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CENP-C is a conserved inner kinetochore component. To understand the precise roles of CENP-C in the kinetochore, we
created a cell line with a conditional knockout of CENP-C with the tetracycline-inducible system in which the target
protein is inactivated at the level of transcription. We found that CENP-C inactivation causes mitotic delay. However,
observations of living cells showed that CENP-C-knockout cells progressed to the next cell cycle without normal cell
division after mitotic delay. Interphase cells with two nuclei before subsequent cell death were sometimes observed. We
also found that �60% of CENP-C–deficient cells had no Mad2 signals even after treatment with nocodazole, suggesting
that lack of CENP-C impairs the Mad2 spindle checkpoint pathway. We also observed significant reductions in the signal
intensities of Mis12 complex proteins at centromeres in CENP-C–deficient cells. CENP-C signals were also weak in
interphase nuclei but not in mitotic chromosomes of cells with a knockout of CENP-K, a member of CENP-H complex
proteins. These results suggest that centromere localization of CENP-C in interphase nuclei occurs upstream of localiza-
tion of the Mis12 complex and downstream of localization of the CENP-H complex.

INTRODUCTION

Faithful chromosome segregation during mitosis is essential
for accurate transmission of genetic material. A kinetochore
is assembled at the centromere of each chromatid of a repli-
cated chromosome, and it forms a dynamic interface with
microtubules of the mitotic spindle (Pluta et al., 1995; Cleveland
et al., 2003). To promote alignment and proper segregation of
mitotic chromosomes, sister kinetochores must attach to
microtubules and regulate cell cycle progression. This pro-
cess requires the integrated activities of multiple kinetochore
proteins. However, the mechanisms of kinetochore assem-
bly in vertebrate cells for promotion of accurate chromo-
some segregation remain unclear. To understand the molec-
ular mechanism of kinetochore assembly in vertebrate cells,
components of vertebrate kinetochores must be identified,
and each component must be characterized. In budding
yeasts, �60 kinetochore proteins have been identified by
means of genetic and biochemical approaches (Cheeseman
et al., 2002; De Wulf et al., 2003; Westermann et al., 2003).
Because the vertebrate kinetochore may be more compli-
cated than that of budding yeast and because �60 kineto-
chore components have been identified in higher vertebrate
cells to date, it is likely that other components of the verte-
brate kinetochore remain to be isolated. Moreover, many
kinetochore components of higher vertebrate cells, including
the Mis12 complex proteins (Cheeseman et al., 2004; Obuse et
al., 2004a; Kline et al., 2006) and the CENP-H/I complex

proteins (Obuse et al., 2004b; Minoshima et al., 2005; Foltz et
al., 2006; Izuta et al., 2006; Okada et al., 2006), have been
isolated in recent years.

CENP-C, a kinetochore component in higher vertebrate
cells, was originally identified as an antigen of anti-centro-
mere antibodies from patients with various autoimmune
diseases (Moroi et al., 1980; Earnshaw and Rothfield, 1985).
CENP-C is localized to the inner kinetochore plates adjacent
to the centromeric DNA (Saitoh et al., 1992), and it is known
to have DNA binding ability (Yang et al., 1996). Conditional
knockout of CENP-C in chicken DT40 cells (Fukagawa and
Brown, 1997) and disruption of the CENP-C gene in mice
(Kalitsis et al., 1998) revealed that CENP-C is essential for
cell proliferation. Analysis of a conditional knockout of
CENP-C in DT40 cells revealed that the inactivation of
CENP-C caused mitotic delay, chromosome missegregation,
and apoptosis (Fukagawa and Brown, 1997; Fukagawa et al.,
1999). Mitotic arrest has been observed after microinjection
of anti-CENP-C antibodies into human HeLa cells (Tomkiel
et al., 1994). Antibody microinjection experiments revealed
that CENP-C or an associated protein is involved in deter-
mination of kinetochore size. CENP-C homologues were
identified from several species, including yeast, nematode,
and fly (Brown et al., 1993; Moore and Roth, 2001; Oegema et
al., 2001; Heeger et al., 2005; Holland et al., 2005). The Cae-
norhabditis elegans homologue of CENP-C, HCP4, is involved
in sister kinetochore resolution (Moore et al., 2005). Recently,
a Drosophila CENP-C homologue was isolated as a genetic
interactant with Separase, which is essential for sister chro-
matid separation (Heeger et al., 2005). However, the role of
CENP-C in sister chromatid separation and resolution in
higher vertebrate cells remains unclear.

We previously reported creation of a cell line with a
conditional knockout of CENP-C with an estrogen receptor
(ER) system (Fukagawa and Brown, 1997). In this condi-
tional knockout system, the target protein is inactivated by
posttranslational regulation, and it is possible that other
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proteins associated with CENP-C may be inactivated. To
investigate the precise phenotype of knockout cells, it is
better to use a knockout system, such as a tetracycline (tet)-
inducible system, in which the target protein is inactivated
at the level of transcription. We have used the tet system to
create several knockout cell lines for centromere proteins
(Fukagawa, 2004). Many kinetochore components have been
identified in recent years, and it is necessary to use condi-
tional knockout cells in which expression of CENP-C is
controlled at the transcriptional level to investigate interac-
tions between kinetochore proteins. In the present study, we
created a CENP-C-conditional knockout cell line by using
the tet system, and we examined the phenotype of the
knockout cells, including analyses of the relation of CENP-C
with several kinetochore components. We observed a signif-
icant reduction in the intensities of immunofluorescent sig-
nals of Mis12 complex proteins and of Nuf2 complex pro-
teins at centromeres in CENP-C–deficient cells. In addition,
CENP-C signals were weak and diffuse in interphase nuclei
of cells with a knockout of CENP-K, a member of the
CENP-H complex proteins. These results suggest that local-
ization of CENP-C to the centromere occurs upstream of
Mis12 complex localization and that it occurs downstream of
CENP-H complex localization in interphase nuclei. We also
observed that CENP-C–deficient cells progress to the next
cell cycle after mitotic delay. Consistent with this observa-
tion, we found that CENP-C–deficient cells had no or weak
signals for checkpoint proteins, suggesting that CENP-C–
deficient cells cannot maintain spindle checkpoint function.

MATERIALS AND METHODS

Molecular Biology, Cell Culture, and Transfection
All plasmids were constructed by standard methods. For the CENP-C dis-
ruption constructs, a histidinol- (hisD) or puromycin-resistance cassette under
control of the �-actin promoter was inserted between the two arms. Target
constructs were transfected into DT40 cells with a Gene Pulser II electropo-
rator (Bio-Rad, Tokyo, Japan). All molecular biology experiments, including
Southern blot analysis and Western blot analysis, followed standard methods.

DT40 cells were cultured and transfected as described previously
(Fukagawa et al., 2004). All DT40 cells were cultured at 38°C in Dulbecco’s
modified medium supplemented with 10% fetal calf serum, 1% chicken
serum, 2-mercaptoethanol, penicillin, and streptomycin. To suppress expres-
sion of the tetracycline-responsive CENP-C transgenes, tet (Sigma, Tokyo,
Japan) was added to the culture medium at a final concentration of 2 �g/ml.
To examine localization of the Mis12 complex proteins, Dsn1/Q9H410-,
Nnf1/PMF1-, and Nsl1/DC31-green fluorescent protein (GFP) plasmids
(Kline et al., 2006) were transfected into CENP-C–deficient cells. For transfec-
tion of these plasmids into CENP-C–deficient cells, we used a Gene Pulser II
electroporator (Bio-Rad) to generate cell lines stably expressing GFP fusion
proteins.

Immunocytochemistry and Fluorescence In Situ
Hybridization (FISH)
Immunofluorescence staining of whole cells was performed as described
previously (Fukagawa et al., 2001, 2004). Cells were collected onto slides with
a cyto-centrifuge and fixed in 3% paraformaldehyde in phosphate-buffered
saline (PBS) for 15 min at room temperature or in 100% methanol for 15 min
at �20°C, permeabilized in 0.5% NP-40 in PBS for 10 min at room tempera-
ture, rinsed three times in 0.5% bovine serum albumin (BSA) and incubated
for 1 h at 37°C with primary antibody. Binding of primary antibody was then
detected with Cy3- or fluorescein isothiocyanate (FITC)-conjugated goat anti-
rabbit IgG (Jackson ImmunoResearch Laboratories, West Grove, PA) diluted
to an appropriate concentration in phosphate-buffered saline (PBS)/0.5%
BSA. Anti-CENP-A, -C, -H, -K, -I, and -O and anti-Mis12, -Hec1, -Nuf2,
-BubR1, and -Mad2 antibodies were described previously (Fukagawa et al.,
2001; Nishihashi et al., 2002; Hori et al., 2003; Regnier et al., 2005; Kline et al.,
2006; Okada et al., 2006). FISH was performed as described previously
(Fukagawa et al., 2001, 2004). For chromosome stability assay, the numbers of
chromosomes 1 and 2 (5 chromosomes in normal DT40 cells) were scored in
�100 metaphase cells at the indicated time points. Chromosomes and nuclei
were counterstained with 4,6-diamidino-2-phenylindole (DAPI) at 0.2 �g/ml
in Vectashield Antifade (Vector Laboratories, Burlingame, CA). All immuno-
fluorescence and FISH images were obtained with a cooled charge-coupled

device camera (CoolSNAP HQ; Photometrics Image Point, Tucson, AZ)
mounted on an Olympus IX71 inverted microscope (Olympus, Tokyo, Japan)
with a 60� objective lens (PlanApo 60�, numerical aperture [NA] 1.40)
together with a filter wheel. All subsequent analyses and processing of images
were performed with IPLab software (Signal Analytics, Fairfax, VA).

Observations of Living Cells
For live cell imaging, a histone H2B-RFP plasmid was transfected into CENP-
C-conditional knockout cells to visualize chromosomes. Fluorescently stained
living cells were observed with an Olympus inverted microscope IX71 with
an oil immersion objective lens (PlanApo 60�, NA 1.40) in temperature-
controlled box to keep temperature at 38°C. Time-lapse images were recorded
at 5-min intervals with an exposure time of 0.2–0.3 s.

RESULTS

Generation of Conditional Knockout Cells of CENP-C in
DT40 Cells with the tet System
We previously created a cell line with a conditional knock-
out of CENP-C by using a steroid agonist 4-hydroxytamox-
ifen (4-OHT)–ER system (Fukagawa and Brown, 1997). We
disrupted the first CENP-C allele and replaced the second
CENP-C allele with a cDNA encoding a fusion protein in
which the CENP-C gene was fused to the ER gene. Although
the CENP-C–ER fusion protein associates with the centro-
mere and functions like CENP-C in the presence of 4-OHT,
the CENP-C–ER fusion protein translocates to cytoplasm,
and it does not function properly in the absence of 4-OHT.
Because CENP-C function was inactivated by delocalization
of CENP-C in the ER-based knockout system, proteins that
bind to or interact with CENP-C may also be inactivated.
Therefore, to investigate CENP-C–dependent protein local-
ization, ER-based CENP-C-knockout cells are not appropri-
ate. To characterize the role of CENP-C in kinetochore
assembly, we generated a tet-inducible system-based condi-
tional knockout of CENP-C. The CENP-C disruption con-
struct was generated such that genomic fragments encoding
several exons were replaced with a histidinol-resistance
(hisD) cassette (1st allele construct), and we isolated CENP-
C�/� clones (Figure 1A). One CENP-C�/� clone was co-
transfected with a plasmid construct encoding a chicken
CENP-C transgene under the control of a tet-repressible
promoter and a plasmid construct encoding a tet-repressible
transactivator containing a zeocin (zeo)-resistance cassette.
We selected zeo-resistant colonies and identified several
clones carrying these constructs integrated at random sites
in the genome (CENP-C�/�

CENP-Ctransgene). Two clones with
the CENP-C�/�

CENP-Ctransgene genotype were transfected with
the puromycin CENP-C disruption construct (2nd allele con-
struct) to disrupt the remaining CENP-C allele (Figure 1B).
We obtained five clones with the CENP-C�/�

CENP-Ctransgene geno-
type, and one clone, CC6-121-13, was chosen for further
analysis. CENP-C protein in CC6-121-13 cells was reduced
at 6 h after addition of tet, and it was not detected by 48 h by
Western blot analysis (Figure 1C). We did not observe local-
ization of CENP-C protein to kinetochores by immunofluo-
rescence analysis (Figure 1C). The proliferative properties of
CC6-121-13 cells were monitored by growth curves. Viable
and dead cells were assessed by trypan blue exclusion. The
growth curve of CC6-121-13 cells (tet�; CENP-C�) was
indistinguishable from that of wild-type DT40 cells (Figure
1D). In the presence of tet, CC6-121-13 cells stopped prolif-
erating at 48 h after tet addition (Figure 1D), and most cells
had died by 96 h.
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CENP-C-deficient Cells Exhibit Mitotic Delay with
Progression to the Next Cell Cycle before Subsequent Cell
Death
We then examined the delayed growth and cell death after
CENP-C depletion in CC6-121-13 cells. We measured both
cellular DNA content and DNA synthesis by fluorescence-
activated cell sorting (FACS) after pulse-5-bromo-2�-de-
oxyuridine (BrdU) labeling (Figure 2A). Asynchronous
wild-type DT40 and CC6-121-13 cells (tet�; CENP-C�)
showed similar cell cycle patterns (data not shown), with S
phase accounting for two thirds of the entire cell cycle time
(Figure 2A, 0 h). In contrast, when CC6-121-13 cells were
cultured with tet, cells began to accumulate in G2/M phase,
and the proportion of cells in G2/M phase reached 32% of
the total cells by 48 h (Figure 2A). Degradation of chromo-
somal DNA due to massive cell death was observed be-
tween 72 and 96 h (data not shown).

Because we could not distinguish the exact stage at which
tet-treated CC6-121-13 cells accumulated in G2/M phase by
FACS analysis, we used DNA staining and immunocyto-
chemical staining of microtubules to examine the time
course of the kinetics of the mitotic index (Figure 2, B and C).

In the presence of tet, we observed aberrant mitotic CC6-
121-13 cells in which some chromosomes seemed misaligned
on the metaphase plate (Figure 2B), whereas chromosomes
seemed ordered and aligned on the metaphase plate in
untreated CC6-121-13 cells (Figure 2B, 0 h). At 48 h after tet
addition, the percentage of aberrant prometaphase cells was
13% of total cells, which is �3 times higher than that of
control cells (Figure 2C). Although we detected a significant
increase in the number of aberrant mitotic cells, only 13% of
the total cells were mitotic, suggesting that the phenotype of
CENP-C–deficient cells is not simple mitotic arrest. There-
fore, it was necessary to observe the behavior of individual
living cells after inactivation of CENP-C. We transfected the
histone H2B-RFP plasmid into CC6-121-13 cells to visualize
nuclei and chromosomes. We then observed the behavior of
individual CENP-C-conditional knockout cells expressing
histone H2B-RFP by microscopy at 38°C. Microscope images
were typically obtained at intervals of 5 min, and chromo-
somes in individual cells were observed through an entire
mitotic cell cycle. An example of the time-lapse observation
of CC6-121-13 cells in the absence of tet (control) is shown in
Figure 3A. Selected frames of the dynamics of chromosomes

Figure 1. Generation of a tet-based condi-
tional knockout cell line for CENP-C. (A) Re-
striction maps of the chicken CENP-C locus,
gene disruption constructs, and targeted loci.
Black boxes indicate the positions of exons.
BamHI restriction sites are shown. There is a
BamHI polymorphism in this locus; a BamHI
site is absent from the 1st round targeted al-
lele. The position of the probe used for South-
ern hybridization is indicated. Novel 16.2- and
16.9-kb BamHI fragments hybridize to the
probe if targeted integration of the construct
occurs. (B) Restriction analysis of genomic
DNAs from cells with targeted integration of a
CENP-C disruption construct. Genomic DNAs
from wild-type DT40 cells (Cl18), a clone after
first-round targeting (�/�, 1st), a clone after
first-round targeting and random integration
of the CENP-C transgene (�/� CENP-C�,
1st � cDNA), and a clone after second-round
targeting (�/� CENP-C�, 2nd � cDNA,
clone CC6-121-13) were analyzed by Southern
hybridization with the probe indicated in A.
(C) Western blot analysis of CC6-121-13 cell
extracts (3 � 105 cells) with anti-CENP-C an-
tibody. Wild-type DT40 cell extracts are also
shown on the SDS-PAGE gel (lane a, 3 � 105

cells; lane b, 1 � 105 cells; and lane c, 3 � 104

cells). Immunofluorescence staining with anti-
CENP-C antibody (green) is also shown.
CENP-C protein was not detected by 48 h after
tet addition. Bars, 5 �m. (D) Representative
growth curves for the indicated cell cultures
(Cl18 and CC6-121-13 cells). tet was added at
time 0 to cultures of CC6-121-13 CENP-C–
deficient cells (tet�), and the number of cells
not stained with trypan blue was counted.
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Figure 2. CENP-C–deficient cells show mitotic defects. (A) Cell cycle distribution of CC6-121-13 cells after inhibition of CENP-C transgene
expression due to addition of tet at time 0. Cells were stained with FITC-anti-BrdU (y-axis, log scale) to detect BrdU incorporation (DNA
replication) and with propidium iodide to detect total DNA (x-axis, linear scale). The bottom left box represents G1 phase cells, the upper
box represents S phase cells, and the bottom right box represents G2/M phase cells. The numbers given in the boxes indicate the percentage
of gated events. (B) Abnormal mitotic morphologies of CENP-C–deficient cells. Cells were stained with �-tubulin (green), and DNA was
counterstained with DAPI (blue). Several chromosomes are not aligned at the metaphase plate (arrows). Bars, 10 �m. (C) Quantitation of
aberrant CC6-121-13 cells following inhibition of CENP-C transgene expression by addition of tet at time 0. We scored the number of
interphase cells, normal metaphase cells, aberrant metaphase cells described in B, anaphase and telophase cells, and apoptotic cells.
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Figure 3. CENP-C–deficient cells proceed to the next cell cycle with abnormal chromosome segregation after mitotic delay. (A) Dynamics
of chromosomes in control cells by time-lapse observations of living cells. Selected images of chromosomes from prophase to telophase in
CC6-121-13 (�tet) are shown. (B) Dynamics of chromosomes in CENP-C–deficient cells by time-lapse observations of living cells. In the
superimposed images (bottom), chromosomes (red) and bright-field images are displayed. Bars, 10 �m. (C) Evaluation of time to progress
from prophase to anaphase for wild-type (n � 14) and CENP-C–deficient (n � 25) cells by observation of living cells. Average time to
progress from prophase to anaphase was �27 min for wild-type cells and 98 min for CENP-C–deficient cells. Bars, 10 �m. (D) To examine
chromosome loss, FISH analysis was performed with chromosome-specific painting probes. We used painting probes for chicken chromo-
somes 1 and 2. Because DT40 cells have three copies of chromosome 2, five painted chromosomes are visible in normal cells (top left).
CC6-121-13 cells showed gains and losses of chromosomes (bottom) after addition of tet. Time (hours) after addition of tet is indicated on
each image. (E) Distribution of the number of painted chromosomes per cell. CC6-121-13 cells were examined after culture with tet.

Characterization of CENP-C-Knockout DT40

Vol. 18, June 2007 2159



from prophase to telophase are shown. We were able to
observe well-ordered metaphase plates (20 min) and normal
cell division. It took control cells �27 min (n � 14) to
progress from prophase to telophase. After addition of tet
for 48 h, we performed the time-lapse imaging for CC6-
121-13 cells and observed mitotic delay. It took �98 min
(n � 25) to complete mitosis from prophase (Figure 3, B and
C). This time was 3 times longer than that of control cells
(CC6-121-13 cells in the absence of tet), and it was consistent
with the mitotic index data (Figure 2). We continued the live
cell observations after mitotic delay and found that CENP-
C–deficient cells progressed to the next cell cycle, but some
cells failed to complete cytokinesis and contained two nuclei
due to fusion of daughter cells before subsequent cell death
(Figure 3B and Supplemental Material 1). These observa-
tions suggest that CENP-C deficiency compromises mitotic
checkpoint function.

We observed that mitotically delayed CENP-C–deficient
cells progress to the next cell cycle without normal chromo-
some segregation, indicating that aneuploidy may be in-
duced by CENP-C depletion. We performed FISH analysis
of metaphase spreads with chromosome painting probes
specific for chicken chromosomes 1 and 2. Because DT40
cells contain three copies of chromosome 2, five fluorescent
chromosomes can be observed in each wild-type cell (Figure
3D, top). As shown in Figure 3D, we observed abnormal
numbers of painted chromosomes in CENP-C–deficient
cells in the presence of tet. The proportion of these aneu-
ploid cells gradually increased after 24 h (Figure 3E), sug-
gesting that CENP-C deficiency induces aneuploidy accom-
panied by chromosome missegregation.

CENP-C-deficient Cells Impaired Kinetochore
Localization of Mad2
In eukaryotic cells, chromosome segregation is regulated by a
spindle checkpoint that prevents anaphase onset until all chro-
mosomes have aligned at the metaphase plate (Musacchio and
Hardwick, 2002). Because our living cell analysis suggested
that CENP-C–deficient cells have impaired spindle check-
point function, we examined kinetochore localization of mi-
totic checkpoint proteins Mad2 and BubR1 (Figure 4). Be-
cause some prometaphase CENP-C–deficient cells showed
no or weak Mad2 and BubR1 signals, we performed quan-
titative immunofluorescence analysis with anti-Mad2 and
anti-BubR1 antibodies. To quantify Mad2 and BubR1 signals
at each kinetochore, IPLab software was used, and the signal
intensity at each kinetochore was quantified in arbitrary
units. We introduced the CENP-H-GFP knockin construct
into CC6-121-13 cells, and we used the CENP-H-GFP signal
as a marker of the kinetochore region (Figure 4B). We mea-
sured signal intensity of Mad2 and BubR1 at �30 kineto-
chores in each cell, and we obtained the average value per
individual cell. Cells were classified into three groups on the
basis of unit values of signal intensities: strong (unit value of
signal intensity �7001), weak (unit value of signal intensity,
3001–7000), and none (unit value of signal intensity �3000).
Examples of signal intensity values per individual cell are
shown in Figure 4A. All data for signal intensities and
representative images are presented in Supplemental Mate-
rial 2. More than 90% of prometaphase cells showed no
Mad2 signal at 48 h after tet addition (Figure 4C). We also
observed that 60% of prometaphase cells were classified into
the weak signal group for BubR1 staining at 48 h after tet
addition. These signal reductions for Mad2 and BubR1 in
CENP-C–deficient cells are consistent with the weak mitotic
delay and subsequent cell cycle progression observed in
CENP-C–deficient cells (Figure 3).

The ability of CENP-C–deficient cells to exit mitosis as
well as the defects in localization of the checkpoint proteins
Mad2 and BubR1 led us to examine whether CENP-C–
deficient cells could still activate the spindle checkpoint in
response to a spindle poison. We treated CENP-C-condi-
tional knockout cells with nocodazole, which depolymerizes
microtubules, after tet addition. Although �90% of promet-
aphase cells still showed no or weak Mad2 signals after
incubation of tet-treated CC6-121-13 cells with nocodazole
for 10 h, �90% of cells showed strong BubR1 signals at the
same time point (Figure 4D). We observed accumulation of
mitotic CENP-C–deficient cells after nocodazole treatment
for 10 h (Figure 4E), suggesting that loss of CENP-C did not
impair overall activation of the checkpoint pathway in re-
sponse to nocodazole. Our data indicate that BubR1 but not
Mad2 is involved in activation of the checkpoint pathway in
CENP-C–deficient cells in response to a spindle poison. In
the vertebrate spindle checkpoint pathway, Mad2 and
BubR1 operate as elements of distinct pathways sensing
tension and attachment (Skoufias et al., 2001).

In CENP-C–deficient cells, the spindle checkpoint function
was partially defective. Therefore, we were interested in
whether kinetochore–microtubule attachment occurred in
CENP-C–deficient cells. We investigated kinetochore–microtu-
bule attachment by staining microtubules with anti-�-tubulin
antibodies in CC6-121-13 cells expressing CENP-H-GFP (Fig-
ure 4F). Although we cannot conclude that kinetochores at-
tached to microtubules without electron microscopy, our light
microscopy data suggest that most kinetochores of promet-
aphase chromosomes, including chromosomes not aligned at
the metaphase plate, in CENP-C–deficient cells were attached
to microtubules.

Centromere Localization of the Mis12 Complex Proteins
Is Abolished in CENP-C–deficient Cells
CENP-C is recognized as an important component of the
inner kinetochore (Saitoh et al., 1992), and we were inter-
ested in how CENP-C is involved in centromere assembly.
We performed immunocytochemical analyses of CENP-C–
deficient cells (both interphase and mitotic cells) with anti-
bodies against CENP-A, CENP-H complex proteins, Mis12,
and Nuf2 complex proteins (Figure 5). As shown in Figure 5A,
all antibodies tested gave typical centromere signals in wild-
type cells. In CENP-C–deficient cells, anti-CENP-A antibodies
gave centromere signals that were of similar intensities to those
observed in control cells. Antibodies against the CENP-H com-
plex proteins (CENP-H and CENP-O) gave clear centromere
signals in CENP-C-deficient cells (Figure 5A), although the
signal intensities were slightly reduced (see CENP-O in Figure
5B, �60% of the level of control cells). We previously reported
that CENP-H showed centromere signals in the ER-based
CENP-C-knockout cells (Fukagawa et al., 2001). Immunofluo-
rescence results with CENP-H and CENP-O in this study are
consistent with those of our previous report. Antibodies
against Mis12 showed weak centromere signals in CENP-C–
deficient cells. The signal intensities of Mis12 in CENP-C–
deficient cells were reduced to �20% of the level observed in
control cells (Figure 5B). Signal intensities of the Nuf2 complex
proteins, including Nuf2 and Hec1, in CENP-C–deficient cells
were also reduced to �40% of the levels (Nuf2) observed in
control cells (Figure 5, A and B). Our present results are con-
sistent with reports that the Nuf2 complex proteins are associ-
ated with the Mis12 complex proteins (Cheeseman et al., 2004;
Obuse et al., 2004a).

Mis12 forms a complex that includes PMF1/Nnf1,
Q9H410/Dsn1, and DC31/Nsl1 (Cheeseman et al., 2004;
Obuse et al., 2004a; Kline et al., 2006). If Mis12 protein is
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Figure 4. Localization of mitotic checkpoint proteins in CENP-C–deficient cells. (A) Immunofluorescence analysis of Mad2 in CENP-C–
deficient cells. Because cells with various intensities of Mad2 signals are observed, we classified cells into three groups on the basis of arbitrary
unit values of Mad2 signal intensity: strong (unit value of signal intensity �7001), weak (unit value of signal intensity, 3001–7000), and none
(unit value of signal intensity �3000). The signal intensities of Mad2 and BubR1 for �30 kinetochores in each cell were measured, and the
average value per individual cell was calculated. Unit value of signal intensity per cell is shown. Typical examples for measurements are
shown in B. Bars, 10 �m. (B) Examples of quantification of Mad2 level. CENP-H was used as a marker of the centromere region. Mad2 signal
intensities for each kinetochore were measured, and background noise was subtracted. (C) Quantification of cells with various Mad2 and
BubR1 signal intensities in CC6-121-13 cells after inhibition of CENP-C transgene expression after addition of tet at time 0. Because we
confirmed that amount of CENP-C at time 0 is similar to that of wild-type cells, CC6-121-13 cells at time 0 are used as control cells. (D)
Quantification of Mad2 and BubR1 signals in CC6-121-13 cells after inhibition of CENP-C transgene expression after addition of tet at time
0. In these experiments, cells were treated with nocodazole for 10 h before immunofluorescence analysis. (E) Mitotic index after treatment
of CENP-C–deficient cells with the spindle poison nocodazole. (F) Immunofluorescence analysis of CC6-121-13 cells expressing CENP-H-GFP
(green) with anti-�-tubulin (red) at 48 h after tet addition (�tet). Many chromosomes seem to have formed kinetochore–microtubule
attachments. Bars, 5 �m.
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mislocalized in CENP-C–deficient cells, other Mis12 com-
plex proteins also would be mislocalized. Therefore, we
created GFP-fusion constructs for PMF1/Nnf1, Q9H410/
Dsn1, and DC31/Nsl1, and we introduced them into CENP-
C-conditional knockout cells. We analyzed the GFP signals
of the fusion proteins in these cells in both the presence and

absence of tet. Because expression varied between individ-
ual cells, we counted the numbers of cells with strong, weak,
and no signals on the basis of signal intensity. Average
intensity in the weak group was �20% of the level in the
strong group. In the absence of tet, 60–80% of cells showed
strong kinetochore signals for the Mis12 complex proteins
(Figure 6, A and B). In the presence of tet, �80% of these
cells (both interphase and mitotic cells) showed weak or no
Mis12 complex signals (Figure 6, A and B). Typical mitotic
figures are shown in Figure 6A (interphase figures not
shown). In contrast, centromere signals for CENP-C were
observed in Mis12-deficient cells, and the signal intensities
were similar to those in control cells (Figure 6C). These
results indicate that localization of Mis12 complex proteins
to the centromere of both interphase and mitotic cells is
dependent on CENP-C, but CENP-C localization is not de-
pendent on the Mis12 complex proteins.

Because Mis12 localization is dependent on CENP-C, we
examined the interaction between CENP-C and Mis12 in
DT40 cells by coimmunoprecipitation assay. We prepared a
cell line in which expression of CENP-C was replaced by
expression of CENP-C-GFP (F20-50-3 cells). We then iso-
lated the chromatin fraction from the F20-50-3 cells and
performed immunoprecipitation with anti-GFP antibody.
Immunoprecipitates were then separated by SDS-polyacryl-
amide gel electrophoresis (PAGE) and analyzed by Western
blotting with anti-GFP or anti-Mis12 antibody. Mis12 was
detected in immunoprecipitates with anti-GFP antibody
(Figure 6D), suggesting that Mis12 is closely associated with
CENP-C. This association was observed in both interphase
and mitotic extracts (data not shown).

Centromere Localization of CENP-C and Mis12 Is
Dependent on CENP-H Complex Proteins in Interphase
Nuclei but Not in Mitotic Chromosomes
We previously reported that CENP-C shows weak centro-
meric localization in CENP-H–deficient interphase nuclei
(Fukagawa et al., 2001). Recently, we and other groups iden-
tified several CENP-H–associated proteins and created con-
ditional knockout cell lines for these proteins (Foltz et al.,
2006; Izuta et al., 2006; Okada et al., 2006). We examined
localization of CENP-C in cells with a conditional knockout
of CENP-K, a member of the CENP-H complex proteins.
Similar to CENP-H–deficient cells, CENP-C showed weak
(and diffuse) centromeric localization in �90% of CENP-K–
deficient interphase nuclei (Figure 7, A and B). The weak
intensity at each kinetochore was �20% of the strong inten-
sity level observed in control cells (Figure 7B). When we
expressed CENP-C-GFP in CENP-K–deficient cells, diffuse
CENP-C-GFP signals were also observed in CENP-K–defi-
cient interphase cells (data not shown). Although we ob-
served clear mislocalization of CENP-C in CENP-K–defi-
cient interphase nuclei, we observed CENP-C signals in
kinetochores in mitotic cells. We also detected CENP-C ki-
netochore signals in CENP-H–deficient mitotic cells (data
not shown). These data suggest that localization of CENP-C
to the centromere is dependent on the CENP-H complex
proteins in interphase cells but not in mitotic cells.

Because centromere localization of Mis12 is dependent on
CENP-C in both interphase (data not shown) and mitotic
cells (Figure 5), we hypothesized that centromeric localization
of Mis12 may be abolished in CENP-K–deficient interphase
nuclei. To test this hypothesis, we performed immunofluores-
cence analysis with anti-Mis12 antibody in CENP-K-condi-
tional knockout cells. Centromeric localization of Mis12 was
diminished in CENP-K–deficient interphase nuclei (Figure 7B).
Mis12 signal in 90% of CENP-K–deficient interphase cells was

Figure 5. Localization of centromere proteins in CENP-C–defi-
cient cells. (A) Immunofluorescence analysis of CC6-121-13 cells at
0 h (�tet) or 48 h (�tet) after tet addition. Cells were stained with
anti-CENP-A, anti-CENP-H, anti-CENP-O, anti-Mis12, anti-Hec1,
and anti-Nuf2 antibodies. Antibody signals were detected with Cy3-
or FITC-conjugated secondary antibodies. DNA was counterstained
with DAPI. Bars, 5 �m. (B) Quantification of signal intensities for
CENP-O, Mis12, Hec1, and Nuf2 in CC6-121-13 cells at 0 h (�tet) or
48 h (�tet) after tet addition.
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Figure 6. Centromere localization of the Mis12 complex proteins is abolished in CENP-C–deficient cells. (A) To investigate localization of
Mis12 complex proteins, plasmid constructs for Nsl1/DC31-GFP, Dsn1/Q9H410-GFP, and Nnf1/PMF1-GFP were transfected into CC6-
121-13 cells. Localization of each GFP fusion protein (green) was observed in the absence (�tet) or presence (�tet) of tetracycline. DNA was
counterstained with DAPI (blue). Bars, 10 �m. (B) Quantification of cells with various intensities of Nsl1-GFP, Dsn1-GFP, and Nnf1-GFP
signals in CC6-121-13 cells at 0 h (�tet) or 48 h (�tet) after addition of tet. Average of intensity in the weak group is �20% of the level in
the strong group. (C) Immunofluorescence analysis of Mis12-2-1 cells, which carry a conditional knockout of Mis12, with anti-Mis12 and
anti-CENP-C antibodies. Antibody signals were detected with FITC-conjugated secondary antibodies (green). DNA was counterstained with
DAPI (blue). Bars, 10 �m. (D) Coimmunoprecipitation of Mis12 protein with CENP-C-GFP. A cell line (F20-50-3) in which expression of
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�20% level of control cells (weak group in Figure 7B). We still
observed clear centromeric localization of Mis12 in CENP-K–
deficient mitotic cells. These data suggest that localization of
CENP-C and Mis12 to centromeres in interphase nuclei is
dependent on the CENP-H complex proteins.

Our present results raise the question as to why centro-
mere localization of CENP-C and Mis12 is dependent on

CENP-H complex proteins only in interphase cells and not
in mitotic cells. One possibility is the proteins that interact
with CENP-C may differ between interphase cells and mi-
totic cells, which would suggest that organization of inner
kinetochore is dynamically changed through cell cycle pro-
gression. To strengthen this hypothesis, we designed a
pulse-chase experiment with BrdU in CENP-K–deficient
cells (Figure 8). CENP-K–deficient cells were incubated with
BrdU for 20 min, washed, and then cultured for 4.5 h. Cells
were then fixed, and immunofluorescence experiments were
performed with anti-CENP-C or anti-BrdU antibodies (Fig-
ure 8A). We were interested in CENP-C localization in
BrdU-positive mitotic cells, which incorporated BrdU in in-
terphase cells that lack CENP-C at centromeres. We detected

Figure 6 (cont). CENP-C was replaced with that of CENP-C-GFP
was created. The chromatin fractions of wild-type (Cl18) and F20-
50-3 cells were immunoprecipitated with anti-GFP antibody. Immu-
noprecipitates were separated by SDS-PAGE and analyzed by West-
ern blotting with anti-GFP and anti-Mis12 antibodies.

Figure 7. Centromere localization of CENP-C and Mis12 at interphase nuclei is dependent on the CENP-H complex proteins. (A)
Immunofluorescence analysis of #10–89 cells, which carry a conditional knockout of CENP-K, with anti-CENP-K, anti-Mis12, and anti-
CENP-C antibodies. Antibody signals were detected with FITC-conjugated secondary antibodies. DNA was counterstained with DAPI. Bars,
10 �m. (B) Quantification of cells with various intensities of Mis12 and CENP-C signals in #10–89 cells after inhibition of CENP-K transgene
expression after addition of tet at time 0. Both Mis12 and CENP-C signals were weak in interphase nuclei but not in mitotic cells at 48 h after
tet addition. Average of intensity in the weak group is �20% of the level in the strong group.
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Figure 8. CENP-C can be targeted into kinetochores in the absence of the CENP-H complex proteins during mitosis. (A) Schematic
presentation of a pulse-chase experiment with BrdU in CENP-K–deficient cells. #10–89 cells (CENP-K-conditional knockout cells) were
cultured for 48 h after tet addition. BrdU was added to the culture for 20 min (pulse). Cells were cultured without BrdU for 4.5 h (chase) and
then fixed. Cells were then subjected to immunofluorescence experiments with anti-CENP-C or anti-BrdU antibody. (B) Typical images of
immunofluorescence experiments. CENP-C signals were detected in BrdU-positive mitotic cells (a and b). CENP-C signals were weak in
interphase nuclei (c and d). (C) Quantification of BrdU-positive cells with various intensities of CENP-C signals in #10–89 cells after the
pulse-chase experiments. CENP-C signals were detected in �80% of BrdU-positive mitotic cells. (D) Current model for kinetochore assembly
in interphase nuclei and mitotic chromosomes in chicken DT40 cells. Centromere-specific histone CENP-A is upstream of other centromere
proteins for centromere localization. Our previous data showed that the CENP-H complex is closely associated with CENP-A (Okada et al.,
2006). In interphase nuclei, centromere localization of CENP-C occurs downstream of that of the CENP-H complex but occurs upstream of
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clear CENP-C signals in �80% of BrdU-positive mitotic cells
(Figure 8, B and C), suggesting that CENP-C can be targeted
to kinetochores during mitosis even if CENP-C and CENP-H
are not present at centromeres during interphase.

DISCUSSION

CENP-C-conditional Knockout Cells with the tet System
Loss-of-function analyses of vertebrate CENP-C were per-
formed in several ways, including microinjection of anti-
CENP-C into HeLa cells (Tomkiel et al., 1994), creation of an
ER-based DT40 knockout (Fukagawa and Brown, 1997;
Fukagawa et al., 1999), and creation of CENP-C-knockout
mice (Kalitsis et al., 1998). The results of these analyses led us
to conclude that CENP-C is essential for cell viability and
completion of mitosis. However, it is difficult to conduct
further analyses of CENP-C function with these systems due
to technical problems. Each kinetochore protein associates
with other kinetochore proteins for full centromere function.
Therefore, inactivation of CENP-C protein by antibody mi-
croinjection or the ER-based DT40 knockout may lead to
unpredicted inactivation of other kinetochore proteins.
Analysis of CENP-C-knockout mice is complicated by the
fact that CENP-C-knockout mice die during early embryonic
development (Kalitsis et al., 1998). Therefore, to further our
understanding of the function of CENP-C, cells with a con-
ditional knockout of CENP-C at the level of transcription are
needed. In the present study, we created and characterized
a tet-based CENP-C-conditional knockout cell line. Charac-
terization of this cell line will further our understanding of
the roles of CENP-C in vertebrate cells.

Our phenotypic analysis of the tet-based CENP-C-condi-
tional knockout cells revealed defects in mitosis, as indicated
by the accumulation of prometaphase cells and the data
from live cell observations. This mitotic phenotype is con-
sistent with previous observations (Tomkiel et al., 1994;
Fukagawa and Brown, 1997). Use of the tet-based condi-
tional knockout system allowed us to show that CENP-C–
deficient cells were only transiently delayed in promet-
aphase and progressed to the next cell cycle without normal
chromosome segregation. This mitotic phenotype is different
from that observed in mutants for the CENP-H complex
proteins, which are also components of the inner kineto-
chore. In comparison with the percentage of mitotic-delayed
cells in mutants for the CENP-H complex proteins, which
was �50% at 48 h after tet addition (Okada et al., 2006), the
percentage of CENP-C–deficient cells showing mitotic delay
was low (13% of CC6-121-13 cells at 48 h after tet addition)
(Figure 2C). In addition, live cell observations revealed that
the average time to complete mitosis is �98 min in CENP-
C–deficient cells, whereas mitosis requires �800 min in
mutants of the CENP-H complex proteins (Nishihashi et al.,
2002; Okada et al., 2006). These differences in the mitotic
phenotype of CENP-C–deficient cells from those of mutants
for the CENP-H complex proteins indicate that the function

of CENP-C is distinct from the function(s) of the CENP-H
complex proteins.

Mitotic Checkpoint Pathway and Inner Kinetochore
Proteins
The observation that CENP-C–deficient cells undergo a
transient mitotic delay before exit from mitosis with chro-
mosome missegregation indicates that the mitotic check-
point is activated in these cells but that the checkpoint
response is subsequently overcome. We also observed that
localization of checkpoint components Mad2 and BubR1 to
the kinetochore is altered in CENP-C–deficient cells. Mad2
signals are nearly absent in CENP-C–deficient mitotic cells,
and Mad2 localization did not recover even after nocodazole
treatment. We also observed a reduction in the BubR1 signal
in CENP-C–deficient cells. However, BubR1 localization re-
covered after nocodazole treatment. Because both check-
point proteins detached from kinetochores in CENP-C–de-
ficient mitotic cells after transient mitotic delay, our data
suggest that CENP-C is involved in maintenance of the
mitotic checkpoint. This phenotype is also observed in
CENP-A–deficient cells (Regnier et al., 2005). In CENP-H–
and CENP-I–deficient cells, we found that a subset of cells
progressed to the next cell cycle even after strong mitotic
delay (Fukagawa et al., 2001; Nishihashi et al., 2002). Defects
in the mitotic checkpoint are common in cells with knock-
outs of inner kinetochore proteins (Nishihashi et al., 2002;
Regnier et al., 2005). We think that depletion of individual
inner kinetochore proteins does not disrupt the entire kinet-
ochore structure (Nishihashi et al., 2002). Although the
mechanism of how mitosis progresses in cells with knock-
outs of inner kinetochore proteins is not clear, our present
data suggest that checkpoint proteins associate with the
kinetochores but that this association is not maintained in
CENP-C–deficient cells due to partial disruption of the inner
kinetochore structure.

Another question is why a spindle checkpoint is activated
first, although our data suggest that many kinetochores
seem to bind microtubules in CENP-C–deficient cells (Fig-
ure 4F). One possible explanation is that there may not be
sufficient tension to complete chromosome segregation even
if kinetochores bind microtubules in CENP-C–deficient
cells. Therefore, a mitotic checkpoint pathway can be acti-
vated through a BubR1-dependent mechanism. However,
the checkpoint response cannot be maintained and is subse-
quently overcome in CENP-C–deficient cells, as mentioned
above.

It is important that CENP-C– deficient cells were able to
activate and maintain the checkpoint after treatment with
a spindle poison, nocodazole. After exposure to spindle
poison, BubR1 signals were efficiently relocalized to ki-
netochores; however, Mad2 signals were not, suggesting
that CENP-C– deficient cells have impaired Mad2-depen-
dent signaling from kinetochores of mitotically arrested
cells but that the checkpoint activation can occur through
a BubR1-dependent pathway. In CENP-A– depleted cells,
only the BubR1-dependent pathway is activated (Regnier
et al., 2005). In the vertebrate spindle checkpoint system,
Mad2 and BubR1 operate as elements of distinct pathways
sensing microtubule attachment and tension, respectively
(Skoufias et al., 2001). The Mad2-dependent pathway
seems to be easily disrupted by knockout of inner kinet-
ochore proteins.

When treated with the spindle poison nocodazole, CENP-
C–deficient cells maintained prolonged mitotic arrest (�10
h). CENP-H– and CENP-I–deficient cells have the ability to
maintain the checkpoint for �10 h even in the absence of the

Figure 8 (cont). localization of the Mis12 complex. During mitosis,
CENP-C dependence on CENP-H is altered. CENP-C can be tar-
geted into kinetochores even in the absence of CENP-H. Localiza-
tion of Nuf2 complex is dependent on both the Mis12 complex and
the CENP-H complex (Cheeseman et al., 2004; Obuse et al., 2004b;
Mikami et al., 2005). Localization of CENP-H complex to centro-
meres is somewhat dependent on CENP-C. CENP-C also may be
involved directly in DNA binding (Yang et al., 1996) or may interact
with CENP-B (Suzuki et al., 2004).
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spindle poison, although these cells subsequently progress
to the next cell cycle (Nishihashi et al., 2002). Like previous
reports in cells depleted of some kinetochore proteins
(Waters et al., 1998; Nishihashi et al., 2002; Liu et al., 2003;
Weaver et al., 2003; Tanudji et al., 2004; Regnier et al., 2005),
it is possible that, in the absence of a spindle poison, CENP-
C–deficient cells are only able to generate a weak checkpoint
signal with a level that is below a necessary threshold. The
mitotic kinetochores that lack CENP-C contain small
amounts of the checkpoint proteins, and they can generate a
weak inhibitory signal that might not be strong enough to
sustain a strong mitotic block. In the presence of spindle
poison, the inhibitory signals from the kinetochores would
reach the threshold for checkpoint activation and mainte-
nance. The response to the mitotic checkpoint pathway dif-
fers between the various inner kinetochore protein mutants
(Fukagawa et al., 2001; Nishihashi et al., 2002; Regnier et al.,
2005; Okada et al., 2006). Signal transmission may require
phosphorylation of inner kinetochore proteins, and as part
of a preliminary study, we found that several inner kineto-
chore proteins are phosphorylated (our unpublished data).

Role of CENP-C in Kinetochore Assembly
To understand kinetochore assembly, we used a tet-based
DT40 conditional knockout system to generate knockouts of
several inner kinetochore proteins (Fukagawa et al., 2001;
Nishihashi et al., 2002; Regnier et al., 2005; Okada et al., 2006).
Although we found that CENP-H complex proteins function
as a marker for incorporation of newly synthesized CENP-A
into the centromere (Okada et al., 2006), we showed that
CENP-A is upstream of CENP-H complex proteins in centro-
mere targeting because endogenous CENP-A localization is
not altered in CENP-H–deficient cells, whereas CENP-H local-
ization is abolished in CENP-A–deficient cells (Fukagawa et al.,
2001; Regnier et al., 2005; Okada et al., 2006). We also reported
that localization of CENP-C to the centromere is abolished in
CENP-H–deficient interphase nuclei, indicating that CENP-H
is required for centromere targeting of CENP-C in interphase
nuclei (Fukagawa et al., 2001). To further our understanding of
kinetochore assembly, we analyzed CENP-C–deficient cells in
the present study. Mis12 complex proteins were reduced in
both interphase and mitotic cells in the absence of CENP-C.
Recent RNA interference (RNAi) experiments in human HeLa
cells support our data (Liu et al., 2006). Because CENP-C local-
ization was not altered in Mis12-deficient DT40 cells, we con-
cluded that localization of Mis12 complex proteins to the cen-
tromere occurs downstream of localization of CENP-C (Figure
8D). In C. elegans, the Mis12 protein coprecipitates with the
CENP-C homologue HCP4 (Cheeseman et al., 2004), and our
experiments indicate that CENP-C coprecipitates with Mis12
(Figure 6D), suggesting that Mis12 complex proteins may in-
teract directly with CENP-C in vertebrate cells.

Because localization of CENP-C to the centromere is abol-
ished in interphase nuclei of CENP-H and CENP-I mutants
(Fukagawa et al., 2001; Nishihashi et al., 2002), we examined
CENP-C localization in cells deficient for another CENP-H
complex protein, CENP-K. Centromeric localization of
CENP-C in interphase nuclei was abolished in CENP-K–
deficient cells (intensities of CENP-C signals were �20% of
the control signal intensity in �90% of CENP-K–deficient
interphase cells), indicating that localization of CENP-C to
the centromere in interphase nuclei is dependent on the
CENP-H complex proteins CENP-H, CENP-I, and CENP-K.
We also investigated centromere localization of CENP-H
complex proteins in CENP-C–deficient cells. Although we
observed a weak reduction in the CENP-H complex proteins
(60–70% signal intensity of the control cells), we clearly

detected discrete signals of these proteins at centromeres in
CENP-C–deficient cells. These data suggest that localization
of CENP-C to centromeres in interphase cells occurs down-
stream of localization of the CENP-H complex proteins,
although localization of the CENP-H complex is dependent
in part on CENP-C (Figure 8D). If our model is correct,
Mis12 should not be localized to the centromere in inter-
phase cells deficient for CENP-H complex proteins. Indeed,
we observed mislocalization of Mis12 in CENP-K–deficient
interphase nuclei. Previous RNAi experiments revealed that
centromere localization of Mis12 occurs upstream of that of
CENP-H in human cells (Goshima et al., 2003; Kline et al.,
2006). This discrepancy between our present results and
those of previous reports may reflect differences in the func-
tional interactions among kinetochore components between
humans and chickens. The previous reports (Goshima et al.,
2003; Kline et al., 2006) also focused mainly on dependency
of proteins at mitotic chromosomes. We emphasize that the
dependency of Mis12 and CENP-C on the CENP-H complex
for centromere localization is restricted to interphase nuclei
of DT40 cells. Mis12 and CENP-C localization to centro-
meres is dependent on CENP-H in human interphase cells
but not mitotic cells (Figure 8D). Our pulse-chase experi-
ments with BrdU suggest that organization of the inner
kinetochore changes throughout cell cycle progression.
These results caused us to consider the organization of C.
elegans kinetochore. HCP-4 (CENP-C in C. elegans) is distrib-
uted in the cytoplasm during interphase, but it is targeted
into kinetochores during mitosis (Moore and Roth, 2001;
Oegema et al., 2001). At present, homologues of the CENP-H
complex proteins have not been identified in C. elegans. Lack
of CENP-H complex proteins may cause deficiency of kinet-
ochore targeting of CENP-C (HCP4) in interphase cells of C.
elegans. During mitosis, CENP-C can be targeted into kinet-
ochores in the absence of CENP-H complex proteins in both
C. elegans and chicken DT40 cells. To understand kinechore
assembly, it is important to observe dynamic changes in
inner kinetochore organization during the cell cycle.
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