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Abstract Centromeric protein F (CENP-F) is a 367-kDa
human kinetochore protein that was identified a decade
ago, but its function was only recently revealed by studies
that used small interfering RNA to deplete the protein from
cells. All studies showed that CENP-F is important for
chromosome alignment, but these studies differed as to
whether CENP-F is important to the mitotic checkpoint.
We report here that CENP-F is essential for cells to sustain
a prolonged mitotic delay in response to unattached
kinetochores. Cells depleted of CENP-F exit mitosis in
the presence of defective kinetochore attachments resulting
from treatment with nocodazole, or the depletion of
kinetochore proteins CENP-E and hSgo1. Kinetochores
depleted of CENP-F exhibited a reduction in the amounts
of the mitotic checkpoint proteins Mad1, Mad2, hBUBR1,
hBUB1, and hMps1. We postulate that CENP-F is not an
essential component of the mitotic checkpoint but facil-
itates the duration of the mitotic delay. Separately, we show
that CENP-F is a novel microtubule-binding protein that
possesses two microtubule-binding domains at opposite
ends of the molecule. The C-terminal microtubule-binding
domain was found to stimulate microtubule polymerization
in vitro. These activities provide a biochemical explanation
for how CENP-F contributes to kinetochore attachments in
vivo.

Introduction

Centromeric protein F (CENP-F) is a 367-kDa kinetochore
protein that was originally identified through the use of a
human autoimmune serum (Casiano et al. 1993; Liao et al.
1995; Rattner et al. 1993) and independently isolated as
Mitosin in a screen for proteins that interacted with the
retinoblastoma tumor suppressor (Zhu et al. 1995b). CENP-F
exhibits a very dynamic localization pattern whereby it
undergoes transitions from the nuclear matrix to the nuclear
rim and then to kinetochores during the G2 phase of the cell
cycle (Liao et al. 1995; Rattner et al. 1993). Kinetochore
localization persists until the onset of anaphase when it
relocalizes to the spindle midzone. Immuno-electron micros-
copy studies showed that CENP-F is concentrated at the outer
kinetochore andmay extend into the fibrous corona (Rattner et
al. 1993; Zhu et al. 1995a). The temporal pattern of CENP-F
localization provided the earliest molecular evidence that
mammalian kinetochores are assembled in a step-wise fashion
that initiates prior to the onset of mitosis (Liao et al. 1995).

Structure and function studies revealed that the kineto-
chore-targeting domain of CENP-F is located near the C
terminus (Zhu et al. 1995a), and its localization is sensitive
to farneslytransferase inhibitors. This sensitivity is con-
sistent with the fact that CENP-F is farnesylated and that
mutation of its C-terminal farnesylation site blocks kinet-
ochore targeting (Ashar et al. 2000; Hussein and Taylor
2002). In addition to the importance of farnesylation, the
assembly of CENP-F onto kinetochores has been shown to
depend on Bub1 kinase (Johnson et al. 2004), CENP-I (Liu
et al. 2003), Nup358/RanBP2 (Joseph et al. 2004; Salina et
al. 2003), and Sgt1 (Steensgaard et al. 2004). Even though
cells depleted of these proteins exhibited defective kinet-
ochore functions, it was not possible to ascribe them solely
to CENP-F, as the localization of other kinetochore
proteins was also affected.

Recent studies have shown that CENP-F is a target of the
FoxM1 transcription factor (Laoukili et al. 2005). Cells (the
human osteosarcoma cell line, U2OS) depleted of FoxM1
exhibited mitotic defects that were due partly to the loss of
CENP-F, as direct depletion of CENP-F also led to similar
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defects in chromosome segregation and in the mitotic
checkpoint. A separate study using Hela cells also showed
that loss of CENP-F disrupted kinetochore attachments
(Yang et al. 2005). Kinetochores depleted of CENP-F were
shown to have reduced levels of CENP-E and p150 glued,
microtubule-binding proteins that contribute to proper
kinetochore attachments (Echeverri et al. 1996; McEwen et
al. 2001). Contrary to a previous study that showed that
CENP-F is important for the mitotic checkpoint, this study
showed that cells depleted of CENP-F were delayed in
mitosis for approximately 2 h and then died without exiting
mitosis (Yang et al. 2005). More recent studies (Holt et al.
2005; Bomont et al. 2005), reported that CENP-F was not
essential for the mitotic checkpoint in Hela cells. As with
earlier studies, these studies also concluded that CENP-F
was important for establishing proper kinetochore attach-
ments. In addition, Holt et al. reported that a small number
of cells depleted of CENP-F contained separated sister
chromatids. On the other hand, Bomont et al. demonstrated
that there are two phenotypes for cells depleted of CENP-F.
A minority of CENP-F-depleted cells showed a defect in
kinetochore assembly, provoking massive chromosome mis-
segregation. In contrast, the majority of CENP-F-deficient
cells exhibit a strong mitotic delay with reduced tension
between kinetochores of aligned chromatids and decreased
stability of kinetochore microtubules. The delay was
mediated by the mitotic checkpoints, as some of the CENP-
F-depleted kinetochores continuously recruited Mad1.

To further our mechanistic understanding by which
CENP-F contributes to kinetochore attachments, as well as
to clarify its role in the mitotic checkpoint, we have
characterized its biochemical properties and analyzed its
importance during mitosis. We report here that CENP-F is a
novel microtubule-binding protein that contains two mi-
crotubule-binding domains. The C-terminal domain stimu-
lated microtubule polymerization in vitro. These activities
can explain the importance of CENP-F to kinetochore
attachments in vivo. Despite their importance to kineto-
chore attachments, cells depleted of CENP-F were only
transiently delayed in mitosis before exiting with lagging
chromosomes. We found that CENP-F is not an essential
component of the mitotic checkpoint but is required by cells
to sustain a prolonged mitotic delay in response to
nocodazole or depletion of the kinetochore proteins
hSgo1 and CENP-E. Quantitative analysis showed that
kinetochores depleted of CENP-F exhibited a moderate
reduction in the levels of checkpoint proteins Mad2, Bub1,
BubR1, and hMPS1. Thus, kinetochores depleted of CENP-
F may not be capable of generating the normal levels of the
“wait for anaphase” signal that are required for sustaining a
mitotic block.

Materials and methods

DNA constructs and RNA interference

A nested polymerase chain reaction (PCR) (Z-taq, Takara)
was used to clone different CENP-F fragments from a

human Hela cell complementary DNA library (Clontech).
PCR products were cloned into pENTR vectors (Gateway,
Invitrogen) and recombined in vitro into different expres-
sion vectors. Small interfering RNA (siRNAs) were
obtained from commercial sources (Qiagen and Dharma-
con) and were delivered into Hela cells by Oligofectamine
(Invitrogen), according to the manufacturer’s instructions.
All the siRNAs worked equally effectively. Data presented
in this paper were obtained with the following siRNAs.

CENP-F siRNAs:

– r(GAAUCUUAGUAGUCAAGUA)d(TT),
– r(GGUUAUUGUCUGCCUUGAA)d(TT).
– CENP-F SMART pool.

CENP-E siRNA:

– r(CGAUACUGUUAACAUGAAU)d(TT)

hSgo1 siRNA:

– r(ACAGUAGAACCUGCUCAGA)d(TT)

Immunofluorescence and video microscopy

Cells were fixed for 7 min in freshly prepared 3.5%
paraformaldehyde/phosphate-buffered saline pH 7.0, per-
meabilized in KB (20 mM Tris–HCl pH 7.5, 150 mM NaCl,
and 0.1% bovine serum albumin) plus 0.2%Triton X-100 for
4min at room temperature (R.T.), and rinsed inKB for 5min.
Primary and secondary antibodies were diluted in KB and
added to coverslips for 30 min at 37°C in a humidified
chamber. Human anti-centromere autoimmune antibody
(ACA) was a gift from J.B. Rattner (University of Calgary,
Alberta, Canada).Mouse anti-tubulin antibodies (Sigma) and
affinity-purified antibodies to CENP-E, Mad2, Bub1,
BubR1, and hMps1 were used at concentrations between
0.5 and 1 μg/ml. Secondary antibodies conjugated to
Alexafluor 488, Alexafluor 555, and Alexafluor 647 (Mo-
lecular Probes) were used at 0.5–1μg/ml. To test the stability
of microtubules to cold, cells in medium were chilled at 4°C
for 10 min, and then fixed, extracted, and stained.

For video microscopy, Hela cells stably transfected with
gfp:H2B (generated in our lab) were observed with a Nikon
TE300 microscope that was equipped with epifluorescence
optics and enclosed in a temperature-controlled incubator.
Images were captured with a 20× objective using a Retiga
EX (QImaging) camera controlled with ImagePro Plus
(Mediacybernetics). High-resolution analysis was con-
ducted with an UltraView spinning disk confocal micro-
scope using a 60× objective and a Hamamatsu Orca
camera. Immunofluorescence images were obtained with a
TE2000 microscope that is equipped with epifluorescence
optics. Images were visualized using a 100× numerical
aperture 1.4 objective and captured with a Cascade 512F
camera (Roper) using Metavue software. Signal intensities
were quantified on maximum projections of z-stacks
(0.5-μM slices) using ImagePro Plus (MediaCybernetics).
Deconvolution was performed on image stacks using

321



AutodeBlur (AutoQuant). Quantitative analysis of staining
intensities at kinetochores was as described (Hoffman et al.
2001). Briefly, two squares, a 9×9-pixel square that
circumscribed the brightest signal and a 13×13-pixel
square that included the surrounding background signal,
were drawn around each kinetochore. Kinetochore fluo-
rescence was calculated by the following formula:
Fkinetochore ¼ FI � Fbackground . Fbackground was calculated
as follows: Fbackground ¼ FO � FIð Þ 81=88ð Þ , where FO

stands for integrated fluorescence of the outer square and FI

is the integrated fluorescence of the inner square.

Microtubule binding and in vitro translation

S100 extracts prepared from Hela cells were incubated with
taxol (10 μM) at 37°C for 30 min and centrifuged
(80,000×g at R.T.) to pellet microtubules and associated

proteins. Supernatant and pellet fractions were then probed
for tubulin and CENP-F through Western blots. Micro-
tubules were also prepared from purified bovine brain
tubulin (Cytoskeleton) and used in pelleting assays with in
vitro translated fragments of CENP-F according to the
manufacturer’s instructions (Cytoskeleton). TNT T7 Quick
for PCR DNAwas used to translate CENP-F fragments in
vitro (Promega). Kinetic analysis of microtubule polymer-
ization was monitored with a spectrophotometer that
maintained the temperature at 37°C.

Results

Cells depleted of CENP-F exhibit an attenuated
mitotic checkpoint response

To study the functions of human CENP-F during mitosis,
Hela cells were transfected with CENP-F siRNAs, fixed

Fig. 1 CENP-F depletion im-
pairs the mitotic checkpoint in
Hela cells. a Immunofluores-
cence images of mitotic cells
following transfection with lu-
ciferase (a negative control) or
CENP-F siRNA and stained
with CENP-F and ACA anti-
sera. Scale bar: 10 μm.
b Immunoblots of lysates from
cells transfected with control
and CENP-F siRNAs probed
with CENP-F and hBUBR1
antibodies. c Quantitation of
CENP-F in lysates from control
and CENP-F siRNA-transfected
cells by immunoblotting (red
bars) or on kinetochores (n=65)
by immunofluorescence staining
(green bars). Error bars show
standard error of the mean (s.e.
m.) from multiple cells (n=10).
The CENP-F intensity was nor-
malized to ACA and corrected
for background noise. d Mitotic
index of control and CENP-F-
depleted cells treated with
12 ng/ml or 120 ng/ml
nocodazole for 16 h. Error bars
represent s.e.m. from three in-
dependent experiments.
e, f Plots of the frequency at
which siRNA-transfected cells
entered anaphase as determined
by videomicroscopy. NEBD=T0.
Note that CENP-F depletion
reduces the times of anaphase
onset for cells that were also
depleted of CENP-E (e) or
hSgo1 (f)
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48 h later, and stained with CENP-F and ACA antisera.
Quantification of CENP-F staining of prometaphase and
metaphase cells showed a 20 to 50-fold reduction (>95%)
in fluorescence intensity (after normalizing to ACA
intensity) between control and CENP-F-depleted cells
(Fig. 1a,c). Quantitative immunoblotting showed a >25-
fold depletion (>95%) of CENP-F protein in cells trans-
fected with CENP-F siRNA, as compared to control. The
depletion was specific, as the level of BubR1, a protein that
also localizes to kinetochores, was unaltered (Fig. 1b).

Our first functional test was to determine if CENP-F is
an important component of the mitotic checkpoint by
analyzing the fates of cells after exposure to nocodazole.
Cells transfected with control or CENP-F siRNA’s were
exposed to a low dose of nocodazole (12 ng/ml) that
suppressed microtubule dynamics but did not disrupt
bipolar spindle formation. After 16 h in the presence of
the drug, ∼49% of the control cells were blocked in mitosis,
while 12% of cells transfected with the CENP-F siRNA
were in mitosis. At higher concentrations of nocodazole
(120 ng/ml) that blocked spindle formation, control cells
and cells depleted of CENP-F exhibited mitotic indices
(MIs) of 55% and 33%, respectively. By staining for
CENP-F, we confirmed that the mitotic cells we scored
were indeed depleted of the proteins after transfection with
the siRNA. Control cells and CENP-F-depleted cells not
exposed to the drug exhibited comparable mitotic indices
of 8% and 3%, respectively. Thus, after overnight treatment

with low and high concentrations of nocodazole, cells
depleted of CENP-F accumulated fewer mitotic cells than
those seen for control cells (Fig. 1d). Nevertheless, the
increased mitotic indices (15% and 33% vs 3%) over non-
drug-treated cells show that cells depleted of CENP-F are
capable of activating their checkpoint response. However,
cells depleted of CENP-F may not be able to sustain a
prolonged delay, as in control Hela cells.

To further test the importance of CENP-F in the mitotic
checkpoint, we examined how cells depleted of CENP-F
responded to the inactivation of the kinetochore proteins
CENP-E and hSgo1. Mitotic progression was monitored by
filming Hela(H2B:GFP) cells (n=150) following transfec-
tion with different combinations of siRNAs. The times of
anaphase onset [nuclear envelope breakdown (NEBD) was
set as T=0 min] for individual cells were determined. When
cells were cotransfected with control (luciferase) and
CENP-E siRNAs, ∼35% of the cells exited mitosis within
3 h after NEBD (Fig. 1e), while >65% of the cells that
entered mitosis during filming were delayed in mitosis for
>3 h. In contrast, 75% of the cells cotransfected with
CENP-F and CENP-E siRNAs entered anaphase within 3 h
after NEBD (Fig. 1e). The average time of anaphase onset
for cells that were simultaneously depleted of CENP-E and
CENP-F was approximately 87 min, as compared to
50 min for cells depleted of just CENP-F or >3 h for cells
depleted of just CENP-E. Examination of cells cotransfec-
ted with control and Sgo1 siRNAs showed that only 5%
had entered anaphase within 3 h of NEBD while 60% of

Fig. 2 Cells depleted of CENP-
F exit mitosis with improperly
aligned chromosomes. a Hela
(gfp:H2B) cells were transfected
with luciferase (top) and CENP-
F siRNA (middle and bottom)
and monitored by time-lapse
videomicroscopy. Images were
collected using an UltraView
spinning disc confocal at 5-min
intervals. b Comparison of the
times of anaphase onset for
control and CENP-F siRNA-
treated cells. Successive frames
from videos, as shown in a,
were analyzed. Data were col-
lected from 10 (control) to 18
(CENP-F-depleted) cells. Tm
denotes the peak time of the
distribution. Scale bar: 10 μm.
c Analysis of anaphase cells
transfected with control, Bub1,
and CENP-F siRNAs. Orange
denotes morphologically normal
chromosome segregation; green,
lagging chromosomes; blue,
multinucleated and abnormally
shaped nuclear masses; purple,
mitotic delay at T=120 min.
Error bars represent the stan-
dard error of the mean from four
independent experiments
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cells cotransfected with CENP-F and Sgo1 siRNAs entered
anaphase within 3 h of NEBD (Fig. 1f). The average time
of anaphase onset for cells depleted of both hSgo1 and
CENP-F was approximately 100 min, as compared to >5 h
for cells depleted of hSgo1 alone. In both cases, the
duration of the mitotic delay resulting from the depletion of
either CENP-E or hSgo1 was reduced when CENP-F was
depleted.

We next examined how the loss of CENP-F affected the
localization of mitotic checkpoint proteins at kinetochores.
Mitotic cells that exhibited >95% depletion of CENP-F
were chosen for this analysis. Using this criteria, there was
an across-the-board reduction in the amounts of checkpoint

proteins relative to controls. Quantitative analysis revealed
that kinetochores depleted of CENP-F retained 81, 66, 64,
76, and 65% of the normal amounts of Mad1, Mad2,
hBubR1, hBub1, and hMPS1, respectively (Supplemental
Figure 1). The reduction in the levels of checkpoint
proteins might therefore account for the attenuated
checkpoint in cells depleted of CENP-F.

Time-lapse studies showed that Hela(Gfp:H2B) cells
depleted of CENP-F failed to align properly at the spindle
equator and then prematurely entered anaphase with
lagging chromosomes (Fig. 2a). CENP-F-depleted cells
were found to enter anaphase approximately 52 min after
NEBD, while the time to anaphase onset was 40 min for

Fig. 3 Kinetochores depleted of CENP-F lack tension and retain
Mad1. Hela cells were transfected with siRNA as indicated and
treated with MG132 for 1 h before fixing. a Immunofluorescence
images of cells stained for 4′,6-diamidino-2-phenylindole DAPI,
CENP-F (not shown) or CENP-E (not shown), Mad1, and ACA. For
each sample, a Z-series was taken with a depth 0.25 μm. A single
optical section is shown in c, d, e, h, i, j, m, n, and o. Scale bar:
10 μm. b Comparison of the frequency of mitotic cells with

Mad1-positive kinetochores. Numbers in each bar indicate the
average number of Mad1-positive kinetochores per cell (n=25
cells). Error bars show the standard error of the mean. c
Kinetochore tension was indirectly determined by measuring the
center-to-center distance between pairs of ACA foci, as marked
by arrows in a. Bars indicate the interkinetochore distance. The
histogram was derived from measurements from over 40
kinetochores in more than eight cells
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control cells (Fig. 2b). Nearly 80% of the cells transfected
with CENP-F siRNA had visible segregation defects in
anaphase, as determined by the presence of lagging
chromosomes and chromatin bridges (Fig. 2a,c). These
defects were also seen for cells depleted of the hBub1
mitotic checkpoint kinase (Fig. 2c). This contrasts with
controls, where >90% of the cells appear to segregate their
chromosomes normally (Fig. 2a,c). The presence of
lagging chromosomes in the anaphase of CENP-F-depleted
cells suggests they are exiting mitosis in the presence of
improperly aligned chromosomes.

CENP-F is essential for maintaining stable
kinetochore attachments

We next characterized the kinetochore attachments in cells
depleted of CENP-F. To reduce complications contributed
by defects in the mitotic checkpoint, studies were
conducted in the presence of a proteosome inhibitor that

blocked cells from exiting mitosis. In the presence of
MG132, control cells arrest in metaphase and their
kinetochores are saturated with microtubules, as is evident
from the lack of detectable Mad1 staining (Fig. 3a). Of the
metaphases that were examined, 20% exhibited a single
Mad1-positive kinetochore (Fig. 3b). The remaining con-
trol metaphases had no detectable Mad1. Examination of
the interkinetochore distance between kinetochores that
lacked Mad1 staining (and thus, were fully saturated with
microtubules) showed that the kinetochores were under
tension (Figs. 3a,c). Cells depleted of CENP-E character-
istically accumulated monopolar chromosomes in addition
to bipolar attached chromosomes. In the presence of
MG132, the bipolar-attached kinetochores appeared to be
saturated with microtubules, as they did not exhibit
detectable Mad1 staining (Fig. 3a). Furthermore, tension
between these kinetochores was reduced when compared
with the controls (Fig. 3c). As previously shown, strong
Mad1 staining was detected at all of the unattached
kinetochores near the poles (Fig. 3a). On average, a cell

Fig. 4 Kinetochores depleted of CENP-F fail to establish stable
microtubule attachments. MCF7 or Hela cells were transfected with
the indicated siRNAs and then treated for 1 h with MG132 before
fixing. a Immunofluorescence of mitotic MCF7 cells depleted of
CENP-E (top) and CENP-F (bottom) stained with Mad1, tubulin,

ACA, and 4′,6-diamidino-2-phenylindole (DAPI). Scale bar:
10 μm. b Hela cells transfected with control and CENP-F siRNAs
were exposed to the cold before fixing and staining for tubulin,
ACA, and DAPI. Consecutive optical sections from a z-stack are
shown
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depleted of CENP-E contained 8.7 Mad1-positive kinet-
ochores, the majority of which were associated with the
unattached kinetochores near the poles (Fig. 3c). In cells
depleted of CENP-F, the presence of Mad1-positive
kinetochores indicated that there were defective attach-
ments. On average, there were 8.3 Mad1-positive kinet-
ochores per cell. Furthermore, kinetochore tension was
significantly reduced and was comparable to that seen for
the unattached kinetochores in the CENP-E-depleted cells
(Fig. 3c).

An analysis of the breast carcinoma cell line MCF7
showed a similar response to loss of CENP-E and CENP-F
(Fig. 4a). MCF7 cells depleted of CENP-E accumulated
monopolar chromosomes whose kinetochores were Mad1-
positive and thus depleted of microtubule attachment
(Fig. 4a,e,f). Mad1 staining was not detected at kineto-
chores that established bipolar attachments (Fig. 4a,g,h). In
cells depleted of CENP-F, the chromosomes were less
organized than seen in Hela cells, as they were scattered
throughout the spindle. The shape of the bipolar spindle
was abnormal, and microtubules did not establish end-on
connections with kinetochores (Fig. 4a,n,p). Instead, we
observed kinetochores associated with the sides of
microtubules (Fig. 4a,p) or lacking detectable attachments.
The interactions between microtubules and kinetochores
were also examined in Hela cells that were depleted of
CENP-F (Fig. 4b). Control metaphase cells contained
symmetrical bipolar spindles. As with MCF7 cells, the
spindles in Hela cells that were depleted of CENP-F was
malformed such that it was often twisted out of the plane of
focus, and its microtubules were less organized than those
of controls. To test the stability of kinetochore–microtubule
attachments, Hela cells were exposed to cold temperatures
to depolymerize unstable microtubules. Control cells
treated with cold retained virtually all of their kinetochore
microtubules, as shown by the fact that all of the
kinetochore pairs maintained end-on microtubule attach-
ments (Fig. 4b). In contrast, we observed a variety of
defects in cells depleted of CENP-F (see insets in bottom
right panel of Fig. 4b). We identified kinetochores that
were not attached to microtubules (top inset) and kinet-
ochores with merotelic (middle inset), where a single ki-
netochore is attached to microtubules from opposite poles,
as well as syntelic (bottom inset) attachments (a kineto-
chore pair attached to microtubules from the same pole).

The defects in microtubule attachment by kinetochores
depleted of CENP-F have been attributed to the reduction
in CENP-E and p150glued (Yang et al. 2005). We
quantified and compared the level of CENP-E staining
(normalized to ACA) between control and CENP-F-
depleted kinetochores and found no difference (Fig. 5).
The normalized amount of CENP-E can vary by more than
tenfold in the CENP-F-depleted cells. This variation may
be attributed to the fact that the amount of CENP-E at
kinetochores is sensitive to microtubule attachments
(Hoffman et al. 2001). The kinetochores exhibiting the
highest level of CENP-E are likely those that have lost their
microtubule attachments. We treated cells depleted of
CENP-F with nocodazole to eliminate microtubule attach-
ments and found comparable levels of CENP-E at all the
kinetochores (data not shown). Thus, CENP-F is not
required by CENP-E to localize to kinetochores. In
addition to CENP-E, we found that the localization of
other proteins (the hZW10/ROD complex, hSgo1, and the
HEC1/hNdc80 complex) that are important for microtu-
bule attachments were not altered by the loss of CENP-F
(data not shown).

CENP-F is a novel microtubule-binding protein
of the kinetochore

The possibility that CENP-F might be a microtubule-
binding protein was discovered when we were attempting
to disrupt CENP-Fs function by overexpressing a fragment
that contained its kinetochore-targeting domain. We
observed that the gfp:CENP-F1756-3114 colocalized with
microtubules in transfected cells (Fig. 6a). If cells were
fixed before permeabilization, CENP-F was found to
colocalize with microtubules near the periphery of the
cell (Fig. 6b). In both cases, the vast majority of the
endogenous and transfected proteins were in the nucleus.
In support of the cytological data, CENP-F cosedimented
with microtubules that were polymerized from taxol-
treated Hela cell lysates (Fig. 6c). When different segments
of CENP-F were transfected into the cells, the amino- and
carboxy-terminal 979 and 1358 residues, respectively,
were found to cosediment with microtubules. Next, we
expressed a series of fragments that spanned the entirety of
CENP-F by in vitro translation and tested for their ability to

Fig. 5 Kinetochores depleted of
CENP-F retain CENP-E. Hela
cells transfected with control
and CENP-F siRNAs were fixed
and stained with CENP-F,
CENP-E, and ACA. Cells at
comparable stages of mitosis,
whose kinetochores were de-
pleted of CENP-F by >25-fold
relative to controls, were chosen
for analysis
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bind to microtubules that were polymerized from purified
tubulin. The results confirmed the transfection data, in that
both the amino- and carboxy-terminal fragments cosedi-
mented with microtubules (Fig. 6d). Further mapping
experiments localized the microtubule-binding domains to
lie in a 385-amino-acid amino-terminal fragment and in a
187-amino-acid C-terminal fragment. (Fig. 6e).

We succeeded to express the C-terminal microtubule-
binding domain in bacteria (Fig. 7a) and used it to confirm
that it directly binds to microtubules (data not shown).
Next, we tested the effect of this domain on microtubule
polymerization in vitro. The assay was conducted at a
concentration of tubulin that was below that required for
self-polymerization (Fig. 7b). Polymerization was stimu-
lated when the reaction was supplemented with a
substochiometric amount of the C-terminal domain (1:25
CENP-F to tubulin). No stimulatory activity was detected if
a similar concentration of a non-microtubule-binding
protein (PIN1) was added to the reaction. The combined
data show that CENP-F is a novel microtubule-binding
protein and that its C-terminal microtubule-binding domain
can stimulate microtubule polymerization in vitro.

Discussion

Our finding that CENP-F is important for kinetochore
attachments is in general agreement with recent reports
(Holt et al. 2005; Laoukili et al. 2005; Yang et al. 2005).
Our time-lapse studies of Hela cells showed that depletion
of CENP-F did not lead to an accumulation of monopolar
chromosomes, as chromosomes were able to congress
towards the center of the cell. However, the chromosomes
failed to achieve metaphase alignment before the cells
exited mitosis with lagging chromosomes. If mitotic exit
was blocked with a proteosome inhibitor, the chromosomes
did appear aligned in the center of the spindle, as reported
by Holt et al. Thus, kinetochores depleted of CENP-F are
capable of establishing bipolar connections that promote
congression. Nevertheless, many of these kinetochores
lacked proper attachments, as they retained Mad1 staining,
lacked tension, and exhibited sensitivity to cold. Chromo-
somes in MCF7 cells appeared more sensitive to the loss of
CENP-F, as they were more widely distributed throughout
the spindle even when mitotic exit was blocked by MG132.
We do not understand the reasons for the difference but can

Fig. 6 CENP-F contains two microtubule-binding domains that
bind microtubules in vivo and in vitro. a Hela cells transfected with
gfp:CENP-F1756-3114 were stained with tubulin. b Endogenous
CENP-F can be detected near the periphery of the interphase
microtubule array in cells that were fixed before permeabilization.
c S100 lysates prepared from Hela cells were treated with taxol,
and after centrifugation, the supernatant (s) and microtubule pellet
(p) were probed for CENP-F and tubulin. d Three overlapping
fragments that spanned full-length CENP-F were expressed in Hela

cells and then tested for their ability to cosediment with
microtubules polymerized from S100 lysates. e A schematic
depicting the various fragments expressed by in vitro translation
and tested for microtubule binding in vitro by microtubule pellet
assay using purified tubulin. Bold lines indicate the smallest
fragments that bind microtubules. Sodium dodecyl sulfate poly-
acrylamide gel electrophoreses of supernatants (50% of the
fraction) and pellets (100% of the fraction) from the various
microtubule pelleting assays
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only suggest that CENP-F plays a more crucial role in
maintaining bipolar attachments in MCF7 cells. Given this
possibility, the variable results that have been reported in
the literature may be attributed to inherent differences
(spindle dynamics, volume of the cell, and number of
chromosomes) by which different cell lines capture and
align their chromosomes.

The importance of CENP-F to kinetochore attachments
can now be understood from the standpoint that CENP-F is
a microtubule-binding protein. Regardless of whether
CENP-F affects the assembly of other proteins that are
important for attachments, its direct contribution to
maintaining microtubule attachments at kinetochores
must be considered. The significance of its two microtu-
bule-binding domains remains unclear, and future studies
are required to test their functional importance in vivo. The
ability of the C-terminal domain to stimulate microtubule
polymerization in vitro suggests that it may contribute to
subunit addition to microtubules that are attached to the
kinetochore. Even though depletion of CENP-F did not
affect other proteins that are important for kinetochore
attachments (CENP-E, p150, hZW10/hROD, and hNuf2/
Ndc80), it is interesting that these proteins cannot fulfill the
functions of CENP-F. This suggests that stable microtubule
attachments depend on the cooperative actions of multiple
microtubule-binding proteins at the kinetochore. Each type
of microtubule-binding protein is likely to contribute
differently to how kinetochores interact stably with
microtubules.

Our studies confirm reports that cells depleted of CENP-
F cannot sustain a mitotic delay in response to kinetochore
attachment defects. We found that cells depleted of CENP-
F were delayed from exiting mitosis for only 12 min,
despite the presence of defective bipolar attachments. As a
consequence, all anaphase cells contained lagging chromo-
somes that resulted in the accumulation of multinucleated
(aneuploid) cells. Our studies suggest that CENP-F is not
an essential component of the mitotic checkpoint, as cells
depleted of CENP-F were able to delay mitosis when

exposed to nocodazole. Nevertheless, the reduction in the
mitotic index (MI) relative to controls suggests that the
duration of this delay must be reduced when CENP-F is
depleted. In addition, we found that cells depleted of
CENP-F responded differently to different doses of
nocodazole. When cells were treated with the drug at a
low dose that dampened microtubule dynamics but not
spindle formation, the MI was only 15%. Cells treated with
a dose of nocodazole that blocked spindle formation
exhibited a MI of 33%. As the MI of control cells treated at
the two concentrations of drugs were similar (49% vs
55%), the difference in the MI (15% vs 33%) exhibited by
cells depleted of CENP-F at the different doses of drugs
may indicate how CENP-F contributes to the mitotic
checkpoint. An obvious difference is that the number of
unattached kinetochores is far fewer in cells treated with a
low dose of the drug. If the magnitude of the “wait for
anaphase” output is reduced as a result of the loss of
CENP-F, the total output from the few unattached
kinetochores may not be enough to sustain a block that is
achieved when all of the kinetochores in the cells are
unattached.

The difference in the numbers of unattached kineto-
chores when CENP-F is depleted from cells may explain
the apparent discrepancy in the literature on the importance
of CENP-F in the mitotic checkpoint. It is clear that if there
is an accumulation of unattached kinetochores in cells
depleted of CENP-F; mitosis is delayed for 2 to 3 h before
they die (Yang et al. 2005) or divide with unaligned
chromosomes (Holt et al. 2005). Regardless of the fates of
these cells, the mitotic checkpoint was active but was
unable to delay mitotic exit for a prolonged period. This is
fully consistent with our finding that the mitotic delay
exhibited by cells that were depleted of CENP-E or hSgo1
was significantly reduced when CENP-F was also
depleted. However, these cells were still able to delay
mitosis, as they did not enter anaphase until 87 and 100 min
after NEBD, while control cells entered anaphase at
∼40 min after NEBD. We conclude that kinetochores

Fig. 7 The C-terminal microtu-
bule-binding domain of
CENP-F promotes microtubule
polymerization in vitro. a Coo-
massie stained gel displaying
different amounts of recombi-
nant human Pin1, C-terminal
187 residues of CENP-F, and
purified bovine brain tubulin
that were used for in vitro
studies. b Kinetics of tubulin
polymerization under different
reaction conditions were mon-
itored by change in absorbance
at 37°C
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depleted of CENP-F are unable to generate sufficient
amounts of the “wait for anaphase” signal to maintain a
prolonged mitotic arrest. In our hands, the very brief
mitotic delay (∼12 min) exhibited by CENP-F-depleted
cells not treated with nocodazole is likely due to the low
number of unattached kinetochores that failed to generate a
threshold level of the “wait for anaphase” signal to
maintain a prolonged mitotic delay.

Our analysis revealed a modest across-the-board reduc-
tion (∼30 to 40%) in the amounts of checkpoint proteins
Mad1, Mad2, hBUBR1, hBUB1, and hMPS1, as reported
by Bomont et al. If these proteins are thought to be directly
involved in generating the “wait for anaphase” signal, their
reduction would then result in a decreased output of this
inhibitory signal. We therefore conclude that CENP-F is
not an essential component of the mitotic checkpoint.
Nevertheless, it does contribute in a significant way to the
mitotic checkpoint pathway, perhaps by moderating the
efficiency by which checkpoint proteins generate the “wait
for anaphase” signal. For instance, CENP-F might interact
directly with checkpoint proteins at the kinetochore or
might be important for the integrity of the proteins’ binding
sites.
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