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Proper attachment of microtubules to kinetochores is essen-

tial for accurate chromosome segregation. Here, we report a

novel protein involved in kinetochore–microtubule attach-

ment, chromosome alignment-maintaining phosphoprotein

(CAMP) (C13orf8, ZNF828). CAMP is a zinc-finger protein

containing three characteristic repeat motifs termed the

WK, SPE, and FPE motifs. CAMP localizes to chromosomes

and the spindle including kinetochores, and undergoes

CDK1-dependent phosphorylation at multiple sites during

mitosis. CAMP-depleted cells showed severe chromosome

misalignment, which was associated with the poor resis-

tance of K-fibres to the tension exerted upon establishment

of sister kinetochore bi-orientation. We found that the FPE

region, which is responsible for spindle and kinetochore

localization, is essential for proper chromosome alignment.

The C-terminal region containing the zinc-finger domains

negatively regulates chromosome alignment, and phosphor-

ylation in the FPE region counteracts this regulation.

Kinetochore localization of CENP-E and CENP-F was affected

by CAMP depletion, and by expressing CAMP mutants that

cannot functionally rescue CAMP depletion, placing CENP-E

and CENP-F as downstream effectors of CAMP. These data

suggest that CAMP is required for maintaining kineto-

chore–microtubule attachment during bi-orientation.
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Introduction

For accurate chromosome segregation, attachment of sister

kinetochores on a replicated chromosome to microtubules

from opposite spindle poles (bi-orientation) must be achieved

(Tanaka et al, 2005; Tanaka, 2008; Walczak et al, 2010). Thus

far, a number of molecules have been identified that are

essential for accurate chromosome segregation, including

molecules directly involved in kinetochore–microtubule at-

tachment (Cheeseman et al, 2006; Cheeseman and Desai,

2008; Tanaka and Desai, 2008) and the correction of erro-

neous attachments (Ruchaud et al, 2007), as well as compo-

nents of the spindle assembly checkpoint (SAC) that prevents

anaphase onset until proper kinetochore–microtubule attach-

ment to all chromosomes has been achieved (Musacchio and

Salmon, 2007). Many of these molecules are conserved from

yeast to human, but some are found specifically in mamma-

lian cells where they are suggested to be involved in the

precise regulation of mammalian kinetochore–microtubule

attachment. Identification of such molecules will not only

allow us to further understand the control of chromosome

segregation in human cells, but could also have clinical

significance, as dysregulation of chromosome segregation

may lead to oncogenic transformation through the induction

of chromosomal instability (Weaver and Cleveland, 2005;

Ganem et al, 2007; Ricke et al, 2008; Tanaka and Hirota,

2009).

Here, we report a novel regulator for accurate chromosome

segregation, chromosome alignment-maintaining phospho-

protein (CAMP). We identified CAMP as a MAD2L2-interact-

ing protein. MAD2L2, together with MAD2L1, is an

orthologue of yeast MAD2 that has a central function in the

SAC (Cahill et al, 1999). While MAD2L1 is the canonical

MAD2, MAD2L2 shares homology with yeast REV7, a com-

ponent of polymerase z (pol z), which is involved in transle-

sion synthesis (Gan et al, 2008). In contrast to MAD2L1,

which inhibits activation of the anaphase-promoting com-

plex/cyclosome (APC/C) through its interaction with CDC20

(Musacchio and Salmon, 2007), MAD2L2 inhibits APC/C

through binding with another APC/C cofactor, CDH1 (Chen

and Fang, 2001; Pfleger et al, 2001). APC/CCdh1 is involved in

the degradation of Cyclin B1, CDC20, and Plk1, all of which

are required for mitotic progression (Baker et al, 2007).

Accordingly, MAD2L2-depleted cells show defective mitotic

entry (Iwai et al, 2007). In other reports, MAD2L2-depleted

cells exhibited a defective DNA damage response, suggesting

that MAD2L2 is a functional homologue of yeast REV7

(Okada et al, 2005; Cheung et al, 2006). These data suggest

that MAD2L2 has at least two functions, mitotic control and

DNA damage response. However, its potential role in chro-

mosome segregation has not been explored yet.

CAMP is a zinc-finger protein conserved in vertebrates and

contains several characteristic repeat motifs. CAMP localizes

to chromosomes and the spindle including kinetochores, and

is phosphorylated during mitosis. Interestingly, it is involved

in kinetochore–microtubule attachment in a way that main-

tains chromosome alignment on the metaphase plate. Our

domain analyses identified a novel functional domain with

the unique FPE repeat motifs responsible for the CAMP
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function on proper chromosome segregation, which appears

to be regulated by the mitotic phosphorylation.

Results

Identification of CAMP, a novel MAD2L2-interacting

protein

To identify molecules that interact with MAD2L2 in human

cells, we established HEK293 cells that stably expressed Flag-

tagged MAD2L2, and performed immunoprecipitation (IP) of

the cell extract with anti-Flag antibody. Bands that were

detected in MAD2L2 IP, but not in control IP, were subjected

to mass spectrometry, leading to the identification of C13orf8

(ZNF828; Supplementary Figure S1A). Based on its functions,

the protein was designated CAMP. The interaction between

Flag-MAD2L2 and CAMP was confirmed by IP-western ana-

lysis (Supplementary Figure S1B). Antibodies designed

against CAMP recognized a polypeptide that migrated higher

than its predicted molecular weight of 89 kDa. We also

detected CAMP in Flag-MAD2L2 IPs prepared from both

thymidine- and nocodazole-treated cells, showing that

MAD2L2 interacts with CAMP both in the G1/S and M

phases of the cell cycle (Supplementary Figure S1B). We

further confirmed the interaction between MAD2L2 and

CAMP by coimmunoprecipitation of the endogenous proteins

(Figure 1A).

CAMP (C13orf8, ZNF828), an 812aa protein, contains two

and three C2H2 zinc-finger domains in its N- and C-terminal

regions, respectively (Supplementary Figure S1C). The pro-

tein is conserved among vertebrates, but has no apparent

homologues in worms, flies, or yeast. CAMP contains several

characteristic repeat motifs (Supplementary Figure S1C) that

were designated as the SPE motif (consensus: PxxSPExxK),

the WK motif (SPxxWKxxP), and the FPE motif (FPExxK). To

examine the region of CAMP responsible for MAD2L2 inter-

action, CAMP was divided into four parts (Supplementary

Figure S1D): the N-terminal region containing the zinc-finger

domains and the six SPE motifs (N-ZNF; aa1–270), the

middle region containing the SPE and WK motifs (WK:

aa271–490), the adjacent middle region containing the FPE

motifs (FPE: aa451–590), and the C-terminal region contain-

ing the zinc-finger domains (C-ZNF; aa591–812). We con-

structed a series of GST-fusion proteins, each containing a

region of CAMP, and examined their interaction with

MAD2L2 by far-western analysis (Supplementary Figure

S1E). His-MAD2L2 bound to the WK region, indicating direct

binding between CAMP and MAD2L2.

CAMP localizes to chromosomes and the spindle

including kinetochores

The subcellular localization of CAMP was determined

through immunofluorescence staining with an anti-CAMP

antibody. During interphase, CAMP was detected in the

nucleus (data not shown). In mitotic cells, CAMP was

associated with chromosomes, and also localized to spindle

fibres from prometaphase to anaphase (Figure 1B). Signal

specificity was confirmed by disappearance of the signal

after depletion of CAMP (data not shown). Consistent

with the behavior of the endogenous protein, GFP-CAMP

localized to both chromosomes and spindle fibres in

metaphase cells (Figure 1C). To visualize the distribution of

CAMP on chromosomes, we performed immunofluorescence

staining of metaphase chromosome spreads. Dotty CAMP

staining was distributed diffusely along chromosome arms

(Supplementary Figure S1F). The CAMP signal was also

visible on kinetochores stained with a human auto-antibody

against kinetochore antigens (CREST serum; Supplementary

Figure S1F).

Next, the region of CAMP responsible for chromosome and

spindle localization was determined. HeLa cells were trans-

fected with a series of GFP-fused CAMP-deletion mutants

(Figure 1D). Neither the N-ZNF fragment (aa1–270) nor the

WK fragment (aa271–490) of CAMP localized on chromo-

somes or the spindle fibres, while the C-ZNF fragment

(aa591–812) localized both to chromosomes and the spindle

(Figure 1C and D). Interestingly, the FPE fragment (aa451–

590) did not localize to chromosomes, but did localize to the

spindle fibres (Figure 1C and D). These results were con-

firmed by monitoring the localization of a CAMP-deletion

mutant devoid of each region, as summarized in Figure 1D.

CAMP mutants lacking the N-ZNF, SPE (aa143–290), WK

(aa291–478), or FPE region localized both on chromosomes

and the spindle, while the mutant lacking the C-ZNF region

localized to the spindle, but not to the chromosomes

(Figure 1D). Therefore, the FPE and C-ZNF region are in-

dependently involved in spindle localization, while the

C-ZNF region is responsible for chromosome localization.

The spindle localization of the FPE region included kineto-

chores at the end of spindle fibres, as the mutants containing

the FPE region but lacking the C-ZNF region (GFP-CAMP-

FPE, GFP-CAMP-DC-ZNF) were detected on kinetochores

(Figure 1E and data not shown). Kinetochore localization of

CAMP through the FPE region was clearly seen in prometa-

phase cells (Figure 1E) and nocodazole-treated cells (see

Figure 7C), but also seen in metaphase cells at reduced levels

(data not shown), suggesting that kinetochore–microtubule

attachment reduces the level of CAMP on kinetochores.

CAMP is involved in chromosome alignment

To study the function of CAMP, we used siRNA to deplete

CAMP in HeLa cells. Western blot analysis confirmed that

CAMP protein levels decreased to o10% of normal 48 h after

siRNA transfection (Figure 2A). MAD2L2 localized to the

spindle as previously reported (Supplementary Figure

S2A; Medendorp et al, 2009). We found that spindle localiza-

tion of MAD2L2 was abolished by depletion of CAMP

(Supplementary Figure S2A), while the expression of

MAD2L2 was not altered (data not shown), suggesting that

CAMP is required for the spindle localization of MAD2L2. We

next assessed the role of CAMP on cell cycle progression.

MAD2L2 has been reported to be involved in mitotic entry by

inhibiting the activation of APC/CCdh1 (Iwai et al, 2007).

However, when the timing of mitotic entry in CAMP-depleted

cells was measured, no apparent delay was observed (data

not shown). Instead, mitotic indices were higher in CAMP-

depleted cells than in mock-treated cells (Figure 2B), suggest-

ing that depletion of CAMP resulted in defects in mitosis or

mitotic exit. Observation of mitotic cells after depletion of

CAMP revealed that a significant number of chromosomes

were not aligned on the metaphase plate (Figure 2C). The

percentage of cells with misaligned chromosomes after

CAMP depletion was quantified by enriching the population

of mitotic cells at metaphase with MG132 treatment. As

shown in Figure 2E, chromosome misalignment was evident
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Figure 1 A MAD2L2-interacting protein, CAMP, localizes to chromosomes and the spindle including kinetochores. (A) Coprecipitation of
endogenous CAMP with endogenous MAD2L2. Total cell lysates prepared from HeLa cells treated with thymidine or nocodazole were subjected
to immunoprecipitation (IP) with anti-CAMP antibody. Lysates and IPs were separated by SDS–PAGE and probed by western blotting with anti-
CAMP and anti-MAD2L2 antibodies, respectively. *IgG light chain. (B) Subcellular localization of CAMP during mitosis. HeLa cells were
stained with anti-CAMP (red) and anti-tubulin (green) antibodies. DNA was stained with DAPI (blue). Scale bar¼ 10 mm. (C) Subcellular
localization of CAMP fragments in metaphase. Localization of GFP-tagged full-length CAMP or each region of CAMP expressed in HeLa cells is
shown (green). DNA was stained with DAPI (blue). Scale bar¼ 10mm. (D) Summary of the subcellular localization of CAMP-deletion mutants.
Localization of each mutant on chromosomes or the spindle is schematically shown, as indicated by either ‘þ ’ or ‘�’. Sequences of the SPE,
WK, and FPE motifs are shown. (E) Kinetochore localization of CAMP. Localization of GFP-CAMP-DC-ZNF expressed in HeLa cells is shown
(green). Kinetochores were visualized with CREST serum (red) and DNA was stained with DAPI (blue). Arrowheads indicate spindle poles.
Right panels are magnifications of the boxed areas. Scale bar¼ 5mm.
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in nearly half of the CAMP-depleted cells. This phenotype

was specific for CAMP depletion, as chromosome alignment

was largely restored by the expression of RNAi-resistant

GFP-CAMP (Figure 2D and E). Chromosome misalignment

was also observed in U2OS cells depleted of CAMP

(Supplementary Figure S2B). From these data, we concluded
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that CAMP is crucial for proper chromosome alignment on

the metaphase plate.

CAMP-depleted cells with misaligned chromosomes re-

mained in mitosis (see Figure 3B) and MAD2L1 was detected

on kinetochores of misaligned chromosomes (Figure 2F),

suggesting that the SAC was not satisfied. Indeed, the in-

crease in mitotic indices induced by CAMP depletion could be

overcome by codepletion of MAD2L1 (Figure 2B). These data

suggest that normal levels of CAMP are not necessary for

the SAC.

Defective kinetochore–microtubule attachment

in CAMP-depleted cells

To examine the mechanism of chromosome misalignment in

CAMP-depleted cells, we observed HeLa cells expressing

histone H2B-GFP with live-cell imaging, with or without

CAMP depletion. As shown in Figure 3A, in the majority of

mock-treated cells, chromosomes were properly aligned and

quickly segregated within an hour of nuclear envelope break-

down (Figure 3B; Supplementary Movie 1). In contrast, in

CAMP-depleted cells, the alignment of chromosomes was

delayed (Figure 3A, 57 min) and, subsequently, chromo-

somes began to leave the metaphase plate instead of being

segregated (Figure 3A, 153 min), resulting in massive chro-

mosome misalignment (Supplementary Movie 2). During

mitotic arrest, rotation of the spindle axis was observed

(Figure 3A, 57–153 min), as well as multipolar spindle

formation (Supplementary Figure S3A). The majority of

CAMP-depleted cells were arrested in mitosis (Figure 3B),

and eventually died with multiple misaligned chromosomes.

In summary, CAMP-depleted cells exhibited delayed chromo-

some alignment and were unable to maintain that alignment

while arrested during mitosis.

To address the underlying cause of the chromosome mis-

alignment in CAMP-depleted cells, cells were treated with

MG132 and examined by immunofluorescence staining. In

mock-treated cells, each pair of kinetochores on sister chro-

matids were aligned on the metaphase plate and were pulled

towards opposite spindle poles with robust K-fibres

(Figure 3C, inset 1), whereas in CAMP-depleted cells, many

chromosomes were not aligned on the metaphase plate

(Figure 3C). However, kinetochores on misaligned chromo-

somes were still paired, indicating that precocious separation

of sister chromatids had not occurred. These misaligned

sister chromatid pairs often attached to only one kinetochore,

or did not attach at all to the microtubules (Figure 3C, insets 3

and 4). Even when both sister kinetochore pairs were at-

tached to microtubules, K-fibre thickness was irregular

(Figure 3C, inset 2), suggesting that tension was not properly

exerted between the sister kinetochores. Consistent with this

idea, inter-kinetochore distance in CAMP-depleted cells was

shorter than in mock-treated cells, for both misaligned and

aligned chromosomes (Figure 3D). To examine the stability of

the kinetochore–microtubule attachment, MG132-treated

cells were exposed to low temperatures, which induced the

disassembly of unstable microtubules. In mock-treated cells,
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thick K-fibres were clearly attached to each kinetochore

(Figure 3E), whereas in CAMP-depleted cells, few cold-stable

K-fibres were observed (Figure 3E). These results indicate

that defective kinetochore–microtubule attachment caused

mitotic delay and subsequent collapse of metaphase plate

in CAMP-depleted cells.

K-fibres cannot resist tension in CAMP-depleted cells

To dissect further the relationship between failure to maintain

chromosome alignment and defective kinetochore–microtu-

bule attachment in CAMP-depleted cells, we monitored kine-

tochore–microtubule attachment by live-cell imaging of HeLa

cells expressing GFP-CENP-A and GFP-a-tubulin. In mock-

treated cells, kinetochores were quickly captured by micro-

tubules before their transport to the metaphase plate. Thick

K-fibres were established in these cells during metaphase

(Supplementary Movie 3). In CAMP-depleted cells, even

when the majority of chromosomes were found on the

metaphase plate, kinetochore-attached microtubules never

progressed into thick K-fibres (Figure 4A; Supplementary

Movie 4). Instead of inducing anaphase, kinetochore pairs

were gradually displaced from the metaphase plate during

prolonged mitotic arrest. A careful inspection of a kineto-

chore pair movement in CAMP-depleted cells revealed that

the kinetochore pair first moved close to the metaphase plate,

attached to microtubules from opposite spindle poles estab-

lishing amphitelic attachment (Figure 4A, 0 min). The kine-

tochore pair was then pulled to one of the spindle poles,

while it remained attached to microtubules on both kineto-

chores (Figure 4A, 9–11 min). At 13 min, attachment to

microtubules at the trailing kinetochore was no longer visi-

ble, most likely reflecting kinetochore detachment from the

microtubules. After that, the kinetochore pair was quickly

pulled to a spindle pole by microtubules attached to the

leading kinetochore (Figure 4A, 14–21 min). These observa-

tions suggest that kinetochore–microtubule attachment

was not maintained properly during bi-orientation in

CAMP-depleted cells, which eventually caused chromosome

misalignment.

The above phenotype can be attributable to either defec-

tive K-fibre maturation or unstable kinetochore–microtubule

attachment, or both. We first monitored the process of K-fibre

maturation in the absence of tension in cells treated with

monastrol, a kinesin-5 (Eg5) inhibitor. K-fibres on monopolar

spindles in CAMP-depleted cells were not distinguishable

from those in mock-treated cells (Figure 4B), suggesting

that K-fibre maturation per se in these cells was proficient.

Consistent to this, g-tubulin localized to the spindle in CAMP-

depleted cells (Supplementary Figure S3B), which is required

for bundling microtubules via the augmin complex/HAUS

(Lawo et al, 2009; Uehara et al, 2009). In addition, nucleation

of microtubules at kinetochores, which also contributes to

K-fibre formation (Khodjakov et al, 2003; Maiato et al, 2004),

was observed in CAMP-depleted cells released from nocoda-

zole treatment, similar to mock-treated cells (data not shown;

Tulu et al, 2006). The K-fibre stability of the monopolar

spindles was further assessed by exposing monastrol-treated

cells to low temperatures. Remarkably, the microtubules that

remained in CAMP-depleted cells were shorter and thinner

than those in mock-treated cells (Figure 4C), showing that

K-fibres were unstable before the application of tension. This

could be either due to defective kinetochore–microtubule

attachment, or destabilization of kinetochore–microtubule

attachments secondary to abnormal microtubule dynamics.

From these data, it can be concluded that kinetochore–

microtubule attachments in CAMP-depleted cells are not

robust enough to resist the tension exerted upon establish-

ment of bi-orientation.

The FPE region is required for proper chromosome

alignment by CAMP

To determine the region of CAMP responsible for controlling

kinetochore–microtubule attachment, we examined chromo-

some alignment in CAMP-depleted HeLa cells expressing a

series of RNAi-resistant GFP-CAMP-deletion mutants in the

presence of MG132. Comparable expression of each construct

was confirmed by western blotting (Supplementary Figure

S4A). Cells that expressed GFP alone showed massive chro-

mosome misalignment after CAMP depletion, while chromo-

some misalignment was largely rescued in cells that

expressed GFP-tagged full-length CAMP (Figure 5A). We

next determined which region was required to restore the

phenotype under these conditions. Cells expressing GFP-

CAMP devoid of the N-terminal region, the SPE region, the

WK region, or the C-terminal region showed a level of

chromosome misalignment similar to that of cells expressing

full-length CAMP, indicating that these regions are dispensa-

ble for chromosome alignment (Figure 5A). However, GFP-

CAMP devoid of the FPE region failed to rescue chromosome

misalignment, suggesting that the FPE region mediates chro-

mosome alignment (Figure 5A). Similar results were obtained

with Flag-tagged CAMP constructs (Supplementary Figure

S4B). Complementary to these results, we then tested the

effect of GFP-CAMP fragments on chromosome alignment

when expressed in CAMP-depleted cells. As expected, ex-

pression of the FPE region significantly rescued chromosome

misalignment, whereas expression of the N-terminal region

(N-ZNF), the WK region, or the C-terminal region (C-ZNF)

did not (Figure 5B). Comparable expression of each fragment

was confirmed by western blotting (Supplementary Figure

S4C). These data demonstrate that the FPE region is required

and sufficient for rescuing chromosome misalignment in

CAMP-depleted cells, and confirmed the role of the FPE

region in kinetochore–microtubule attachment. Considering

the localization of the FPE region to the spindle and kineto-

chores (Figures 1C–E and 7C), it is plausible that CAMP

molecules localized to the spindle and kinetochores are

primarily involved in the regulation of kinetochore–micro-

tubule attachment.

Mitotic phosphorylation of CAMP is essential

for chromosome alignment

Although expression of CAMP did not significantly change

during the cell cycle (data not shown), CAMP from nocoda-

zole-treated cells migrated more slowly during SDS–PAGE

compared with CAMP from thymidine-treated cells

(Figure 1A; Supplementary Figure S1B), suggesting post-

translational modifications during mitosis. Treatment of

lysates from cells arrested in mitosis with l-phosphatase

resulted in faster migration of CAMP, indicating that the

observed retardation in electrophoretic mobility was depen-

dent on phosphorylation (Figure 6A). Notably, l-phosphatase

treatment also resulted in a slightly faster migration of CAMP
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from thymidine-treated cells, suggesting that phosphoryla-

tion occurs also in interphase (Figure 6A).

CAMP has numerous characteristic SPE/D sequences

(22 in total; Supplementary Figure S5A), many of which are

clustered in regions designated as SPE motifs (Supplementary

Figure S1C). To examine whether serine residues in the SPE/

D sequences are phosphorylated during mitosis, a GFP-CAMP

mutant was constructed in which all of the 22 serines in the
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Figure 4 K-fibres cannot resist tension in CAMP-depleted cells. (A) Disruption of kinetochore–microtubule attachment in CAMP-depleted
cells. HeLa cells expressing GFP-CENP-A and GFP-a-tubulin were treated with CAMP siRNA for 48 h before live-cell imaging. T¼ 0 was set
arbitrarily for the first panel. Arrowheads indicate kinetochores on a sister chromatid pair. Arrows indicate microtubules attached to these
kinetochores. Scale bar¼ 10mm. See also Supplementary Movie 4. (B) K-fibres on a monopolar spindle in CAMP-depleted cells. HeLa cells
expressing GFP-CENP-A (green) were treated with mock or CAMP siRNA for 48 h, and with monastrol (100 mM) for the final 2 h before fixation.
Cells were stained for tubulin (red) and DNA (blue). Scale bar¼ 5 mm. (C) Instability of K-fibres on monopolar spindles in CAMP-depleted cells.
HeLa cells expressing GFP-CENP-A (green) were treated with mock or CAMP siRNA for 48 h and with monastrol (100mM) for the final 2 h, and
then incubated on ice for 10 min before fixation. Cells were stained for tubulin (red) and DNA (blue). Scale bar¼ 5 mm.
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SPE/D sequences were mutated to alanines (GFP-CAMP-

22A). In cells treated with nocodazole, GFP-CAMP-22A

migrated faster than GFP-CAMP, mostly abolishing the band

shift (Figure 6B). This suggests that serines in the SPE/D

sequences were phosphorylated in mitosis. We examined the

involvement of CDK1, a major proline-directed serine/threo-

nine kinase in mitosis, in the phosphorylation of CAMP. In

the presence of RO-3306, a CDK1 inhibitor, the band shift of

CAMP in nocodazole-treated cells partially decreased, sug-

gesting that mitotic phosphorylation of CAMP is dependent

on CDK1 (Figure 6C). This result also suggests that kinases

other than CDK1 phosphorylate CAMP as well. To identify

other kinases involved in CAMP phosphorylation, we further

examined whether the migration velocity of CAMP in noco-

dazole-treated cells was affected by suppression of a series of

mitotic kinases, either by the addition of specific inhibitors

(Aurora B, Plk1, MAPK) or depletion of kinases with siRNAs

(MPS1, BUB1, BUBR1), but no change in the mobility of

CAMP was observed in response to any of these treatments

(data not shown).

To address whether the phosphorylation state of CAMP

during mitosis affects its role on chromosome alignment, we

examined the alignment of chromosomes in cells expressing

non-phosphorylatable CAMP mutants under the metaphase-

arrested condition (Supplementary Figure S5B). Cells in

which endogenous CAMP was replaced with GFP-CAMP-

22A exhibited a significant number of misaligned chromo-

somes, while cells in which CAMP was replaced with GFP-

tagged wild-type CAMP did not (Figure 6D). Similar results

were obtained when Flag-tagged CAMP constructs were ex-

pressed instead of GFP-tagged constructs (data not shown).

These data suggest that the mitotic phosphorylation of CAMP

is required for the function of CAMP to maintain chromo-

some alignment.

As the domain analysis above suggested that the FPE

region, which by itself localizes to the spindle and kineto-

chores, is required to control chromosome alignment (Figure

5A and B), it was possible that mitotic phosphorylation

of CAMP regulated its spindle/kinetochore localization.

However, as shown in Supplementary Figure S5C, GFP-

CAMP-22A was detected on the chromosomes and the spin-

dle in a pattern similar to wild-type CAMP. This was also the

case for GFP-CAMP-DC-ZNF-22A and GFP-CAMP-FPE-3A,

which are non-phosphorylatable CAMP mutants that lack

C-ZNF, another region capable of associating with the spindle

(Supplementary Figure S5C). These data show that the

mitotic phosphorylation does not affect the spindle/kineto-

chore localization of CAMP via the FPE region. Surprisingly,

however, unlike in cells expressing GFP-CAMP-22A, chromo-

some alignment was largely rescued in cells expressing non-

phosphorylatable mutants of CAMP that lack the C-terminal

region (GFP-CAMP-DC-ZNF-22A and GFP-CAMP-FPE-3A) in

place of endogenous CAMP (Figure 6D). This suggests that

the C-terminal region negatively regulates the function of the

FPE region, which requires mitotic phosphorylation. In line

with this idea, a non-phosphorylatable CAMP mutant com-

prising the FPE region and the C-terminal region (GFP-CAMP-

FPE-C-ZNF-3A) was unable to rescue chromosome misalign-

ment induced by CAMP depletion, when the corresponding

phosphorylatable mutant could (Figure 6D). These results

imply that phosphorylation in the FPE region is responsible

for preventing the inhibitory effect of the C-terminal region.
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Figure 5 The FPE region of CAMP is responsible for chromosome alignment. (A, B) HeLa cells were transfected with RNAi-resistant GFP-
CAMP constructs for 24 h, preceded by transfection with CAMP siRNA for 36 h. Cells were treated with MG132 for the final 2 h. The structures
of these constructs are the same as shown in Figure 1D. A CAMP-deletion construct lacking each domain was used in (A), while a CAMP
fragment containing each domain was used in (B). The percentage of cells with misaligned chromosomes is shown for cells expressing each
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for oligo 2 (data not shown).
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Decreased kinetochore localization of CENP-E and

CENP-F correlates with chromosome misalignment

in CAMP-depleted cells

To investigate the role of CAMP in controlling kinetochore–

microtubule attachments, we asked if the localization of

kinetochore/centromere proteins involved in mediating

kinetochore–microtubule attachment (Musacchio and Salmon,

2007) was affected in CAMP-depleted cells. No obvious

change in the kinetochore/centromere localization of CENP-

C, HEC1, Aurora B, Blinkin (KNL1), RanGAP1, RanBP2, Sgo1,

or Ska1 was detected in CAMP-depleted cells compared to

mock-treated cells (Supplementary Figure S6A and B).

Phosphorylation levels of histone H3 on serine 10 were not

affected in CAMP-depleted cells, implying that Aurora B

kinase activity was intact (Supplementary Figure S7B).

Spindle localization of plus-end tracking proteins (þTIPs)

EB1, CLIP-170, and ch-TOG, which regulate microtubule

dynamics and chromosome segregation (Cassimeris and

Morabito, 2004; Green et al, 2005; Draviam et al, 2006;

Tanenbaum et al, 2006; De Luca et al, 2008), was not

affected by CAMP depletion (Supplementary Figure S7A).

The chromosome/spindle localization of Kid, a motor protein

that facilitates chromosome alignment (Tokai-Nishizumi

et al, 2005), was not altered in CAMP-depleted cells

(Supplementary Figure S7C), either. We also observed the

unperturbed centromeric localization of HP1a, depletion of

which leads to chromosome misalignment (Kiyomitsu et al,

2010), after CAMP depletion (Supplementary Figure S7D).

A C

B

λPPase – + +–

CAMP120-

100-

80-

220-

kDa

Thymidine Nocodazole

D

GFP

++ +– – –λPPase

Mock

GFP-CAMP

22A

kDa

120-
100-

WT

0 10 20 30

RNAi Rescue

Mock

CAMP

–

–

Full length

Full length-22A

FPE

FPE-3A

ΔC-ZNF

Chromosome misalignment (%)

GFP

ΔC-ZNF-22A

FPE-C-ZNF

FPE-C-ZNF-3A

CAMP

λPPase

kDa

120-
100-

80-

–+
0 1 2
RO-3306

CDC27

(h)

220-

120-
100-

80-

Figure 6 Phosphorylation of CAMP during mitosis is essential for chromosome alignment. (A) CAMP is phosphorylated during mitosis. Total
cell lysates prepared from HeLa cells treated with thymidine or nocodazole were incubated in the absence (�) or presence (þ ) of
l-phosphatase for 30 min at 301C. Equal amounts of cell lysates were separated by SDS–PAGE and probed by western blotting with an anti-
CAMP antibody. (B) CAMP is phosphorylated at serine residues in the SPE/D sequences. Lysates were prepared from nocodazole-treated HeLa
cells expressing GFP-tagged CAMP with (GFP-CAMP-22A) or without mutations in the serine residues in the SPE/D sequences. Equal amounts
of cell lysates were separated by SDS–PAGE and probed by western blotting with an anti-GFP antibody. (C) CDK1-dependent phosphorylation
of CAMP. HeLa cells were treated with nocodazole for 12 h after thymidine treatment, and with RO-3306 (CDK1 inhibitor; 10mM) for the time
indicated. Total cell lysate at T¼ 0 was incubated in the presence (þ ) or absence (�) of l-phosphatase for 30 min at 301C. Equal amounts of
cell lysates were separated by SDS–PAGE and probed by western blotting with an anti-CAMP or anti-CDC27 antibody. (D) Mitotic
phosphorylation of CAMP is essential for chromosome alignment. HeLa cells were transfected with RNAi-resistant GFP-CAMP constructs
for 24 h, preceded by transfection with CAMP siRNA for 36 h. Cells were treated with MG132 for the final 2 h. The structures of these constructs
are schematically represented; each serine residue that was replaced with alanine is indicated by ‘A’. The percentage of cells with misaligned
chromosomes is shown for cells expressing each construct. Experiments were repeated three times and representative data are presented. Oligo
1 was used for RNAi; similar results were obtained for oligo 2 (data not shown).

Role of CAMP in chromosome segregation
G Itoh et al

The EMBO Journal VOL 30 | NO 1 | 2011 &2011 European Molecular Biology Organization138



BUB1, BUBR1, and CENP-E are unambiguously found on

unattached kinetochores, which are known to decrease upon

kinetochore attachment to microtubules (Hoffman et al,

2001; Howell et al, 2004). However, in CAMP-depleted cells,

BUB1 and BUBR1 localization on kinetochores was in-

creased, even on properly aligned chromosomes, which

likely reflects defective kinetochore–microtubule attachment

(Supplementary Figure S6C). Conversely, we noticed that

CENP-E was decreased on kinetochores in CAMP-depleted

cells as well as another component of outer kinetochore,

CENP-F (Figure 7A and B). It was not only evident when we

compare kinetochore levels of these proteins between meta-

phase chromosomes in mock-treated cells and seemingly

‘aligned’ chromosomes in CAMP-depleted cells, but also

when we compare prometaphase chromosomes (before or

during kinetochore–microtubule attachment) in mock-treated

cells with misaligned chromosomes in CAMP-depleted cells

(Figure 7A and B). Western blotting showed that cellular

levels of CENP-E and CENP-F were unchanged after CAMP

depletion (see Supplementary Figure S8A). Consistently with

the notion that CAMP affects the localization of CENP-E and

CENP-F on kinetochores, we observed colocalization of the

FPE region of CAMP with CENP-E and CENP-F on kineto-

chores in nocodazole-treated cells, where CENP-E and CENP-

F typically showed crescent shape (Figure 7C). Similar to

CAMP-depleted cells, delayed chromosome congression and

unstable kinetochore–microtubule attachments were seen in

live-cell imaging of CENP-E or CENP-F-depleted cells (data

not shown), as previously reported (Schaar et al, 1997;

McEwen et al, 2001; Holt et al, 2005; Laoukili et al, 2005;

Yang et al, 2005; Feng et al, 2006). These data therefore raises

an intriguing possibility that decreased kinetochore localiza-

tion of CENP-E and CENP-F accounts for defective kineto-

chore–microtubule attachments after CAMP depletion.

To investigate whether the decreased kinetochore localiza-

tion of CENP-E and CENP-F contributes to the chromosome

misalignment phenotype in CAMP-depleted cells, we com-

pared the rates of chromosome misalignment between cells

depleted of CAMP, CENP-E, and CENP-F (Supplementary

Figure S8A). CAMP- and CENP-E-depleted cells showed com-

parable misalignment rates, while CENP-F-depleted cells ex-

hibited chromosome misalignment less frequently (Figure 7D).

Importantly, when CAMP was depleted together with CENP-E

or CENP-F, additive effect was not seen (Figure 7D). This was

also the case when CAMP, CENP-E, and CENP-F were depleted

simultaneously (Figure 7D). These data suggest that these

proteins are working in the same pathway.

To further investigate the significance of CAMP in kineto-

chore localization of CENP-E and CENP-F, we tested how

might kinetochore localization of CENP-E and CENP-F relate

with the chromosome misalignment phenotype in cells

expressing a series of phosphorylation mutants of CAMP. As

shown in Figure 7E and Supplementary Figure S9, kineto-

chore levels of CENP-E/CENP-F was recovered when chro-

mosome misalignment was rescued by GFP-tagged wild-type

CAMP both on prometaphase and metaphase chromosomes,

but not by GFP-CAMP-22A (non-phosphorylatable mutant).

When we compared the kinetochore levels of CENP-E/CENP-

F on ‘aligned’ chromosomes between cells expressing phos-

phorylation mutants of CAMP used in Figure 6D, they

were clearly recovered in cells with CAMP mutants that

rescue chromosome misalignment, while they remained

decreased in cells expressing mutants that were unable to

rescue chromosome misalignment (GFP-CAMP-FL-22A, GFP-

CAMP-FPE-C-ZNF-3A; Figure 7F; Supplementary Figure S9).

These data reveal a strong correlation between kinetochore

localization of CENP-E/CENP-F and the function of CAMP to

regulate kinetochore–microtubule attachment, supporting the

notion that CENP-E and CENP-F are effectors of CAMP for the

regulation of kinetochore–microtubule attachment.

Discussion

In this paper, we report the identification of a novel protein

CAMP, a phosphoprotein containing unique repeat motifs,

which appears to be involved in kinetochore–microtubule

attachment. In addition to the canonical C2H2 zinc-finger

domains, CAMP contains several characteristic repeat motifs

(Supplementary Figure S1C; Figure 8). Among them, the SPE

motifs contain serine residues that are phosphorylated during

mitosis. The WK motifs, which partially overlap with the SPE

motifs, mediate the interaction between CAMP and MAD2L2

(Supplementary Figure S1E). Spindle localization of MAD2L2

was abrogated by CAMP depletion (Supplementary Figure

S2A), although the role of MAD2L2 on the spindle has not

been clarified yet (Medendorp et al, 2009). We did not observe

a delay in mitotic entry in CAMP-depleted cells (data not

shown) as was reported for MAD2L2-depleted cells (Iwai et al,

2007). We also did not observe chromosome misalignment in

MAD2L2-depleted cells (Supplementary Figure S2A), and the

WK region was found to be dispensable for chromosome

alignment (Figure 5A and B). Thus, the functional relationship

between CAMP and MAD2L2 awaits further investigation. The

region containing the FPE motifs is involved in spindle/

kinetochore localization, but not in chromosome localization

(Figures 1C–E and 7C), and is essential for chromosome

alignment (Figure 5A and B). The C-terminal region contain-

ing the zinc-finger domains is involved in the localization of

CAMP to both chromosomes and the spindle (Figure 1C and

D), and has an inhibitory effect on chromosome alignment

(Figure 6D). Concerning the localization of CAMP throughout

chromosome length, we examined the localizations of the

chromokinesin Kid, HP1a, condensin I and II, all of which

are found on chromosomes, as well as the phosphorylation

status of serine 10 or threonine 3 of histone H3 (Dai et al, 2005;

Supplementary Figure S7B–E). We did not observe any differ-

ence in CAMP-depleted cells compared with mock-treated

cells, leaving the function of chromosome-localized CAMP

an unanswered question. CAMP is a unique protein, which

does not form an ordered structure other than zinc-finger

domains, as predicted by the PrDOS server (http://

prdos.hgc.jp/cgi-bin/top.cgi; Ishida and Kinoshita, 2007).

Disordered regions are frequently involved in interaction

with other proteins and often contain phosphorylation sites

(Iakoucheva et al, 2004; Dyson and Wright, 2005). CAMP may

have multiple functions mediated by the disordered regions

containing characteristic repeat motifs. Investigation of the

structures and functions of these motifs and search for similar

motifs in other proteins are important future directions.

Our data suggest that kinetochore–microtubule attachment

in CAMP-depleted cells was too weak to resist tension applied

between sister kinetochores. How does CAMP regulate kine-

tochore–microtubule attachment? The FPE region, which can

localize spindle/kinetochores (Figures 1C–E and 7C), was
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found to be essential for the function (Figure 5A and B). As

CAMP did not bind to microtubules in our in vitro assay (SC,

KM, and KT unpublished observations), we consider it un-

likely that CAMP is involved directly in kinetochore–micro-

tubule interaction at kinetochores. Therefore, one plausible

possibility is that CAMP affects the localization/function of

other molecules involved in kinetochore–microtubule attach-

ment on spindle/kinetochores. We found that CENP-E and

CENP-F decreased on kinetochores in CAMP-depleted cells

(Figure 7A and B). CENP-E and CENP-F reside at the kine-

tochore–microtubule interface and are involved in stabilizing

the binding of microtubules to kinetochores (Yao et al, 2000;

McEwen et al, 2001; Putkey et al, 2002; Bomont et al, 2005;

Feng et al, 2006; Vergnolle and Taylor, 2007). CENP-E and

CENP-F are closely related proteins, as they are known to

interact each other and their kinetochore localization is

interdependent (Chan et al, 1998; Johnson et al, 2004).

Moreover, both are farnesylated, which is crucial for their

mitotic functions (Ashar et al, 2000; Hussein and Taylor,

2002; Schafer-Hales et al, 2007). Colocalization of CAMP

with CENP-E/CENP-F on kinetochores (Figure 7C) and the

strong correlation between CAMP functionality and CENP-E/

CENP-F levels on kinetochores (Figures 6D and 7F;

Supplementary Figure S9) supports the notion that CAMP

regulates targeting CENP-E/CENP-F to kinetochores.

Kinetochore localization of CENP-E/CENP-F is regulated

directly by interaction with other kinetochore components

(Chan et al, 1998; Johnson et al, 2004; Liu et al, 2007), or

indirectly by posttranslational modifications (Schafer-Hales

et al, 2007; Zhang et al, 2008). As we found no evidence for

physical interaction between CAMP and CENP-E/CENP-F

(unpublished data), CAMP may regulate localization of

CENP-E/CENP-F indirectly through one of these mechanisms.

Lack of additive effects on chromosome misalignment when

CAMP and CENP-E/CENP-F were simultaneously depleted

(Figure 7D) suggests that CENP-E and CENP-F are down-

stream of CAMP in mitotic function. When we quantified the

number of misaligned chromosomes per cell, however, more

chromosomes were misaligned in CAMP-depleted cells com-

pared to CENP-E/CENP-F-depleted cells (Supplementary

Figure S8B and C), suggesting that targeting CENP-E/CENP-

F to kinetochores is not the only mechanism for chromosome

alignment by CAMP.

Another possibility is that CAMP may function as a

(indirect) microtubule-associated protein to regulate

microtubule dynamics necessary for proper chromosome
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Figure 8 Schematic diagram of CAMP structure with regard to the functions revealed in this study. Each serine residue phosphorylated during
mitosis is indicated by ‘P’. See text for details.

Figure 7 Decreased kinetochore localization of CENP-E and CENP-F correlates with chromosome misalignment by CAMP mutants.
(A) Decreased CENP-E and CENP-F on kinetochores in CAMP-depleted cells. HeLa cells were treated with mock or CAMP siRNA for 48 h
and with MG132 for the final 2 h. Cells were stained for CENP-E or CENP-F (green), CREST (red), and DNA (blue). Scale bar¼ 10mm.
(B) Quantification of fluorescence intensity (arbitrary unit; AU) of the CENP-E or CENP-F signal at kinetochores on aligned or misaligned
chromosomes. Misaligned chromosomes in mock-transfected cells were selected in prometaphase cells. Error bars represent the s.d.
(C) Colocalization of CAMP with CENP-E/CENP-F on kinetochores in nocodazole-treated cells. Localization of GFP-CAMP-FPE expressed in
HeLa cells treated with nocodazole (2mM) is shown (green), together with CENP-E/CENP-F (red) and DNA (blue). Right panels are
magnifications of the boxed areas. Scale bars¼ 5mm. (D) Quantitative analysis of chromosome misalignment in cells depleted of CAMP/CENP-
E/CENP-F. HeLa cells were transfected with the indicated siRNAs for 48 h, and treated with MG132 (10 mM) for the final 2 h. The percentage of
cells with misaligned chromosomes is shown. Error bars represent the s.d. (E) Quantification of fluorescence intensity (arbitrary unit; AU) of
the CENP-E or CENP-F signal at kinetochores in cells expressing GFP-CAMP-Full length or GFP-CAMP-Full length-22A. HeLa cells were treated
as in Figure 6D. Misaligned chromosomes in GFP-CAMP-Full length-transfected cells were selected in prometaphase cells. Error bars represent
the s.d. (F) Recovery of kinetochore levels of CENP-E/CENP-F in cells expressing non-phosphorylatable CAMP mutants. HeLa cells were
treated as in Figure 6D. Fluorescence intensity (arbitrary unit; AU) of the CENP-E or CENP-F signal at kinetochores on aligned chromosomes
was quantified. Error bars represent the s.d. The results in Figure 6D are schematically shown, as indicated by either ‘þ ’ or ‘�’.
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segregation (Wong and Fang, 2006; Yokoyama et al, 2009). In

CAMP-depleted cells, most of the chromosomes aligned on

the metaphase plate, but the cells could not maintain chro-

mosome alignment. Similar phenotype was also reported in

cells in which RAMA1/Ska3 is depleted (Raaijmakers et al,

2009; Theis et al, 2009). RAMA1/Ska3 is a component of the

Ska complex, which localizes to the spindle and kinetochores

(Hanisch et al, 2006; Daum et al, 2009; Gaitanos et al, 2009;

Raaijmakers et al, 2009; Theis et al, 2009; Welburn et al,

2009), but in this case it binds directly to microtubules

(Welburn et al, 2009). The Ska complex is involved in stable

kinetochore–microtubule interactions (Gaitanos et al, 2009;

Raaijmakers et al, 2009; Theis et al, 2009) and may couple

kinetochores with microtubule depolymerization (Welburn

et al, 2009), as shown previously for the Dam1 complex in

budding yeast (Asbury et al, 2006; Westermann et al, 2006;

Tanaka et al, 2007). Multipolar spindles in CAMP-depleted

cells (Supplementary Figure S3A) probably reflect defective

kinetochore–microtubule attachment or defective microtu-

bule organization, resulting indirectly in altered spindle

structure, as was observed with Ska1 or RAMA1 depletion

(Welburn et al, 2009).

CAMP is phosphorylated at serine residues in multiple

SPE/D sequences, which reduces its electrophoretic mobility

(Figure 6B). We found that mitotic phosphorylation of CAMP

is dependent on CDK1 (Figure 6C). It is possible that CDK1,

a proline-directed kinase, phosphorylates the SPE/D se-

quences, although direct phosphorylation of CAMP by

CDK1 needs to be proven. Mitotic phosphorylation of

CAMP was essential for proper chromosome alignment

(Figure 6D). Interestingly, expression of a CAMP mutant

with a non-phosphorylatable FPE region did not rescue

chromosome misalignment, but phosphorylation became

dispensable when CAMP lacked the C-terminal region

(Figure 6D). These data suggest that the C-terminal region

inhibits the function of the FPE region, and that this inhibi-

tion is relieved by serine phosphorylation of the FPE

region (Figure 8). One possibility is that the C-terminal region

inhibits binding of molecules required for stable kinetochore–

microtubule attachment to the FPE region. Alternatively, the

C-terminal region binds and thereby masks the FPE region,

and this intra-molecular association is counteracted by phos-

phorylation. As CAMP is conserved only among vertebrates,

it is likely to be involved in the fine regulation of chromo-

some segregation in higher eukaryotes, and dysregulation of

its function could be related to oncogenesis.

Materials and methods

Immunofluorescence analysis
Cells grown on coverslips were fixed with acetone/methanol (1:1)
for 10 min at room temperature, or with methanol for 10 min
(Figure 2C; Supplementary Figures S3B and S7C). For Figures 1B–E
and 7A (Supplementary Figures S2A and S7A), cells were pre-
permeabilized with 0.1% Triton X-100 for 1 min. Alternatively, cells
were fixed with 4% (Supplementary Figures S6A and C and S7B) or
2% (Supplementary Figure S7E) formaldehyde for 15 min at room
temperature and permeabilized with 0.2% Triton X-100 for 5 min.
For immunofluorescence staining in Figures 3C and E, 4B and C, 7C
(Supplementary Figures S3Ai and S6B), cells were fixed with 1%
glutaraldehyde for 10 min, as described previously (Savoian et al,
1999). Chromosome spreading was performed as described
previously (Gimenez-Abian et al, 2004). Cells were incubated with
primary antibodies overnight at room temperature, followed by
incubation with secondary antibodies for 1 h. The secondary

antibodies used in this study were goat anti-rabbit IgG Alexa-
Fluor-488 and 568, goat anti-mouse Alexa-Fluor-488 and 568, and
goat anti-human IgG Alexa-Fluor-568 (Molecular Probes). For
antibody dilutions, 0.01% (v/v) Triton X-100 in PBS with 1% BSA
(w/v) was used. After a 5-min incubation with 0.1mg/ml 40,6-
diamidino-2-phenylindole (DAPI), cells were mounted with Fluor-
escent Mounting Medium (Dako Cytomation). Image stacks were
acquired using a Personal DV microscope (Applied Precision) with a
� 100 1.40 NA Plan Apochromat oil objective lens (Olympus)
mounted on an inverted microscope (CoolSNAP HQ; Photometrics),
driven by softWoRx software (Applied Precision, LLC). Z-series
image stacks (which were deblurred using softWoRx deconvolution
in Figures 3C and E and 4A–C; Supplementary Figure S3Ai) were
presented as maximal intensity projections.

Antibodies
The following monoclonal mouse antibodies were used: MAD2L2
(BD Transduction Laboratories), tubulin (B-5-1-2, Sigma), GFP
(Roche), CDC27 (BD Transduction Laboratories), BUB1 (14H5,
MBL), BUBR1 (8G1, MBL), CENP-E (1H12, Abcam), HEC1 (9G3,
Abcam), Flag (M2, Sigma), His (GE Healthcare), g-tubulin (GTU-88,
Sigma), MPS1 (Abcam), CENP-C (Santa Cruz Biotechnology),
Aurora B (BD Transduction Laboratories), RanBP2 (Santa Cruz
Biotechnology), and EB1 (BD Transduction Laboratories). A mouse
polyclonal antibody against CAMP (C13orf8, Abnova) was used for
immunostaining. The following polyclonal rabbit antibodies were
used: CAMP (C13orf8, Sigma), MAD2L1 (Novus Biologicals),
CENP-E (Sigma), CENP-F (Abcam), Blinkin (Novus Biologicals),
RanGAP1 (Santa Cruz Biotechnology), CLIP-170 (Santa Cruz
Biotechnology), ch-TOG (Abcam), phospho-histone H3 Ser10 (Cell
Signaling Technologies), and KID (Cytoskeleton). Rabbit polyclonal
anti-HP1a, CAP-G (Nakajima et al, 2007), and CAP-G2 antibodies
were raised against polypeptides based on the respective proteins.
We also used a human auto-antibody against centromeric antigens
(CREST serum; Nakajima et al, 2007), a goat polyclonal anti-actin
antibody (Santa Cruz Biotechnology), and a rabbit monoclonal anti-
phospho-histone H3 Thr3 antibody (Upstate Biotechnology).

siRNAs
The targeted CAMP sequences were as follows: oligo 1, 50-
CCGGCAUAAUGAAGAGGCAAAUAAA-30, oligo 2, 50-GGAAACACA-
GAAACUUGGUUCAGUU-30 (Stealth, Invitrogen). The targeted
sequences for MAD2L1, MAD2L2, MPS1, BUB1, BUBR1, CENP-E,
and CENP-F were 50-AGAAUUGGUAAUAAACUGUGGUCCC-30, 50-
AAAGACGAAUUUCUCCACUGGGCGG-30, 50-UUUGAAAGUAGUCAC
GUGCAUCAUC-30, 50-UUUGAAGGAAGUCUGCUGACAGAGC-30, 50-
UUUACAUGGUGUCAUAACUGGCUGU-30, 50-UUUAAGUUCCUCUUC
AGUUUCCAGG-30, and 50-AGAAUUAGAUGAAAGAUGACUUGGG-30,
respectively (Stealth, Invitrogen).

Live-cell imaging
HeLa cells were grown in chambered coverslips (Laboratory-Tek;
Thermo Fisher Scientific). One hour before imaging, the medium
was changed to pre-warmed Leibovitz’s L-15 medium, and the
chamber lids were sealed with silicone grease. Recordings were
made at 371C using a temperature-controlled incubator. Time-lapse
images were collected using a Personal DV microscope. For the
experiment in Figure 4A, cells expressing EGFP-CENP-A and EGFP-
a-tubulin were flattened by the pressure of the agar overlay. A piece
of 3% agar gel was placed on the cells in the chambered coverslip
and the medium was removed to press the cells to around half the
original thickness (B10 mm) before imaging.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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