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Kinetochores (KTs) assemble on centromeric DNA,
bi-orient paired sister chromatids on spindle microtubules
(MTs) and control cell-cycle progression via the spindle
assembly checkpoint. Genetic and biochemical studies
in budding yeast have established that three ‘linker’
complexes, MIND, COMA and NDC80, play essential but
distinct roles in KT assembly and chromosome segrega-
tion. To determine whether similar linker activities are
present at human KTs, we have compared the functions of
NnflR and Mcm21R, recently identified MIND and COMA
subunits, and Nuf2R, a well-characterized NDC80 subunit.
We find that the three proteins bind to KTs independent of
each other and with distinct cell-cycle profiles. MT-KT
attachment is aberrant in NnflR- and Mcm21R-depleted
cells, whereas it is lost in the absence of Nuf2R. Defective
attachments in NnflR-depleted cells prevent chromo-
some congression, whereas those in Mcm21R-depleted
cells interfere with spindle assembly. All three human
KT proteins are necessary for correct binding of spindle
checkpoint proteins to KTs. The differing functions and
KT-binding properties of NnflR, Mcm21R and Nuf2R sug-
gest that, like their yeast counterparts, the proteins act
independent of each other in KT assembly, but that their
combined activities are required for checkpoint signaling.
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Introduction

Kinetochores (KTs) are multiprotein complexes that assemble
on centromeric (CEN) DNA, bind chromosomes to micro-
tubules (MTs) of the mitotic spindle and mediate the bi-
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orientation, congression and disjunction of sister chromatids.
Unattached KTs also generate checkpoint signals that block
cells prior to the initiation of anaphase (Cleveland et al,
2003). The checkpoint is silenced only when all sister chro-
matid pairs have achieved bi-orientation, a configuration that
is uniquely compatible with accurate segregation at ana-
phase. Because they are based on unusually simple 125bp
CEN sequences, Saccharomyces cerevisiae KTs are among
the best understood (Meraldi et al, 2006). Budding yeast
KTs contain >70 components organized into ~ 14 multi-
protein complexes (McAinsh et al, 2003) and the steps
involved in assembly of their KTs are currently the subject
of detailed analysis. Despite the fact that human CENs differ
radically from those in S. cerevisiae, spanning millions
rather than hundreds of base pairs, many yeast KT proteins
have human orthologs (Fukagawa, 2004; Chan et al, 2005).
However, the organization and structure of human KTs
remain largely unexplored and it is unclear whether simple
and complex KTs assemble around similar complexes.

When visualized by electron microscopy (EM), human KTs
have a trilaminar structure. Although S. cerevisiae KTs are not
visible in the EM, functional experiments are suggestive of a
trilaminar organization comprising DNA-binding, linker, and
MT-binding activities (McAinsh et al, 2003). The term ‘linker’
is used rather loosely in this context, reflecting a paucity of
mechanistic detail, but assembly of linker proteins onto CEN
DNA is characterized by a shared hierarchy with respect to
other KT subunits. CEN association by linker proteins re-
quires DNA but not MT-associated proteins (MAPs); MAPs
and motors require both DNA-binding and linker proteins,
whereas DNA-binding subunits associate with CEN DNA
independent of linkers, MAPs and motors (De Wulf et al,
2003). This hierarchy implies that S. cerevisiae linkers serve
as bridges between proteins in direct contact with DNA and
those in contact with MTs, but linkers are likely to have other
important activities. Four S. cerevisiae linker complexes have
been identified to date: the heterotetrameric NDC80, MIND
and COMA complexes and the heterodimeric SPC105 complex
(Janke et al, 2001a; Wigge and Kilmartin, 2001; De Wulf et al,
2003; Nekrasov et al, 2003). Recent biochemical and compu-
tational analysis has identified potential human orthologs of
several budding yeast linker proteins (Cheeseman et al, 2004;
Obuse et al, 2004; Meraldi et al, 2006), raising the possibility
that linkers form an evolutionarily conserved KT core.

The best-characterized linker is the NDC80 complex,
which is composed in both yeast and humans of Ndc8oec!,
Nuf2, Spc24 and Spc25. These four proteins assemble with a
1:1:1:1 stoichiometry into a 57-nm rod with globular domains
at both ends whose probable function is binding to other KT
proteins (Ciferri et al, 2005; Wei et al, 2005). Association
of S. cerevisiae Ndc80p, Nuf2p, Spc24p and Spc25p with CEN
DNA in vivo requires the CBF3 DNA-binding complex. CEN
association by Stu2p and DASH complex (both of which are
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MAPs), and Cin8p-Kiplp kinesins is dependent, in turn, on
the NDC80 complex (He et al, 2001; Janke et al, 2001a; Wigge
and Kilmartin, 2001; De Wulf et al, 2003). Loss-of-function
mutations in any of the four essential subunits of the
yeast NDC80 complex detach chromosomes from MTs and,
by preventing KT recruitment of Madl and Mad2, inactivate
the spindle checkpoint (He et al, 2001; Janke et al, 2001b;
Wigge and Kilmartin, 2001; McCleland et al, 2003). RNAI,
antibody injection and immunodepletion generate similar
loss-of-function phenotypes for all NDC80 complex subunits
tested to date in Xenopus laevis, Caenorhabditis elegans and
human cells (DeLuca et al, 2002; Martin-Lluesma et al, 2002;
McCleland et al, 2003; Cheeseman et al, 2004; Meraldi et al,
2004). Together, these data suggest that the NDC80 complex
has been highly conserved in structure and function from
yeast to man.

In contrast to the NDC80 complex, less is known about
the functions of MIND and COMA. The S. cerevisiae
MIND complex is composed of four proteins, Mtwlp,
Nnflp, Nsllp and Dsnlp, that assemble into a 215kDa
heterotetramer (De Wulf et al, 2003; Nekrasov et al, 2003;
Scharfenberger et al, 2003). Temperature-sensitive mutants
in MIND subunits lead to defects in KT-based force generation
and provoke the spindle checkpoint (Goshima and Yanagida,
2000; De Wulf et al, 2003), although inactivation of Nsllp
has been reported to lead to a failure of checkpoint
signaling under some circumstances (Scharfenberger et al,
2003). Potential orthologs of S. cerevisiae MIND subunits
have been identified in human cells (NnflR (also known as
PMF1), Nsl1RP®®, Dsn1R%%°" 72 and Mis12; Goshima et al,
2003; Cheeseman et al, 2004; Obuse et al, 2004), but the
functions of these proteins are not well established. Depletion
of DsnlR has been reported to cause defects in chromosome
congression and provoke the checkpoint, whereas depletion
of Misl2 abrogates the checkpoint and allows cells to
enter anaphase with unaligned and lagging chromosomes
(Goshima et al, 2003; Obuse et al, 2004). Whether these
differences represent differences in biological function or
simply variable degrees of protein depletion has not yet
been determined.

COMA is the most highly diverged linker complex.
Our recent analysis of KT proteins across multiple species
suggests that only the Mcm21p subunit of S. cerevisiae COMA
is conserved from budding yeast to humans (Meraldi et al,
2006). However, a number of human homologs can be
found of Schizosaccharomyces pombe COMA proteins that
lack counterparts in S. cerevisiae (Meraldi et al, 2006). It is
tempting to speculate that COMA is involved in linking
conserved KT proteins to proteins that are specific to different
CEN architectures.

In this paper, we explore the extent to which KTs structure
has been conserved through evolution by comparing directly
the functions of three potential human linkers: Nuf2R, Nnf1R
and Mcm21R. We establish that human Nuf2R, NnflR and
Mcm21R, like their yeast counterparts, are recruited to KTs
independently of each other. Using a combination of live-cell
imaging and small inhibitory RNA (siRNA)-based gene
silencing, we examine the functions of NnflR and Mcm21R
in detail. Both proteins are required for chromosome con-
gression and for correct operation of the spindle checkpoint.
These and other data lead us to speculate that human NDC80,
MIND and COMA probably represent distinct functional
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structures that cooperate in the assembly of KTs by recruiting
MT-binding and checkpoint proteins. In this respect, the
human proteins resemble yeast counterparts.

Results

KT localization of Nnf1R and Mcm21R

As a first step in distinguishing the functions of Nuf2R, Nnf1R
and Mcm21R, we compared their patterns of localization in
mitotic cells. Immunofluorescence microscopy and immuno-
EM have previously shown that Nuf2R is present on KTs
and spindle poles (Wigge and Kilmartin, 2001; DeLuca et al,
2005), but NnflR has been examined only as a YFP-tagged
fusion protein (Cheeseman et al, 2004). No data are available
for Mcm21R. Rabbit polyclonal antisera were therefore raised
against recombinant NnflR and Mcm21R. By Western blot-
ting, three independent rabbit anti-Mcm21R antisera recog-
nized a single protein band of 33kDa in HeLa whole-cell
extracts and three independent rabbit anti-NnflR anti-
sera recognized a 24 kDa band, consistent with the predicted
molecular weights of the two proteins. Depletion of
Mcm21R or NnfIR with siRNA oligonucleotides (siMcm2IR-1
or siNnfIR-3; see Supplementary data for details) reduced the
intensity of the 33 or 24 kDa bands by >90% confirming the
specificity of the antibodies (Figure 1A).

To localize NnflR and Mcm21R, polyclonal antisera were
next used to stain normally growing HeLa cells in conjunc-
tion with human anti-KT (CREST) antibodies and DAPI. In
cells undergoing mitosis, anti-NnflR antisera (but not pre-
immune control sera) recognized puncta that colocalized
precisely with CREST staining (Figure 1B). The specificity of
the punctate staining was established by immunofluo-
rescence microscopy of cells depleted of NnflR. When
HeLa cells were transfected with siNnfIR-3, NnflR staining
was reduced to background levels, whereas transfection
with control siRNA had no effect; CREST staining was
equally intense in both (Figure 1C). We therefore
conclude that NnflR localizes primarily to KTs in mitotic
cells. Anti-Mcm21R antibodies (but not preimmune sera)
stained KTs and centrosomes brightly and gave rise to
diffuse, variable staining in the cytoplasm (Figure 1B).
Depletion of Mcm2lR (siMcm2IR-1) reduced KT staining
to very low levels, but had little effect on diffuse cytosolic
and centrosomal staining (Figure 1C). From these data, we
conclude that Mcm21R localizes to KTs. Centrosomal staining
may represent nonspecific binding to an unrelated protein
or to Mcm2IR that is highly resistant to RNAi-based
depletion due to very low protein turnover (relative to KT-
bound Mcm21R). Further analysis with additional anti-
bodies or with GFP fusion proteins will be required to fully
resolve this issue. In any case, we conclude that a significant
fraction of human Mcm21R is KT-bound, as is the case with
its yeast ortholog.

The recruitment of proteins to KTs can either be direct,
arising from association with core KT factors, or indirect,
arising from association with the plus-ends of MT, which
themselves become KT-bound during mitosis. To distinguish
between direct and indirect KT association by NnflR and
Mcm2IR, cells treated with sufficient nocodazole to fully
depolymerize MTs and the proteins localized by immuno-
fluorescence. Both NnflR and Mcm21R were observed to
retain KT association in the absence of MTs (Figure 1B).
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Figure 1 Localization of NnflR and Mcm21R in mitosis. (A) Immunoblots of lysates from cells transfected with siLaminA, siNnfIR-3 or siMcm2IR-
1 and probed with antibodies as indicated. (B) HeLa cells were stained with DAPI, y-tubulin for spindle poles (blue), CREST antisera for KTs (red)
and NnflR or Mcm21R antisera (green). As a control, localization of NnflR and Mcm21R was determined following MTs depolymerization with
nocodazole for 1h. (scale for insets). (C) Immunofluorescence images of prometaphase cells following transfection with siLaminA (negative
control), siNnfIR-3 or siMcmZ2IR-1 and stained with CREST (red) and NnflR or Mcm2IR antisera (green) as indicated. Scale bars = 10 pm.

Thus, NnflR and Mcm21R do not require MTs to localize
to KTs, like Nuf2R (DeLuca et al, 2005), but unlike EB1
(Tirnauer et al, 2002).

To determine when in the cell cycle Nuf2R, NnfIR and
Mcm21R are recruited to KTs, HeLa cells were costained with
DAPI, with antibodies against CREST and a-tubulin and with
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anti-NnflR, Mcm21R or Nuf2R antisera (Figure 2A). At least
40 KTs in eight or more cells were examined by 3D deconvo-
lution microscopy. The intensity of CREST staining was
constant throughout the cell cycle, as expected (Hoffman
et al, 2001), and served as an internal reference by which
to compare signals on different KTs. The association of Nuf2R
with KTs was first detected during prophase, peaked during
metaphase and disappeared during anaphase B (Figure 2B;
Hori et al, 2003). Nuf2R also accumulated on spindle poles in
mitosis and could be found at the spindle mid-zone during
anaphase B (data not shown). NnflR was found at peak
levels on KTs during prometaphase and metaphase and was
absent from KTs only during a brief period in telophase/early
interphase during which cells contained a postmitotic bridge
(Figure 2B). Finally, Mcm21R was found on KTs throughout
the cell cycle (Figure 2B) with no significant difference
between G1, S and G2. Levels of KT-bound Mcm21R did not
rise during mitosis and, if anything, were slightly higher
during interphase. Differences in the timing of Nuf2R,
NnflR and Mcm21R recruitment to KTs support the idea
that, in human cells, as in yeast, the three proteins bind
KTs independent of each other.

A Nnf1R channel CREST

CREST channel

Metaphase

Nnf1R channel

CREST channel

Anaphase B

D Nnf1R signal

B Nnf1R signal

Mcm21R signal

Depletion of Nnf1R disrupts chromosome segregation

To study the functions of NnflR during mitosis, HeLa cells
expressing Histone-H2B-GFP were transfected with one of
four different siRNA oligonucleotides directed against NnflR
(siNnflR1-4), chromosome movement was examined by
imaging living cells every 3 min for a period of 6h and the
key events of mitosis were scored morphologically. Nuclear
envelope breakdown (NBD) was set as T=0 in each cell
and the times of chromosome congression and anaphase
onset recorded relative to NBD. Cells were followed into
telophase to determine the accuracy of anaphase chromo-
some disjunction. When control transfected cells were
monitored by live-cell imaging (n=127), anaphase onset
followed a previously described skew-normal distribution
(Meraldi et al, 2004), with ~90% of cells completing
chromosome congression by T =24 min, 80% initiating ana-
phase by T=36min and >95% of cells faithfully completed
disjunction, as judged by segregation of H2B-GFP-labelled
chromatin into two equal masses without evidence of
lagging or unaligned chromosomes (Figure 3A-E). In con-
trast, in >80% HeLa cells transfected with one of four Nnf1R
oligonucleotides, chromosomes failed to congress correctly to
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Figure 2 Cell-cycle localization of NnflR, Mcm2IR and Nuf2R during the mitotic cell cycle. (A) Levels of NnflR, Nuf2R and Mcm2IR on KTs
were determined from deconvolved 3D reconstructions of cells individually stained with DAPI, CREST antisera (KTs) and NnflR, Nuf2R or
Mcm2I1R antisera. The intensity of KT signal (green) was determined relative to a CREST reference (red) after background correction (blue) (see
Supplementary data for details). Box: 0.5 x 0.5 pm. Scale bar = 10 pm. (B) Quantification of Nnf1R, Mcm21R and Nuf2R protein levels at KTs
during different cell-cycle stages. Error bars show s.e.m. from repeat determinations in multiple cells.
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Figure 3 Chromosome misalignment and missegregation in cells depleted of NnfIR. (A) Successive frames every 3 or 4 min from live-cell
movies of H2B-GFP-expressing HeLa cells transfected with either siLaminA, siNnfIR-1 or siNnfIR-3. Scale bar indicates 10 um. (B) Cumulative
frequency plots of anaphase onset times in siRNA-treated cells, as indicated, with NBD = T}, as determined from live-cell movies. (C) Fraction
of cells, treated with siRNAs as indicated, having uncongressed chromosomes at T= 24 min. (D) Mitotic phenotype following treatment with
siRNAs as indicated. Cells were scored as either having undergone normal anaphase (green), having missegregated chromosomes in anaphase
(blue) or becoming arrested prior to anaphase onset (as scored at T=120min). (E) Quantification of NnflR protein levels, as described in
Figure 2A, on KTs on prometaphase in siLaminA-, siNnflR-1- or siNnflR-3-treated cells.

the metaphase plate by T=24 min (Figure 3A and C). Mitotic
outcome, however, was surprisingly different, depending on
which siRNA oligo was used: transfection with siNnfIR-1
or 2 caused cells to arrest in mitosis (>70% were mitotic
by T=120min; Figure 3A and D), whereas transfection
with siNnfIR-3 or 4 caused cells to exit mitosis with
kinetics similar to or slightly faster than control cells (88%
had initiated anaphase by T=36min; Figure 3A and D),
despite the presence of mal-oriented chromosomes. As a
consequence, siNnfIR-3- or 4-transfected cells experienced
massive chromosome loss.

©2006 European Molecular Biology Organization

We have previously noted similar variation in phenotype
following siRNA-mediated depletion of Nuf2R or Ndc8otec!,
In that case, phenotypic variation arose from differences in
the degree of protein depletion: partial depletion of Nuf2R or
Ndc80™! engaged the spindle checkpoint, whereas complete
depletion inactivated the checkpoint, probably by preventing
KT recruitment of Mad2 (Meraldi et al, 2004). To determine if
this might also be true of NnflR, we measured the levels of
NnflR on individual KTs in 3D images of immunostained
cells transfected with siNnfIR-1 or siNnfIR-3 oligos. We have
previously demonstrated that immunostaining of individual
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KTs is a better measure of protein depletion than Western
blotting (Meraldi and Sorger, 2005). siNnfIR-1 transfection
was observed to deplete 80% of the anti-NnfIR fluorescence
signal on ca. 95% of KTs, whereas siNnfIR-3 transfection led
to greater than 99% depletion (Figure 3E) on essentially all
KTs. We conclude that transfecting cells with siNnfIR-1
caused partial NnflR depletion, whereas siNnfIR-3 caused
full depletion. To establish that mitotic arrest under condi-
tions of partial depletion involved activation of the spindle
assembly checkpoint, rather than mechanical failure of the
spindle or some other process, we showed that co-transfect-
ing cells with siRNA against Mad2 and siNnfIR-1 abrogated
the mitotic arrest observed with siNnfIR-1 alone (Figure 4A).
To further demonstrate that complete NnflR depletion (fol-
lowing siNnfIR-3 transfection) inactivated the checkpoint, we
performed two functional tests. First, cells were treated with
the MT poison nocodazole for 16h and the fraction of
arrested cells measured. Whereas treatment of control cells
with nocodazole led to a five-fold increase in mitotic index
reflecting activation of the spindle checkpoint (50-60 versus
8-12% for untreated cells), treatment of siNnfIR-3-trans-
fected cells with nocodazole did not increase mitotic index,
suggesting an absence of cell-cycle arrest despite MT de-
polymerization (Figure 4B). As a second test of checkpoint
function, cells were co-transfected with siRNA against the MT
associated protein ch-TOG1 and with either siNnfIR-3 or
control siRNA. We have previously shown ch-TOG1 depletion
to disrupt KT-MT attachment and provoke a robust Mad- and
Bub-dependent checkpoint response. Under conditions of ch-
TOGI depletion, >95% of cells remain arrested for >6h, as
judged by live-cell imaging (Gergely et al, 2003; Meraldi et al,
2004). However, cells co-transfected with siNnf1R-3 and sich-
TOG1 proceeded through mitosis with similar kinetics to
unperturbed cells or cells singly transfected with siNnfIR-3,
demonstrating checkpoint inactivation (Figure 4C, dotted
red line). The combination of chromosome misalignment
and checkpoint failure caused severe chromosome segrega-
tion errors in siNnfIR-3/sich-TOG1 co-transfected cells.
From these data we conclude that partial NnflR depletion
(with siNnflR-1) provokes the spindle checkpoint, whereas
complete NnflR depletion (with siNnfIR-3) inactivates the
checkpoint. In this respect, NnflR strongly resembles Nuf2R
and Ndc80"°! (see Discussion).

In the case of KT structural proteins examined to date, loss
of spindle checkpoint function is associated with failure to
localize at least one Mad or Bub checkpoint protein to KTs. A
simple way to ascertain which checkpoint proteins require
NnfIR for KT binding is to transfect cells with siNnfIR-3 or
control siRNA, depolymerize MTs to activate the checkpoint
and then stain KTs with antisera against Mad and Bub
proteins. However, NnflR depletion causes cells to pass
rapidly into anaphase and enter a different cell-cycle state
than control cells in which MTs have been depolymerized. To
avoid this problem, control and siNnfIR-3-transfected cells
were synchronized in the S phase, released into medium
containing the proteasome inhibitor MG132, which blocks
cells uniformly at the metaphase to anaphase transition (Rock
et al, 1994), and then treated with nocodazole to cause KT
accumulation of checkpoint proteins. Under these conditions,
siNnfIR-3 transfection was observed to prevent Madl, Mad2,
Bubl and BubR1 from associating with KTs (Figure 4D and
E). In contrast, partial NnflR depletion with siNnfIR-1 was

4038 The EMBO Journal VOL 25 | NO 17 | 2006

similar to nocodazole treatment alone in arresting cells with
high levels of all four checkpoint proteins present on KTs
(Figure 4D and E). From these data, we conclude that NnflR
is necessary for the recruitment of Madl, Mad2, Bubl and
BubR1 to KTs, explaining the requirement for NnflR in the
checkpoint response.

Role of Nnf1R in chromosome congression

Next, we sought to understand the role played by NnflR in
KT-MT attachment and chromosome congression. To quanti-
fy congression defects, synchronized cells were arrested at
the metaphase-anaphase transition with MG132 and the
percentage of cells with uncongressed chromosomes deter-
mined. Whereas <10% of control or partially Nnf1R-depleted
cells failed to align their chromosomes on a metaphase plate,
over 60% of cells completely depleted of NnflR contained
misaligned chromosomes (Figure 5SA-C). Chromosome mis-
alignment can arise from several mechanistically distinct
defects in KT-MT association including monopolar, syntelic
or merotelic attachment. No direct biochemical assays exist
for these defects, but they can be at least partly distinguished
by morphology and inter-KT distances (a readout of the net
force exerted on chromatid pairs). Many studies have relied
on Mad2 staining as a marker for detached KTs (e.g. Hoffman
et al, 2001), but this is not possible in the case of NnfIR-
depleted cells, because Mad2 requires NnflR for KT associa-
tion. Inter-KT distances averaged 2.0+ 0.3 um in control cells
and 0.6+0.1 pm in nocodazole-treated cells, as expected for
bi-oriented and detached chromatid pairs respectively
(Figure 5D; Meraldi et al, 2004). In siNnfIR-1- and siNnfIR-
3-transfected cells, the subset of chromatid pairs that mana-
ged to congress to the spindle equator had inter-KT distances
intermediate between that of bi-oriented and detached con-
trols (d =1.4+0.2 um; Figure 5D and E), implying MT attach-
ment by NnflR-depleted KTs, but without the generation
of normal pulling forces. Unaligned chromatid pairs had
inter-KT distances (d=1.0+0.2um) only slightly greater
than detached pairs while remaining closely associated with
the spindle. This implies MT binding without bi-orientation
by NnflR-depleted sister KTs (detached KTs are normally
ejected from the spindle; Figure S5E and data not shown).
Thus, NnflR depletion is associated with two defects in
chromosome segregation: (1) accumulation of chromatid
pairs that are MT bound but not bi-orientated or congressed;
(2) congression of a subset of bi-oriented chromatids, but
without the generation of normal pulling forces. Thus,
unlike the NDC80 complex, NnflR is not required for chro-
mosome attachment per se, but rather for the alignment
of KTs at the metaphase plate and for the correct generation
of inter-KT forces.

Mcm21R is required for chromosome congression and
spindle checkpoint function

Next, we compared the functions of Mcm2IR to those of
NnflR. When cells were transfected with either of two RNA
oligos directed against Mcm21R and examined by 3D decon-
volution imaging using anti-Mcm21R antibodies, KT staining
was reduced at least 20-fold in >95% of cells (Figure 6C).
Mcm21R depletion in H2B-GFP-expressing HeLa cells led to
severe chromosome congression defects (96% of the cells
had uncongressed chromosomes at 7= 24 min versus 10% in
control cells; Figure 6A, B and D). Following anaphase onset,
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immunofluorescence signals as described in Figure 2A.

two separated DNA masses were visible in 45% of cells as
were errors in chromosome disjunction (Figure 6A), while in
the remaining cells, anaphase was highly asymmetric with

nearly all chromosomes pulled toward one daughter
(Figure 6B). We interpret this unusual state of segregation
to represent anaphase because cells with a single DNA mass
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had three characteristics of cells that had exited mitosis: (1)
low levels of CyclinB1, as revealed by immunofluorescence
(data not shown), (2) onset of poleward chromosome move-
ment and (3) chromosome decondensation at about the same
time as in normal cells. The failure of Mcm21R-depleted cells
to delay anaphase onset implies failure of checkpoint control
(Figure 6A, E and F), an interpretation confirmed by data
showing that Mcm21R depletion with either of two siRNA
oligos bypassed the mitotic arrest imposed by either nocoda-
zole treatment or ch-TOG1 depletion (Figure 7A and B).
Moreover, when synchronized cells depleted of Mcm21R
were arrested in metaphase with MG132 and treated with
nocodazole, Mad2 was seen to be absent from KTs even
though Madl, Bubl and BubR1 were present at high levels
(Figure 7C and D). We therefore conclude that Mcm21R
depletion severely disrupts chromosome congression and
that it also prevents KT binding by Mad2, thereby inactivating
the checkpoint.

4040 The EMBO Journal VOL 25| NO 17 | 2006

Monopolar spindles in Mcm21R-depleted cells

as a consequence of KT defects

A particularly striking feature of mitosis in Mcm21R-depleted
cells was the asymmetric anaphase movement of sister
chromatids in roughly half of all cells (Figure 6B), which
suggested a potential defect in spindle formation. The loca-
tions of centrosomes relative to spindle fibers and DNA were
therefore determined in control and Mcm21R-depleted cells
by staining with anti-y-tubulin and anti-B-tubulin antibodies,
DAPI and CREST antisera. Mcm21R depletion caused a sig-
nificant increase in the fraction of cells with unseparated
centrosomes and monopolar spindles to which chromosomes
were attached (60% monopolar versus 3% in control cells;
Figure 8A and B). To study the origins of this phenotype in
live cells, spindle formation and chromosome dynamics
were followed by time-lapse microscopy in cells expressing
H2B-GFP to mark chromosomes and o-tubulin-mRED to
mark spindles. In >90% of control transfected cells (n =50

©2006 European Molecular Biology Organization
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Mcm2IR protein levels, as described in Figure 2A, on KTs of prometaphase cells in siLaminA- or siMcm2IR-1 treated cells. (D) Cumulative
frequency plots of anaphase onset times in siRNA-treated cells, as indicated, with NBD =T, as determined from live-cell movies. Note that
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having undergone normal anaphase (green), having missegregated chromosomes in anaphase (blue) or becoming arrested prior to anaphase

onset (as scored at T=120min).

cells) bipolar spindles assembled within 12min of NBD
and chromosomes subsequently congressed to the spindle
then segregated correctly at anaphase (Figure 9A and C,
Supplementary movie 1). In Mcm21R-depleted cells, how-
ever, >50% of cells (n=36) failed to assemble a spindle
and separate the poles in a timely manner. The great majority
of these cells (45% of all cells) initiated anaphase in the

©2006 European Molecular Biology Organization

presence of a monopolar spindle, while a subset (~8% of
all cells) slowly formed a spindle (Figure 9B, Supplemen-
tary movie 2). Thus, we conclude that Mcm21R depletion
leads to a severe delay in pole separation and formation of
a bipolar spindle.

This is an unexpected phenotype since it has previously
been shown that bipolar spindles can form in the absence of

The EMBO Journal
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KTs (Heald et al, 1996; Bucciarelli et al, 2003). Indeed, monopolar spindles in Mcm21R-depleted cells might arise
complete disruption of KT-MT attachment by Ndc8o™e! because defective MT-KT attachments were acting in a
(DeLuca et al, 2003) or Nuf2R depletion (Figure 8A) does dominant manner that interfered with spindle assembly. If
not appreciably alter spindle structure. We reasoned that this hypothesis is correct, then detaching chromosomes from

4042 The EMBO Journal VOL 25| NO 17 | 2006 ©2006 European Molecular Biology Organization
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MG132 for 1 h.

MTs in Mcm21R-depleted cells, by RNAi of a component of
the NDC80 complex (Nuf2R), should block formation of
dominant-interfering attachments and rescue spindle assem-
bly. When this experiment was attempted, we observed that
>80% of HeLa cells co-transfected with siRNA against both
Nuf2R and Mcm21R contained bipolar spindles, demonstrat-
ing substantial rescue of spindle assembly (Figure 8A and B).

©2006 European Molecular Biology Organization

Chromosomes in Nuf2R/Mcm21R double-depleted cells were
detached from the spindle as previously described for Nuf2R
depletion alone (Meraldi et al, 2004). Rescue of spindle
assembly was not a consequence of competition between
the RNA oligos as levels of both Mcm21R and Nuf2R protein
were reduced to similar levels in single and double siRNA
transfections (Supplementary Figure 1).
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A second prediction of the hypothesis that MT-KT attach-
ments in Mcm21R-depleted cells interfere with spindle
assembly is that it should be possible to rescue assembly
by extending the period in mitosis in which normal error-
correcting processes function. Consistent with this idea, we
observed that the fraction of cells with bipolar spindles
rose dramatically when mitosis was extended to >1h by
the application of MG132 (Figure 8A and B). Those sister
chromatid pairs that managed to congress in MG132-treated
cells had inter-KT distances nearly as great as control cells
(1.8+0.2um separation in Mcm21R-depleted cells versus
2.04+0.3pum in control cells; Figure 8C) demonstrating
bi-orientation and the imposition of pulling forces. From
these data, we conclude that Mcm21R depletion causes a
defect in KT-MT attachment that acts in a dominant manner
to interfere with an otherwise intact spindle assembly path-
way and that the overall effect is to delay rather than block
the establishment of bipolarity. Because Mcm21R-depleted
cells lack a functional spindle checkpoint, they do not wait
for repair to take place unless an exogenous cell-cycle arrest
is imposed (by MG132 in our case).

Independent recruitment of Nnf1R, Mcm21R and Nuf2R
onto KTs

Having established that NnflR, Mcm21R and Nuf2R perform
distinct functions in KT-MT binding, we wondered whether,
like their S. cerevisiae counterparts, the proteins were
recruited to KTs independent of each other. The levels of
NnflR, Mcm2lR or Nuf2R on KTs were determined by
quantitative 3D-deconvolution imaging in cells treated with
control, siNnfIR-3, siMcmZ21R-1 or siNuf2R siRNA oligos. We
observed that NnfIR levels were not affected by Nuf2R or
Mcm21R depletion, but that Mad2 was lost from KTs—a
positive control for the efficiency of the depletion

4044 The EMBO Journal VOL 25| NO 17 | 2006
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Figure 9 Dynamics of spindle assembly in Mcm21R-depleted cells. Successive frames every 3 min from live-cell movies of H2B-GFP/a-tubulin-
mRED-expressing HeLa cells transfected with siLaminA (A) or siMcmZ21R-1 (B). Shown are the composite images for H2B-GFP (green) and
a-tubulin-mRED (red) or the single channel for a-tubulin-mRED (lower panels). Arrows indicate anaphase movement in siMcm2IR-1-treated
cells. Note chromosome decondensation in both cells 18 min after anaphase onset. Scale bar =10 um. (C) Quantification of bipolar spindle
formation errors at T=12 min after NBD.

(Figure 10, see also Figures 5D, E and 7C, D). Similarly,
Nuf2R was recruited to KTs in the absence of Mcm2IR or
NnflR, and Mcm21R was KT bound in the absence of Nuf2R
and NnflR (Figure 10). We therefore conclude that NnflR,
Mcm21R and Nuf2R bind to KTs independent of each other,
just like their orthologs in S. cerevisiae.

Discussion

In this study, we use a combination of RNAI, live-cell imaging
and quantitative immunofluorescence to compare the func-
tions of three human proteins orthologs to subunits of the S.
cerevisiae MIND, COMA and NDC80 complexes. Live- and
fixed-cell analysis of HeLa cells show that Nuf2R, Mcm21R
and Nnf1R are recruited to KTs independent of each other and
that they have distinct profiles of KT association during the
cell cycle. Whereas Nuf2R is found on KTs only from pro-
phase through anaphase A, Mcm21R is KT bound throughout
the cell cycle and Nnf1R is bound during all but a brief period
in telophase. RNAi of Nuf2R, Mcm21R or NnflIR individually
does not result in the loss of the other two proteins from
KTs, demonstrating independent assembly onto CEN DNA.
Moreover, unlike many KT-associated MAPs (KMAPs) and
motors (Kaplan et al, 2001; Tirnauer et al, 2002), neither
Nuf2R, Mcm21R nor NnfIR requires MTs for KT association.
The three proteins also have different functions in mitosis.
Depletion of Nuf2R causes KTs to dissociate completely from
MTs, but Mcm21R and Nnf1R are not essential for MT binding
per se. We do not yet know how these phenotypic differences
arise, but preliminary data suggest that Nuf2R, Mcm21R
and NnflR are involved in the recruitment of distinct sets
of kMAPs and motors to KTs (VM Draviam and PK Sorger,
unpublished observations). Considered together, our data
fall short of proving that Mcm21R, NnflR and Nuf2R are

©2006 European Molecular Biology Organization
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components of different multiprotein complexes, but they are
highly suggestive. Moreover recent biochemical studies in
Xenopus egg extracts show that subunits of MIND and NDC80
do not associate directly (Emanuele et al, 2005) and our
preliminary data in human mitotic extracts show that NnflR,
Ndc80™! and Mcm2IR fractionate as distinct species (S
McClelland and AD McAinsh, unpublished observations).
We therefore speculate that Mcm21R, NnflR and Nuf2R
belong to distinct functional units of the KT with similarities
to budding yeast COMA, MIND and NDC80 complexes.

Regulation of mitotic spindle formation by KTs

The observation that Mcm21R depletion interferes with bipo-
lar spindle assembly is unanticipated. Spindle assembly can
proceed efficiently in the absence of KTs, even though the
primary function of the spindle is to bi-orient KT pairs (Heald
et al, 1997; Bucciarelli et al, 2003). Spindle assembly is
thought to involve four partly redundant processes (for a
review, see Rieder et al, 2001; Gadde and Heald, 2004; Maiato
et al, 2004): (1) positioning of duplicated centrosomes on
opposite ends of the mitotic spindle; (2) nucleation of MTs by
chromatin-bound factors in the vicinity of mitotic chromo-
somes; (3) attachment of MTs originating from centrosomes
to KTs and (4) focusing of MTs nucleated by KTs and that
extend toward the spindle poles. Which spindle assembly
processes is disrupted by Mcm21R depletion? Our data show
that KTs are involved, since the monopolar spindle pheno-
type in Mcm21R-depleted cells is suppressed by abolishing
MT-KT attachment in double RNAi experiments. MT attach-
ment by Mcm21R-depleted KTs appears to act in a dominant
manner to block an otherwise functional spindle assembly
process. A defect in spindle assembly has previously been
observed following inhibition of the kMAP Claspl, a protein
that promotes nucleation of MTs from KTs. In the absence of
Claspl, bipolar spindles form transiently, but they then
collapse (Maiato et al, 2002, 2003, 2005). This implies that
KT-nucleated MTs are necessary for spindle stability, at least
when KTs are present to exert a contractile force on the
spindle. However, live-cell imaging of spindle dynamics in
Mcm21R-depleted cells reveals that the formation of bipolar
spindles is inefficient, but that once they form, they are stable
and able to exert pulling forces on sister chromatids. Thus,
the defects in spindle assembly caused by Claspl and
Mcm21R depletion are distinct. We speculate that Mcm21R-
depleted KTs bind MTs too avidly and too early in mitosis so
that MTs arising from paired centrosomes are constrained to
point in the same direction. Imposition of such a geometric
constraint would interfere with centrosome separation
and spindle assembly. Future live-cell experiments will be
required to test this speculation.

The KT as an integrated platform for spindle checkpoint
sensing and signaling

One critical function of KTs is to recruit and regulate spindle
checkpoint proteins. Several studies in recent years have
sought to identify KT structural proteins required for KT
binding by Mad and Bub checkpoint proteins. Attention is
usually drawn to situations in which KT association is im-
paired on the not unreasonable assumption that proteins
required for binding Mad and Bub proteins to KTs might
play a direct role in the poorly understood processes that
generate a checkpoint signal. To date, the NDC80 complexes,

4046 The EMBO Journal VOL 25| NO 17 | 2006

Zw10 and CENP-I, have been implicated in KT binding by
checkpoint proteins (Martin-Lluesma et al, 2002; Liu et al,
2003; Meraldi et al, 2004; Buffin et al, 2005; Kops et al, 2005),
leading to the idea that a linear pathway links KT structural
subunits and Mad-Bub proteins. This idea has been
most clearly articulated in the case of the KT-associated
CENP-E kinesin, which interacts directly with BubR1
(Mao et al, 2003).

However, we have established that in addition to members
of the NDC80 complex, NnflR and Mcm2IR are required for
checkpoint signaling (Figure 11A). It seems highly unlikely
that all of these KT structural proteins, most of which appear
to be components of distinct multiprotein complexes, interact
directly with Mad and Bub proteins. Instead, we propose that
large segments of the inner and central domains of the KT are
required for checkpoint signaling, presumably because many
KT proteins act cooperatively to assemble the necessary
quaternary structure. Nonetheless, a number of the interde-
pendencies among checkpoint proteins and structural
proteins are quite specific and appear rather surprising. For
example, Mcm21R depletion prevents Mad2 binding to KTs
without affecting Madl. It has been well established that
Mad1 binds tightly to Mad2 in vitro, and it has been shown in
vivo that Mad1 is the Mad2 receptor on KTs (De Antoni et al,
2005). Why Madl1 is unable to bind Mad2 on Mcm2lR-
depleted KTs (even when kMTs are depolymerized) is not at
all obvious. Perhaps, an as-yet unknown Mcm21R-sensitive
modification or conformational change is involved.

One complication in probing connections between KT
structural proteins and Mad/Bub checkpoint proteins by
RNAI is the extraordinary variation in phenotype caused by
seemingly small differences in KT protein abundance.
We have previously shown that 20-fold depletion of Nuf2R
or Ndc80 activates the checkpoint, whereas 50- to 100-fold
protein depletion inactivates it. We now show that this is also
true of NnflR. In each case, the amount of protein required
for correct MT binding is much greater than for correct
checkpoint function. Very few molecules of Nuf2, Ndc80 or
NnflR are sufficient to sustain a checkpoint signal, suggest-
ing a high degree of amplification (Figure 11B). The extreme
variability in phenotype with the extent of protein depletion
helps to explain apparent contradictions between pheno-
type reported for different MIND proteins: Mis12 has been
reported to cause chromosome missegregation without
provoking the checkpoint (Goshima et al, 2003), whereas
depletion of the associated DsnlR protein causes defects in
congression and provokes mitotic arrest (Obuse et al, 2004).
Presumably, the full-depletion phenotype for MIND depletion
is checkpoint inactivation.

Evolutionary conservation of core KT functions

Do MIND, COMA and NDC80 complexes have similar func-
tions in yeast and human cells? In both S. cerevisiae and
human cells, mutations in any one of the four subunits of the
NDC80 complex block assembly of functional MT attachment
sites and they inactivate the spindle checkpoint. NDC80
complexes also function as linkers to recruit checkpoint
proteins, MAPs and motors onto KTs. In yeast, Nnflp and
Mtwl1p mutants cause a defect in force generation, but not
MT-KT detachment (De Wulf et al, 2003). Chromosome
alignment, but not MT attachment, requires Nnfl (KBP-2)
and Nsl1 (KBP-1) orthologs in C. elegans (Cheeseman et al,

©2006 European Molecular Biology Organization
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2004). We show here that in Nnf1R-depleted human cells, KTs
bind spindle MTs but fail to congress to the metaphase plate,
and similar phenotypes have been described for Mis12 and
DsnlR depletion (Goshima et al, 2003; Obuse et al, 2004).
Human MIND proteins are required for assembly of check-
point proteins and the Rod-Zw10-Zwilch complex onto KTs
(Goshima et al, 2003; Cheeseman et al, 2004; Obuse et al,
2004; Wang et al, 2004; Emanuele et al, 2005), implying a role
for MIND as a linker complex. In the case of Mcm2lR,

©2006 European Molecular Biology Organization

inactivation of the S. pombe ortholog Mal2 causes a very
high rate of chromosome missegregation and interferes with
spindle checkpoint function (Fleig et al, 1996). Formation of
monopolar spindles has not been observed, but significant
differences between spindle assembly in organisms with
open and closed mitosis are a likely explanation. Based on
these as-yet preliminary findings, we conclude that yeast and
human KTs are likely to share a set of common protein
complexes, corresponding to the ‘middle’ of the KT, which
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play roughly similar roles. Linker proteins serve to build a
platform for KT binding by a multiplicity of MAPs, motors
and checkpoint proteins, thereby leading to the formation
of fully functional MT attachment sites. With the isolation of
many human linker proteins, several key steps in KT assem-
bly are now open to molecular dissection.

Materials and methods

Antibody production

NnflR (accession number: NM_007221) and Mcm2IR (accession
number: BC002870) cDNAs were obtained from ATCC or PCR
amplified from HeLa cell ¢cDNA library (Invitrogen). Rabbit
antibodies were made against full-length GST-NnflR and Hise-
Mcm2IR expressed in Escherichia coli (Covance). GST-NnflR was
purified as inclusion bodies and Hisg-Mcm2IR was purified on
Nickel Sepharose Beads (Qiagen).

Cell culture, siRNA transfection, MG132 and nocodazole
treatments

HeLa and HeLa H2B-GFP cells were grown as described (Meraldi
et al, 2004). To obtain double-stable H2B-GFP/a-tubulin-mRED cells
line, H2B-GFP cells were transfected with a-tubulin-mRED-IRES-
Puro vector (kind gift of D Gerlich) using Fugene 6 (Roche) and
positive cells selected with puromycin. siRNA oligonucleotides
(Qiagen or Invitrogen) are described in Supplementary data
and were transfected as described (Elbashir et al, 2001). For
MG132 experiments, HeLa cells were synchronized and treated
with MG132 as described (Meraldi et al, 2004). To test spindle
checkpoint activity, cells were treated with 100 ng/ml nocodazole
for 16 h and the fraction of rounded-up cells determined by phase-
contrast microscopy.

Immunofluorescence microscopy and immunoblotting
Cells were prepared as described previously (Meraldi et al 2004).
Primary antibodies are described in Supplementary data. Cross-
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