of mitosin to centromeres:

the core region between residues 2,792-2,887 and the

internal repeat from residues 2,111 to 2,470[18]. Both

LEK1 and CMF1 contain regions resembling the core

region of mitosin (Fig 2A).Cysteine-2864 essential for

the activity of the core region of mitosin[18] is also

conserved  (Fig 2A). LEK1 also has a similar repeat

region, although CMF1 contains only one such repeat

unit[9,10 ]. To clarify the discrepancy, we examined

three mammalian cell lines originated from mouse

(NIH3T3), dog (MDCK), and mink (Mv 1 Lu). IIF

staining using α10C IgY revealed typical centromere

staining patterns in the mitotic cells(Fig 2B). These

results suggest that mitosin orthologs in these species

are kinetochore proteins.

To corroborate the observations, we further checked

if the centromere localization detected in mouse cells

(Fig 2B, panels 1-3) was due to LEK1. We cloned

LEK1 cDNA from mouse embryos 12 days post gesta-

tion to express FLAG-tagged LEK1C, a polypeptide

containing the C-terminal 903 amino acids. The cor-

responding region of human mitosin exhibits typical

kinetochore localization[18]. FLAG-LEK1C migrated

as a protein of ~ 110 kD as revealed by immunoblotting

using anti-FLAG mAb ((Fig 2C). It was also recog-

nized by the anti-mitosin antibody α10C IgY ((Fig 2C).

Moreover, FLAG-LEK1C was a nuclear protein in

interphase and exhibited patterns resembling cen-

tromere localizing in mitotic cells when expressed in

HEK293T, HeLa, or CV1 cells (data not shown). Chro-

mosome spread of mitotic CHO cells further confirmed

that, similar to mitosin, a fraction of LEK1C was in-

deed localized at centromeres (Fig 2D, panels 1-3).

Preferred binding of mitosin to unaligned chromo-
somes

The spindle checkpoint functions by sensing the

extent of bilateral microtubule attachment to and/or

tension across each pair of sister kinetochores. To date,

proteins involved in the spindle checkpoint either di-

rectly or indirectly exhibit reduced binding to kineto-

chores after microtubule attachment, a property con-

sistent with their "sensory" functions on completion

of bipolar microtubule attachment[12,21,22]. Among

them, kinetochore-bound Mad2, CLIP-170, Rod,

ZW10, cytoplasmic dynein, and dynactin are signifi-

cantly depleted upon microtubule attachment, while

Bub1, Bub3, BubR1, and CENP-E are moderately

attenuated; in contrast, those which are believed to

be structural proteins, for instance, CENP-B and

Fig 3. Increased binding of mitosin to unaligned chromosomes.

Three typical mitotic HEK293 cells (A) and three CV1 cells (B)

with unaligned or misaligned chromosomes (indicated by

arrowheads) are shown. Kinetochore staining of mitosin was

visualized using anti-mitosin mAb. Bar=10 μm.

Zhen  Ye  YANG  et  al
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CENP-C, remain unchanged[[12, 16, 17, 21-24]. ]. It

has been noticedthat the immunofluorescence of

mitosin on kinetochores peaks in prophase and

prometaphase, and declines after metaphase[1,3]. Such

a difference might also correspond to microtubule at-

tachment to the kinetochores. When examining un-

aligned chromosomes in HEK293 cells, we confirmed

that mitosin indeed showed elevated binding to their

kinetochores. Of 30 such chromosomes, 23 showed

stronger centromere immunofluorescence of mitosin

than those aligned at the metaphase plates (Fig 3A).

Such difference was not due to location of centromeres

in different focal plains of the microscope. Similar re-

sult was also obtained in CV1 cells (Fig 3B). Kineto-

chores on unaligned chromosomes are usually not at-

tached by bipolar microtubules. Increased binding to

such kinetochores implies that mitosin might function

in the spindle checkpoint.

Transport of mitosin from kinetochores to spindle
poles by cytoplasmic dynein during mitosis

In PtK1 cells, proteins involved in the spindle

checkpoint, for instance, Mad2, BublR1, CENP-E, and

3F3/2 phospho-epitope, are transported from kineto-

chores to spindle poles by the microtubule-based motor,

cytoplasmic dynein, while structural proteins are not

transported[17]. This process also contributes to in-

activation of the spindle checkpoint[16,17]. The trans-

port is easily observed when cellular ATP production

is suppressed by azide, under which condition these

proteins are depleted from centromeres and accumu-

lated at spindle poles[17]. To explore if mitosin was

also subjected to similar translocation, we performed

the same ATP inhibitor assay in CV1 cells. As shown

in Fig 4A, treatment with azide resulted in signifi-

cant spindle pole accumulation of mitosin in cells at

prometaphase (panels 1-2) and metaphase (panels 3-

4). In contrast, mitosin still predominantly bound to

centromeres in mock-treated cells (Fig 4B, panels 1-

4).  To further confirm that such translocation was

exerted by dynein, we utilized a dominant negative

mutant, NudelN20, which, when overexpressed, im-

pairs the dynein function in M phase[25]. As a control,

GFP-Nudel and mitosin were translocated to spindle

poles after azide treatment  (Fig 4C, panels 1-3). In

GFP-NudelN20 expressors, however, neither the N20

mutant nor mitosin was fully tranported to the spindle

poles (Fig 4C, panels 4-6). Such patterns were consis-

Fig 4. Translocation of mitosin from kinetochores to spindle

poles by cytoplasmic dynein. CV1 cells were treated with Na-

azide and 2-deoxyglucose (A) or just buffer (B) for 30 min at 37oC

before fixation and IIF labeling with anti-mitosin mAb. Typi-

cal prometaphase cells (panels 1-2) and metaphase cells (panels

3-4) are shown. Spindle poles are indicated by arrowheads. In

(C), a typical mitotic HEK293T cell expressing GFP-Nudel

(panels 1-3) or GFP-NudelN20 (panels 4-6) after the azide treat-

ment was shown. Scale bar=10 μm.

Mitosin/CENP-F is a conserved kinetochore protein
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tent with our previous report[25].

Cloning of the duplicated region of mitosin gene from
eutherian mammals

Considering the conservation of the core region

from chicken to human (Fig 2A),it is likely that at least

mitosin orthologs containing the repeat region will be

targeted to kinetochores. According to the kinetochore

staining in mouse, dog, and mink cells (Fig 2B), we

speculated that probably all mammalian mitosin

orthologs contained the repeat region. Since this re-

peat is located in one exon in human, we performed

PCR with a pair of degenerate primers, using genomic

DNA as templates. Theoretically, DNA fragments cod-

ing for either one repeat unit (419 bp) or both repeat

units (972 bp) should exist in the PCR products. The

longer fragment was successfully cloned from canine

genome (GenBank accession AF182408), while two

types of closely-related short fragments were cloned

from rabbit, each representing a repeat unit

(GenBank accessions AF182410S1 and AF182410S2).

Existence of the internal repeat region in canine

mitosin is in agreement with our speculation.

We then tried to estimate possible existence of the

repeat region in other mammals via an evolution

analysis. From the evolution point of view, it is be-

lieved that closely related DNA fragments usually origi-

nated from a common ancestor[20]. The separation

time for any two of such sequences can be estimated

when the divergence rate, i.e., the percent of sequence

difference per million years, for the given group is

known. Moreover, the divergence calculated from re-

placement sites, i.e., sites at which a mutation alters

the encoded amino acid, is relatively proportional to

the separation time of the two sequences[20]. We there-

fore analyzed the divergence between repeat units of

mitosin orthologs. The divergences of mammalian

mitosin varied from 7.1% to 12.5% between species,

and from 24.4% to 30.5% compared with CMF1. In

contrast, within a mammalian species, the two repeat

units exhibited an average divergence of 17.81.5%. It

is believed that Primate (human), Lagomorpha

(rabbit), and Carnivora (dog) diverged from each other

at approximately 91-92 million years ago (MYA) in

evolution[26], while Aves (chicken) separated from

Mammalia at ~ 310 MYA[26,27]. A correlation be-

tween divergence and separation time can then be

established by linear regression ( (Fig 5).). The average

divergence between the first and second repeat units

therefore corresponded to a separation time of 19317

MYA (Fig 5). Similar result (2021 MYA) was obtained

when the divergence rate was calculated as the re-

placement rate of amino acids. Such a time is even

earlier than separation of marsupials from placental

mammals at ~ 173 MYA[26], although it remains to

be verified that marsupial mitosin also contain the

repeat. Fixation of such duplication in mammalian

Fig 5. The divergence rate of mitosin's repeat region. Correla-

tion between divergence and time is established by linear re-

gression by assuming that the divergence before separation of

two species is 0%. Accordingly, a divergence of 17.8 1.5% be-

tween the first and second repeat units of mammalian mitosin

corresponds to a separation time of 193 17 MYA.

genomes implies importance of this event for success-

ful evolution of mammals.

DISCUSSION

Several lines of evidence suggest that human mitosin

and at least its eutherian orthologs are intrinsic kine-

tochore proteins. First, the centromere localization of

mitosin in primary cells (Fig 1) indicates that such a

property does not depend on cell transformation as

suspected[9]. Second, when expressed in Chinese ham-

ster and rat cells, mitosin confers centromere local-

ization[5, 18], indicating existence of mitosin target

(s) on the kinetochore in these rodent cells. Third,

mitosin orthologs in murine, canine, and mink cells

also exhibit centromere localization (Fig 2). We con-

firmed that exogenous LEK1 also located to the cen-

tromere (Fig 2D). Recognition of LEK1C by the anti-

mitosin IgY (Fig 2C) further indicates that the cen-

tromere staining in NIH3T3 by the same antibody

(Fig 2B, panels 1-3) was due to LEK1. Therefore, the

Zhen  Ye  YANG  et  al
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anti-LEK1 antibodies by Goodwin et al[9] might not

be appropriate for IIF of the mitotic LEK1 due to, for

instance, failure to recognize phosphorylated LEK1.

Forth, we provided evidence to support that the inter-

nal repeat of mitosin important for its strong cen-

tromere localization[18] is conserved in all placental

mammals (Fig 4), since duplication of the repeat unit

occurred at around 193 MYA, a time apparently after

separation of the common ancestor of avians and mam-

mals[26]. Since the core region, another domain for

strong kinetochore localization, is conserved in chicken

and mouse (Fig 2A), placental mitosin orthologs are

very likely to be all kinetochore proteins.

Our findings further imply a role of mitosin in the

spindle checkpoint during M phase. Kinetochore pro-

teins involved in the spindle checkpoint are located at

the outer kinetochore plate or corona and exhibit re-

duced binding to kinetochores after microtubule at-

tachment to the latter[12, 22, 24]. It has recently been

shown that checkpoint proteins, but not structural

proteins at the outer kinetochore, are constitutively

transported from kinetochores to the spindle poles in

microtubule dependent manner by dynein/dynactin

complex during mitosis[17]. Such a translocation pro-

cess contributes to inactivation of the spindle

checkpoint, but is dispensable for both chromosome

congression during prometaphase/metaphase transi-

tion and chromosome segregation in anaphase[17].

Mitoisn is also an outer kinetochore protein[2, 4].

Enhanced binding of mitosin to unaligned chromo-

somes (Fig 3) suggests that the kinetochore localiza-

tion of mitosin is also sensitive to microtubule

attachment. It was also subjected to similar poleward

translocation by dynein. These properties imply that

mitosin might also function either directly or indirectly

in the spindle checkpoint. In addition, such translo-

cation also provided an explanation for the bizarre

distribution of mitosin (and many other checkpoint

proteins) at kinetochores, spindle poles, and in cyto-

plasm (Fig 4)[1, 5]: in mitotic cells, mitosin in the cy-

toplasm may continuously bind to the kinetochore and

is then transported to spindle poles along

microtubules. Taken together, mitosin/LEK1/CMF1

family may serve as multifunctional proteins involved

in both mitosis and differentiation.
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