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The centromere is an important genomic locus for chromosomal segregation. Although the centromere is specified by 
sequence-independent epigenetic mechanisms in most organisms, it is usually composed of highly repetitive sequences, 
which associate with heterochromatin. We have previously generated various chicken DT40 cell lines containing differently 
positioned neocentromeres, which do not contain repetitive sequences and do not associate with heterochromatin. In 
this study, we performed systematic 4C analysis using three cell lines containing differently positioned neocentromeres 
to identify neocentromere-associated regions at the 3D level. This analysis reveals that these neocentromeres commonly 
associate with specific heterochromatin-rich regions, which were distantly located from neocentromeres. In addition, we 
demonstrate that centromeric chromatin adopts a compact structure, and centromere clustering also occurs in vertebrate 
interphase nuclei. Interestingly, the occurrence of centromere–heterochromatin associations depend on CENP-H, but not 
CENP-C. Our analyses provide an insight into understanding the 3D architecture of the genome, including the centromeres.

3D genomic architecture reveals that neocentromeres 
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Introduction
The centromere is the genomic locus where the kinetochore is 
formed, for ensuring faithful chromosomal segregation by in-
teracting with the spindle microtubules. Various studies have 
revealed that the centromere is specified by sequence-inde-
pendent epigenetic mechanisms involving the deposition of the 
centromere-specific histone H3 variant, CENP-A, into chroma-
tin (Black and Cleveland, 2011; Perpelescu and Fukagawa, 2011; 
Allshire and Madhani, 2018). Studies on the neocentromere, 
which is newly formed on a noncentromeric locus after the in-
activation of a native centromere and induces the formation of 
the kinetochore (du Sart et al., 1997; Marshall et al., 2008; Shang 
et al., 2013), largely support the notion that the centromeric po-
sition is epigenetically specified. The neocentromere was origi-
nally detected in human chromosomes that did not possess the 
α-satellite DNA sequence observed in native human centromeres 
(Voullaire et al., 1993; du Sart et al., 1997). After this initial dis-
covery (Voullaire et al., 1993), neocentromeres were experimen-
tally generated by inactivating the native centromeres in various 
model organisms such as Drosophila melanogaster (Maggert and 
Karpen, 2001), Schizosaccharomyces pombe (Ishii et al., 2008; 
Ogiyama et al., 2013), Candida albicans (Ketel et al., 2009; Thakur 
and Sanyal, 2013), and chicken DT40 cells (Shang et al., 2013). 
Because centromeres usually associate with highly repetitive se-
quences in most organisms, it is difficult to characterize their 

genomic features. However, as neocentromeres are formed in the 
nonrepetitive genomic regions in human and chicken cells, it is 
possible to characterize genomic features in the neocentromeric 
region (Alonso et al., 2010; Shang et al., 2013). For instance, by 
using specific antibodies against various histone modifications, 
centromere-specific histone modifications were identified based 
on chromatin immunoprecipitation (IP; ChIP) sequencing (ChIP-
seq) analysis on nonrepetitive centromeres (Hori et al., 2014; 
Shang et al., 2016). Neocentromeres contain most of the cen-
tromeric proteins in quantities similar to those found in native 
centromeres, suggesting that the function of neocentromeres is 
equivalent to that of native centromeres (Saffery et al., 2000; 
Shang et al., 2013). It is therefore necessary to emphasize that 
nonrepetitive neocentromeres are powerful molecular entities 
for understanding the genomic features of centromeres.

Comparing the genomic features of the different neo-
centromeres from different species, it is observed that each 
neocentromere possesses distinct features. In S. pombe, the neo-
centromeres are preferentially formed near heterochromatinized 
regions, and the efficiency of the formation of neocentromeres 
was dramatically reduced when heterochromatin factors such as 
Swi6 (yeast homologue of HP1) were mutated (Ishii et al., 2008). 
In addition, synthetic heterochromatin, by tethering the H3K9 
methyltransferase Clr4, induces centromere establishment de 
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novo on fission yeast minichromosomes (Kagansky et al., 2009). 
However, the accumulation of heterochromatin proteins and his-
tone modifications in the heterochromatin regions, such as the 
accumulation of histone H3 trimethylated at lysine 9 (H3K9me3), 
are not observed around the neocentromeres of human or 
chicken cells (Alonso et al., 2010; Shang et al., 2013; Hori et al., 
2014). In addition to the association of centromeres with heter-
ochromatin, centromeres and neocentromeres are clustered at 
particular positions in the nuclei of yeasts such as S. pombe or C. 
albicans (Funabiki et al., 1993; Thakur and Sanyal, 2012; Burrack 
et al., 2016). However, the formation of the centromere cluster 
is also not clear in vertebrate nuclei, owing to the appearance of 
multiple centromeric signals in the interphase nuclei.

Although some genomic features of each neocentromere ap-
pear to vary, the kinetochore is commonly formed on centromeres 
of all species, and therefore, there must be some similar genomic 
features in the centromeres of different species. Although het-
erochromatin regions are not detected near the neocentromeres 
of human or chicken cells, it might still be possible that the neo-
centromeres are physically associated with the heterochromatin 
regions of interphase nuclei.

Recently, the 3D genomic architecture of interphase nuclei 
has been extensively studied in various organisms (Dekker and 
Mirny, 2016). Microscopy-based approaches such as FISH re-
vealed that certain loci in the interphase nuclei can physically in-
teract even if the linear-genomic distances between these loci are 
large. In addition, using chromatin conformation capture (3C) 
technology, genome-wide long-range interactions between any 
pair of loci in the nuclei can be detected by cross-linking chroma-
tin with formaldehyde (Dekker and Mirny, 2016). Although these 
interactions were originally identified by PCR using ligation 
fragments of digested cross-linked DNAs (3C-PCR), 3C technol-
ogy is nowadays combined with the next-generation sequencing, 
including circular chromosome conformation capture (4C; Zhao 
et al., 2006), 5C (Dostie et al., 2006), Chromatin Interaction Anal-
ysis by Paired-End Tag Sequencing (ChIA-PET; Fullwood et al., 
2009), and Hi-C (Lieberman-Aiden et al., 2009) analyses, which 
enables us to observe genome-wide interactions more efficiently.

The Hi-C technique was applied to yeast genomes, and the 
centromere cluster was found as a result of interchromosomal 
interactions (Mizuguchi et al., 2014; Varoquaux et al., 2015; 
Burrack et al., 2016) in yeasts. Observing the genome-wide in-
teractions of centromeric regions in vertebrate cells using Hi-C is 
essential because centromeres in vertebrate cells usually contain 
repetitive sequences and full sequence information is absent in 
genomic databases. Although it is not technically easy to charac-
terize the 3D structure of the vertebrate genome, including that 
of centromeres, understanding the organization of genomic re-
gions, including centromeres in interphase nuclei, is vital.

To solve the issue, we used DT40 cells containing differently 
positioned neocentromeres (Shang et al., 2013). We removed the 
original native centromere on the Z chromosome by a genome en-
gineering method and isolated those cell lines in which the neo-
centromeres were formed at various regions on the Z chromosome 
(Shang et al., 2013). Because the sequence of the neocentromeres 
remained unaltered both before and after the formation of the 
neocentromeres, it is possible to examine the sites of interactions 

of the neocentromeric regions by comparing the interaction sites 
both before and after neocentromere formation. In addition, by an-
alyzing several neocentromeres, we could expect to find common 
interaction sites with the differently positioned neocentromeres. 
In this study, to identify centromere-specific interaction sites, we 
performed 4C-seq analyses (Zhao et al., 2006) using neocentro-
meric regions as viewpoints, which would reveal better high-res-
olution interaction profiles with neocentromeres than analyses 
with Hi-C. We compared the 4C profiles of three independent 
cell lines containing differently positioned neocentromeres with 
various viewpoints and found that these neocentromeres are com-
monly associated with specific heterochromatin-rich regions. Fur-
thermore, our high-resolution 4C analysis revealed that frequent 
interactions occur within the 30–40-kb centromeric region to 
form more compact structures within the centromere. We also 
detected the centromere–centromere interactions of different 
chromosomes, which suggested that the centromeric chromatin 
contains common features. Interestingly, the long-range cen-
tromere–heterochromatin interactions depend on CENP-H but not 
CENP-C, suggesting that a class of centromere proteins contribute 
to the formation of the 3D architecture of the genome, including 
centromeres, in interphase nuclei.

Results
Establishment of the 4C-seq method for identifying regions 
interacting with the neocentromeres using chicken DT40 cells
To examine the 3D genomic architecture including neocen-
tromeres, we performed 4C-seq analyses for cell lines contain-
ing differently positioned neocentromeres (Figs. 1 and S1). Cells 
were fixed with PFA, the genomic DNA was first digested with 
a six-base cutter restriction enzyme such as HindIII or EcoRI, 
and the cross-linked DNA fragments were subsequently ligated 
to construct the 3C library. For 4C-seq analyses, the 3C library 
was digested with a second four-base cutter restriction en-
zyme and re-ligated, and the sample was amplified by inverse 
PCR (4C-PCR; Fig.  1 A). We proceeded to prepare a primer set 
in a particular position (viewpoint) for analyzing the interac-
tions. High-throughput sequencing of 4C-PCR products is used 
to identify all the fragments that interact with a viewpoint 
(Fig. 1 A; Splinter et al., 2012). As we amplified the 3C library by 
PCR for 4C-seq analysis, we used a statistical method (Splinter 
et al., 2012) for evaluating the frequency of interactions with 
the viewpoints, referred to as the site occupancy rate (SOR; 
Fig. 1 B). For this method, we treated multiple reads (≥1) from 
sequencing analysis as a single positive read to avoid possible 
PCR artifacts without considering the read numbers. The rate 
of the number of restriction sites with positive reads to the 
number of all the possible restriction sites in a region was cal-
culated (Fig. 1 B). A typical example is represented in Fig. 1 B. If 
there were four or three restriction sites in a 150-kb region, and 
we mapped two positive sites in these regions, the SOR would 
be 0.5 (2/4) or 0.66 (2/3), respectively (Fig. 1 B). Within a 150-
kb region of the chicken Z chromosome, the average number 
of HindIII sites was 55. As we can obtain a 4C profile at ∼3-kb 
resolution, it was decided that using a 150-kb window for the 
first restriction digestion with HindIII would be appropriate 
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(Fig. 1 B). We used the SOR method for genome-wide 4C analy-
sis, and one such example is represented in Fig. S1 (A and B). In 
Fig. S1 A, we chose a viewpoint within the neocentromeric re-
gion (3.8-Mb region on the Z chromosome) in #BM23 cells and 
demonstrated the SOR values along the Z chromosome. Detailed 
information for viewpoint positions in this study is shown in 
Table S1. Using different restriction enzymes—HindIII, BglII, 
or EcoRI—for each viewpoint in the same region, we obtained 
similar 4C profiles in #BM23 and #1320 cells (Fig. S1, A and B). 
Therefore, we concluded that our 4C analysis and SOR method 
are appropriate for analyzing the 3D architecture of the ge-
nome, including neocentromeres.

Neocentromeres are commonly associated with 
heterochromatin-rich regions
In this study, we focused on three cell lines containing differ-
ently positioned neocentromeres in which the neocentromeres 

were formed at 3.8-Mb (#BM23 cells), 35-Mb (#1320 cells), 
and 55-Mb (#1304 cells) regions on the Z chromosome, respec-
tively, after removal of the original native centromere that was 
located at the 42.6-Mb region on the Z chromosome (Fig. 1 C; 
Shang et al., 2013). Although the growth rate of each neocen-
tromere-containing cell line varies (Fig. S1 C), all cell lines grew 
well. Chromosome Z with neocentromere was stable in #1320 
and #BM23 cells, but abnormal numbers of Z chromosomes 
were observed in half the population of #1304 cells (Fig. S1 
D), suggesting that neocentromeres in #1320 and #BM23 cells 
are equivalent to normal centromeres, but neocentromeres 
in #1304 were not completely normal. Therefore, we mainly 
used #1320 and #BM23 cells for further 4C analysis, and data 
with #1304 cells were used as supplemental data, because the 
full activity of the neocentromere may be lost in #1304 cells. 
Viewpoints were set at the 3.8-, 35-, and 55-Mb regions on the 
Z chromosome for performing 4C analysis in all the three cell 

Figure 1. Applying the 4C-seq analysis to 
DT40 cells. (A) An experimental scheme for 
4C-seq analysis. The cells were fixed with 1% 
PFA, and the genome was initially digested with 
a six-base cutter restriction enzyme (RE; first RE 
digestion) and ligated (first ligation). The sam-
ple was decross-linked, and the genome was 
digested for a second time with a second four-
base cutter restriction enzyme (second RE diges-
tion) and ligated (second ligation). A primer set 
was prepared for a viewpoint (the region of inter-
est where the interaction will be studied), and 
reverse PCR was performed (4C PCR). The PCR 
products were sequenced by a high-throughput 
sequencer and mapped to the reference genome. 
(B) Calculation of the SOR. The multiple reads 
mapped per fragment (≥1) were treated as a sin-
gle positive read, and the rate of the number of 
positive restriction sites to the number of all the 
possible restriction sites in a region was calcu-
lated. For instance, if there were four or three 
restriction sites in a 150-kb region and two posi-
tive sites were in these regions, the SORs would 
be 0.5 (2/4) or 0.66 (2/3), respectively. (C) Repre-
sentation of the cell lines used in this study. The 
native centromere (red) on the Z chromosome is 
located at the 42.6-Mb region in WT DT40 cells. 
The native centromere was removed, and the sur-
viving cells were isolated and cloned. Each clone 
forms a neocentromere (blue) at a different posi-
tion. The neocentromeres were formed at 3.8-, 
35-, and 55-Mb regions in #BM23, #1320, and 
#1304 cell lines, respectively.
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lines (Fig. 1 C), and the 4C profiles of the different cell lines at 
the same viewpoint were compared, which corresponded with 
either the centromeric or noncentromeric region, depending on 
the cell lines. For example, in #BM23 cell line, the 3.8-Mb region 
corresponds with the centromere; however, this does not hold 
true in the #1320 or #1304 cell lines (Fig. 1 C). By comparing 
the 4C profiles, it would be possible to identify the regions with 
which all the neocentromeres commonly associate.

Then, we performed 4C analyses with a different combina-
tion of viewpoints with various cell lines. When we compared 
the 4C profiles for all the cell lines using the 3.8-Mb region as 
a viewpoint (Table S1), the 3.8-Mb region was found to specif-
ically associate with two regions (the 8- and 26-Mb regions) in 
#BM23 cells; however, it did not associate with these two regions 
in the #1320 cell line (Fig. 2 A). We confirmed these results with 
a different set of primers in the same 3.8-Mb region (Fig. 2 B and 
Table S1). We also performed 4C analyses with the 35- and 55-Mb 
regions as viewpoints (Table S1) for #BM23, #1320, and #1304 

cells (Fig.  2, C and D; and Fig. S2). The 8- and 26-Mb regions 
showed higher SOR values than when the 35-Mb (Fig. 2, C and 
D) and 55-Mb (Fig. S2) regions were used as viewpoints in #1320 
cells and #1304 cells, respectively. It is important to note that 
the 35- and 55-Mb regions correspond with the centromeres in 
#1320 and #1304 cells, respectively (Fig. 1 C). The 4C profiles sug-
gested that all the neocentromeres in the three cell lines (#BM23, 
#1320, and #1304) commonly associate with the 8- and 26-Mb 
regions (Figs. 2 and S2). In addition, we performed 4C analysis 
with WT DT40 cells using the native centromeric region on the Z 
chromosome as a viewpoint (42.6-Mb region; Table S1) and found 
that the native centromere also interacted with the 8- and 26-Mb 
regions (Fig. 3 A).

We proceeded to examine our previous data for ChIP-seq pro-
files using antibodies against various histone modifications on 
the Z chromosome (Hori et al., 2014) to identify the chromatin 
features of the 8- and 26-Mb regions on the Z chromosome. We 
found that the 8- and 26-Mb regions corresponded with regions 

Figure 2. 4C profiles determined using different viewpoints in different cells containing various neocentromeres. (A) 4C profiles determined using 
#BM23 cells (second horizontal panel) and #1320 cells (third panel) with the 3.8-Mb region as a viewpoint (VP: Z3.8M-H-L). Top: ChIP-seq profile with CENP-A 
around the 3.8-Mb region in #BM23 cells. The two profiles were merged (fourth panel). Subtraction data: SOR values in #BM23 cells minus SOR values in 
#1320 cells are shown (bottom). Arrowheads indicate the 8- and 26-Mb regions. The position of the neocentromere in each cell line is indicated as broken lines. 
(B) 4C profiles determined using #BM23 cells (second horizontal panel) and #1320 cells (third panel) with the 3.8-Mb region as a viewpoint (VP: Z3.8M-H-R). 
Arrowheads indicate the 8- and 26-Mb regions. Although the same region was used for determining the 4C profiles in A, a different set of primers was used 
here (Table S1). (C) 4C profiles determined using #1320 cells (second horizontal panel) and #BM23 cells (third panel) with the 35-Mb region as a viewpoint (VP: 
Z35M-H-L). Top: ChIP-seq profile with CENP-A around the 35-Mb region in #1320 cells. The two profiles were merged (fourth panel). Subtraction data: SOR 
values in #1320 cells minus SOR values in BM23 cells are shown (bottom). Arrowheads indicate the 8- and 26-Mb regions. The position of the neocentromere in 
each cell line is indicated as broken lines. (D) 4C profiles determined using #1320 cells (second horizontal panel) and #BM23 cells (third panel) with the 35-Mb 
region as a viewpoint (VP: Z35M-H-R). Arrowheads indicate the 8- and 26-Mb regions. Although the same region was used for determining the 4C profiles in 
C, a different set of primers was used (Table S1).
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highly enriched in H3K9me3, which is a marker of heterochro-
matin (Fig. 3 B). H3K9me3 is usually associated with the pericen-
tromeric region (Fukagawa and Earnshaw, 2014), which is located 
around the centromere and consists of repetitive sequences. In 
fact, we found that H3K9me3 was enriched in the repetitive cen-
tromeres of chicken chromosomes, including chromosomes 1 
and 2 (Hori et al., 2014). However, consistent with our previous 
study (Shang et al., 2013; Hori et al., 2014), H3K9me3 was not 

detected around the nonrepetitive centromeres on the Z chro-
mosome, including around the different neocentromeres and the 
nonrepetitive centromere of chromosome 5. Consistent with our 
previous findings, the nonrepetitive human neocentromeres did 
not associate with H3K9me3 (Alonso et al., 2010). Nevertheless, 
our 4C data indicated that nonrepetitive centromeres, including 
neocentromeres, on the Z chromosome physically associate with 
heterochromatin-rich regions.

Figure 3. The native centromere on the Z chromosome asso-
ciates with the 8- and 26-Mb regions. (A) 4C profiles deter-
mined using WT DT40 cells with the 42.6-Mb region (centromere 
region) as a viewpoint (top). Arrowheads indicate the 8- and 
26-Mb regions. (B) ChIP-seq data on the Z chromosome with an 
antibody against H3K9me3 in DT40 cells. Arrowheads indicate 
the 8- and 26-Mb regions on the Z chromosome. Positions of 
the viewpoints (VPs) for Figs. 3 C, 4, and S3 experiments are 
shown. (C) 4C profiles determined using WT DT40 cells with the 
8-Mb region (VP: Z8M-H-L) and 26-Mb region (VP: Z26M-H-L) as 
viewpoints. Arrowheads indicate the native centromere on the 
Z chromosome. (D) Analyses with two-color FISH in WT DT40 
cells. Green-labeled BAC clone #279C6, comprising the 42.6-Mb 
centromere region, and red-labeled BAC clone #116B8, compris-
ing the 26-Mb region, were used as probes (left). As a negative 
control, red-labeled BAC clone #279G5 comprising the 62-Mb 
region was used (right). Signals are shown by arrows. DNA was 
stained with DAPI (blue). Bar, 10 µm. The graph shows the dis-
tance between the two probes for each cell line.
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Verification of neocentromere–heterochromatin interactions 
with other methods
To verify the association of the neocentromeres with the 8- and 
26-Mb regions, in which H3K9me3 was found to be enriched, 
we also performed 4C analyses using the 8- and 26-Mb regions 
as viewpoints (Table S1) in #BM23, #1320, and WT DT40 cells 
(Figs. 3 C, 4 [A and B], and S3 [A and B]). Using the 8-Mb re-
gion as a viewpoint, we found that the SOR values around the 
3.8-Mb region, which corresponds with the centromeric region 
in #BM23 cells, were higher in #BM23 cells than in #1320 cells 
(Fig. 4 A). Additionally, the SOR values around the 35-Mb region, 
corresponding with the centromeric region in #1320 cells, were 
higher in #1320 cells than in #BM23 cells (Fig. 4 A). This obser-
vation was clearly reproducible using a different set of primers 
in the 8-Mb viewpoint region (Fig. S3 A and Table S1). We also 
used the 26-Mb region as a viewpoint (Table S1) for 4C analyses 

in #BM23 and #1320 cells (Figs. 4 B and S3 B). Similar to the ob-
servation of the 4C profiles using the 8-Mb region as a viewpoint, 
the 26-Mb region associated with the 3.8- and 35-Mb regions in 
#BM23 and #1320 cells, respectively (Figs. 4 B and S3 B). We also 
detected the native centromere using the 8- or 26-Mb region as 
a viewpoint in WT DT40 cells (Fig. 3 C). Based on 4C analyses 
using the heterochromatin regions as viewpoints, we confirmed 
that the neocentromere and native centromere regions on the Z 
chromosome are preferentially associated with the 8- and 26-Mb 
regions that were enriched with a heterochromatin marker in 
chicken DT40 cells.

In addition to 4C analyses using various viewpoints, we at-
tempted to verify these interactions by analyses with FISH, using 
cell lines containing neocentromeres (Figs. 4 C and S3 C). We iso-
lated BAC clones, #206E12, #261B8, and #116B8, which comprised 
the 35-, 8-, and 26-Mb regions of the Z chromosome, respectively, 

Figure 4. The neocentromeres are associ-
ated with heterochromatin-rich regions. (A) 
4C profiles determined using #BM23 cells (top 
horizontal panel) and #1320 cells (second panel) 
with the 8-Mb region as a viewpoint (VP: Z8M-
H-L). Detailed information pertaining to the VP is 
also represented in Fig. 3. The two profiles were 
merged (third panel). Subtraction data: SOR val-
ues of #BM23 cells minus SOR values of #1320 
cells are shown (bottom). Arrows indicate the 
3.8- and 35-Mb regions. The position of the neo-
centromere is indicated as broken lines. (B) 4C 
profiles determined using #BM23 cells (top hori-
zontal panel) and #1320 cells (second panel) with 
the 26-Mb region as a viewpoint (VP: Z26M-H-L). 
Detailed information pertaining to the VP is also 
presented in Fig. 3. The two profiles were merged 
(third panel). Subtraction data: SOR values in 
BM23 cells minus SOR values in #1320 cells are 
shown (bottom). Arrows indicate the 3.8- and 
35-Mb regions. The position of the neocen-
tromere is indicated as broken lines. (C) Analyses 
with two-color FISH in #1320 and #BM23 cells. 
Green-labeled BAC clone #206E12, comprising 
the 35-Mb region (centromere in #1320 cells), 
and red-labeled BAC clone #261B8, comprising 
the 8-Mb region, were used as probes. Signals 
are shown by arrows. As a negative control, BAC 
clone #279G5 comprising the 62-Mb region was 
used. DNA was stained with DAPI (blue). Bar,  
10 µm. The graph shows the distance between 
the two probes for each cell line.
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and these BAC clones were used as probes for performing FISH 
during interphase. We performed a two-color FISH analysis 
using green-labeled #206E12 as a probe for the 35-Mb region and 
red-labeled #261B8 as a probe for the 8-Mb region in #1320 and 
#BM23 cells. Using #1320 cells, in which the 35-Mb region cor-
responds with the centromeric region, the distance between the 
signals from #206E12 (the 35-Mb region) and #261B8 (the 8-Mb 
region) were obtained at closer distances in #1320 cells than in 
#BM23 cells. However, in comparison with that of #1320 cells, 
the distance between the signals was longer in #BM23 cells in 
which the 35-Mb region is not the centromere (Fig. 4 C), con-
sistent with the 4C profiles obtained in Fig. 2. We also used the 
BAC clone (#279G5) comprising the 62-Mb region as a negative 
control probe, which is 27 Mb from the 35-Mb region and was 
not detected in association with the neocentromere region. Dis-
tance between the 35- and 62-Mb regions did not change in #1320 
and #BM23 cells, suggesting that a close association of the 35-Mb 
region with the 62-Mb region was not observed in #1320 cells 
(Fig. 4 C). We also performed two-color FISH using the #206E12 
green probe for the 35-Mb region and the #116B8 red probe for 
the 26-Mb region in #1320 and #BM23 cells. This combination 
also confirmed that the 35-Mb region corresponding with the 
centromeric region is closer to the 26-Mb region in #1320 cells 
than in #BM23 cells (Fig. S3 C). These measurements were per-
formed using the Imaris software, which enabled us to measure 
the 3D distance in nuclei. We also measured nuclear volume in 
#1320 and #BM23 cells and confirmed that nuclear volume was 
constant (Fig. S3 C). Our FISH analysis also demonstrated a close 
association of the native centromere region (42.6 Mb) with the 
26-Mb region (Fig. 3 D).

Neocentromeres and native centromere Z do not contain re-
petitive sequences, and 3D association of these centromeres with 
the heterochromatin-rich region might be specific for nonrepet-
itive centromeres. Because repetitive centromeres are closely 
located in the heterochromatin-rich region near the centromere 
such a long-distance association might not occur. Investigating 
the H3K9me3 profile, we found that a H3K9me3-rich region ex-
ists around 81.5 Mb on chromosome 1, which is 18.5 Mb from the 
repetitive centromere region on chromosome 1 (100-Mb region; 
Fig. S4 A). Then, we prepared probes for the centromere and 
81.5-Mb regions and performed FISH analysis. We also prepared 
a probe for the 118.5-Mb region as a control. As shown in Fig. S4 B, 
we detected a significant association between the repetitive cen-
tromere on chromosome 1 and the 81.5-Mb heterochromatin-rich 
region, suggesting that a 3D association between repetitive cen-
tromeres and the heterochromatin-rich region also occurs.

Combining the results of FISH with 4C analyses in interphase 
nuclei, we conclude that neocentromeres, which do not contain 
repetitive sequences, and a repetitive centromere (on chromo-
some 1) are physically associated with heterochromatin-rich 
regions in the 3D genomic arrangement, although centromeres 
and heterochromatin-rich regions are physically distant 
at the 1D level.

Multiple interactions occur within a centromeric region
Owing to the sensitivity of the 4C analysis technique, it is possible 
to detect genomic interactions at the 3D level, at the resolution of 

several kilobases in a specific region of the genome. As previously 
demonstrated, neocentromeres are formed in regions spanning 
∼30–40 kb (Shang et al., 2013; Hori et al., 2017), so we focused on 
30–40-kb neocentromeric regions for detecting genomic inter-
actions within the region both before and after the formation of 
neocentromeres. In this analysis, we evaluated interaction effi-
ciency using the read numbers obtained from sequencing after 
normalization with total read numbers because this method is 
more appropriate for evaluating interactions within regions near 
the viewpoint (Splinter et al., 2012). We set up viewpoints near 
both edges of the 3.8-Mb CENP-A binding region in #BM23 cells 
and performed 4C analysis using these viewpoints in both #BM23 
and #1320 cells. In #BM23 cells, these viewpoints detected multi-
ple interaction sites in the 30-kb CENP-A binding region, but the 
number of interacting sites in this region was reduced in #1320 
cells (Fig. 5 A). We also prepared two viewpoints in the CENP-A 
binding region in #1320 cells and performed 4C analysis using 
these viewpoints in #BM23 and #1320 cells (Fig. 5 B). In #1320 
cells, these viewpoints detected multiple sites of interactions in 
the CENP-A binding region; however, the number of interaction 
sites in this region was less in #BM23 cells than in #1320 cells 
(Fig.  5  B). We also confirmed this observation by the 3C-PCR 
method (Fig. S4, C and D). In general, 3C-PCR analysis can be 
applied to detect interaction of two loci within a 1-Mb region, 
whereas 4C can detect interactions of two loci at a longer dis-
tance (Naumova et al., 2012). The results of 4C analyses within 
the two centromeric regions (3.8- and 35-Mb regions in #BM23 
and #1320 cells, respectively) and 3C-PCR results indicated that 
multiple interactions frequently occur within the centromere 
region, suggesting that the centromeric chromatin forms a com-
pact structure.

Centromere clustering was observed from 4C analysis
All the centromeres in yeasts are clustered, and this cluster-
ing is clearly visible as a single dot by microscopic observation 
(Funabiki et al., 1993). In addition, recent Hi-C analyses clearly 
demonstrated centromere clustering in yeast cells (Mizuguchi et 
al., 2014; Varoquaux et al., 2015; Burrack et al., 2016). However, 
it is not entirely certain whether the centromeres in vertebrate 
interphase nuclei are clustered because multiple punctate foci 
are observed during microscopic observation in interphase nu-
clei of vertebrate cells. By analyzing the 4C data, we intended 
to clarify whether centromere clustering occurs in DT40 cells 
(Fig. 6 and 7). We examined the number of sequence reads and 
SOR values, including that of the nonrepetitive centromere of 
chromosome 5 in #BM23 cells where the centromere is formed 
in the 3.8-Mb region, using 4C-seq data with six viewpoints 
(A–F of Fig. 6 A; and Table S1). We found that two viewpoints at 
the 3.8-Mb region (A and B in Fig. 6 A, left) associated with the 
sequence of the centromere on chromosome 5 in #BM23 cells. 
However, the other four viewpoints at the 35- and 55-Mb regions 
did not associate with the sequence of the centromere on chro-
mosome 5 in #BM23 cells (Fig. 6 A, left). Because we calculated 
SOR values with the 150-kb window and the centromere region 
spans 30–40 kb, it is possible that the SOR may detect the non-
centromere region. Although the two viewpoints at the 35-Mb 
centromeric region in #1320 cells (C and D in Fig. 6 A, right) were 
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associated with the sequence of the centromere on chromosome 
5, the other viewpoints were not associated with the centromere 
in #1320 cells (Fig. 6 A, right). We also examined the association 
of the neocentromeres with another nonrepetitive centromere 
on chromosome 27 (Fig. 6 B). As with the case for chromosome 
5, the neocentromeric regions on chromosome 27 are associated 
with the centromere, but the noncentromeric viewpoints on the 
Z chromosome was not associated with the centromeres on chro-
mosome 27 (Fig. 6 B).

In addition to identifying the association of the neocen-
tromeres on the Z chromosome with the nonrepetitive cen-
tromeres located on chromosomes 5 and 27, we examined whether 
the neocentromeres associate with repetitive centromeres. Most 
of the chicken chromosomes possess repetitive centromeres, 
but the sequences between the repetitive centromeres are fairly 
divergent (Shang et al., 2010). In spite of the intercentromeric 
sequence diversity, our analysis indicated that the sequences of 
both the centromeres of chromosomes 1 and 2 are associated with 
neocentromeres (Fig. 7, A and B). Considering these results, we 
concluded that neocentromeres associate with both repetitive 
and nonrepetitive centromeres and that centromere clustering 
does occur in the interphase nuclei of vertebrates. However, 
because punctate centromeric foci can be observed in the inter-
phase nuclei of DT40 cells, this clustering should be of a tran-
sient nature. However, we scored the numbers of centromere 
foci in various cell cycle stages and found that the numbers of 

foci in interphase were reduced compared with those in mitosis 
(Fig. 7 C), which supports the centromere clustering observed 
by 4C analysis.

CENP-H but not CENP-C is involved in centromere–
heterochromatin interactions
The results of the 4C and FISH analyses in this study demon-
strated that centromeres are physically associated with heter-
ochromatin-rich regions in the interphase nuclei even if they 
were distant at the sequence level. Next, it was important to 
address which molecules participate in establishing these inter-
actions. H3K9 trimethylation is mediated by several H3 methyl-
transferases, and Suv39H is known as a major methyltransferase 
for H3K9me3 (Rea et al., 2000; Peters et al., 2001). Therefore, we 
tested the association of the 8- and 26-Mb regions with neocen-
tromeres on the Z chromosome in Suv39H-deficient cells (Fig. S5, 
A–C). Chicken has two Suv39H genes (Suv39H1 and Suv39H2), 
and we disrupted both genes by CRI​PSR/Cas9 using #1320 cells 
(Fig. S5 A). Consistent with a previous study (Peters et al., 2001), 
total H3K9me3 levels were reduced in these Suv39H-deficient 
cells based on immunoblot analysis with anti-H3K9me3 anti-
body (Hayashi-Takanaka et al., 2011), but H3K9me3 still existed 
(Fig. S5 B). We tested association of the 8-Mb region with the 
neocentromere (the 35-Mb region) in #1320 cells with or with-
out Suv39H. As shown in Fig. S5 C, we found a tendency for this 
association to be reduced in Suv39H-deficient cells, but this 

Figure 5. The neocentromere forms a compact structure. (A) High-resolution 4C profile (red bars) within the centromeric region determined using #BM23 
and #1320 cell lines. Two viewpoints (3.8M-H-L and 3.8M-H-R) were selected for the 3.8-Mb region. The CENP-A ChIP-seq profiles (blue) in #BM23 and #1320 
cell lines around the 3.8-Mb region are also shown. The values on the vertical axis represent the number of sequence reads. HindIII sites around this region 
are also shown. Arrows show the viewpoint positions. (B) High-resolution 4C profile (red bars) within the centromere region determined using #BM23 and 
#1320 cell lines. Two viewpoints (35M-H-L and 35M-H-R) were used for the 35-Mb region. The CENP-A ChIP-seq profiles (blue) around the 35-Mb region in the 
#BM23 cells and #1320 cells are also shown. Arrows show the viewpoint positions. The values on the vertical axis represent the number of sequence reads. 
HindIII sites around this region are also shown.
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dissociation was not statistically significant. There are some ex-
planations for this observation. First, although total H3K9me3 
levels were reduced in Suv39H-deficient cells, we could not 
evaluate by how much they had reduced in the 8-Mb region. The 
remaining H3K9me3 might be sufficient for the interaction. Sec-
ond, Suv39H-deficient cells are viable, and H3K9me3 levels may 
have adapted to these cells. We may need conditional knockout 
cells for further analysis since it is possible that this interaction 
is not related to Suv39H. Nevertheless, with current data, we can-
not conclude whether the association of the 8-Mb region with the 
neocentromere depends on H3K9me3.

In addition to the heterochromatin side, centromere proteins 
are suitable candidates that can influence the formation of these 
interactions, and we examined the contribution of the cen-

tromere proteins to the interaction. Once centromeres are epi-
genetically specified by the deposition of the histone H3 variant, 
CENP-A, into chromatin, a 16-subunit protein complex known 
as the constitutive centromere–associated network (CCAN) is 
assembled on the chromatin containing CENP-A in interphase 
nuclei. We therefore examined whether CCAN is involved 
during the formation of the centromere–heterochromatin in-
teractions. We have previously shown that CCAN is divided into 
subgroups that have different roles during centromeric assem-
bly (Fukagawa et al., 2001; Okada et al., 2006; Kwon et al., 2007; 
Hori et al., 2008; Nagpal et al., 2015; Nagpal and Fukagawa, 2016). 
Among them, the complex containing CENP-H is distinct from 
CENP-C in chicken interphase cells (Fukagawa et al., 2001; Kwon 
et al., 2007; Hori et al., 2008; Nagpal and Fukagawa, 2016). We 

Figure 6. Neocentromeres associate with the cen-
tromeres of other chromosomes with nonrepetitive 
centromeres. (A) The number of sequence reads and 
SOR values containing the centromere sequence on 
chromosome 5 determined using six different viewpoints 
(A–F) in #BM23 and #1320 cell lines. The position of each 
viewpoint is shown. (B) The numbers of sequence reads 
and SOR values containing the centromere sequence on 
chromosome 27 determined using six different view-
points (A–F) in #BM23 and #1320 cell lines. The position 
of each viewpoint is shown.
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thus focused on CENP-C and CENP-H and generated CENP-C– or 
CENP-H–conditional knockout cell lines using #1320 cells based 
on a method combining auxin-inducible degron (aid) tag with 
CRI​SPR/Cas9 (Nishimura and Fukagawa, 2017). In our method, 
the endogenous coding alleles were mutated by the CRI​SPR/
Cas9 strategy, and an aid-tagged protein was stably expressed in 
the presence of the F-box protein TIR. Once auxin is added to 
the cells, the aid-tagged protein is rapidly degraded within 2 h 
(Nishimura et al., 2009; Nishimura and Fukagawa, 2017). It is 
therefore possible to create conditional knockouts of a target pro-
tein by the addition of auxin.

We confirmed protein degradation after mutating the endoge-
nous proteins in #1320 cells expressing CENP-C–aid or CENP-H–
aid after the addition of auxin. As shown in Fig. S5 D, endogenous 
CENP-C or CENP-H proteins were not detected in the individual 
knockout lines, and CENP-C–aid or CENP-H–aid were not detect-
able by Western blotting analysis within 2 h after the addition of 
auxin in #1320-based CENP-C– or CENP-H–conditional knock-

out lines, respectively. After the addition of auxin, we performed 
analyses with two-color FISH using the green-labeled BAC clone 
#206E12 containing the 35-Mb centromeric region and the red- 
labeled BAC clone #261B8 containing the 8-Mb heterochroma-
tin region as probes for each knockout line at 0, 2, and 4 h after 
the addition of auxin (Fig. 8 A). Consistent with the analyses of 
FISH in #1320 cells (Fig. 4 C), the 8- and 35-Mb regions are asso-
ciated in both lines at 0 h. In contrast, the distance between the 
8- and 35-Mb regions increased in the CENP-H–knockout line 
after the addition of auxin; however, the distance was unaltered 
in CENP-C–knockout line even after the addition of auxin, sug-
gesting that CENP-H but not CENP-C contributes to the formation 
of the centromere–heterochromatin interactions in #1320 cells.

Finally, we performed 4C analyses using the 35-Mb region as 
a viewpoint in #1320-based CENP-C– or CENP-H–conditional 
knockout lines 0 or 2 h after the addition of auxin (Fig. 8, B and 
C). As CENP-C and CENP-H are centromere proteins and defects 
in these proteins can result in mitotic delays (Fukagawa et al., 

Figure 7. Neocentromeres associate with 
the centromeres of other chromosomes 
with repetitive centromeres. (A) The number 
of sequence reads near repetitive centromere 
sequences on chromosome 1 determined using 
six different viewpoints (A–F) in #BM23 and 
#1320 cell lines. The position of each viewpoint 
is shown. (B) The number of sequence reads near 
repetitive centromere sequences on chromo-
some 2 determined using six different viewpoints 
(A–F) in #BM23 and #1320 cell lines. The position 
of each viewpoint is shown. (C) Measurements of 
numbers of centromere foci at various cell cycle 
stages using CENP-T as a centromere marker. 
Right image is a representative immune fluo-
rescence image of DT40 cells with anti–CENP-T 
(red). Cell cycle stages are determined by EdU 
labeling (left; green). DNA was stained with DAPI 
(blue). Bar, 10 µm. The graph shows numbers of 
centromere foci at various cell cycle stages.
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2001; Kwon et al., 2007), high mitotic accumulation might affect 
the 4C profile. Therefore, we examined the cell-cycle profile of 
aid-based CENP-C– or CENP-H–conditional knockout cells after 
the addition of auxin by flow cytometry (Fig. S5 E). 2 h after the 
addition of auxin, mitotic accumulation was not observed in 
CENP-C–conditional knockout cells (Fig. S5 E), and we compared 
the 4C profiles of CENP-C–conditional knockout cells at 0 and 2 h 
after the addition of auxin. In contrast, the proportion of G2/M 
cells increased from 24.3% at 0 h to 31.4% at 2 h in CENP-H–con-
ditional knockout cells after the addition of auxin (Fig. S5 E). 
This G2/M accumulation profile is similar to that of cells treated 
with the spindle poison nocodazole (32.8% at 2 h after the addi-
tion of nocodazole; Fig. S5 E). We thus compared the 4C profile 
of CENP-H–conditional knockout cells 2 h after the addition of 
auxin with that of the same cells treated with nocodazole for 
2 h in the absence of auxin. As observed in the 4C analysis of 
#1320 cells (Fig. 2, C and D), the 35-Mb centromere region was 
observed to clearly interact with the 8- or 26-Mb heterochroma-
tin regions in both CENP-C– and CENP-H–conditional knockout 
cells in the absence of auxin (Fig. 8, B and C). The interaction 
profiles between the centromere and heterochromatin regions 
remained unaltered in CENP-C–conditional knockouts 2 h after 

the addition of auxin (Fig. 8 B). However, the peaks at the 8- and 
26-Mb regions noticeably decreased in the CENP-H–conditional 
knockout cells 2 h after the addition of auxin, in comparison with 
the cells in the control (Fig. 8 C). Moreover, the 4C profile near 
the centromere region was not changed in CENP-C– or CENP-H–
knockout cells (Fig. S5 F).

Global 4C data for CENP-C– and CENP-H–knockout cells were 
consistent with the results obtained with FISH. Considering 
these data, we conclude that CENP-H but not CENP-C is the chief 
contributor to the formation of long-range centromere–heter-
ochromatin interactions in interphase nuclei (Fig. 9).

Discussion
We previously generated DT40 cell lines containing differently 
positioned neocentromeres (Shang et al., 2013). By comparing the 
sequences of the different neocentromeres, we could not detect 
any obvious common features in sequences. However, despite the 
sequence divergence, all the proteins of the kinetochore gener-
ally assemble on the neocentromeres, suggesting the existence 
of common chromatin features among the different neocen-
tromeres. Because our DT40 cell lines contain a variety of neo-

Figure 8. CENP-H but not CENP-C contributes 
to neocentromere–heterochromatin interac-
tions. (A) Analyses with FISH using CENP-H– or 
CENP-C–conditional knockout #1320 cell lines. 
CENP-H and CENP-C are degraded upon adding 
auxin. Auxin was added at time 0, and green- 
labeled BAC clone #206E12 comprising the 
35-Mb region (centromere in #1320 cells) as well 
as the red-labeled BAC clone #261B8 comprising 
of the 8-Mb region were used as probes. Signals 
are shown by arrows. DNA was stained with DAPI 
(blue). Bar, 10 µm. The graph on the right shows 
the distance between the two probes in each cell 
line at the indicated times after the addition of 
auxin. (B) 4C profiles determined with CENP-C–
conditional knockout #1320 cell lines with the 
35-Mb region as a viewpoint in the absence 
(top: CENP-C ON) or presence (middle: 2 h after 
auxin; CENP-C OFF) of auxin. The two profiles 
were merged (bottom). Arrowheads indicate the 
8- and 26-Mb regions. The neocentromere was 
located at the 35-Mb region in these cells. (C) 4C 
profiles determined using #1320-based CENP-H– 
conditional knockout cell lines with the 35-Mb 
region as a viewpoint in the absence (top: 
CENP-H ON) or presence (middle: 2 h after auxin, 
CENP-H OFF) of auxin. CENP-H ON cells were 
treated with nocodazole for 2  h. The two pro-
files were merged (bottom). Arrows indicate the 
8- and 26-Mb regions. The neocentromere was 
located at the 35-Mb region in these cells.
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centromeres, they are excellent tools for identifying the common 
features among different neocentromeres. We attempted to iden-
tify common binding regions of the neocentromeres by analyses 
with 4C-seq. Although analyses with 4C-seq detected multiple 
binding regions for each neocentromere, we identified two major 
binding regions for the three neocentromeres. These two regions 
also associated with the native centromere containing nonrepeti-
tive sequences on the Z chromosome. Interestingly, the heteroch-
romatin marker H3K9me3 was found to be enriched in these two 
regions. Heterochromatin is usually formed at a region near the 
kinetochore known as the pericentromeric region, which flanks 
the centromeres and contains repetitive sequences. However, 
the enrichment of H3K9me3 has not been observed near all the 
neocentromeres of both chicken and human cells (Alonso et al., 
2010; Shang et al., 2013). As heterochromatin contributes to the 
formation of the kinetochore (Folco et al., 2008; Sato et al., 2012; 
Allshire and Madhani, 2018), it was necessary to justify why no 
heterochromatin was detected near the centromeres containing 
nonrepetitive sequences. We demonstrated this by analyses with 
4C-seq; centromeres with nonrepetitive sequences generally as-
sociate with heterochromatin regions in the 3D organization in 

spite of being distantly located from the neocentromeric regions 
at the sequence level. We believe that this is an interesting find-
ing, explaining the role of heterochromatin. The heterochroma-
tin located near the kinetochores is likely to have a preventive 
role, hindering the invasion of the centromeric region into re-
gions of euchromatin. In our previous study (Hori et al., 2017), 
we observed that although the position of the centromere can 
alter, centromere drift is usually suppressed. It is likely that the 
pericentromeric heterochromatin functions as a barrier against 
centromere drift. However, it was difficult to understand why 
centromere drift is suppressed even in centromeres with non-
repetitive sequences because heterochromatin is not apparently 
detected near the nonrepetitive centromeres. Our finding that 
nonrepetitive centromeres associate with heterochromatin 
in the 3D arrangement explains why centromeric drift is sup-
pressed even in nonrepetitive centromeres.

We also examined noncentromeric CENP-A levels in the 8- 
and 26-Mb regions because these regions might be potential 
sites for neocentromere formation. However, we did not observe 
significant accumulation of CENP-A in these regions, and we did 
not detect a clear correlation between centromere-binding sites, 
based on 4C, and neocentromere sites, suggesting that neocen-
tromere formation is relatively stochastic.

Although we observed accumulation of H3K9me3 in the 
8- and 26-Mb regions, H3K9me3-rich regions were not always 
neocentromere-binding sites. For example, one end of the Z chro-
mosome is highly enriched with H3K9me3 (Fig. 3). This region 
consists of highly repetitive sequences and is heterochromati-
nized (Hori et al., 1996), but we did not detect significant inter-
action of this region with neocentromeres on the Z chromosome. 
Although we cannot conclude which heterochromatin regions 
preferentially associate with neocentromeres, more studies are 
needed to clarify the mechanisms of the interaction in the future.

Our 4C analysis also demonstrated that interactions within a 
centromeric region occurred frequently (Fig. 5). This suggested 
that the centromere forms a compact structure in the nuclei. 
ChIP-seq data with anti–CENP-A showed that centromeres with 
nonrepetitive sequences cover a 30–40-kb region in chicken 
chromosomes (Shang et al., 2010, 2013), but analyses of the 
copy number of centromere proteins suggest that there are ∼30 
CENP-A nucleosomes per kinetochore (Johnston et al., 2010), 
indicating that CENP-A is scattered in the 30–40-kb centro-
meric region (∼200 total nucleosomes). Therefore, based on 
the 4C profiles for neocentromeres, we predicted that the scat-
tered CENP-A nucleosomes associate with each other to form a 
compact structure (Fig. 9). Because some of the proteins of the 
kinetochore directly bind to the CENP-A nucleosome to form 
the structure of the kinetochore (Kato et al., 2013; Pentakota et 
al., 2017; Chittori et al., 2018; Tian et al., 2018), the assembled 
CENP-A cluster would be suitable for binding the downstream 
components of kinetochores. Although ChIP-seq profiles with 
CENP-A are obtained at base pair resolution, 4C detects Hin-
dIII fragments, which are ∼3 kb. On comparing 4C profiles 
with ChIP-seq profiles, we could not directly show a CENP-A–
CENP-A interaction (Fig. 5). However, as CENP-A incorporation 
is an important feature for centromere formation, we prefer to 
use our proposed model.

Figure 9. A proposed model of 3D architecture of the genome including 
the centromere in DT40 cells. The centromere is located at the 42.6-Mb 
region, and the H3K9me3 rich regions are located at 8- and 26-Mb regions on 
the chicken Z chromosome at the 1D level. Although the centromeric region is 
estimated to lie within 30–40 kb (∼200 nucleosomes) according to analyses 
with ChIP-seq using anti–CENP-A, there exist ∼30 CENP-A–containing nucle-
osomes, indicating that the CENP-A–containing nucleosomes are scattered 
in the centromeric region. Although distances between the centromere and 
heterochromatin regions are long at the 1D level, the centromere physi-
cally associates with regions of heterochromatin in the interphase nuclei. 
The nucleosomes containing CENP-A might indulge in self-interactions to 
form a compact structure. The formation of the 3D genomic architecture, 
including the centromere, depends on the CENP-H–associated complex 
but not on CENP-C.
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In yeasts, such as S. pombe or C. albicans, centromeres in-
cluding neocentromeres are clustered at a particular position 
in the nuclei (Funabiki et al., 1993; Thakur and Sanyal, 2012; 
Mizuguchi et al., 2014; Burrack et al., 2016). However, it is not 
obvious whether the centromere cluster is formed in vertebrate 
nuclei. Owing to the visibility of multiple centromeric signals 
in the interphase nuclei of vertebrates, it is clear that unlike 
in the nuclei of yeasts, all the centromeres in vertebrate nu-
clei are not clustered at one particular location. However, our 
4C-seq analysis demonstrated that neocentromeres associate 
with other centromeres, including those containing repeti-
tive and nonrepetitive sequences. Nevertheless, centromere–
centromere interactions are perhaps not strong, because the 
sequence reads for centromeres on other chromosomes asso-
ciated with the centromere of the Z chromosome were lower 
than with the interacting sequence on the Z chromosome. Based 
on 4C analysis, we conclude that centromere clustering does 
undoubtedly occur, but centromere–centromere interactions 
might be transient in the interphase nuclei of DT40 cells. Al-
though transient, these interactions might have significance in 
the formation of the kinetochore and/or faithful chromosomal 
segregation. Interestingly, transient centromere clusters occur 
in prophase nuclei of early Drosophila embryos (Hiraoka et 
al., 1990); however, this might not be similar to our observa-
tion because our transient centromere–centromere association 
occurred at various stages during interphase. The next crucial 
challenge is to clarify the importance of centromere clustering 
in vertebrate nuclei.

Finally, we demonstrated that neocentromere–heterochro-
matin interactions in the 3D organization of the genome depend 
on CENP-H but not on CENP-C (Fig. 8). In our previous study, 
we showed that CENP-H and CENP-H–related proteins including 
CENP-T are distinct from CENP-C with respect to recruiting the 
outer kinetochore proteins (Hori et al., 2008, 2013; Fukagawa 
and Earnshaw, 2014). Although it is presently unknown as to how 
the long-range neocentromere–heterochromatin interactions 
occur, it is likely that heterochromatinized regions recognize 
a prekinetochore structure by CCAN rather than recognizing a 
particular protein. The localization of CENP-H–related proteins 
in the centromere of interphase nuclei is interdependent, but 
the localization of CENP-C in the interphase centromeres occurs 
downstream of the CENP-H–related proteins (Fukagawa et al., 
2001; Kwon et al., 2007; Nagpal et al., 2015). This suggested that 
the CENP-H–related proteins form a prekinetochore structure 
before the localization of CENP-C to the CENP-A–containing cen-
tromeres in the interphase, which might be recognized by the 
heterochromatin regions. In this study, the inference that neo-
centromere–heterochromatin interactions depend on CENP-H 
but not CENP-C is consistent with this model. In addition, our 
preliminary data indicate that HP1 was detected in CENP-T IP 
but not in CENP-C IP.

Through 4C-seq analysis with cell lines containing variously 
positioned neocentromeres, we detected previously unidentified 
interaction sites with the neocentromeres. In addition to the in-
teraction of heterochromatin regions with neocentromeres, we 
propose a model of the 3D architecture of the genome in cells 
containing neocentromeres (Fig.  9). Although the model has 

been developed by analyzing only three different DT40 cell lines 
containing neocentromeres, we believe that the 3D organization 
of the genome, including the neocentromere proposed in this 
study, might be applicable to other vertebrate cells including 
those of humans because heterochromatin is not clearly de-
tectable near the neocentromeres of human cells (Alonso et al., 
2010). We have developed additional cell lines containing neo-
centromeres located at various other positions. Combining other 
genome analysis techniques such as Hi-C or 5C with these cell 
lines or human cells containing neocentromeres would provide 
additional insights for understanding the role of centromeres in 
the formation of the 3D architecture of the genome. This study 
widens our understanding of the 3D architecture of genomes in-
cluding centromeres.

Materials and methods
Cell culture
DT40 cells were cultured at 38.5°C in DMEM supplemented with 
10% FBS (Sigma-Aldrich), 1% chicken serum (Gibco), and peni-
cillin-streptomycin (Thermo Fisher Scientific; Hori et al., 2008). 
DT40 cell lines containing neocentromeres on the Z chromosome 
were created in previous research (Shang et al., 2013).

4C-seq
4C was performed as described previously (Splinter et al., 2012). 
Briefly, 2.0 × 107 cells were fixed in 1% PFA (Electron Microscopy 
Sciences) for 10 min and quenched in 125  mM glycine. Cells 
were lysed for 10 min in ice-cold lysis buffer (50 mM Tris-HCl 
[Sigma-Aldrich], pH 7.5, 150 mM NaCl [Nacalai Tesque], 5 mM 
EDTA [Nacalai Tesque], 0.5% Igepal CA-630 [Nacalai Tesque], 
1% Triton X-100 [Nacalai Tesque], and 1× complete protease in-
hibitors [Roche]). Fixed and lysed cells were treated with 0.3% 
SDS (Nacalai Tesque) at 37°C with shaking at 900 RPM for 1 h 
with a Thermo-shaker MS-100 (Chiyoda Science) and quenched 
in 1% Triton X-100 at 37°C with shaking at 900 RPM for 1 h, and 
chromatin was digested with 900 units of HindIII (NEB) at 37°C 
with shaking at 900 RPM overnight. For EcoRI and BglII (NEB) 
digestion, 900 U of each enzyme were used for digestion. For 
inactivation of restriction enzyme digestion, digested chroma-
tin was treated with 1% SDS at 65°C for 20 min. After dilution 
and quenching of SDS in 1% Triton X-100 at 37°C for 1 h, we 
performed DNA ligation reaction with addition of 50 U T4 li-
gase (Thermo Fisher Scientific) to samples, and samples were 
incubated at 16°C overnight. Ligated chromatin samples were 
decross-linked by addition of 300 µg proteinase K (Sigma-Al-
drich) and incubation at 65°C overnight. DNA was isolated with 
phenol:​chloroform (1:1; Wako) extraction and ethanol (Nacalai 
Tesque) precipitation, followed by RNase A (Nacalai Tesque) 
incubation for 45 min. Second digestion was performed with 
100 U CviQI (NEB) at 25°C overnight. After heat inactivation 
of CviQI at 65°C for 30 min, DNA was re-ligated with 100 units 
of T4 ligase at 16°C overnight. After ethanol precipitation, DNA 
was purified by QIAquick PCR purification kit (28104; QIA​GEN). 
3.2 µg DNA was used for 4C-PCR as follows: 94°C for 2 min; 94°C 
for 10 s, 55°C for 1 min, and 68°C for 3 min, 29 repeats; 68°C 
for 5 min. After PCR amplification, PCR products were purified 
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by AMpureXP (Beckman Coulter) to remove primer dimer. The 
4C-library was sequenced with a Miseq sequencer (Illumina). 
Viewpoint positions and target oligonucleotide sequence for 
PCR are shown in Table S1. All sequence data were deposited 
in the DNA Data Bank of Japan (DDBJ) database, and accession 
numbers are shown in Table S2.

Calculation of SOR and occupancy comparison values
Adaptor sequences used for priming inverse PCR (4C-PCR) reac-
tions were removed from the output file of each raw sequence. 
Sequences that had two or more first-restriction enzyme recog-
nition sequences were divided at restriction sites and treated as 
different reads. Processed reads were mapped onto the chicken 
genome sequence using bowtie2. Uniquely hit reads and multi-
ple-hit reads with mapped scores higher than those of the second 
best hits were extracted. Mapped positions that were located far 
from first-restriction enzyme sites were removed. The number 
of hits at each first-restriction enzyme site was calculated by 
counting the numbers of reads that mapped to each site.

Reference genomes were binned into 150-kb windows with a 
100-kb moving step size. The ratio of enzyme sites with at least 
one read (≥1) to the total number of enzyme sites in a genomic 
window was termed the occupancy rate data. Comparison values 
were calculated by comparing the occupancy rate data from two 
samples within the same window as follows:

​Lo ​g​ 2​​​​(​​​ SO ​R​ EXP​​ _ SO ​R​ CTR​​ ​​)​​​ × ​​|​​SO ​R​ EXP​​ − SO ​R​ CTR​​​|​​​.​

Comparison values were plotted as histograms and fitted to the 
exponential distribution (P(x) = λe(−λx)). Finally, the top 0.1% 
most-detected regions were found to be proximal to neocen-
tromere regions.

Two-color FISH
Bacterial artificial chromosome (BAC) clones 261B8, 116B8, 
and 206E12 cover 8-, 26-, and 35-Mb (neocentromere region 
in #1320 cells) regions on the Z chromosome, respectively, 
and were used as FISH probes. Each BAC clone was labeled by 
a nick-translation method with DNase I (Roche), DNA poly-
merase I (Boehringer Mannheim), and Cy3-3-dUTP (NEL578; 
PerkinElmer) or FITC-12-dUTP (NEL412001EA; PerkinElmer). 
For double-color FISH analysis, DT40 cells were fixed with 
3% PFA for 10 min after cytospinning to a slide glass (Matsu-
nami). Fixed cells were treated with PBS:​methanol:​acetic acid 
(8:3:1) for 15 min and incubated in methanol:​acetic acid (3:1) 
for 15 min. Samples were denatured with labeled probes at 73°C 
for 1  h. After overnight incubation at 39°C, cells were washed 
with 2× SSC twice, with formamide; 2× SSC (1:1) twice; and 2× 
SSC twice at 37°C by each wash for 5 min, respectively. After 
DAPI staining, cells were washed with PBS twice and mounted 
with Vectashield mounting reagent (Vector Laboratories). FISH 
images were captured by sCMOS camera (Zyla 4.2; Andor) 
mounted on ECL​IPSE Ti microscope (Nikon) with an objec-
tive lens (Plan Apo lambda 100×/1.45 NA; Nikon) and CSU-W1 
confocal scanner unit (Yokogawa) controlled by NIS elements 
(Nikon). The distance between two signals was measured by 
Imaris software (Bitplane).

Creation of auxin-based conditional knockout cell lines
Auxin-based CENP-C– or CENP-H–conditional knockout DT40 
cell lines were created with #1320 cell line by an efficient method 
to make aid mutants (Nishimura and Fukagawa, 2017). CENP-H 
mutants were already created previously (Nishimura and 
Fukagawa, 2017). For creation of the CENP-C–knockout cell line, 
linearized pAID plasmid containing CENP-C cDNA and pX330- 
expressing single guide RNA (targeting for chicken CENP-C 
genome) were transfected into #1320 cells by Neon Transfec-
tion system (Thermo Fisher Scientific). After 1-wk selection in 
DMEM containing 30 µg/ml blasticidin S (Wako), drug-resistant 
colonies were picked up and examined for gene disruption by ge-
nomic PCR, sequencing, and Western blotting analysis.

Flow cytometry
Cells (1–5 × 106 cells in 10 ml) were labeled with 20 µM BrdU for 
20 min and collected. The cells were washed with 10 ml ice-cold 
PBS and fixed in 70% ethanol. After washing with 1 ml 1% BSA 
in PBS, the samples were incubated in 1 ml of 4 N HCl with 0.5% 
Triton X-100 at room temperature for 30 min and washed with 
1 ml of 1% BSA in PBS three times. The cells were treated with 
anti-BrdU (BD) and stained with FITC-labeled anti–mouse IgG 
(Jackson ImmunoResearch). DNA was stained with 1  ml of 10 
µg/ml propidium iodide in 1% BSA in PBS at 4°C overnight. The 
stained cells were applied to Guava easyCyte (Merck). Obtained 
data were analyzed with InCyte software (Merck).

Quantification and statistical analysis
Data analyses for 4C-seq were described above. Results of FISH 
and immunofluorescence data in Figs. 3, 4, 8, S3, and S4 were 
made using Prism (GraphPad Software), and significance was 
evaluated by Student’s t test. A P value <0.0001 was defined as sig-
nificant. Means and SD are indicated by a horizontal long bar and 
two short bars, respectively, in each graph. Sample numbers: n = 
100 (WTDT40 cell; Chr.Z42.6M-Chr.Z8M) and 100 (WTDT40 cell; 
Chr.Z42.6M-Chr.Z62M) for Fig. 3; n = 100 (#1320 cell; Chr.Z35M-
Chr.Z8M), 100 (#BM23 cell; Chr.Z35M-Chr.Z8M), 100 (#1320 
cell; Chr.Z35M-Chr.Z62M), and 100 (#BM23 cell; Chr.Z35M-Chr.
Z62M) for Fig. 4; n = 100 (0 h CENP-C–Caid), 100 (2 h CENP-C–
Caid), 100 (4 h CENP-C–Caid), 100 (0 h CENP-H–Caid), 100 (2 h 
CENP-H–Caid), and 100 (4 h CENP-HC–Caid) for Fig. 8; n = 100 
(#1320 cell; Chr.Z35M-26M), 88 (#BM23 cell; Chr.Z35M-26M), n 
= 100 (#1320 cell; nuclear size), and 88 (#BM23 cell; nuclear size) 
for Fig. S3; and n = 100 (WTDT40 cell; Chr.1-81.5M-Chr.1-100M) 
and 100 (WTDT40 cell; Chr.1-118.5M-Chr.1-100M) for Fig. S4.

Accession numbers
The DDBJ accession number for all sequence data in this study 
is DRA006803. Sample ID information about sequence data are 
summarized in Table S2.

Online supplemental material
Fig. S1 (A and B) shows 4C profiles of #BM23 and #1320 cells, and 
Fig. S1 (C and D) presents characterization of cell lines used in 
this study. Fig. S2 shows 4C profiles of the #1304 cell line using 
the neocentromere region as a viewpoint. Fig. S3 shows associ-
ation of the 8- and 26-Mb regions with neocentromere in #1320 
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cells using 4C and FISH analyses. Fig. S4 (A and B) shows that re-
petitive centromere on chromosome 1 associates with a heteroch-
romatin-rich region; Fig. S4 (C and D) presents 3C-PCR analysis 
in neocentromere regions. Fig. S5 (A–C) shows creation and char-
acterization of Suv39H-deficient cells, and Fig. S5 (D–F) show 
creation and characterization of CENP-C– and CENP-H–deficient 
cells. Table S1 summarizes target oligonucleotide sequences in 
each viewpoint. Table S2 shows sample ID information for each 
sequence data of 4C analysis.
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