


















Fig. 6. CENP-C or CENP-I can independently recruit M18BP1. (A) Schematic for the experiments shown in B, C and D. HeLa-Int-03 cells were first transfected
with siRNA. After 24 h incubation, Halo fusion and tetR-EYFP fusion expression vectors were co-transfected. (B) Representative images of HeLa-Int-03 cells co-
transfected with tetR-EYFP–CENP-C or tetR-EYFP–CENP-I (green) and Halo-M18BP1 after transfection with siRNA against CENP-A (siCENP-A). Cells were
stained with DAPI and the Halo-tag TMR Ligand (red) at 24 h after plasmid transfection. Arrowheads indicate the ectopic site. Scale bars: 5 μm. (C) Frequency of
each Halo fusion assembly on the ectopic site. Halo fusion signals on tetR-EYFP spots as a percentage of the total tetR-EYFP spots in each sample (n=50 cells)
fixed at 24 h after plasmid transfection. Results are mean±s.e.m. (n=3 experiments). (D) Frequency of Halo–M18BP1 assembly on the ectopic site after
transfection of control siRNA (siControl) and siRNA against CENP-A (siCENP-A), MAD2 (siMAD2), CENP-I (siCENP-I) and CENP-C (siCENP-C) as indicated.
tetR-EYFP fusion proteins were co-transfected with Halo–M18BP1 after siRNA transfection. Halo-fusion signals on tetR-EYFP spots as a percentage of the total
tetR-EYFP spots in each sample (n=50 cells) fixed at 24 h after plasmid transfection. Results are mean±s.e.m. (n=3 experiments). (E) M18BP1 expression was
analyzed by immunoblotting using antibodies against M18BP1 andGAPDH (loading control). Cells were harvested at 72 h after each transfection with control and
M18BP1 (siM18BP1) siRNA. (F) The amount of chromosomal (P) and soluble (S) CENP-Awere analyzed by immunoblotting using antibodies against Lamin B1
(loading control for P), GAPDH (loading control for S) and CENP-A. Cells were harvested and fractionated at 72 h after each siRNA transfection. (G) Frequency of
de novo CENP-A assembly on the ectopic site after transfection of the indicated siRNA. CENP-A signals on tetR-EYFP spots as a percentage of the total tetR-
EYFP spots in each sample (n=100 cells) fixed at 48 h after plasmid transfection (72 h after siRNA transfection). Asterisks indicate significant differences from
tetR-EYFP alone. ***P<0.001 (Fisher’s exact test). Results are mean±s.e.m. (n=3 experiments).
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Class III factors may form chromatin states promoting
histone exchange
Class III factors induce robust de novo CENP-A assembly on the
ectopic alphoidtetO array in cells overexpressing CENP-A. All tested
HATs belong to this class. Transient acetylation of H3 occurs at

centromeres during early G1 phase and inhibition of this activity by
Suv39h1 tethering leads to decreased CENP-A assembly (Ohzeki
et al., 2012). The class III factors SSRP1 andRSF1 are general histone
chaperones involved in transcription (LeRoy, 1998) but have also
been shown to localize at centromeres (Chen et al., 2015; Okada et al.,

Fig. 7. See next page for legend.
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2009; Perpelescu et al., 2009). SSRP1 is a component of the
‘facilitates chromatin transcription’ (FACT) complex, which
promotes histone exchange by evicting histones ahead of
polymerases and redepositing them after transcription or replication
has occurred (Belotserkovskaya et al., 2003; Formosa, 2013).
When Halo-tagged canonical histone H3 instead of Halo–CENP-

Awas expressed, class III factors also induced Halo–H3 assembly at
the ectopic site. Assembly of H3.3 and CENP-A were more
efficiently induced on the alphoidtetO array than H3.1 following the
tethering of class III factors. H3.3 is normally deposited by histone
exchange coupled with chromatin remodeling and transcription
independently of DNA replication (Gurard-Levin et al., 2014;
Tagami et al., 2004; Wirbelauer et al., 2005). Thus, CENP-A
deposition might exploit similar mechanisms. Indeed, H3.3 has
been suggested to be a placeholder for CENP-A until its
replenishment in early G1 human cells (Dunleavy et al., 2011).
We suggest that class III factors induce CENP-A or H3.3 assembly
(depending on the expressed histones) by changing the chromatin
state to promote histone exchange, possibly by locally inducing
transcription (Fig. 8G).
Other class III factors, including theMis18 complex, CENP-H and

SKA1 are centromere- or kinetochore-specific factors and not known
to have direct functions in establishing chromatin states. These factors
might promote CENP-A assembly by recruiting other general
chromatin factors. Thus, they are potential candidates to investigate
the mechanism by which centromere-specific and general chromatin
factors coordinately regulate centromere chromatin.

Class IV factors might inhibit CENP-A assembly through
repression of transcription
Class IV factors decrease CENP-A levels on the HAC and do not
induce robust de novoCENP-A assembly on the ectopic site.Manyof

the HMTs andHDACs involved in transcriptional silencing belong to
this class. Thus, we propose that class IV factors inhibit CENP-A
deposition on the HAC through modulating heterochromatin
formation and repression of histone exchange, in contrast to class III
factors, which induce chromatin opening and exchange (Fig. 8G).

HDACswere found to decrease CENP-A signals on theHAC. This
is consistent with our previous observation that treatment with the
HDAC inhibitor trichostatin A induced CENP-A assembly on a
heterochromatinized ectopic site (Nakano et al., 2003; Okamoto et al.,
2007). The results of the present study strongly support our notion
that centromere formation and heterochromatin formation (e.g.
transcriptional silencing) are in balance and antagonize each other
(Bergmann et al., 2012; Ohzeki et al., 2012, 2015;Okada et al., 2007).

Interactions of class I, II and III factors in CENP-A assembly
at centromeres
Following from the discussion above, we suggest that, other than
recruitment of CENP-A, basic histone exchange reactions to deposit
CENP-A by class III factors and subsequent stabilization of
deposited CENP-A nucleosome by class II factors are also
required for CENP-A assembly (Fig. 8G). Indeed, many factors
of these classes have been reported to be required for CENP-A
assembly at endogenous centromeres. CENP-H (class III) and
CENP-I (class I) form a complex at the centromere and are reported
to be required for newly synthesized CENP-A assembly (Okada
et al., 2006). Thus, class I factors, including CENP-C and CENP-I,
might recruit not only CENP-A through M18BP1, but also these
activities to change chromatin states (class III) on the ectopic site
and to stabilize de novo assembled CENP-A nucleosomes (class II).

M18BP1 activity is dependent upon CENP-C and CENP-I
M18BP1 is required for de novo CENP-A assembly induced by
CENP-C and/or CENP-I. It might therefore be expected that
tethering of M18BP1 would bypass the requirement for CENP-C or
CENP-I in de novo CENP-A assembly. Surprisingly, tethering of
tetR-EYFP–M18BP1 on its own did not induce de novo assembly of
endogenous CENP-A on the ectopic alphoidtetO array. This suggests
that CENP-C, CENP-I or some interacting factor(s) might be
involved in regulating or reinforcing M18BP1 activity. Indeed,
M18BP1 tethering increased endogenous CENP-A assembly on the
HAC centromere where CENP-C and CENP-I are pre-assembled
(Fig. 4). Subsequent studies will reveal whether the downstream
factors are involved in phosphorylation (McKinley and Cheeseman,
2014; Silva et al., 2012) or other modifications of M18BP1.

The hierarchy of CENP-C and CENP-I is subtly different
between species
In chicken cells (DT40), the centromere localization of CENP-C is
reported to depend on CENP-I (Nishihashi et al., 2002) and newly
synthesized CENP-A assembly on centromeres depends on CENP-I
rather than CENP-C (Okada et al., 2006). By contrast, in human cells
(HeLa),we found that the centromere assemblyofCENP-I depends on
CENP-C and that CENP-I has a role in enhancing newly synthesized
CENP-A assembly through M18BP1 assembly downstream of
CENP-C. This suggests that the hierarchy of these two factors is
subtly different between these species, although both CENP-C and
CENP-I are conserved factors for centromere epigenetics.

CENP-C and CENP-I coordinate centromere ‘function’ and
‘epigenetics’
CENP-C is widely conserved from yeasts to higher eukaryotes
(Przewloka et al., 2011; Talbert et al., 2004), but is not present in some

Fig. 7. CENP-C induces de novo CENP-A assembly through multiple
pathways, including one through CENP-I. (A) Schematics of CENP-C
protein domains. (B) Representative images of HeLa-Int-03 cells transfected
with the indicated tetR-EYFP–CENP-C domains. Cells were stained with DAPI
and anti-CENP-A (red) at 48 h after transfection. Arrowheads indicate the
ectopic site. Scale bars: 5 μm. (C) The frequency of de novo CENP-A
assembly on the ectopic site. CENP-A signals on tetR-EYFP spots as a
percentage of the total tetR-EYFP spots in each sample (n=100 cells) at 48 h
after transfection. Results are mean±s.e.m. (n=3 experiments). (D) Schematic
for the experiments shown in E and F. HeLa-Int-03 cells were first transfected
with siRNA against CENP-A (siCENP-A). After 24 h incubation, Halo
fusion and tetR-EYFP fusion expression vectors were co-transfected.
(E) Representative images of HeLa-Int-03 cells co-transfected with the
indicated tetR-EYFP fusion (green) and Halo-fusion proteins after siCENP-A
transfection. Cells were stained with DAPI and the Halo-tag TMR Ligand (red)
at 24 h after plasmid transfection. Arrowheads indicate the ectopic site. Scale
bars: 5 μm. (F) Frequency of each Halo fusion assembly on the ectopic site.
Halo fusion signals on tetR-EYFP spots as a percentage of the total tetR-
EYFP spots in each sample (n=50 cells) at 24 h after plasmid transfection.
Results aremean±s.e.m. (n=3 experiments). (G) Frequency of de novoCENP-
A assembly on the ectopic site after transfection of control siRNA (siControl) or
siRNA against MAD2 (siMAD2), CENP-I (siCENP-I) or M18MP1 (siM18BP1).
CENP-A signals on tetR-EYFP spots as a percentage of the total tetR-EYFP
spots in each sample (n=100 cells) at 48 h after plasmid transfection (72 h after
siRNA transfection). Results are mean±s.e.m. (n=3 experiments). (H) HeLa-
Int-03 cells were transfected with tetR-EYFP–CENP-C III WT and the R522A
mutant, which prevents this domain binding to CENP-A nucleosomes (Carroll
et al., 2010). The graph shows the frequency of de novoCENP-A assembly on
the ectopic site. CENP-A signals on tetR-EYFP spots as a percentage of the
total tetR-EYFP spots in each sample (n=100 cells). Results are mean±s.e.m.
(n=3 experiments). (I) Summary of recruited factors and pathway of de novo
CENP-A assembly from CENP-C. The red roman number denotes domains
sufficient for de novo CENP-A assembly.
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Fig. 8. Centromere assembly of newly synthesized CENP-A requires CENP-C and is enhanced through CENP-I. (A) Representative images of HeLa-Int-03
cells transfected with control siRNA (siControl) or siRNA against CENP-C (siCENP-C), CENP-I (siCENP-i) or both, together with siRNA against MAD2 (siMAD2).
Cells were stained with DAPI, anti-CENP-C (red) and anti-CENP-I (green) at 72 h after transfection. Scale bars: 5 μm. (B) Normalized CENP-C and CENP-I
dot signals in each sample at 36 h and 72 h after siRNA transfection. ***P<0.001 (Mann–Whitney test). Results are mean±s.e.m. (n=39–48 cells).
(C,E) Representative images of HeLa-Int-03 M18BP1–Halo cells (C) or HeLa-Int-03 SNAP–CENP-A cells (E) transfected with the indicated siRNAs. Cells were
stained with DAPI, anti-α-tubulin (green) and the Halo-tag TMR Ligand (red) at 36 h after co-transfection (C). A schematic for the experiment in E is shown above
the images. Pre-existing SNAP–CENP-Awas quenched with block ligand until 9 h before fixation, and then newly synthesized SNAP–CENP-Awas labeled with
SNAP TMR Ligand before fixation at 36 h after siRNA transfection (E). Scale bars: 5 μm. (D,F) Normalized M18BP1–Halo (D) or normalized new CENP-A (F) dot
signals in each sample. Asterisks indicate significant differences. *P<0.05; **P<0.01; ***P<0.001; n.s., not significant (Mann–Whitney test). Results are mean±
s.e.m. (n=43–50 cells). (G) CENP-C and CENP-I coordinate centromere ‘function’ and ‘epigenetics’. Solid lines show recruitment activity observed in our present
experiments and dashed lines show recruitment activity indicated previously. The CENP-C N-terminus assembles kinetochore through the Mis12 complex
(function) and its C-terminus assembles newly synthesized CENP-A through M18BP1 (epigenetics). CENP-I recruited by the CENP-C domain II (amino acids
72–425) supports both pathways. Each class is also involved in maintenance of CENP-A assembly (see Discussion).
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insects carrying holocentromeres lacking CENP-A. This suggests that
a primary conserved function of CENP-C is recognition of CENP-A
nucleosomes (Drinnenberg et al., 2014). In this study, we found that
CENP-C can induce kinetochore formation coupled with de novo
CENP-A chromatin assembly. Thus, CENP-C binding to CENP-A
nucleosomes recruits both kinetochore components and alsoCENP-A
molecules. CENP-I is also important for kinetochore assembly
(Basilico et al., 2014; Cheeseman et al., 2008; Hori et al., 2003; Liu
et al., 2003; Nishihashi et al., 2002), and indeed we observed mitotic
arrest upon CENP-I depletion (Fig. S4A). CENP-C, in parallel with
CENP-I enhancement (reinforcement), thereby coordinates two
important mechanisms required for accurate chromosome
segregation, kinetochore and epigenetic centromere maintenance or
memory (Fig. 8G).

MATERIALS AND METHODS
Cell lines
HeLa-HAC-2-4 is a derivative of HeLa-HAC-R5. The HeLa-HAC-R5 and
HeLa-Int-03 cell linewere previously described (Ohzeki et al., 2012). HeLa-
HAC-2-4 ETY3-Alone, tetR-EYFP–HJURP or tetR-EYFP–Suv39h1 cell
lines, which stably expresses tetR-EYFP alone, or tetR-EYFP fused with
HJURP or Suv39h1, respectively, were established uisng the Jump-in
integration system (Life Technologies) for transfection of each pJETY3
plasmid into HeLa-HAC-2-4 cells. HeLa-Int-03 SNAP-CENP-A cells,
which stably express SNAP–CENP-A, were established by the Jump-in
integration of a pJETY3-based SNAP–CENP-A-expressing plasmid into
HeLa-Int-03 cells. HeLa-Int-03 M18BP1-Halo cells, which stably express
M18BP1–Halo, were established by tagging with Halo tag at the C terminus
of the M18BP1 locus using a CRISPR- and Cas-mediated genome
engineering. Paired single-guide RNA-expressing vectors targeting 5′-AA-
ATGAGAAAATATGATTCC-3′ and 5′-TGCTTTATGGTAAAAATCCC-
3′ in the M18BP1 locus were prepared. The 5′ or 3′ homology arm for the
M18BP1 locus was amplified using the following primer sets 5′-CTCTA-
GAGGATCCCCGAGCATGTACTTCAAACTTGCC-3′ and 5′-TGCAG-
AATCAGAGTTCGAAAAATAATAATC-3′, or 5′-GTTTGTATTTTCA-
ACTGGAGTACATG-3′ and 5′-GCCAGTGAATTCGAGTATGTCAAG-
TTTCAAAACATAACAAGC-3′. Single-guide RNA-expressing vectors,
donor vector including the Halo tag and puromycin-resistant gene with
homology arms, and Cas9 nickase mutant (D10A)-expressing vector were
co-transfected into HeLa-Int-03 cells and selected with 0.4 μg/ml
puromycin.

Cell culture and transfection
HeLa cell lines were grown in Dulbecco’s modified Eagle’s medium
(Nacalai Tesque) supplemented with 10% fetal bovine serum (FBS) at 37°C
in a 5% CO2 atmosphere. For transfections, Lipofectamin 2000 (Invitrogen)
or FuGENE HD (Promega) was used for siRNA or usual plasmid vectors,
respectively. siRNAs were transfected twice at a 10-h interval for efficient
depletion. The following plasmid transfection was performed after 24 h
from the first siRNA transfection. siRNA sequence for M18BP1 was
described in Fujita et al. (2007) and synthetized by Ambion. siRNAs for
CENP-A (s2908), CENP-C (s2912), CENP-I (s5375), MAD2 (s8393) and
Control (AM4635) were obtained from Ambion.

Cell staining
Indirect immunofluorescent staining was performed as previously described
(Ohzeki et al., 2012) with slight modifications. Antibodies used in this study
are shown in Table S1. For Halo tag staining, cells expressing Halo-tag
fusion proteins were treated with 2 nMHalo-tag TMRLigand (Promega) for
12 h before fixation. For SNAP–CENP-A staining, cells were treated with
1 μMSNAP-cell-Block (NEB) to block the SNAP tag from 24 to 9 h before
fixation and washed. 0.6 μM SNAP-Cell TMR-Star (NEB) was added 2 h
before fixation and washed out 30 min before fixation. For chromosome
spreads and fluorescence in situ hybridization (FISH), cells were treated
with 350 nM of TN-16 (WAKO) (Kitagawa et al., 1995) for 6 h in the
growth medium. Mitotic cells were harvested by pipetting, incubated in a

hypotonic buffer (20 mM Tris-HCl pH 7.4, 1 mM EGTA and 40 mM KCl)
for 10 min on ice and then spread on cover glass by Cytospin3 (Shandon).
The subsequent immunostaining and FISH were carried out according to a
previously described method (Ikeno et al., 1998; Ohzeki et al., 2002).

Plasmids expressing Halo and tetR-EYFP fusion proteins
For Halo fusion protein expression, Flexi Halo tag clones (Kazusa DNA
research institute, http://www.kazusa.or.jp/kop/dsearch-e/) were used. Each
gene is cloned into the C-terminus of the Halo tag. pJETY3, pJETY3-
HJURP, -Suv39h1 or -Mis18α, which express each tetR-EYFP fusion
protein, were as previously described in Ohzeki et al. (2012). For other tetR-
EYFP fusions, PCR product or cDNA fragment cut out from each Flexi Halo
tag clone vector was cloned into pJETY3.

Microscopy
For quantification analysis, z-stack images covering an entire nuclear signal
were acquired on an Axio Observer.Z1 (Zeiss) microscope equipped with a
CSU-X1 confocal scanner unit (Yokogawa), iXon3 DU897E-CS0 camera
(Andor) and Plan-Apochromat 100×/1.46 oil lens (Zeiss) with a spacing of
0.22 μm using Andor iQ2 software (Andor). Images in Fig. 1C,E and
Fig. 8A,C,E were acquired by same method. Other images were acquired on
an Axio Observer.Z1 (Zeiss) equipped with a LSM700 scanning module
and an Objective Plan-Apochromat 63×/1.46 oil lens (Zeiss) using ZEN
2009 software (Zeiss). z-stack images were acquired with a spacing of
0.38 μm. Images shown are maximum projection of several slices around
the ectopic alphoidtetO integration site or whole nucleus. Counting assays
were performed in the same microscopic condition. Visible signals on the
ectopic site in interphase cells were counted.

Quantification of images
ImageJ (National Institutes of Health) was used for quantification. Before
quantification, unequal illumination derived from optical system was
corrected using the image of a uniform fluorescent. For HAC analysis
(Fig. 1), the sum of the intensity of CENP-A signal on the alphoidtetO-HAC
and endogenous centromeres in the same nucleus was measured (see
Fig. S1A,B). The CENP-A signal on the HAC was normalized to the
average CENP-A signal on endogenous centromeres. For endogenous
centromeres analysis (Fig. 8), the sum of the intensity and the number of dot
signals in the same nucleus were measured and calculated as the average of
dot signals.

Immunoblotting and cell fractionation
Whole-cell extracts were prepared by lysing cells in Laemmli sample buffer
(Bio-Rad) after 5 min incubation with 50 U/ml Pierce Universal Nuclease
for Cell Lysis (Thermo) and 0.1% NP40 in PBS. Samples were separated by
SDS-PAGE using Mini-PROTEAN TGX precast gels (Bio-Rad) and
transferred onto membranes using Trans-Blot Turbo Transfer Pack (Bio-
Rad). The membranewas blocked with 3%BSA and 0.1%Tween 20 in PBS
and incubated with primary antibodies (in 1% BSA and 0.1% Tween 20 in
PBS) overnight at 4°C and with secondary antibodies (with 1% low-fat milk
and 0.1% Tween 20 in PBS) for 1 h at room temperature. Antibodies used in
this study are shown in Table S1. SuperSignal West Femto Maximum
Sensitivity Substrate (Thermo) was used for detection. For cell fractionation,
cells were homogenized by passing through a G27 needle syringe 20 times
in ice-cold lysis buffer [3.75 mM Tris-HCl pH 7.5, 20 mM KCl, 0.5 mM
EDTA, 0.5 mM DTT, 0.05 mM spermidine, 0.125 mM spermine, 0.1%
NP40 and a 1/100 volume of Protease Inhibitor Cocktail (Sigma)]. A one-
quarter volume of 1.5 M NaCl prepared in lysis buffer was added to the
lysates and incubated for 30 min on ice. The lysates were centrifuged at
12,000 g for 10 min to fractionate supernatants and pellets. Laemmli sample
buffer was added to supernatants. Pellets were washed once in PBS and
lysed with Laemmli sample buffer and sonicated with a Bioruptor (Cosmo
Bio) machine.
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