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Mapping the assembly pathways that specify
formation of the trilaminar kinetochore plates

in human cells
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“Department of Cell Biology and Anatomy, Faculty of Medicine, University of Calgary, Calgary, Alberta T2N 4N, Canada

e report the interactions amongst 20 proteins
that specify their assembly to the centromere—
kinetochore complex in human cells. Centro-
mere protein (CENP)-A is at the top of a hierarchy that
directs three major pathways, which are specified by
CENP-C, -I, and Aurora B. Each pathway consists of
branches that intersect to form nodes that may coordinate
the assembly process. Complementary EM studies found
that the formation of kinetochore trilaminar plates de-

pends on the CENP-I/NUF2 branch, whereas CENP-C

Introduction

Faithful segregation of chromosomes during mitosis requires
a dynamic interaction between spindle microtubules and the
kinetochore, which is a macromolecular complex that localizes at
the centromere of mitotic chromosomes. The kinetochore was
originally identified by EM as a trilaminar stack of plates that
formed along the outer surface of the centromere region of each
sister chromatid. As part of the centromere—kinetochore com-
plex, the inner centromere is defined as the region between the
inner plates of apposing sister kinetochores, and it is occupied
largely by centromeric heterochromatin. Extending away from
the surface of the outer plate is an electron-dense cloud that is
termed the fibrous corona (Cleveland et al., 2003; Maiato et al.,
2004). Early EM studies revealed that trilaminar kinetochore
structure is only visible from late prophase until the end of mi-
tosis, suggesting that the kinetochore undergoes an assembly/
disassembly cycle during each mitosis (Brenner et al., 1981;
He and Brinkley, 1996).

Molecular studies over the past two decades have con-
firmed the notion that the centromere—kinetochore complex
undergoes cell cycle—dependent changes. Currently, >100
proteins, many of which are evolutionarily conserved, have
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and Aurora B affect the size, shape, and structural integ-
rity of the plates. We found that hMis12 is not constitu-
tively localized at kinetochores, and that it is not essential
for recruiting CENP-I. Our studies also revealed that ki-
netochores in Hela cells contain an excess of CENP-A, of
which ~10% is sufficient to promote the assembly of nor-
mal levels of kinetochore proteins. We elaborate on a pre-
vious model that suggested kinetochores are assembled
from repetitive modules (Zinkowski, R.P., J. Meyne, and

B.R. Brinkley. 1991. J. Cell Biol. 113:1091-110).

been reported to associate with the centromere—kinetochore
complex in human cells (Chan et al., 2005; Foltz et al., 2006;
Izuta et al., 2006; Okada et al., 2006). Some of the proteins
are constitutively associated with centromeres throughout the
cell cycle, whereas others are only transiently detected at
the centromere—kinetochore complex from late G2 to telophase.
The cell cycle—dependent localization of proteins to the kineto-
chore is consistent with the EM data that showed kinetochores
are assembled and disassembled during mitosis. Moreover, ob-
servations made in human cells showing that different proteins
exhibit a distinct temporal order of appearance at the kineto-
chore suggested that the trilaminar plates may be assembled
in a stepwise fashion. In human cells, CENP-A, -C, -H, and -I
(hMis6) are constitutive centromere proteins that become part
of the inner plate of the mature kinetochore. These proteins are
therefore likely to participate in the earliest steps of kinetochore
assembly, which is thought to initiate during G2, after centro-
meric chromatin have replicated. Although kinetochore struc-
tures are not visible at this time, proteins such as hZwint-1,
BUBI, Aurora B, MCAK, and CENP-F begin to accumulate at
the nascent centromere—kinetochore complex. Immediately af-
ter nuclear envelope breakdown, when trilaminar plates are first
visible, a host of proteins that are important for microtubule
binding and checkpoint control, including the dynein—dynactin
complex, CENP-E, CDC20, MAD1, MAD2, BUBR1, hMPS1,

JCB 41

¥202 IHdy $Z uo 3senb Aq 4pd° L #/£899881/1¥/1/S .| 4Pd-8onIe/qol/Bio sseidny/:dpy wouy pepeojumoq



42

hZW10, and hROD assemble onto the mature kinetochore
(Maiato et al., 2004; Chan et al., 2005).

Despite the fact that proteins exhibit a temporal order of
assembly at kinetochores, the cumulative data does not sup-
port a single linear assembly pathway. It appears that kineto-
chore assembly in human cells, as well as in a variety of model
organisms, is complex (Blower and Karpen, 2001; McAinsh
et al., 2003; Amor et al., 2004; Cheeseman et al., 2004; Hauf
and Watanabe, 2004; Maiato et al., 2004; Vigneron et al., 2004;
Chan et al., 2005). For example, CENP-I is a constitutive
protein that specifies the assembly of CENP-F, MADI, and
MAD?2, but not BUB1, BUBRI1, hZW10, and hROD (Liu
et al., 2003b). Interestingly, kinetochore localizations of CENP-F
and MAD2 (as with CENP-E and BUBRI1) were reported
to depend on BUB1 (Johnson et al., 2004), although BUB1
localization is independent of CENP-I. This suggests that mul-
tiple pathways may be necessary to recruit some proteins to
the kinetochore.

Although there are numerous studies describing the rela-
tionships amongst selected kinetochore proteins, our current
understanding of how proteins come together to construct the
kinetochore trilaminar structure remains fragmentary (Tomkiel
et al., 1994; Salina et al., 2003; Deluca et al., 2005). No single
study of a large set of proteins has been conducted to achieve a
global view of kinetochore assembly. To integrate findings re-
ported by different labs and to advance our understanding of
how kinetochores are assembled, we examined the relationships
amongst twenty human centromere—kinetochore proteins and
their contributions toward their organization at the ultrastruc-
tural level in HeLa cells.

Results

Overview of the kinetochore

assembly pathways

We chose to examine the relationships amongst twenty of the
best-characterized proteins as the first step toward mapping the
pathways for kinetochore assembly. These proteins include
the constitutive centromere proteins CENP-A, -B, -C, -H, and -I;
the inner centromere protein Aurora B; the microtubule-

Table I. Defining the dependency among proteins for kinetochore assembly

interacting proteins dynein—dynactin complex (represented by
plSOg]“Cd); CENP-E, -F (Feng et al., 2006), and MCAK; and the
mitotic checkpoint proteins BUB1, BUBR1, MADI, MAD2,
hMPS1, hZW10, and hROD, as well as HEC1, NUF2, and
hMis12. From this group, Aurora B was classified as a “chro-
mosomal passenger protein” or “inner centromere protein”
(Adams et al., 2001), but its role in kinetochore—microtubule
attachment, mitotic checkpoint signaling, and recruitment of
kinetochore proteins (Murata-Hori and Wang, 2002; Ditchfield
et al., 2003; Hauf et al., 2003; Andrews et al., 2004; Lan et al.,
2004) led us to include it in our analysis.

The relationships between the aforementioned proteins
were established by depleting specific proteins by siRNA and
examining the effects on the localization of other proteins.
Representative results of RNAi-induced knockdown of specific
proteins and the specificities of several new antibodies developed
during this study are shown in Fig. S1 (available at http://www.
jeb.org/cgi/content/full/jcb.200606020/DC1). Table I summa-
rizes our epistasis analysis of the 20 kinetochore proteins. A ge-
netic interaction map (Fig. 1) was constructed based on Table I
and other studies (Martin-Lluesma et al., 2002; Ditchfield et al.,
2003; Hauf et al., 2003; Liu et al., 2003b; Andrews et al., 2004;
Kops et al., 2005). The proteins are organized based on their
relative temporal order of appearance (top to bottom), as docu-
mented in previous studies (Jablonski et al., 1998; Chan et al.,
2000; Johnson et al., 2004) or uncovered in this study; BUB1
and Aurora B, HECI1, and CENP-F, respectively, appear at
prekinetochores around the same time during late G2 (unpub-
lished data). The reader should refer to this map as we present
the details of our experiments. A more comprehensive map may
be obtained upon request.

Our map shows that the centromere-specific histone H3
variant CENP-A occupies the top of a hierarchy that directs
three major assembly pathways that are specified by CENP-C,
-1, and Aurora B. The pathways are not linear, but contain multi-
ple branches that intersect to form a network that defines the
spatial and temporal relationships amongst the proteins that
were examined. No direct physical interaction between proteins
is implied, although that is certainly possible, as in the cases of
CENP-H-HEC1-NUF2 and hMis12-HEC1-NUF2 (Cheeseman

siRNA Effects on kinetochore localization®

farget CENP-A CENP-B CENP-C CENP-E CENP-F CENP-H CENP-l hMIS12 Aurora B MCAK BUB1 BUBR1 MAD1 MAD2 hMPS1 hZW10 hROD p150glued HEC1 Nuf2 CDC20
CENP-A + + + + +

CENP-B + -

CENP-C + + - + - + + + + + + + +

CENPH - -

CENP-l - - - - + + + - - - - - + + + - - + +
hMIS12 - - - + - - + -

Aurora B - - - - + + - + - - - - - -
hMPS1 - - - - + + + - - -

BUBI1 - + - - + + + - + - - - - - - +

°Kinetochore localization was examined by immunofluorescence and compared between control and target siRNA-transfected cells. + and - stand for the dependency or non-
dependency, respectively, between two proteins. Not all possible combinations were tested (blanks) because they were either already reported or because they can be inferred

based on the assembly pathway.
PRefer to the main text for the complex hMis12-CENP- relationship.
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et al., 2004; Obuse et al., 2004; Mikami et al., 2005). The
contribution of seven proteins to the ultrastructure of the kineto-
chore was examined by EM (Table II and Table S1, available at
http://www.jcb.org/cgi/content/full/jcb.200606020/DC1).

The CENP-l assembly pathway includes
HEC1, NUF2, and hMPS1

CENP-I was previously shown to specify the assembly of
CENP-F, MAD1, and MAD?2, but not the localization of BUB1,
BUBRI1, hZW10, and hROD (Liu et al., 2003b). As the localiza-
tion of MAD1, MAD2, and hMPS1 to kinetochores was reported
to depend on HECI (Martin-Lluesma et al., 2002), we tested
and found that HEC1 localization depends on CENP-I (Fig. 2 A).
Examination of cells that differed in the amounts of CENP-I de-
pletion showed that the fluorescence intensities between CENP-I
and HEC1 exhibited a relationship near 1:1, which was held
over a 20-fold range (Fig. 2 B). Consistent with the fact that
HECI is part of a complex with NUF2 (Bharadwaj et al., 2004;
McCleland et al., 2004), we found that the localization of NUF2
was also sensitive to CENP-I level (Fig. 2 C). These results are
consistent with those reported by Hori et al. (2003), who showed
in chicken DT-40 cells that the localization of HEC1-GFP and
NUF2-GFP at kinetochores requires CENP-I .

We also found that the localization of hMPS1 at kinet-
ochores was dependent on CENP-I (Fig. S2 A, available at
http://www.jcb.org/cgi/content/full/jcb.200606020/DC1). Thus,
CENP-I specifies the following assembly pathway: CENP-1 —
HEC1-NUF2 complex - hMPS1 — MADI1 — MAD2, which
links the inner kinetochore with the outer kinetochore. The position
of the HEC1-NUF2 complex in this pathway is consistent with
our observation that HEC1 was first detected at kinetochores in
late G2, before the appearance of hMPS1, MAD1, and MAD2
(unpublished data). Although we previously showed that the

CENP-A

constitutive

CENP-H<»| CE

Aurora B

o
O

v BUBRI

‘, hZW10-hROD

‘ Dynein-dynactin

N\

localization of CENP-F and p1502"* also depend on CENP-T
(Fig. S2 B; Liu et al., 2003b), our studies and those reported
by others (DeLuca et al., 2002; Holt et al., 2005) indicated that
neither belongs to HEC1-NUF2 pathway. Nonetheless, CENP-F
may regulate the kinetochore localization of the dynein—dynactin
complex (Yang et al., 2005). Thus, CENP-I specifies at least
two separate assembly branches for recruiting CENP-F and the
HEC1-NUF2 complex.

Kinetochore ultrastructure

in NUF2- and CENP-I-depleted cells

EM studies showed that depletion of NUF2 from HeLa cells re-
sulted in disorganized kinetochores with poorly defined outer
plates (Deluca et al., 2005). We made similar observations, as
>50% of the kinetochores (43 out of 83) examined in NUF2-
depleted cells lacked trilaminar plates, but instead displayed a
“fuzzy ball”—shaped structure with few, if any, bound micro-
tubules (Fig. 2 D and Table II). Consistent with Deluca et al.’s
(2005) proposition that NUF2 may contribute to the end-on at-
tachment of microtubules to kinetochore, we observed micro-
tubules in longitudinal profile associated with the surface of
the fuzzy ball-shaped kinetochore masses in NUF2-depleted
cells (Fig. 2 E).

Importantly, similar fuzzy ball structures or expanded ki-
netochore structures were detected in 30 out of 38 kinetochores
scored in CENP-I siRNA-transfected cells (Fig. 2, F— G, Table II).
Kinetochores with defects of different extent were observed
even in the same cell (Table S1), which was attributed to the
variability in the extent or timing of protein depletion mediated
by siRNA. These EM data nonetheless provide further confir-
mation that CENP-I and NUF?2 lie in the same assembly path-
way and contribute to the formation of the higher order trilaminar
plate structure.

Figure 1. A network of intersecting pathways that spec-
MCAK ify formation of a kinetochore module. Inner kinetochore
proteins are positioned at the top. Proteins are also ar-
ranged (top to bottom) with respect to their relative tempo-
ral order of appearance at kinetochores (the temporal

CDC20 CENP-E sequence for mitotic kinetochore proteins is not very clear,

except that BUBR1 appears before CENP-E). Thick solid
arrows show connections examined in this study; thinner
arrows indicate previous published interactions that were
not elaborated on in this study. The dashed arrow denotes
a potential feedback mechanism between CENP- and the
HEC1-NUF2 complex. Boxes denote proteins whose roles
in kinetochore assembly were examined by EM.
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Table II. Defects in kinetochore ultrastructure resulting from depletion of specific kinetochore proteins®

siRNA Kinetochores with Triplate with few  Partial plates and/or Fuzzy ball ~ Small kineto-  Thin and/or  Subjacent chromatin  Total number
triplate and (<4) or no pulled out plates chore plates  punctate plates decondense and/or  of kinetochores
>4 associated associated mts  and/or fibrillar struc- C-shaped plates counted
mts (normal) ture at outer plates
CENP-| (no mts) 5 (<4 mt) 10 (no mts) 12 38
(<4 mi) 3 (=4 mts) 5 (ama) 1
(ama) 2
NUF2 1 (no mts) 2 (<4 mi) 27 (no mts) 37 83
(<4 mts) 6 (=4 mts) 4 (<4 mts) 5
(ama) 1
CENPF 4 (<4 mi) 4 (ama) 3 12
(=4 mts) 1
CENP-C 2 (no mts) 4 (<4 mt) 5 (no mts) 1 (<4 mts) 4 (no mts) 7 50
(<4 mts) 9 (=4 mts) 1 (<4 mts) 5 (<4 mts) 1
(ama) 2 (=4 mts) 7
(ama) 2
BUB1 9 (no mts) 2 (<4 mt) 1 (no mts) 6 22
(<4 mts) 1 (ama) 1 (<4 mts) 1
(ama) 1
hMis12 3 (no mts) 2 (<4 mt) 2 (no mts) 3 18
(<4 mts) 1 (<4 mts) 5
(ama) 2
Aurora B (no mts) 7 (<4 mt) 3 (no mts) 3 67
(<4 mts) 3 (ama) 3 (<4 mts) 24
(=4 mts) 10
(ama) 14
Examples Fig. 5F d Fig. 2 G Fig. 2, D-F Fig. 5F a Fig. 5F cand e Fig. 7 F, a
Fig. 5F b

“Microtubule (Mts) counts are based on a single section. A section with >4 microtubules is considered normal. ama, aberrant Mts association.

We also examined kinetochore structures in CENP-F-
depleted cells (Fig. S3 A, available at http://www.jcb.org/cgi/
content/full/jcb.200606020/DC1) to see if this portion of the
CENP-I pathway contributed toward trilaminar plate formation.
Consistent with light microscopy data from recent CENP-F
siRNA studies (Bomont et al., 2005; Holt et al., 2005; Yang
et al., 2005; Feng et al., 2006), microtubules were attached to
most of these kinetochores. Kinetochores displayed a variety of
morphologies, including an uncondensed fuzzy ball or pulled
out and fibrillar appearance (Fig. S3 A, a), a trilaminar structure
(Fig. S3 A, b), and a trilaminar structure associated with strands
of material emanating from the kinetochore region and inter-
twined with the kinetochore-associated microtubules (Fig. S3
A, c). These observations suggest that plate development can
proceed further without CENP-F than without NUF2, but is
nevertheless compromised.

CENP-I localization requires only a fraction
of the normal level of CENP-A

CENP-I localization at kinetochores was reported to depend on
CENP-A (Goshima et al., 2003). However, we found that cells
with significantly diminished levels of CENP-A still displayed
bright CENP-I staining (compare the left and middle columns
in Fig. 3 A). Therefore, we quantitated the intensity of CENP-A
signals in interphase cells that were transfected with CENP-A
siRNA and then compared them with the intensity of CENP-I
staining at the same kinetochores. To eliminate experiment-to-
experiment variations in absolute staining intensities, we nor-
malized the signal intensity to the brightest CENP-A signal in

JCB « VOLUME 175 « NUMBER 1 « 2006

mock-transfected cells. We observed that when the reduction in
CENP-A was <10-fold, CENP-I intensities were clustered at
37 and 75% of the brightest CENP-I signal (Fig. 3, A [middle
column] and B). The twofold difference in signal intensity prob-
ably reflects the relative abundance of CENP-I in cells before
and after replication of their centromeres. We independently
confirmed that cells in G2 with duplicated, but unseparated,
centromeres exhibited a twofold higher intensity of CENP-I
staining compared with cells with unreplicated centromeres
(unpublished data). Near-normal levels of CENP-I were also
seen in mitotic cells whose CENP-A levels were reduced by
<10-fold (unpublished data).

A dramatic drop in CENP-I levels was seen only when
CENP-A was reduced by >10-fold (Fig. 3, A [right column]
and B [circled datapoints]). Fisher’s exact test showed that
CENP-I levels at kinetochores with CENP-A intensity below
or above 10% of normal level are significantly different (P =
0.00029). When CENP-A is reduced by ~20-fold, CENP-I
levels can be reduced to as low as 3% of controls. These cells
were difficult to find, and the precise level of reduction was
difficult to determine, as we were approaching the limits of
detection. In addition, the loss of other centromere mark-
ers (i.e., ACA staining) in cells with extremely low levels of
CENP-A made it more difficult to identify kinetochores with
certainty. Thus, we can only estimate that substantial reduction
of CENP-I was achieved when there was a 10-20-fold reduc-
tion in CENP-A. We conclude that only 10% of the normal
level of CENP-A is sufficient to assemble near normal levels
of CENP-I to the kinetochore.
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Effects on CENP-I localization by CENP-H,
hMis12, and HEC1
In addition to the dependence on CENP-A, we found that
the localization of CENP-I depended on CENP-H (Fig. 3 C),
as reported for chicken CENP-I (Nishihashi et al., 2002).
The localization of CENP-H also depended on CENP-I (Fig.
S2 C), which is consistent with a recent study that found that
they can form a complex with several other proteins (Okada
et al., 20006).

hMis12 was reported to be a constitutive kinetochore pro-
tein that specified CENP-I localization independently of CENP-A
(Goshima et al., 2003). However, examination of HeLLa and
immortalized normal hTERT-RPE1 cells showed that hMis12
is not constitutively localized to kinetochores, as its signals
started to decline during late anaphase and were not detectable
(<10% of metaphase signals) in late telophase or early Gl
cells (Fig. 3 D). This pattern was confirmed by real-time analy-
sis of cells expressing GFP-hMis12 (unpublished data). Thus,
hMis12 localization to kinetochores is cell cycle dependent, al-
though its pattern is unique amongst the transient kinetochore
proteins. Detailed characterization of hMis12 dynamics will be

 CENP-I siRNA

Figure 2. Localization of HEC1 complex de-
pends on CENP-I. (A and C) Control or CENP--
depleted Hela cells (top and bottom rows,
respectively) were costained with CENP-I, anti-
centromere antibody (ACA), and HEC1 (A) or
NUF2 (C) antibodies. Images are presented as
maximum projections of z series. (B) HEC1
fluorescence intensities on kinetochores with
different levels of CENP-l (31 kinetochores in
10 cells) were quantitated, normalized to the
brightest signal (100%), and plotted against
corresponding CENP- intensities. (D-G) Repre-
sentative EM images of kinetochores in NUF2
(D-E) and CENP{ (F-G) siRNA<ransfected
cells. (D and F) Fuzzy ball-shaped kineto-
chores (arrowheads) lacking microtubules are
commonly seen. (E) Microtubules (arrows) in-
teract laterally with a fuzzy kinetochore (arrow-
head). (G) A kinetochore with half plate (left
arrowhead) and half fuzzy ball (right arrow-
head) structure. Some microtubules (arrows)
pass perpendicularly to the section plane.
Bars: (A and C) 10 pm; (D-G) 400 nm.

R

reported elsewhere. Of relevance to this study, we found nor-
mal levels of CENP-I at kinetochores that were devoid of
hMis12 (Fig. 3 D). This observation demonstrates that the pres-
ence of hMis12 is not a prerequisite for localization of CENP-I
to interphase centromeres.

In mitotic cells, kinetochores depleted of hMis12 did ex-
hibit a slight reduction in the level of CENP-I staining (Fig. 3 E).
Quantitative analysis showed that even when hMis12 levels
were reduced by 10-fold, there was only a twofold reduction in
the level of CENP-I at kinetochores. The relationship was puz-
zling until we discovered connections between hMis12, HECI,
and CENP-I. When HEC1 was depleted from kinetochores by
10-fold, CENP-H and -I levels were reduced by ~40% (Fig. 3 F
and not depicted). This suggests a negative feedback loop
between HEC1 and CENP-H/-I. As depletion of hMisl2 was
shown to reduce HEC1 at kinetochores (Fig. 3 G; Kline et al.,
2006), the twofold reduction of CENP-I in hMisl2-depleted
cells is likely to be indirectly caused by the loss of HEC1
from kinetochores. Regardless, the combined data suggest that
hMis12 is not essential for kinetochore localization of CENP-I
in interphase or mitosis.

KINETOCHORE ASSEMBLY PATHWAYS IN HUMAN CELLS « LILJ ET AL.
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Figure 3. Localization of CENP-I depends on CENP-A and -H, but not hMis12. (A) Interphase cells with different levels of CENP-A were costained with
CENP-. Exposure times were identical for the same protein. (B) Comparison of the normalized fluorescence intensities of CENP-A and -l at 54 centromeres
from 12 interphase cells transfected with CENP-A siRNA. The intensity of each protein at the brightest kinetochore is taken as 100%. (C) Maximum projec-
tions of a control (top) and a CENP-H-depleted mitotic cell (bottom) stained with antibodies against CENP-H, -I, and ACA. (D) Maximum projections of
deconvolved images of normal Hela cells in mitosis (center left) and early G1 (center right) that were stained with anti~CENP- and anti-hMis12 antibodies.
(E) Maximum projections of deconvolved images of a control (top) and a hMis12-depleted mitotic cell (bottom) stained with antibodies against hMis12,
CENP-, and ACA. (F) Comparison of HEC1 and CENP-H intensities in a control (top) and HEC1 siRNA-transfected (bottom) cells. Single optical plane
is shown here. (G) A hMis12-reduced and a hMis12-depleted cell in the same field were stained with ACA and antibodies against hMis12 and HEC1.

Bar, 10 wm.

The localization of hMis12 to kinetochores in both Schizosac-
charomyces pombe and human cells was reported to be inde-
pendent of CENP-A (Takahashi et al., 2000; Goshima et al.,
2003). In contrast, Caenorhabditis elegans Mis12 has been
placed downstream of CENP-A (Cheeseman et al., 2004). Our
finding that hMis12 is not constitutively localized to kinetochores
led us to reexamine its relationship with CENP-A. As shown in

Fig. 4 A, localization of hMis12 was clearly affected by the loss
of CENP-A. Quantitative analysis showed an ~2-3-fold reduc-
tion of hMis12 when CENP-A levels were reduced to between
5- and 10-fold (Fig. 4 B). This moderate reduction may be
caused by the possibility that there is a separate pool of hMis12
whose localization at centromeres is specified by HPla and
HP1+vy (Obuse et al., 2004; Chan et al., 2005). It is also possible
that kinetochores in HeLa cells can tolerate a 10-fold reduction
in CENP-A, and thus, a >10-fold depletion of CENP-A would
be required to see significant loss of downstream proteins.
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As CENP-C lies downstream of CENP-A (Goshima et al., 2003),
we tested and found that depletion of CENP-C resulted in a
greater than fivefold reduction of hMis12 from kinetochores
(Fig. 4 C). Thus, hMis12 localization can be specified by CENP-A
and lies downstream of CENP-C.

We next examined other proteins whose assembly at
kinetochores depended on CENP-C. As CENP-C and -I specify
separate pathways (Goshima et al., 2003), we focused on pro-
teins that did not depend on CENP-I (Liu et al., 2003b). Cells
depleted of CENP-C exhibited severe chromosome missegrega-
tion and micronucleation that are fully consistent with those re-
ported for antibody injection experiments (Tomkiel et al., 1994).
Kinetochores depleted of CENP-C were found to lack nearly all
the transiently localized kinetochore proteins except the inner
centromere protein Aurora B. Thus, BUBI, BUBR1, hROD,
hZW 10, and CENP-E all failed to assemble onto kinetochores
that lacked CENP-C (Fig. 5, A-D; Fig. S4 A, a, available at
http://www.jcb.org/cgi/content/full/jcb.200606020/DC1; and
Table I). HEC1 and plSOgl“e“, whose localization at kinetochores
depends on CENP-I, were also found to depend on CENP-C
(Fig. 5 E; Fig. S4 B).

We next examined the relationships amongst the proteins
that lie downstream of CENP-C. BUB1 was given special atten-
tion, as there were conflicting reports about its checkpoint and
recruitment functions (Johnson et al., 2004; Tang et al., 2004;
Meraldi and Sorger, 2005). We confirmed that BUB1 is, indeed,
essential for the mitotic checkpoint, as microinjection of BUB1
antibodies or transfection of BUB1 siRNA prevented HeLa cells
from delaying mitosis in response to nocodazole (unpublished
data). As for its role in recruiting proteins to kinetochores, we
found that BUBR1, MCAK, CENP-F, and CDC20 depended on
BUBI for localization, whereas hMis12, hROD, HEC1, hMPS1,
MADI1, MAD2, CENP-E, p1502**, and Aurora B did not (Table I;
Fig. 6, A-D; and Fig. S4, C-G). Within this latter group, we
found that hMis12 specified kinetochore localization of HEC1
(Fig. 3 G and Fig. S4 B). However, hROD and CENP-E were not
dependent on either BUB1 or hMis12 for their kinetochore lo-
calization (Fig. S4 E and not depicted). The combined data sug-
gest that CENP-C specifies three or four subbranches (Fig. 1).

EM analysis showed that all cells depleted of CENP-C
(n = 6) contained kinetochores with discernible laminar plate
structure (Table II and Table S1). However, they were usually
deformed, as they appeared smaller (4/50; Fig. 5 F, a), pulled
away from the underlying centromere heterochromatin (8/50;
Fig. 5 F, b and c¢), or exhibited thinner outer plates that often
displayed a beaded appearance (17/50; Fig. 5 F, ¢ and e). Micro-
tubules were usually absent from these kinetochores, and prom-
inent fibrillar extensions were sometimes observed extending
from the outer plates (Fig. 5 F, d). Both the kinetochore mor-
phology and microtubule pattern observed in these cells were
comparable to those seen in cells injected with antibodies to
CENP-C (Tomkiel et al., 1994), but were distinct from kineto-
chores depleted of CENP-I. EM analysis of kinetochores in
BUBI- or hMisl2-depleted cells did not recapitulate all the
ultrastructural defects found in CENP-C—depleted cells. For
example, we did not find kinetochores with smaller plates.
However, kinetochores with plate structure but no microtubule
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Figure 4. hMis12 localization depends on CENP-A and CENP-C. (A) Maxi-
mum projections of a control (top) and a CENP-A-depleted mitotic cell
(bottom) stained with CENP-A, hMis12, and ACA. Note the weaker
hMis12 and ACA signals in the CENP-A-depleted cell. (B) Comparison of
the normalized fluorescence intensities of CENP-A and hMis12 at 38 kinet-
ochores from 13 mitotic cells transfected with CENP-A siRNA. The intensity
of each protein at the brightest kinetochore is taken as 100%. (C) Maxi-
mum projections of a control (top) and a CENP-C-depleted mitotic cell
(bottom) stained with CENP-E, hMis12, and ACA antibodies. CENP-E is
used as a readout for depletion of CENP-C. Bars, 10 pm.

binding and kinetochores with pulled out, thinner, or punctate
plates were observed (Fig. S3, B—C, and Table II). In some
cells depleted of BUB1 or hMis12, we noticed undercondensed
chromatin, either in centromere regions or elsewhere along the
chromosomes (Fig. S3, B [a] and C [b]). The reasons for this
are unclear, but we rarely observed such changes in CENP-C—
depleted cells. Despite these discrepancies (see Discussion), our
observations suggest that some of the ultrastructural anomalies
resulting from the loss of CENP-C may be attributed to the dis-
ruption of the BUB1 and hMis12 branches.

Aurora B and the microtubule depolymerase MCAK are
both concentrated at the inner centromere from late G2 until
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Figure 5. Kinetochore localization of BUB1,
BUBR1, hROD, CENP-E, and p1509“=! depends
on CENP-C. (A-E) Maximum projections of
control cells (A-D) or cells with reduced CENP-C
(E; top rows) and CENP-C—deplefed mitotic
cells (bottom rows) costained with CENP-C,
ACA, and BUBT (A), BUBR1 (B), hROD (C).
CENP-E (D), p1509“ (E). Bar, 10 wm. (F) Rep-
resentative EM images of kinetochores in
CENP-C siRNA-transfected cells. Big arrow-
heads indicate the positions of kinetochores.
(a) A kinetochore with short plates and a few
attached microtubules. (b—c) Kinetochores
pulled out of the surface of the chromosome.
A few aftached microtubules are indicated
by small arrows in c. They are absent in b.
(d) A kinetochore with no microtubule bind-
ing showing some fibrils extending (small ar-
rowheads) from the outer plate. (c and €) Some
kinetochores show a distinct beaded structure
in their outer plates (small arrowheads). Bars:

(o—d) 400 nm; (e) 200 nm.
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metaphase (Andrews et al., 2004). Both the localization and en-
zymatic activity of MCAK are regulated by Aurora B kinase
(Andrews et al., 2004; Lan et al., 2004). Although MCAK was
reported to interact with CENP-H in vitro (Sugata et al., 2000),
neither Aurora B nor MCAK localization was affected
when CENP-H or -I was depleted from cells (Fig. 7 A and
not depicted). Furthermore, Aurora B or MCAK localization
was not dependent on CENP-C (Fig. 7 B and not depicted).
Conversely, the localization of CENP-I and -C also did not de-
pend on Aurora B (Fig. 7, D-E). We found, however, that the
localization of Aurora B was dependent on CENP-A (Fig. 7 C).
Therefore, CENP-A specifies a third assembly branch that
specifies the localization of Aurora B and MCAK to the inner
centromere (Fig. 1).

Consistent with its reported roles in chromatin condensa-
tion and kinetochore—microtubule interactions (Murata-Hori
and Wang, 2002; Ditchfield et al., 2003; Hauf et al., 2003;
Andrews et al., 2004; Johnson et al., 2004; Lan et al., 2004),
two major types of kinetochore defects were observed in cells
depleted of Aurora B (Table II). The first type showed an
expanded, C-shaped outer plate accompanied by undercon-
densed subjacent chromatin and no discernable inner plate
(Fig. 7 F, a). The second type of defect displayed both inner
and outer plates that appeared more electron dense, and the
outer and inner plates often appeared to be fused at one end
(Fig. 7 F, b). The chromosomes in these cells also appeared
undercondensed, similar to those seen in BUB1-depleted cells
(Fig. S3 B; Table S1).
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Discussion

Mapping the pathways that specify
kinetochore assembly

We have performed an epistasis analysis of 20 kinetochore
proteins with respect to their assembly at the centromere—
kinetochore complex and constructed a genetic interaction map
based on our analysis and previously published data (Fig. 1).
The map shows CENP-A occupying the top of a hierarchy that
consists of three major branches that are specified by CENP-C,
-1, and Aurora B. Each of the three branches form subbranches
that intersect with one another to form a network that we be-
lieve describes the temporal and spatial relationship of these
proteins. If kinetochores are assembled from repetitive units
(Zinkowski et al., 1991), this map depicts the organization of a
single unit that, in concert with other similar units, would spec-
ify the structure that is seen by EM. Depletion of specific com-
ponents of the epistasis groups differentially affects the integrity
of the unit and the unit—unit interactions.

Each of the three major branches appears to play distinct
roles in the formation of the trilaminar kinetochore structure.
The CENP-I branch is clearly essential for trilaminar plate
formation because, in its absence, we saw a structure that is
reminiscent of the fuzzy balls that were described early on as
prekinetochores (Brenner et al., 1981; He and Brinkley, 1996;
Roos, 1973). However, the molecular composition of the fuzzy
balls described in this paper differs from prekinetochores
because they contain proteins (e.g., CENP-E and BUBRI)
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that normally assemble after nuclear envelope breakdown.
Fully consistent with the fact that NUF2 belongs to the
CENP-I pathway, its depletion also produced the fuzzy balls.
However, the CENP-F subbranch does not participate in this
organizational step.

The fuzzy ball structure is also reminiscent of the struc-
tures seen when cells were depleted of the nuclear pore protein
Nup358/RanBP2 (Salina et al., 2003). Interestingly, depletion
of HEC1 and NUF2 are known to affect the kinetochore tar-
geting of Nup358/RanBP2, suggesting the latter may contribute
to the maturation of kinetochore plates (Joseph et al., 2004).
Consistent with this, depletion of Nup358/RanBP2, indeed, af-
fected the localization of several kinetochore proteins (Joseph
et al., 2004). However, Nup358/RanBP2 seems not to depend
on CENP-I for its kinetochore targeting, and it is unlikely that
Nup358/RanBP2 acts as a scaffold for assembly because its
own localization at kinetochores depends on microtubule at-
tachments, whereas the proteins that rely on Nup358/RanBP2
do not (Joseph et al., 2004; Joseph et al., 2002). Given that
Nup358/RanBP2 has SUMO-conjugating activity (Pichler et al.,
2002), it may act independently of kinetochores by modifying
proteins to facilitate their assembly into kinetochores.

Disruption of the CENP-C and Aurora B pathways af-
fected the structure of the trilaminar plate in a qualitative way.
The CENP-C pathway appeared to specify the compaction and
dimensions of the kinetochore plates, as its loss resulted in
small-sized kinetochores and kinetochores with a thin or ex-
panded and beaded outer plate. As CENP-C is involved in re-
cruiting a substantial number of proteins, its loss would reduce
the number of fully assembled unit modules. As siRNA depletes

Figure 6. Kinetochore localization of BUBR1,
MCAK, and CDC20, but not MAD2, depends
on BUB1. Maximum projections of untrans-
fected cells (A, left cell; D, bottom cell) or con-
trol cells (B-C, top rows) and BUB1-depleted
mitotic cells (A, right cell; B-C bottom rows;
D, top cell) costained with BUB1, ACA, and
BUBR] (A), MCAK (B], CDC20 (C), MAD2
(D). Bar, 10 um.

CENP-C to different extents in any given cell (Fig. 5 E), suffi-
cient modules might be available to form a trilaminar plate, al-
beit one of reduced dimension (Fig. 5 F). Depletion of proteins
downstream of CENP-C, such as BUB1 and hMis12, partially
recapitulates the thin plates, but does not produce small-sized
kinetochores that were seen in cells depleted of CENP-C (Fig.
S3, B-C). As the localization of proteins like hRROD and CENP-E
were affected by CENP-C, but not by BUB1 or hMis12, it is
likely there are unidentified proteins that are downstream of
CENP-C and contribute to this aspect of trilaminar plate organi-
zation. Two candidates may be the human homologues of KNL-1
and -3, which are two proteins in C. elegans that lie downstream
of CENP-C. The human counterpart of KNL-1, AF15q14, has
already been shown to be a kinetochore protein (Cheeseman
et al., 2004).

Defects associated with the Aurora B pathway seem to af-
fect the relationship between the kinetochore and the subjacent
chromatin, as seen by the formation of C-shaped kinetochores
and kinetochores with seemingly continuous outer and inner
plates. There is no easy explanation for how the inner and outer
plates become fused, but C-shaped kinetochores have been seen
in prematurely condensed chromosomes induced by either cell
fusion or caffeine treatment (Rattner and Wang, 1992; Wise and
Brinkley, 1997). In both situations, the condensation state of the
underlying heterochromatin may be altered, thus, impacting the
relationship between the kinetochore and the chromosome. De-
spite the impact of Aurora B on the inner regions of the kineto-
chore, proteins such as CENP-C and -I, which normally localize
to the inner plate, are still retained at kinetochores after deple-
tion of Aurora B. This suggests that neither of these proteins are
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Figure 7. Localization of Aurora B depends on CENP-A. (A) A control (top) and a CENP-H-depleted (bottom) late G2/early prophase cell costained for
CENP-H, MCAK, and ACA. (B and C) Maximum projections of cells costained for Aurora B, ACA, and CENP-C (B) or -A (C). The bottom rows show the
CENP-C- (B) or CENP-A—depleted (C) cells. The top row in B shows a control mitotic cell. The top row in C shows a cell with less reduced CENP-A and
nearly normal levels of Aurora B and ACA. (D-E) Maximum projections of control and Aurora B-depleted cells (top and bottom rows, respectively)
costained with Aurora B, ACA, and CENP-C (D) or - (E). (F) Under EM, the kinetochores in Aurora B-depleted cells maintain the plate structures, but either
expand and extend significantly to a “C” shape without microtubule binding (a) or display “hairpin” structure, with outer and inner plates seemingly fused

at one end (b).

able to form or maintain a distinct inner kinetochore plate ultra-
structure in the absence of Aurora B. As Aurora B is also present
throughout the cell, its actions on kinetochores do not have to be
restricted to the pool that is localized at the inner centromere.
Indeed, the undercondensation of chromosomes in both Aurora
B- and BUBI-depleted cells may reflect additional roles of
these kinases that are not linked to the kinetochore.

Many of the centromere—kinetochore proteins examined here
are evolutionarily conserved, and thus, similarity in their assem-
bly amongst other organisms was expected (Cleveland et al.,
2003; Maiato et al., 2004; Chan et al., 2005). However, we
would like to point out that there are distinctive features of hu-
man kinetochore assembly that distinguish it from some model
organisms. For example, both budding and fission yeasts per-
form closed mitosis, and thus, most if not all of the kinetochore
proteins are present at kinetochores throughout the cell cycle.
This is in contrast to the distinct temporal order of assembly for
a large number of human kinetochore proteins. In addition,
there are important human centromere—kinetochore compo-
nents that are missing in some other species and vice versa.

For instance, CENP-I and -H homologues are not found in
C. elegans and Drosophila melanogaster, and ZW10 or ROD
homologues are absent from fungal genomes (Chan et al., 2000;
Okada et al., 2006). These differences suggest some flexibility
in how the conserved proteins are assembled.

At least six proteins or protein complexes were found to oc-
cupy nodes (HEC1-NUF2, MAD1, CENP-F, BUBRI1, dynein—
dynactin, and MCAK) that linked various branches within the
network that is depicted in Fig. 1. We believe that these intersec-
tions reflect coordination among different assembly pathways so
that no single pathway outpaces the other during the construction
of a functional kinetochore. It is interesting that BUB 1 occupies
a position that links three pathways. Although earlier siRNA re-
sults on BUBI challenged its role as a bona fide checkpoint
protein (Johnson et al., 2004; Tang et al., 2004), a recent study
confirmed its status as a functional mitotic checkpoint kinase
and proposed a new role for BUB1 to resolve improper lateral
attachment and mediate the bi-orientation of sister chromatids
(Meraldi and Sorger, 2005). Along this line, we found BUB1
controls the localization of BUBR1 and CDC20, two essential
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components of the mitotic checkpoint. Previous works claimed
that MAD?2 localization at kinetochores depends on BUBI
(Johnson et al., 2004; Meraldi and Sorger, 2005). We found no
evidence that MAD2, or any of its upstream components
(MAD1, hMPS1, and HEC1), to depend on BUB1 (Fig. 6 D;
Fig. S4, D and G). In regard to its role in correcting the im-
proper kinetochore—microtubule attachment, we have shown
that BUBI is required for the localization of MCAK, the micro-
tubule depolymerase that, together with Aurora B kinase, is in-
volved in correcting syntelic attachment (Andrews et al., 2004;
Lan et al., 2004). Considering recent reports that BUB1 also
affects centromeric cohesion through Sgol (Tang et al., 2004;
Kitajima et al., 2005; McGuinness et al., 2005), it will be inter-
esting to understand why a single protein is assigned to coordi-
nate these diverse functions.

A critical amount of CENP-A in maintaining
centromere-kinetochore structure

We were initially surprised to learn that only a fraction (<10%
by intensity) of the CENP-A that is normally present at kineto-
chores is sufficient to maintain near-normal levels of CENP-I
(Fig. 3, A-B). Further studies showed that this relationship was
extended to include CENP-C, hMis12, and Aurora B (Fig. 4,
A-B, and Fig. 7 E; unpublished data). Although we did not di-
rectly test whether 10% levels of CENP-A supported normal ki-
netochore functions, we routinely observed normal metaphase
cells whose kinetochores exhibited 10% levels of CENP-A. It
remains to be tested whether this level of CENP-A can support
a normal mitotic checkpoint response. We suggest that kineto-
chores in HeLa cells contain an amount of CENP-A that is in
excess to that required for kinetochore assembly. Examination
of extended chromatin fibers in D. melanogaster and human
cells has revealed that CENP-A (CID) and histone H3 are inter-
spersed along the chromatin fiber. However, 3D reconstruction
of their localization at kinetochores shows that domains of
CENP-A and histone H3 are spatially separated (Blower et al.,
2002). This suggests that the CENP-A nucleosomes that are in-
terspersed along the chromatin fiber can contact one another so
that the intervening H3-containing chromatin loops out to form
a spatially separated domain (Blower et al., 2002). Although we
cannot say with certainty the minimal number of CENP-A nu-
cleosomes that are required for a normal kinetochore structure,
our data in HeLa cells would suggest that this higher order
structure can still be established when the level of CENP-A at
kinetochores is reduced by 10-fold. Below this level, the density
of CENP-A along the chromatin may be too low to be reliably
organized into a domain that can promote the assembly of the
subsequent layer of proteins that include Aurora B, CENP-C,
and -L.

In conclusion, we show that CENP-A plays a central role
in kinetochore structure, as it specifies the assembly of proteins
that form not only the trilaminar plates but also components of
the inner centromere. Three major assembly pathways that con-
tribute to different aspects of the higher order organization of
the kinetochore were defined. A network of intersecting
branches suggests some level of coordination between the
assembly pathways. The biochemical interactions that link the

assembly steps remain to be determined. The recent isolation of
discrete kinetochore protein complexes consisting of hMis12,
CENP-A, -1, and -H have revealed a constellation of novel ki-
netochore proteins whose characterization will provide insights
into this question (Cheeseman et al., 2004; Obuse et al., 2004;
Foltz et al., 2006; Izuta et al., 2006; Okada et al., 2006). As new
kinetochore proteins are identified, they will be assigned to our
map to see how they are related to the pathways that we have
identified here. The website address to an interactive map is
available upon request.

Materials and methods

Cell culture

Hela cells were grown in a humidified 37°C incubator with 5% CO, level
in DME supplemented with 10% fetal bovine serum, nonessential amino
acids, and 2 mM L.glutamine.

siRNA sequences and transfection

All siRNAs (synthesized by Dharmacon; sequences can be provided on re-
quest) were transfected at the final concentration of 100 nM using Oligo-
fectamine (Invitrogen) according to the manufacturer’s instructions. Usually,
Hela cells were grown on coverslips in 24-well plates and transfected at
50% confluency. Coverslips were processed 4 d later, except those trans-
fected with BUB1, Aurora B, HEC1, or hMPS1 siRNA, which were fixed
48 h after transfection. Fresh medium was added or cells were split when
necessary. For BUB1 and Aurora B, double-thymidine synchronization was
used to increase the number of mitotic cells at the harvesting time point;
cells were incubated with 2 mM thymidine for 15 h after siRNA transfec-
tion, released for 8 h, and blocked again for 15 h with 2 mM thymidine.
They were harvested 10-11 h after release, usually after 1 h of treatment
of MG132 at 1 pM final concentration. In some early experiments, CENP-|
siRNAT was transfected as previously described (Liu et al., 2003b). Usually,
several different siRNAs against the same target were used to validate the
knockdown results.

Antibodies

Rabbit, rat, or mouse monoclonal MAD1 antibody, Rabbit polyclonal
MAD?2 antibody, and rat or mouse monoclonal antibodies against CENP-A,
1, -E, -F, BUB1, BUBR1, hZW10, and hROD have been previously de-
scribed (Liu et al., 2003b). Other antibodies used include monoclonal
CENP-B antibody 2D8D8 (H. Masumoto, Nagoya University, Nagoya,
Japan; Suzuki et al., 2004), rabbit anti-hMPST antibody Ag3 (Liu et al.,
2003a), rabbit anti-MCAK antibody (a gift from Linda Wordeman, Univer-
sity of Washington, Seattle, WA), anti-p150 Glued (subunit of dynactin)
rabbit polyclonal (from Linda Wordeman), and mouse monoclonal anti-
body (BD Biosciences), mouse monoclonal HEC1 antibody (BD Biosci-
ences), anti-Aurora B monoclonal antibody (BD Biosciences), and rabbit
polyclonal antibody (Zymed). Anticentromere antibody (ACA) serum was
provided by J.B. Rattner.

Rat polyclonal and monoclonal anti-CENP-H antibodies, rabbit
polyclonal anti-hMis12 antibody, rabbit anti-CENP-C antibody, and rabbit
or rat anti-Nuf2 polyclonal antibodies were made against GST-CENP-H,
GSThMis12, GST-CENP-C, and GST-Nuf2, and the antisera were affinity

purified through immobilized antigen columns.

Immunofluorescence staining and microscopy

Cells were plated onto No. 1.5 glass coverslips, fixed for 7 min in freshly
prepared 3.5% paraformaldehyde (in PBS), pH 7.0, extracted in KB (20
mM Tris=HCI, pH 7.5, 150 mM NaCl, and 0.1% BSA) plus 0.2% Triton X-
100 for 5 min at room temperature, and rinsed in KB. For optimal staining
of hMis12 at kinetochores, cells were preexiracted for 1 min in microtubule
stabilization buffer (MTSB: 4.0 M glycerol, 0.1 M Pipes, pH 6.9, and
1 mM EGTA) plus 0.5% Triton X-100, incubated with MTSB for 2 min, fixed
in —20°C methanol for 7 min, and then equilibrated with KB. Primary and
secondary antibodies were diluted in KB and added to coverslips for 30~
60 min at 37°C in a humidified chamber. All the secondary antibodies
were conjugated o Alexa Fluor dyes (488, 555, 568, or 647). DAPI was
used to counterstain DNA at 5 ng/ml final concentration. The coverslips
were mounted onto slides using mounting medium containing 90% glycerol
and 0.1% n-propylgallate made in 1XPBS.
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Images were captured with a spinning disc confocal microscope
(Ultraview; Perkin-Elmer) that consisted of a microscope (Eclipse TE2000S;
Nikon) and a charge-coupled device camera (ORCA-ERG; Hamamatsu).
Some images were taken on an inverted microscope (Eclipse TE2000 E;
Nikon) equipped with a Cascade 512F camera (Roper) and controlled by
Metavue (Molecular Devices) software. Images were visualized with either
60x or 100%, 1.4 NA, objectives.

Image processing and fluorescence intensity measurement were per-
formed basically as previously described using ImagePro Plus 5.0 software
(Media Cybernetics) and 12-or 16-bit raw image stacks obtained from the
aforementioned microscopes (Liu et al., 2003b). To eliminate variations of
staining between experiments and coverslips, we normalized the absolute
infensity values to the intensity of the brightest stained kinetochore, which
was set at 100%. The relative intensities at kinetochores of different pro-
teins were plotted to examine the relationship. AutoDeblur software (Media
Cybernetics) was used to perform image deconvolution.

EM

Hela cells were grown in 35-mm cell culture dishes and transfected with
control and target siRNAs. 2—4 d after transfection, the cells were fixed in
3% glutaraldehyde and 0.2% tannic acid in 200 mM sodium cacodylate
buffer for 1 h at room temperature. Post fixation was in 2% OsO4 for
20 min. The cells were dehydrated in ethanol, and then infiltrated with
Polybed 812 resin. Polymerization was performed at 60°C for 24 h. Silver-
gray sections were cut with an ultramicrotome (Leica) equipped with a
diamond knife (Diatome), and sections were stained with uranyl acetate
and lead citrate and examined in an EM (H-7000; Hitachi).

Online supplemental material

Fig. S1 shows representative results of siRNA knockdown and specificity
test of several antibodies. Fig. S2 shows that CENP-l is required for kineto-
chore localization of hMPST, p1509“*¢, and CENP-H. Fig. S3 shows rep-
resentative EM images of chromosomes or kinetochores in cells depleted of
CENP-F, BUBT or hMis12. Fig. S4 shows the effects of CENP-C and BUB1
depletion on the localization of other kinetochore proteins. Table S1 shows
the details of EM examination on kinetochore structures in cells transfected
with siRNAs targeting CENP-, NUF2, CENP-, -C, BUB1, hMis12, and
Aurora B. Online supplemental materials are available at http://www.jcb.

org/cgi/content/full/jcb.200606020/DC1.
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