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ABSTRACT

Centromeres are genomic regions essential for faith-
ful chromosome segregation. Transcription of non-
coding RNA (ncRNA) at centromeres is important for
their formation and functions. Here, we report the
molecular mechanism by which the transcriptional
regulator ZFAT controls the centromeric ncRNA tran-
scription in human and mouse cells. Chromatin im-
munoprecipitation with high-throughput sequencing
analysis shows that ZFAT binds to centromere re-
gions at every chromosome. We find a specific 8-
bp DNA sequence for the ZFAT-binding motif that
is highly conserved and widely distributed at whole
centromere regions of every chromosome. Overex-
pression of ZFAT increases the centromeric ncRNA
levels at specific chromosomes, whereas its silenc-
ing reduces them, indicating crucial roles of ZFAT in
centromeric transcription. Overexpression of ZFAT
increases the centromeric levels of both the histone
acetyltransferase KAT2B and the acetylation at the
lysine 8 in histone H4 (H4K8ac). siRNA-mediated
knockdown of KAT2B inhibits the overexpressed
ZFAT-induced increase in centromeric H4K8ac levels,
suggesting that ZFAT recruits KAT2B to centromeres
to induce H4K8ac. Furthermore, overexpressed ZFAT
recruits the bromodomain-containing protein BRD4
to centromeres through KAT2B-mediated H4K8ac,
leading to RNA polymerase II-dependent ncRNA tran-
scription. Thus, ZFAT binds to centromeres to control
ncRNA transcription through the KAT2B–H4K8ac–
BRD4 axis.

INTRODUCTION

The centromere is a unique chromosomal region essential
for the accurate segregation of sister chromatids into daugh-

ter cells (1). The kinetochore complex, which is built upon
the centromere, mediates the attachment of each chromo-
some to the spindle microtubules during mitosis. The func-
tional centromere is epigenetically defined by the specific in-
corporation of the histone H3 variant CENP-A (2–4). The
centromere chromatin is composed of interspersed canoni-
cal H3 nucleosomes and nucleosomes containing CENP-A
(5–7).

The eukaryotic centromere, which mostly consists of
species-specific repetitive DNA sequences that lack protein-
coding genes, had long been thought to be a transcrip-
tionally inactive region. However, recent studies in various
organisms have demonstrated that centromeric repeat se-
quences are transcribed into noncoding RNA (ncRNA).
RNA polymerase II (RNAPII) was detected at the cen-
tromere in yeast, fly and humans (8–12). Furthermore, tran-
scripts derived from centromeric DNA were identified in
various species from yeast to humans (10–18). These cen-
tromeric transcripts have been thought to play crucial roles
in the formation and functions of centromeres through the
association with CENP-A (16,18,19), CENP-C (12,20,21),
Aurora B (13,22,23) and Shugoshin 1 (24). Furthermore,
the process of centromeric transcription has been thought
to mediate chromatin remodeling at the centromeres, which
is required for the assembly of CENP-A (8,9,25). These
reports demonstrate that RNAPII-mediated centromeric
transcription and its ncRNA products play crucial roles
in chromosome segregation. However, there is limited un-
derstanding regarding the regulation of this process at the
molecular level.

ZFAT is a nuclear protein harboring an AT-hook domain
and 18-repeats of C2H2 zinc-finger domains (26–28). It reg-
ulates mRNA transcription by binding to the proximal re-
gion of transcription start sites in ZFAT-target genes (29).
Zfat-deficient mice exhibited embryonic lethality by embry-
onic day 8.5 (30). Furthermore, T-cell specific deletion of
the Zfat gene in mice resulted in a marked reduction in
the number of T cells (31–33). Therefore, ZFAT has been
thought to be a transcriptional regulator essential for em-
bryonic development and T-cell homeostasis.
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Here, we report crucial roles of ZFAT in centromeric
ncRNA transcription in human and mouse cells. ZFAT
was bound to centromeres through a specific 8-bp DNA
sequence that is highly conserved and widely distributed
at whole centromere regions of every chromosome. Over-
expression of ZFAT caused a marked increase in the lev-
els of centromeric ncRNA, whereas silencing of ZFAT re-
duced them, indicating crucial roles of ZFAT in centromeric
ncRNA transcription. ZFAT induced acetylation at the ly-
sine 8 in histone H4 (H4K8ac) at centromeres by recruit-
ing the histone acetyltransferase KAT2B, leading to the ac-
cumulation of the bromodomain-containing protein BRD4
at centromeres. Therefore, we propose that ZFAT binds to
centromeres to control ncRNA transcription through the
KAT2B–H4K8ac–BRD4 axis.

MATERIALS AND METHODS

Cell culture

HEK293, HeLa, NIH3T3 and HT1080 cells were cul-
tured at 37◦C with 5% CO2 in Dulbecco’s modified
Eagle’s medium (DMEM, Wako Pure Chemical Indus-
tries), supplemented with 10% fetal calf serum and
penicillin/streptomycin. For inhibition of RNAPII, �-
amanitin (Wako Pure Chemical Industries, 010-22961) was
used at a final concentration of 1 �M. For inhibition of
BRD4, JQ1 (Sigma-Aldrich, SML1524) was used at a final
concentration of 0.5 �M.

Mice

Mouse thymocytes and splenic CD4+ T cells were prepared
as previously described (32,33). All animal experiments fol-
lowed the guidelines established by the Institutional Animal
Care and Use Committee of Fukuoka University in accor-
dance with approved protocols.

Constructs

The expression vectors and primers used for cloning and
mutagenesis in this study are listed in Supplementary Tables
S1 and S2. The expression vectors for mouse Zfat were pre-
viously described (26,29). The previously described cDNA
for human ZFAT (27) was cloned into plasmid DNA for
expression in cultured mammalian cells. The cDNA for hu-
man BRD4 (FHC11882) was purchased from Promega and
cloned into an EGFP-C3 vector. The cDNA for mouse
KAT2B was amplified from reverse transcription products
obtained from thymocytes of C57BL/6 mice and cloned
into an pcDNA3 (Invitrogen) or MSCVpuro (Clontech)
vector with a FLAG-tag at the N-terminus. A QuickChange
Site-Directed Mutagenesis kit (Takara Bio) was used for
mutagenesis. All expression vectors were verified by DNA
sequencing.

Chromatin immunoprecipitation (ChIP) and high-throughput
sequencing (ChIP-seq), and ChIP-quantitative PCR (ChIP-
qPCR)

The antibodies used for ChIP and the primers used for
qPCR are listed in Supplementary Tables S2 and S3.

For the ChIP-seq analysis of HA-hZFAT using an
anti-HA antibody, HEK293 cells were transfected with the
empty vector or the expression vector for HA-hZFAT using
Lipofectamine 3000 (Invitrogen). ChIP-seq analysis was
performed as previously described (29). After trimming
adaptor sequences and low-quality sequences, approxi-
mately nine million sequence reads (only Read 1) were
mapped to a human reference genome set (hg38) using
the Burrows-Wheeler Aligner (ver0.6.2). The reference
genome sequence set used consists of the sequences of
the autosomal (1–22) and sex (X, Y) chromosomes, and
the mitochondrial DNA from the GRCh38 assembly
(GenBank assembly accession: GCA 000001405.15),
the human gamma herpesvirus 4 (Epstein-Barr virus)
genome sequence (GenBank accession: NC 007605), and
the decoyJRGv1 sequence (available at https://jmorp.
megabank.tohoku.ac.jp/dj1/datasets/tommo-jrgv1/files/
decoyJRGv1.fasta.zip?download=true). The resultant bam
files were de-duplicated using the samtools-1.6 (https:
//sourceforge.net/projects/samtools/files/samtools) and
picard-tools-2.8.1 (https://broadinstitute.github.io/picard/).
To visualize the mapping results in bam files, the count
function of IGVTools (https://software.broadinstitute.
org/software/igv/igvtools) was used to generate .tdf files
from the de-duplicated bam files. The .tdf files were vi-
sualized using the Integrative Genomics Viewer (IGV)
(http://software.broadinstitute.org/software/igv/). The
de-duplicated bam files were analyzed using the MACS2
algorithm (https://github.com/taoliu/MACS/) to identify
binding regions. Genomic feature annotation of the ZFAT-
binding sites was performed using ChIPseeker annotating
tools with ‘TxDb.Hsapiens.UCSC.hg38.knownGene’ as
an annotation data source (34). Cells transfected with the
empty vector were used as a control. ChIP-seq data has
been deposited in NCBI GEO as GSE134612.

ChIP-qPCR was similarly performed with minor modi-
fications. The modifications were as follows. HEK293 cells
were transfected with the expression vector for EGFP or
HA-hZFAT-EGFP using Lipofectamine 3000. After 24 h,
the cells were crosslinked with formaldehyde, and EGFP+

cells were sorted using FACSAria II (BD Biosciences). The
cells were lysed in RIPA buffer (50 mM Tris–HCl, pH
8.0, 150 mM NaCl, 1% Triton X-100, 0.5% sodium de-
oxycholate, 0.1% SDS) and sonicated using a Bioruptor
(Cosmo Bio) for 15 cycles of 1 min with 30 s on/off with-
out MNase treatment. After the ChIP reaction, the beads
were serially washed with RIPA, RIPA containing 500 mM
NaCl, and RIPA containing 250 mM LiCl and TE buffers
(10 mM Tris–HCl, pH 8.0, 1 mM EDTA). qPCR was per-
formed using TB Green Premix Ex Taq GC (Perfect Real
Time) (Takara Bio) with ABI PRISM 7900HT (Applied
Biosystems).

RNA-sequencing (RNA-seq) analysis

HT1080 cells were transfected with expression vectors for
HA-hZFAT-EGFP or EGFP. After 24 h, EGFP+ cells were
sorted using FACSAria II, and total RNA was extracted
using the TRIZol reagent (Life Technologies). Libraries for
RNA-seq were prepared using NEBNext rRNA Depletion
Kit (New England Biolabs, #E6310L) and NEBNext Ultra

https://jmorp.megabank.tohoku.ac.jp/dj1/datasets/tommo-jrgv1/files/decoyJRGv1.fasta.zip?download=true
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Directional RNA Library Prep Kit (New England Biolabs,
#E7760S) using 750 ng of total RNA as a starting material
by following the manufacturer’s instructions with 6 cycles of
PCR amplification. Paired-end sequencing (76 bp × 2) was
performed on the NextSeq550 system (Illumina). Approx-
imately 30 million read pairs per library were trimmed for
adaptor sequence and low-quality sequence, and mapped to
the human reference genome sequence set described in the
ChIP-seq section using HISAT2 v2.1.0 (https://ccb.jhu.edu/
software/hisat2/manual.shtml) with the following options:
-p, –dta, -rna-stranness RF. The resultant .sam files were
converted to .bam files and de-duplicated using samtools-
1.6 and picard-tools-2.8.1. The resultant bam files were sub-
jected to StringTie ver. 2.0.6 (https://ccb.jhu.edu/software/
stringtie/) to determine read counts for each gene described
in the gtf file for NCBI RefSeq genes (GRCh38/hg38) with
the following options: -A -B -C -e -G –rf. The gtf file
was obtained using the Table Browser (https://genome.ucsc.
edu/cgi-bin/hgTables). RNA-seq data has been deposited in
NCBI GEO as GSE145651.

Count of reads mapped to centromeric �-satellite DNA re-
gions

The RepeatMasker annotation for the GRCh38/hg38
genome was obtained in bed format using the Table
Browser, and used to generate a bed file for 1,653 ge-
nomic intervals annotated as �-satellite DNA regions on
autosomal (1–22) and sex (X and Y) chromosomes. The
read counts mapped in each of the 1653 �-satellite DNA
intervals were counted for de-duplicated bam files using
the multicov function of bedtools v2.26.0 (https://bedtools.
readthedocs.io/en/latest/). The sum of the read counts
mapped to the �-satellite DNA regions was calculated for
each chromosome. The mapped read counts were normal-
ized as read per million reads (RPM).

siRNA transfection

The siRNAs against KAT2B, BRD4 and ZFAT, and the
negative control siRNA were purchased from Thermo Sci-
entific. Sequences for siRNA are shown in Supplementary
Table S2. The cells were transfected with siRNA using Lipo-
fectamine RNAiMAX (Invitrogen) according to the reverse
transfection protocol provided by the manufacturer. Briefly,
cells were seeded with siRNA (20 pmol)–Lipofectamine
RNAiMAX (5 �l) complexes in six-well plates at a density
of 2 × 105 cells per well. After 48 h, the cells were transfected
with plasmid DNAs using Lipofectamine 3000 (Invitrogen)
and incubated for a further 24 h. Following incubation, the
cells were subjected to further analyses.

Immunofluorescence microscopy

Cells were seeded onto 12-mm diameter glass cover-
slips coated with 0.1 mg/ml poly-L-lysine (Sigma-Aldrich,
P5899), placed in 24-well plates, and transfected with plas-
mid DNAs using Lipofectamine 3000. After 24 h, the
transfected cells were fixed with 4% paraformaldehyde in
phosphate-buffered saline (PBS) for 15 min at room tem-
perature or ice-cold 100% methanol for 15 min at –20◦C,
washed thrice with PBS, permeabilized/blocked with 5%

FBS or 5% nonfat dry milk in PBS containing 0.3% Tri-
ton X-100 for 30 min at room temperature, and subse-
quently incubated with primary antibodies. The antibodies
used for immunostaining are listed in Supplementary Table
S3. Following incubation, the cells were washed thrice with
PBS, permeabilized/blocked with 5% FBS or 5% nonfat dry
milk in PBS containing 0.3% and subsequently incubated
with secondary antibodies conjugated with fluorescent dyes
for 1 h at room temperature. The cells were washed thrice
with PBS, permeabilized/blocked with 5% FBS or 5% non-
fat dry milk in PBS containing 0.3%, stained with DAPI,
mounted using Fluorescence Mounting Medium (Dako),
and examined using a TCS SP5 laser-scanning confocal mi-
croscope (Leica Microsystems). To determine proportion
of cells with centromeric ZFAT foci, cells were counted as
ZFAT foci positive cells when >80% of the detected ZFAT
foci were colocalized with CENP-A foci.

Quantitative RT-PCR (qRT-PCR)

Cells were transfected with the expression vector for EGFP
or HA-hZFAT-EGFP using Lipofectamine 3000. After 24
h, EGFP+ cells were sorted using FACSAria II. Total RNA
was extracted using the TRIZol reagent (Life Technolo-
gies). cDNA was synthesized using the ReverTra Ace qPCR
RT Master Mix with gDNA Remover (Toyobo). The RNA
expression levels were determined in both reactions with
and without reverse transcriptase, and are shown as the rel-
ative values to those of �-actin. qPCR was performed us-
ing the Thunderbird SYBR qPCR Mix (Toyobo) with ABI
PRISM 7900HT (Applied Biosystems) according to the in-
structions provided by the manufacturer. The primers used
for qPCR are listed in Supplementary Table S2.

Immunoblotting and co-immunoprecipitation

Immunoblotting was performed as previously described
(35,36) using the antibodies shown in Supplementary Table
S3. Co-immunoprecipitation was performed as previously
described (37).

Flow cytometry

Cell sorting and flow cytometry analysis were performed us-
ing FACSAria II as previously described (33). Flow cytom-
etry data were analyzed using the FlowJo software (Tomy
Digital Biology).

Luciferase reporter assay

Luciferase reporter assay was performed as previously de-
scribed (29). Mouse Zfat cDNA was subcloned into the
pVP16-AD vector (Clontech) to express Zfat fused with
the transcription activation domain (AD) of herpes sim-
plex virus VP16. The minimal adenovirus E1b promoter
sequence (GGGTATATAATG, E1bTATA) was inserted into
the pGL4.14 vector (Promega) at the HindIII site di-
rectly preceding firefly luciferase (pGL4.14-E1bTATA). The
oligonucleotides shown in Supplementary Table S2 were an-
nealed and then inserted into the pGL4.14-E1bTATA vector
to produce the reporter constructs containing a part of �- or
minor satellite DNA. The nucleotide sequence for the ZFAT
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box in the reporter construct containing CENP-B box was
substituted to ‘TCCTCGTA’. HEK293 cells were seeded at
1 × 104 cells on 96-well plates and transfected with 2 ng of
pRL-SV40 vector (Promega), 50 ng of pGL4.14-E1bTATA
reporter constructs, and 50 ng of pVP16-AD or pVP16-AD-
Zfat vector using Lipofectamine 3000 (Invitrogen). After 24
h, the cells were lysed and analyzed using the Dual Glo Lu-
ciferase Assay system and Glomax luminometer (both from
Promega), according to the manufacturer’s protocol. The
firefly luciferase activity was normalized against the cor-
responding Renilla luciferase activity, and the relative lu-
ciferase activity was calculated as the change relative to the
reporter in the presence of pVP16-AD. In all of the reporter
assays, we obtained consistent results from at least three in-
dependent experiments.

Statistical analysis

The data were expressed as the mean ± standard deviation.
The statistical analyses were performed using an unpaired
two-tailed Student’s t-test. A P < 0.05 denoted statistically
significant difference.

RESULTS

ZFAT binds to centromeres of every chromosome in human
and mouse cells

We previously reported ZFAT-binding sites on the mouse
genome DNA, determined by ChIP-seq analysis of mouse
Zfat (mZfat) (29). To compare the genomic binding pro-
files of ZFAT between human and mouse, we attempted to
determine the ZFAT-binding sites on the human genome
by ChIP-seq analysis of human ZFAT (hZFAT). However,
the anti-mZfat antibody, which was used in the ChIP-seq
analysis of mZfat, was not suitable for the hZFAT ChIP-
seq analysis. Mouse and human ZFAT showed 91% amino
acid sequence identity in the C-terminal region used for
generation of the anti-mZfat antibody (Supplementary Fig-
ure S1A). However, the anti-mZfat antibody specifically
recognized mZfat, but not hZFAT, in immunoprecipita-
tion and immunoblotting analyses (Supplementary Figure
S1B). Therefore, we established HEK293 human cells sta-
bly expressing hZFAT tagged with HA (HA-hZFAT), and
performed immunoprecipitation of HA-hZFAT using an
anti-HA antibody. Ectopic HA-hZFAT was overexpressed
over 50-fold higher than endogenous ZFAT through the
CAG promoter (Supplementary Figure S1C). In the ChIP-
seq analysis of HA-hZFAT, majority (92%) of the hZFAT-
binding sites was found to be located at �-satellite DNA
regions (Figure 1A and Supplementary Figure S2A). On
the other hand, at non-�-satellite DNA regions, hZFAT was
mainly bound to the gene promoters, which correspond to
the mZfat-binding sites previously identified through the
mZfat ChIP-seq analysis (Supplementary Figures S2A and
S2B), indicating the efficacy of the HA-hZFAT ChIP-seq
analysis.

Binding of ZFAT to �-satellite DNA was observed at
every chromosome, except for the Y chromosome (Figure
1B and Supplementary Figure S3). HEK293 cells do not
have the Y chromosome because they are of female origin.

To examine whether ZFAT binds to �-satellite DNA at the
Y chromosome, ChIP-quantitative PCR (qPCR) analysis
of overexpressed hZFAT was performed using primers for
centromeric �-satellite DNA and other repetitive DNA se-
quences in HT1080 cells, which are of male origin (Supple-
mentary Figure S4A). Binding of HA-hZFAT-EGFP was
observed at �-satellite DNA of the Y chromosome, as well
as of the chromosome 21, but not at the genomic region for
5S ribosomal RNA (Figure 1C). Furthermore, the binding
of overexpressed hZFAT at �-satellite DNA was also val-
idated in HEK293 cells by ChIP-qPCR analysis. Binding
of hZFAT was specifically observed at the centromeric �-
satellite DNA, but not at other repetitive DNA sequences,
in cells expressing HA-hZFAT-EGFP (Supplementary Fig-
ure S4B). These results suggest that ZFAT binds to cen-
tromeres of every chromosome, including the Y chromo-
some.

As DNA sequences for mouse centromeric regions have
not fully been reported in the mouse genome assembly
(mm10), it is unknown that mZfat binds to centromeres in
mouse cells. To address whether endogenous ZFAT binds
to mouse centromeres, we performed ChIP-qPCR analy-
sis of mZfat in NIH3T3 mouse cells using the anti-mZfat
antibody. Centromeric and pericentromeric regions at the
mouse chromosomes consist of distinct repetitive DNA se-
quences, called minor and major satellite DNAs, respec-
tively. Binding signals of endogenous mZfat were detected
at both minor and major satellite DNAs (Figure 1D), sug-
gesting that endogenous mZfat binds to both centromeres
and pericentromeres in mouse cells.

The localization of ZFAT was examined through im-
munofluorescence analysis using an anti-hZFAT antibody.
Endogenous hZFAT formed foci within the nucleus in
HT1080 cells (Figure 1E). A part of ZFAT foci were
completely colocalized with CENP-B foci, but there were
also several ZFAT foci, which were only partially colocal-
ized with CENP-B foci (Figure 1E and F). Furthermore,
the centromeric localization of hZFAT was also examined
in HEK293 cells overexpressing hZFAT-HA. hZFAT-HA
showed the formation of foci, which were partially colocal-
ized with CENP-A (Figure 1G and H). The hZFAT foci
were larger than those of CENP-A, suggesting that hZFAT
binds to centromeres and the surrounding regions. Fur-
thermore, formation of the ZFAT foci was also observed
in other human and mouse cell lines (Supplementary Fig-
ure S4C). Interestingly, mZfat-HA, which was ectopically
overexpressed in human cells, showed formation of foci at
centromeres (Figure 1G and H, and Supplementary Fig-
ure S4C). Similarly, ectopically overexpressed hZFAT-HA
formed centromeric foci in mouse cells (Supplementary Fig-
ure S4C). These results suggest that the centromeric binding
of ZFAT is conserved between human and mouse. Collec-
tively, these results indicate that ZFAT binds to centromeres
of every chromosome in human and mouse cells.

ZFAT binds to a specific 8-bp DNA sequence named ZFAT
box, which is widely distributed at every chromosome cen-
tromere

We previously reported that ZFAT was directly bound
to specific nucleotide sequences on the mouse genome
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Figure 1. ZFAT binds to every chromosome centromere. (A,B) ChIP-seq analysis of ZFAT at the �-satellite DNA region using an anti-HA antibody
in HEK293 cells transfected with HA-hZFAT expression vector or empty vector. (A) Results of the �-satellite DNA region of the chromosome 4 are
shown as representative data. Chr4 row shows the structure of human chromosome 4. Red rectangle indicates chromosome region where the results of
ZFAT ChIP-seq analysis are shown. HA-hZFAT row presents the result of the ZFAT ChIP-seq analysis in cells transfected with HA-hZFAT expression
vector using an anti-HA antibody. Control vector row presents the result of the ChIP-seq analysis in cells transfected with empty vector using an anti-HA
antibody as the negative control. Values in the panels represent the ranges of mapped read. ZFAT peak summits row shows the position of ZFAT peak
summit identified by MACS analysis. Satellite and Gene rows show the position of satellite DNA and genes, respectively. Results of every chromosome
are shown in Supplementary Figure S3. (B) The reads mapped in the �-satellite DNA regions are counted as described in the Materials and Methods.
The sum of mapped reads is calculated, and normalized as read per million reads (RPM). The centromeric ZFAT levels at each chromosome centromere
are shown as the ratio of the values in cells expressing HA-hZFAT against those in cells transfected with empty vector. (C) ChIP-qPCR analysis of ZFAT
at human repetitive DNA sequences using an anti-HA antibody or control IgG in HT1080 cells transiently expressing HA-hZFAT-EGFP or EGFP. The
results are shown as the values for relative recovery rate of immunoprecipitated DNA. (D) ChIP-qPCR analysis of mZfat at minor and major satellite
DNA sequences in NIH3T3 cells using an anti-ZFAT antibody or control IgG. The mZfat protein levels are shown as the relative values to control IgG.
Primers for tubulin were used as the negative control. (E) Immunofluorescence images of endogenous hZFAT and CENP-B in HT1080 cells using anti-
ZFAT and anti-CENP-B antibodies. (F) Intensity profile of the indicated cross section in the image in (E) (white line). (G) Immunofluorescence images of
ZFAT and CENP-A in HEK293 cells transiently expressing hZFAT-HA or mZfat-HA. (H) Percentage of cells containing centromeric ZFAT foci in cells
expressing ZFAT-HA, determined in (G). (C, D, H) Data represent the mean ± SD of three independent experiments. (E, G) Data are representative of
three independent experiments. Scale bar, 5 �m.
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DNA, and identified the GAA(T/A)(C/G)TGC sequence
as ZFAT-binding motif (29). As shown in Supplementary
Figure S3, every human chromosome harbored a large
number of the ZFAT-binding motif at whole �-satellite
DNA regions. Based on sequence analysis of hundreds of �-
satellite DNA monomers, 12 consensus monomers (J1, J2,
D1, D2, W1, W2, W3, W4, W5, M1, R1 and R2) have been
designated (Figure 2A and Supplementary Figure S5) (38–
40). While only half of 12 consensus monomers contained
CENP-B box that is the only sequence element known at
centromeres, the ZFAT-binding motif was conserved in 9
of 12 consensus monomers (Figure 2A and Supplementary
Figure S5). These results suggest that a specific 8-bp DNA
sequence for the ZFAT-binding motif is highly conserved
and widely distributed at whole centromere regions of ev-
ery chromosome. Thus, we named this 8-bp DNA sequence
‘ZFAT box’.

To confirm the binding of ZFAT to the ZFAT box within
�-satellite DNA, the luciferase reporter assay was per-
formed in HEK293 cells. We used mZfat fused with the
transcription activation domain (AD) of herpes simplex
virus VP16 (AD-Zfat). Furthermore, the minimal aden-
ovirus E1b promoter sequence (E1bTATA) was inserted di-
rectly preceding the luciferase-coding sequence at a reporter
construct (Figure 2B). In our assay system, luciferase is ex-
pressed through the E1bTATA promoter activated by the AD
fused with mZfat. Therefore, the luciferase activities mostly
reflect the ZFAT-binding levels at a reporter construct in
cells (29). A part of �-satellite DNA, a 50-bp nucleotide
sequence containing the ZFAT box, was cloned in front
of the E1bTATA sequence in the reporter construct (Figure
2B). The reporter construct was transiently transfected into
HEK293 cells along with a construct expressing AD-Zfat.
AD-Zfat strongly induced luciferase activity through the re-
porter construct containing �-satellite DNA with the ZFAT
box-1, whereas luciferase activity was slightly observed in
cells transfected with the reporter constructs containing the
ZFAT box-2, 3 and 4 (Figure 2C). Furthermore, AD-Zfat
hardly induced luciferase expression through the reporter
construct containing the mutated ZFAT box (Figure 2C).
These results suggest that ZFAT binds to the ZFAT box
within �-satellite DNA, and shows a binding preference for
the ZFAT box-1.

Binding levels of ZFAT at �-satellite DNA regions were
different in each chromosome (Figure 1B and Supplemen-
tary Figure S3). To explore whether the different levels of
ZFAT-binding in each chromosome were due to selectiv-
ity of ZFAT to the ZFAT boxes, we examined the number
of ZFAT box per million base pairs at centromeres of ev-
ery chromosome. Majority of the ZFAT box present in cen-
tromeres was the ZFAT box-1 and 2 at every chromosome,
but their proportions to the total number of all ZFAT boxes
were different in each chromosome (Supplementary Figure
S6). We further examined correlation on each chromosome
between the centromeric ZFAT levels and proportions of
the ZFAT boxes. Of the 4-types of ZFAT boxes, the pro-
portion of ZFAT box-1 was positively correlated with the
centromeric ZFAT levels at each chromosome (Figure 2D).
These results were consistent with the binding selectivity
of ZFAT to ZFAT boxes (Figure 2C), suggesting that the
binding preference of ZFAT for ZFAT box-1 participates in

the different ZFAT-binding levels at each chromosome cen-
tromere.

We investigated whether mouse minor satellite DNA con-
tained the ZFAT box, and found a nucleotide sequence
(CGAATGTGT) with one nucleotide substitution against
the ZFAT box (GAATGTGC) within minor satellite DNA.
We previously reported that mZfat was strongly bound to
the modified ZFAT-binding motif (CGAATGTG) at pro-
moter region of the Brpf1 gene, which is perfectly matched
with the nucleotide sequence of minor satellite DNA (29).
Indeed, AD-Zfat significantly induced luciferase expression
through the reporter constructs containing a part of mi-
nor satellite DNA with the CGAATGTG sequence (Figure
2C), suggesting that the CGAATGTG sequence at minor
satellite DNA functions as the ZFAT-binding site in mouse
cells. These results suggest that ZFAT binds to a specific 8-
bp DNA sequence named ZFAT box, which is widely dis-
tributed at every chromosome centromere, in human and
mouse cells.

A cluster of basic amino acids in the ZFAT N-terminal region
is required for its centromeric binding

To determine hZFAT regions involved in binding to the
centromeres, we examined the centromeric localization of
the hZFAT deletion mutants through immunofluorescence
analysis. The deletion mutants without the C-terminal half
of ZFAT showed formation of the foci that were colocalized
with CENP-A (ZF-�C-2 and -3), whereas the formation of
centromeric ZFAT foci was inhibited by deletion of the N-
terminal region of ZFAT (1–135 amino acids) (ZF-�N-1,
Supplementary Figures S7A and S7B). These findings in-
dicate that the N-terminal region, but not zinc-finger do-
mains in the C-terminal region, of ZFAT is involved in its
centromeric binding. The N-terminal region of ZFAT con-
tains a cluster of basic amino acids, as well as an AT-hook
domain which is known to bind to DNA, both of which
are highly conserved in ZFAT amino acid sequences among
vertebrates (Supplementary Figure S7C). The formation of
foci of ZFAT was abolished by deleting a cluster of basic
amino acids in the N-terminal region (�71–83), whereas
mutations in the AT-hook domain (GRP/AAA) did not af-
fect the formation of foci (Supplementary Figures S7A and
S7B). These results suggest that a cluster of basic amino
acids at 71–83 residues, but not the AT-hook domain, in
the ZFAT N-terminal region is required for its centromeric
binding.

ZFAT plays crucial roles in the transcription of ncRNA at
specific chromosome centromeres

We previously reported that mZfat regulated the mRNA
transcription of particular genes by binding to their pro-
moter regions (29). To elucidate the role of ZFAT at
centromeres, we examined the expression levels of cen-
tromeric ncRNAs in HEK293 cells overexpressing HA-
hZFAT-EGFP by quantitative RT-PCR (qRT-PCR) analy-
sis using primers for centromeric �-satellite RNA and other
repetitive sequences (Supplementary Figure S4A). Notably,
the expression levels of centromeric ncRNAs from the chro-
mosomes 17 and X, but not from the chromosome 21, were
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Figure 2. ZFAT binds to a specific 8-bp DNA sequence conserved in �-satellite DNA. (A) Schematic diagram of 12-consensus �-satellite DNA monomers.
Suprachromosomal family (SF) classification for monomers are shown. Nucleotide sequences for the ZFAT box and CENP-B box are presented at the top.
Nucleotides different from ZFAT or CENP-B box are colored in red in each monomer. The entire nucleotide sequences for 12-consensus �-satellite DNA
monomers are shown in Supplementary Figure S5. (B) Schematic diagram of constructs used in (C). Nucleotide sequences of the ZFAT box are shown.
Different nucleotides among the ZFAT box-1-4 are colored in red. Nucleotides substituted in the ZFAT box are colored in blue. The entire nucleotide
sequences for each reporter constructs are described in Supplementary Table S2. (C) Luciferase assay to characterize the ZFAT box in �- or minor satellite
DNA regions. The luciferase activity is expressed as the relative values to those in cells transfected with a combination of pVP16-AD and each reporter
construct. Data represent the mean ± SD based on three replicates from three independent experiments. Values in cells transfected with the reporter
constructs containing ZFAT box are compared with those in cells transfected with the empty pGL4 vector. *P < 0.05, N.S.; not significant (P > 0.05). (D)
Correlation between the centromeric ZFAT levels and proportion of ZFAT boxes at each chromosome. Proportion of each ZFAT box to the total number
of all ZFAT boxes is determined, as shown in Supplementary Figure S6. Values of correlation coefficient (r) are shown in the panels.

markedly increased by the overexpression of hZFAT (Fig-
ure 3A). Since the centromeric ncRNAs were expressed at
very low levels in control cells, the ectopic overexpression
of hZFAT resulted in hundreds- to thousands-fold increase
in the levels of centromeric ncRNA from the chromosomes
17 and X, compared with those observed in control cells
(Figure 3B). Furthermore, a marked increase in the expres-
sion levels of centromeric ncRNA from the chromosomes
17 and X caused by the ectopic overexpression of ZFAT was
also observed in HT1080 cells (Figure 3C and D). These re-
sults suggest that overexpression of ZFAT increases the cen-
tromeric ncRNA transcription at specific chromosomes in
human cells.

To investigate the chromosomal specificity of ZFAT in
the centromeric ncRNA transcription, we performed RNA-
seq analysis in HT1080 cells overexpressing HA-hZFAT-
EGFP or EGFP. As shown in Figure 3E, an increase in the

expression levels of centromeric ncRNA was observed in
cells overexpressing HA-hZFAT-EGFP. The regions where
ncRNA expression was induced by ZFAT mostly coincided
with the regions where ZFAT-binding was observed (Figure
3E). However, there were also narrow regions showing the
ZFAT-binding, but not the increased ncRNA levels (Fig-
ure 3E). Interestingly, the effects of ZFAT overexpression
on the centromeric ncRNA levels greatly varied between
chromosomes (Figure 3F). The centromeric ncRNA levels
markedly increased at the chromosomes 8, 11, 15, 17, X
and Y in HA-hZFAT-EGFP-expressing cells (Figure 3F).
In contrast, the ectopic overexpression of ZFAT did not sig-
nificantly affect the centromeric ncRNA levels at the chro-
mosomes 2, 13, 14, 18, 21 and 22 although the centromeric
binding of ZFAT at these chromosomes was observed (Fig-
ures 1B and 3F). Consistent with the results of qRT-PCR
analysis, an increase in the centromeric ncRNA levels by
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Figure 3. ZFAT plays crucial roles in the ncRNA transcription at specific chromosome centromeres. (A, C) qRT-PCR analysis of RNA derived from
human repetitive sequences in HEK293 (A) and HT1080 (C) cells expressing EGFP or HA-hZFAT-EGFP. The RNA expression levels were determined
in both reactions with and without reverse transcriptase (RTase), and are shown as the relative values to those of �-actin. (B, D) The RNA expression
levels determined in (A and C) are shown as the ratio of HA-hZFAT-EGFP-expressing cells against EGFP-expressing cells. (E) Combined results of the
RNA-seq analysis of HT1080 cells expressing HA-hZFAT-EGFP or EGFP, and the ChIP-seq analysis of hZFAT in HEK293 cells transfected with HA-
hZFAT expression vector or control vector, at the �-satellite DNA region of the chromosome 11. Regions showing ZFAT-binding, but not the increased
ncRNA levels, are surrounded by orange boxes. (F) RNA-seq analysis of HT1080 cells expressing HA-hZFAT-EGFP or EGFP. Fold enrichment of
centromeric ncRNA levels is shown as the ratio of HA-hZFAT-EGFP expressing cells against EGFP-expressing cells. The Y-axis is represented in log
scale. (G) Correlation between the centromeric ncRNA and ZFAT levels at each chromosome. Dots for each chromosome are color-coded based on
suprachromosomal family (SF) classification. (H) Immunoblotting analysis of ZFAT using an anti-ZFAT antibody in HT1080 cells transfected with siRNAs
for control or ZFAT (#1 and #5). Data are representative of three independent experiments. (I) qRT-PCR analysis of centromeric ncRNA in HT1080
cells transfected with siRNAs for control or ZFAT (#1 and #5). Reverse transcription was performed in both reactions with and without RTase, and
background values (no RTase) are subtracted. The RNA expression levels are normalized to those of �-actin. (A–D, F, I) Data represent the mean ± SD
of three independent experiments. *P < 0.05.
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the expression of hZFAT was observed at the chromosomes
17 and X, but not at the chromosome 21, in the RNA-seq
analysis. These results suggest that ZFAT plays roles in cen-
tromeric ncRNA transcription at specific chromosomes.

Twelve consensus �-satellite monomers have been clas-
sified into five suprachromosomal families (SFs) that are
defined by sequence homology and linear order of the
monomers that create a higher-order repeat (HOR) (Figure
2A) (38,39,41,42). The centromeres of each chromosome
contain specific SFs (Supplementary Figure S6) (38,42).
We examined correlation on each chromosome between the
SF classification, and the centromeric ncRNA and ZFAT-
binding levels. Interestingly, chromosomes with the same
SF classification showed similar patterns of correlation be-
tween the centromeric ncRNA and ZFAT levels (Figure
3G). Chromosomes containing SF1 monomers showed the
low ZFAT-binding levels and slightly high ncRNA levels at
centromeres. In contrast, at many chromosomes containing
SF2 monomers, except for the chromosomes 8, 9 and 15, the
centromeric ZFAT levels were high, but their ncRNA lev-
els were low. Importantly, all chromosomes containing SF3
monomers (chromosomes 11, 17 and X) showed the clearly
high centromeric ncRNA levels despite of their moderate
ZFAT-binding levels. Furthermore, we observed the obvi-
ously high centromeric ncRNA levels at the Y chromosome
that uniquely contains SF4 monomers although the levels
of centromeric ZFAT-binding were not determined in the
hZFAT ChIP-seq analysis (Figure 3F and Supplementary
Figure S6). These results suggest that the ZFAT-binding
levels and its effects on ncRNA levels are different in each
chromosome group containing specific SFs. Nucleotide se-
quences or linear order of �-satellite monomers in the HOR
may play an important role in the ZFAT-regulated cen-
tromeric ncRNA transcription.

To examine the involvement of endogenous ZFAT on
centromeric ncRNA transcription, we quantitated the cen-
tromeric ncRNA levels in HT1080 cells treated with siRNA
against hZFAT. Two siRNAs targeting different hZFAT se-
quences resulted in a drastic decrease in the expression lev-
els of hZFAT protein, determined by immunoblotting anal-
ysis using an anti-ZFAT antibody (Figure 3H). qRT-PCR
analysis showed that the depletion of ZFAT significantly
reduced the levels of centromeric ncRNA in HT1080 cells
(Figure 3I). These results suggest that ZFAT plays crucial
roles in the transcription of ncRNA at the centromeres of,
at least, chromosomes 17 and X.

ZFAT induces acetylation at the lysine 8 in histone H4 at cen-
tromeres

We previously reported that mZfat was involved in histone
acetylation on the mouse genome DNA (29). Histone mod-
ifications, such as acetylation and methylation, are impor-
tant for transcriptional regulation. To elucidate the role of
ZFAT in centromeric ncRNA transcription, we examined
the effects of ZFAT overexpression on histone modifica-
tion patterns in HEK293 cells by immunofluorescence anal-
ysis. Interestingly, overexpressed ZFAT specifically induced
the foci formation of histone H4 acetylated at the lysine
8 (H4K8ac), compared with that observed in neighboring
non-transfected cells (Figure 4A and B, and Supplementary

Figure S8A). In contrast, other histone modification pat-
terns examined in this study were apparently unaffected by
the expression of ZFAT (Supplementary Figure S8A). The
H4K8ac foci induced by overexpressed ZFAT were colocal-
ized with the foci of ZFAT and CENP-A (Figure 4A). The
formation of H4K8ac foci caused by the overexpression of
ZFAT was also observed in other human cell lines (Supple-
mentary Figure S8B). Furthermore, ChIP-qPCR analysis
using an anti-H4K8ac antibody revealed that the overex-
pression of ZFAT resulted in a significant increase in the
levels of H4K8ac at centromeric �-satellite DNA, but not
at other repetitive sequences, compared with those in cells
expressing EGFP (Figure 4C). In contrast, the acetylation
levels of lysine 5, lysine 12 and lysine 16 in histone H4 at
centromeric �-satellite DNA were unaffected by the expres-
sion of ZFAT (Supplementary Figure S8C). Thus, these
results indicate that ZFAT specifically induces H4K8ac at
centromeres.

ZFAT recruits the histone acetyltransferase KAT2B to cen-
tromeres

The levels of histone acetylation are tightly regulated by
the balance between histone acetyltransferases (KATs) and
histone deacetylases. To elucidate the mechanism through
which ZFAT induces centromeric H4K8ac, we examined
the effects of ZFAT overexpression on the distribution pat-
terns of KATs in HEK293 cells by immunofluorescence
analysis. Intriguingly, the overexpression of ZFAT caused
the foci formation of KAT2B in the proximity of the ZFAT
foci (Figure 4D and E). In contrast, the distribution pat-
terns of other HATs examined in this study were appar-
ently unaffected by the overexpression of ZFAT, compared
with those in cells expressing EGFP (Supplementary Fig-
ure S9). KAT2B was reported to possess acetyltransferase
activity for different sites of histones H3 and H4 (43–46).
To examine whether ZFAT recruits KAT2B to centromeres,
we investigated the interaction between mZfat and KAT2B
by Co-IP analysis. As shown in Figure 4F, endogenous
mZfat was bound to endogenous KAT2B in the thymo-
cytes and splenic CD4+ T cells obtained from mice. Simi-
larly, ectopically overexpressed hZFAT-HA was bound to
FLAG-tagged KAT2B (FLAG-KAT2B) in HEK293 cells
(Figure 4G). These results indicate that ZFAT interacts with
KAT2B. Furthermore, we examined the mechanism of in-
teraction between ZFAT and KAT2B by Co-IP analysis of
FLAG-KAT2B and the deletion mutants of hZFAT-HA
(Supplementary Figures S10A and S10B). Although the
deletion mutants of the N-terminal regions of ZFAT (ZF-
�N-1, 2 and 3) retained the ability to interact with KAT2B,
the deletion of the C-terminal regions of ZFAT markedly
diminished the interaction with KAT2B (ZF-�C-1, 2 and
3, Supplementary Figures S10A and S10B). These results
indicate that the C-terminal region of ZFAT is involved in
the interaction with KAT2B. Importantly, co-expression of
HA-hZFAT-EGFP and FLAG-KAT2B resulted in the for-
mation of KAT2B foci, which were colocalized with the
foci of ZFAT and CENP-A (Figure 4H and I). Further-
more, ChIP-qPCR analysis using an anti-KAT2B antibody
revealed that the overexpression of ZFAT resulted in a sig-
nificant increase in the levels of KAT2B protein at cen-
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Figure 4. ZFAT induces centromeric H4K8ac and recruits KAT2B to centromeres. (A) Immunofluorescence images of ZFAT, CENP-A, H4K8ac and DNA
(DAPI) in HEK293 cells transiently expressing HA-hZFAT-EGFP. (B) Percentage of cells containing centromeric H4K8ac foci in cells expressing EGFP
or HA-hZFAT-EGFP, determined in (A). (C) ChIP-qPCR analysis of H4K8ac at human repetitive sequences using an anti-H4K8ac antibody or control
IgG in HEK293 cells expressing HA-hZFAT-EGFP or EGFP. The H4K8ac levels are shown as the ratio of HA-ZFAT-EGFP-expressing cells against
EGFP-expressing cells. Values in cells expressing HA-hZFAT-EGFP are compared with those in cells expressing EGFP. *P < 0.05, N.S.; not significant (P
> 0.05). (D) Immunofluorescence images of ZFAT and KAT2B in HEK293 cells expressing HA-hZFAT-EGFP. (E) Percentage of cells containing KAT2B
foci in cells expressing EGFP or HA-hZFAT-EGFP, determined in (D). (F) Co-immunoprecipitation (Co-IP) analysis of mZfat and KAT2B using an anti-
mZfat antibody or control IgG (IgG) in mouse thymocytes and splenic CD4+ T cells. (G) Co-IP analysis of hZFAT-HA and FLAG-KAT2B using anti-HA
and anti-FLAG antibodies in HEK293 cells transfected with indicated expression vectors. (H) Immunofluorescence images of ZFAT, KAT2B, CENP-A
and DNA (DAPI) in HEK293 cells expressing HA-hZFAT-EGFP and FLAG-KAT2B. (I) Percentage of cells containing centromeric FLAG-KAT2B foci
in cells expressing EGFP or HA-hZFAT-EGFP, determined in (H). (J) ChIP-qPCR analysis of KAT2B at human repetitive DNA sequences using an
anti-KAT2B antibody or control IgG in HEK293 cells expressing HA-hZFAT-EGFP or EGFP. The KAT2B protein levels are shown as the relative values
to control IgG. (A, D, F, G, H) Data are representative of three independent experiments. (B, C, E, I, J) Data represent the mean ± SD of three independent
experiments. *P < 0.05. (A, D, H) Scale bar, 5 �m. Enlarged images of the region enclosed by a white dotted line are shown. (F, G) WCL; whole cell lysate.
IP; immunoprecipitated.
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tromeric �-satellite DNA, but not at other repetitive se-
quences (Figure 4J). Thus, these results suggest that ZFAT
recruits KAT2B to centromeres through its C-terminal re-
gion.

ZFAT induces centromeric H4K8ac by recruiting KAT2B to
promote the transcription of ncRNA

To explore the involvement of KAT2B in ZFAT-induced
H4K8ac at centromeres, we used siRNA for the depletion
of KAT2B in HEK293 cells overexpressing HA-hZFAT-
EGFP, and examined the levels of H4K8ac by ChIP-qPCR
analysis. Loss of KAT2B expression was confirmed by im-
munoblotting analysis using an anti-KAT2B antibody (Fig-
ure 5A). Depletion of KAT2B substantially suppressed
the overexpressed ZFAT-induced increase in the levels of
H4K8ac at centromeric �-satellite DNA (Figure 5B), in-
dicating that KAT2B is required for the ZFAT-induced
H4K8ac at centromeres. Furthermore, we examined the
ability of the ZFAT deletion mutants to induce the forma-
tion of H4K8ac foci through immunofluorescence analy-
sis. The ZFAT C-terminal deletion mutants, which did not
interact with KAT2B, failed to induce the formation of
H4K8ac foci (ZF-�C-2 and -3, Figure 5C and D) although
they retained the ability to form the centromeric foci (Sup-
plementary Figures S7A and S7B). These results indicate
that the ZFAT C-terminal region, which is involved in the
interaction with KAT2B, is required for the ability of ZFAT
to induce centromeric H4K8ac. Collectively, these results
suggest that ZFAT induces centromeric H4K8ac by recruit-
ing KAT2B.

To elucidate the role of KAT2B-mediated H4K8ac in
the centromeric transcription of ncRNA, we examined
the effects of KAT2B knockdown on the levels of cen-
tromeric ncRNA in HEK293 cells overexpressing HA-
hZFAT-EGFP. Depletion of KAT2B significantly inhib-
ited the overexpressed ZFAT-induced increase in the lev-
els of centromeric ncRNA, (Figure 5E), demonstrating
that KAT2B is required for the ZFAT-regulated cen-
tromeric transcription of ncRNA. Furthermore, the ZFAT
C-terminal deletion mutants, which did not induce the for-
mation of H4K8ac foci, failed to cause an increase in the
levels of centromeric ncRNA (Figure 5F). These results sug-
gest that ZFAT controls centromeric ncRNA transcription
through KAT2B-mediated H4K8ac.

ZFAT recruits BRD4 to centromeres through KAT2B-
mediated H4K8ac to promote the transcription of ncRNA

Histone acetylation has the ability to recruit particular
proteins, such as bromodomain-containing proteins that
modulate transcription (47). Through immunofluorescence
analysis, we found that the overexpression of ZFAT resulted
in the formation of foci of the bromodomain-containing
protein BRD4, compared with that observed in neighbor-
ing non-transfected cells (Figure 6A). The overexpressed
ZFAT-induced BRD4 foci were colocalized with the foci of
ZFAT and CENP-A (Figure 6B and C). Furthermore, we
performed ChIP-qPCR analysis of BRD4 in HEK293 cells
transiently overexpressing HA-hZFAT-EGFP or EGFP.
The overexpression of ZFAT resulted in a significant in-

crease in the levels of BRD4 protein at centromeric �-
satellite DNA, but not at other repetitive sequences (Fig-
ure 6D). These results indicate that ZFAT recruits BRD4
to centromeres.

BRD4 contains two bromodomains, BD1 and BD2,
which bind to acetylated lysines in histones H3 and H4, in
the N-terminal region (Figure 7A) (47). To elucidate the
mechanism through which ZFAT recruits BRD4 to cen-
tromeres, we examined the ZFAT-induced foci formation of
the BRD4 deletion mutants through immunofluorescence
analysis (Figure 7A–C). Deletion of BD1 (EGFP-�BD1)
considerably suppressed the ZFAT-induced foci formation
of BRD4. Furthermore, the double deletion of BD1 and
BD2 (EGFP-�BD1+2) completely prevented the foci for-
mation of BRD4 caused by the expression of ZFAT, indi-
cating that the BD1 and BD2 domains are indispensable
for the ZFAT-induced recruitment of BRD4 to centromeres.
On the other hand, ZFAT weakly induced foci formation of
EGFP containing only the BD1 domain (nlsEGFP-BD1).
Furthermore, the construct expressing EGFP containing
both BD1 and BD2 domains (EGFP-BD1+2) showed sig-
nificant ability for foci formation, indicating that the BD1
and BD2 domains are sufficient for the ZFAT-induced re-
cruitment of BRD4 to centromeres. Next, we examined the
effects of the BRD4 inhibitor JQ1, which specifically in-
hibits the interaction between the BRD4 bromodomains
and acetylated lysines, on the BRD4 localization in cells
expressing HA-hZFAT-EGFP. Treatment with JQ1 com-
pletely blocked the overexpressed ZFAT-induced foci for-
mation of BRD4 without affecting the ZFAT foci (Fig-
ure 7D and E). These results indicate that ZFAT recruits
BRD4 to centromeres through interaction between BRD4
bromodomains and acetylated lysines.

To examine the role of KAT2B-mediated H4K8ac in the
ZFAT-induced recruitment of BRD4 to centromeres, we
used siRNA for the depletion of KAT2B in HEK293 cells
overexpressing HA-hZFAT-EGFP. We examined the levels
of centromeric BRD4 by ChIP-qPCR analysis. Depletion of
KAT2B significantly suppressed the overexpressed ZFAT-
induced increase in the levels of BRD4 at centromeric �-
satellite DNA (Figure 8A), indicating that KAT2B is re-
quired for the ZFAT-induced recruitment of BRD4. Fur-
thermore, the deletion mutants of ZFAT, which did not in-
teract with KAT2B nor induce centromeric H4K8ac (ZF-
�C-2 and -3), failed to induce the foci formation of BRD4
at centromeres (Figure 8B and C). These results suggest that
KAT2B-mediated H4K8ac is involved in the ZFAT-induced
recruitment of BRD4 to centromeres. Next, we examined
the effects of ZFAT knockdown on the expression levels of
KAT2B and BRD4 through immunoblotting analysis (Fig-
ure 8D). Depletion of ZFAT did not affect the expression
levels of KAT2B or BRD4, suggesting that ZFAT is not in-
volved in the regulation of KAT2B or BRD4 expression.
Thus, these results show that ZFAT recruits BRD4 to cen-
tromeres through interaction between the BRD4 bromod-
omains and KAT2B-mediated H4K8ac.

Although BRD4 regulates the mRNA transcription of
numerous genes through RNAPII (48–50), the role of
BRD4 at centromeres has not been explored. Therefore, we
examined the involvement of BRD4 and RNAPII in the
ZFAT-regulated centromeric ncRNA transcription. Treat-
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Figure 5. ZFAT induces centromeric H4K8ac by recruiting KAT2B to promote the transcription of ncRNA. (A) Immunoblotting analysis of ZFAT (HA)
and KAT2B in HEK293 cells transfected with indicated expression vectors and siRNAs. N.S.; non-specific band. (B) ChIP-qPCR analysis of H4K8ac at
centromeric �-satellite DNA using an anti-H4K8ac antibody or control IgG in HEK293 cells transfected with indicated expression vectors and siRNAs. The
H4K8ac levels are shown as the ratio of HA-hZFAT-EGFP-expressing cells against EGFP-expressing cells. (C) Immunofluorescence images of ZFAT (HA)
and H4K8ac in HEK293 cells expressing the full-length or deletion mutants of hZFAT-HA. Scale bar, 5 �m. (D) Percentage of cells containing centromeric
H4K8ac foci in cells expressing the full length or deletion mutants of hZFAT-HA, determined in (C). (E) qRT-PCR analysis of centromeric ncRNA in
HEK293 cells transfected with indicated expression vectors and siRNAs. The RNA expression levels are shown as the relative values against those in
cells transfected with control siRNA and HA-hZFAT-EGFP expression vector. (F) qRT-PCR analysis of centromeric ncRNA in HEK293 cells expressing
EGFP, or the full-length or deletion mutants of hZFAT. The RNA expression levels are shown as the relative values against those in cells expressing EGFP-
hZFAT. (A, C) Data are representative of three independent experiments. (B, D, E, F) Data represent the mean ± SD of three independent experiments.
*P < 0.05. (E, F) The RNA expression levels are normalized to those of �-actin.

ment with the BRD4 inhibitor JQ1 significantly suppressed
the overexpressed ZFAT-induced increase in the cen-
tromeric ncRNA levels (Figure 8E). Furthermore, siRNA-
mediated knockdown of BRD4 significantly reduced the
levels of centromeric ncRNA in HEK293 cells overexpress-
ing HA-hZFAT-EGFP (Figure 8F and G). The RNAPII in-
hibitor �-amanitin significantly inhibited the overexpressed
ZFAT-induced increase in the levels of centromeric ncRNA
(Figure 8H). These results suggest that ZFAT promotes the
RNAPII-dependent centromeric ncRNA transcription by
recruiting BRD4.

ZFAT is involved in chromosome segregation

Centromeric ncRNA transcription is important for chro-
mosome segregation (51–54). To elucidate the roles of
ZFAT in chromosome segregation, we used siRNA for
the depletion of ZFAT, and examined its effects on chro-
mosome segregation. Immunofluorescence analysis using
an anti-�-tubulin antibody revealed that abnormal spindle
morphology was observed in cells transfected with siRNAs

for ZFAT, but not in cells transfected with control siRNA
(Figure 9A and B), indicating that loss of ZFAT results in
chromosome segregation error. These results suggest that
ZFAT plays important roles in chromosome segregation.
Elucidating functional significance of the ZFAT-regulated
centromeric transcription in chromosome segregation will
be addressed in future studies.

DISCUSSION

Recent studies have shown that centromeric transcription
and its ncRNA products play important roles in the for-
mation and functions of centromeres (51–54). On the other
hand, the regulatory mechanism of this process at the
molecular level remained unknown. In this study, we iden-
tified ZFAT as a crucial transcriptional regulator for cen-
tromeric ncRNA, and defined the molecular mechanism of
ZFAT-regulated centromeric transcription. ZFAT recruits
KAT2B to the centromeres for the induction of H4K8ac,
leading to the recruitment of BRD4 for the activation of
RNAPII-dependent ncRNA transcription. Furthermore,



10860 Nucleic Acids Research, 2020, Vol. 48, No. 19

Figure 6. ZFAT recruits BRD4 to centromeres. (A) Immunofluorescence images of ZFAT (HA) and BRD4 in HEK293 cells transiently expressing hZFAT-
HA. The arrowhead indicates a transfected cell, as determined by the anti-HA antibody signal. (B) Immunofluorescence images of ZFAT, BRD4, CENP-A
and DNA (DAPI) in HEK293 cells transiently expressing HA-hZFAT-EGFP. Enlarged images of the region enclosed by a white dotted line are shown.
(C) Percentage of cells containing centromeric BRD4 foci in cells expressing EGFP or HA-hZFAT-EGFP, determined in (B). (D) ChIP-qPCR analysis of
BRD4 at human repetitive DNA sequences using an anti-BRD4 antibody or control IgG in HEK293 cells expressing HA-hZFAT-EGFP or EGFP. The
BRD4 protein levels are shown as the relative values to control IgG. (A, B) Scale bar, 5 �m. Data are representative of three independent experiments.
(C, D) Data represent the mean ± SD of three independent experiments. *P < 0.05.
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Figure 7. ZFAT recruits BRD4 to centromeres through histone acetylation. (A) Schematic diagram of the BRD4 constructs used in (B). (B) Immunoflu-
orescence images in HEK293 cells transiently expressing mCherry-hZFAT, and the full-length or deletion mutants of EGFP-BRD4. Enlarged images of
the region enclosed by a white dotted line are shown. nls; nuclear localization signal. (C) Percentage of cells containing centromeric BRD4 foci in cells
transfected with indicated expression vectors, determined in (B). (D) Immunofluorescence images of ZFAT (EGFP) and BRD4 in HEK293 cells expressing
EGFP-hZFAT, treated with JQ1 or vehicle (Control). (E) Percentage of cells containing centromeric BRD4 foci in cells expressing EGFP-hZFAT, treated
with JQ1 or vehicle, determined in (D). (B, D) Data are representative of three independent experiments. Scale bar, 5 �m. (C, E) Data represent the mean
± SD of three independent experiments.
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Figure 8. ZFAT recruits BRD4 to centromeres through KAT2B-mediated H4K8ac to promote the transcription of ncRNA. (A) ChIP-qPCR analysis of
BRD4 at human repetitive DNA sequences using an anti-BRD4 antibody or control IgG in HEK293 cells transfected with indicated expression vectors
and siRNAs. The BRD4 protein levels are shown as the relative values to control IgG. (B) Immunofluorescence images of ZFAT (HA) and BRD4 in
HEK293 cells expressing the full-length or deletion mutants of hZFAT-HA. Enlarged images of the region enclosed by a white dotted line are shown. Scale
bar, 5 �m. (C) Percentage of cells containing centromeric BRD4 foci in cells expressing the full length or deletion mutants of hZFAT-HA, determined in
(B). (D) Immunoblotting analysis of ZFAT, KAT2B and BRD4 in HEK293 cells transfected with siRNAs for control or ZFAT (#1 and #5). (E) qRT-
PCR analysis of centromeric ncRNA in HEK293 cells expressing EGFP or HA-hZFAT-EGFP (ZFAT), treated with JQ1 or vehicle. The RNA expression
levels are shown as the relative values against those in vehicle-treated cells expressing HA-hZFAT-EGFP. (F) Immunoblotting analysis of ZFAT (HA) and
BRD4 in HEK293 cells transfected with indicated expression vectors and siRNAs. N.S.; non-specific band. (G) qRT-PCR analysis of centromeric ncRNA
in HEK293 cells transfected with indicated expression vectors and siRNAs. The RNA expression levels are shown as the relative values against those in
cells transfected with control siRNA and HA-hZFAT-EGFP expression vector. (H) qRT-PCR analysis of centromeric ncRNA in HEK293 cells expressing
EGFP or HA-hZFAT-EGFP (ZFAT), treated with �-amanitin or vehicle for 3 h. The RNA expression levels are shown as the relative values against those
in vehicle-treated cells expressing HA-hZFAT-EGFP. (B, D, F) Data are representative of three independent experiments. (A, C, E, G, H) Data represent
the mean ± SD of three independent experiments. *P < 0.05. (E, G, H) The RNA expression levels are normalized to those of �-actin.
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Figure 9. ZFAT is involved in chromosome segregation. (A) Immunofluorescence images of �-tubulin and DAPI in HT1080 cells transfected with indicated
siRNAs. Data are representative of three independent experiments. Scale bar, 5 �m. (B) Percentage of cells with abnormal spindle morphology in mitotic
cells transfected with indicated siRNAs, determined in (A). Data represent the mean ± SD of three independent experiments. (C) Model of ZFAT-regulated
centromeric ncRNA transcription through the KAT2B–H4K8ac–BRD4 axis.

we showed that ZFAT binds to centromeres through the
ZFAT box. Thus, we propose that ZFAT binds to the cen-
tromere to control ncRNA transcription at specific chro-
mosomes through the KAT2B-H4K8ac-BRD4 axis (Figure
9C). These findings would lead to a better understanding
of the functional significance of centromeric ncRNA tran-
scription.

ZFAT-binding domains at �-satellite DNA regions

Here we found that ZFAT binds to �-satellite DNA re-
gions through the ChIP-seq analysis of ectopically over-
expressed ZFAT. Human centromeres are built on arrays
of a 171-bp �-satellite DNA monomer, which is tandemly
arranged in a head-to-tail fashion to form a HOR (55–
57). Sequence assembly across �-satellite DNA regions at
human centromeres is difficult due to high sequence sim-
ilarities with the HOR and variability between individu-
als. Nevertheless, in the latest hg38 human genome assem-
bly, centromere regions have been filled with so-called ‘ref-
erence models’, which are somewhat arbitrary representa-
tions of �-satellite DNA regions. Reference models are not
real DNA sequences like traditional GenBank contigs, but
are collections of all reads from whole-genome shotgun se-
quencing that match a certain HOR (58,59). These models

are the most prevailing and informative sequences that are
available at the moment as references for �-satellite DNA
regions.

In mapping of reads to highly repetitive sequences, reads,
which show the equal mapping probability to multiple
regions due to their high sequence similarities, are ran-
domly assigned to somewhere in the repetitive sequences,
as Nechemia-Arbely et al. described (60). The alignments
are distributed across the array when there are numerous
such reads in ChIP-seq data, as we observed in the hZ-
FAT ChIP-seq analysis (Figure 1A). Therefore, it is diffi-
cult to distinguish that ZFAT binds to a whole or certain
limited region at centromeres through ChIP-seq analysis.
On the other hand, the binding of mZfat is observed not
only at centromeres but also at pericentromeres, determined
by the ChIP-qPCR analysis of endogenous mZfat (Figure
1D). Furthermore, immunofluorescence analysis of ZFAT
revealed that ZFAT forms foci, which are partially colocal-
ized with those of CENP-A or CENP-B (Figure 1E and G).
These results suggest that ZFAT binds to centromeres and
the surrounding regions including pericentromeres. To de-
termine the exact ZFAT-binding domains at centromeres,
further progress in mapping algorithm for ChIP-seq anal-
ysis and determination of exact DNA sequences of cen-
tromere regions are required.
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ZFAT is a novel transcriptional regulator of centromeric
ncRNA

Studies in yeast have identified various molecules involved
in centromeric transcription, including Cbf1, Dig1, Ste12
and Ams2 (17,61). In contrast, the molecular mechanism
of centromeric transcription in mammalian cells remains
to be elucidated. The CTDP1 (C-terminal domain, RNA
polymerase II, polypeptide A phosphatase, subunit 1) is re-
ported to be the only transcription factor localizing at the
centromere in human and mouse cells (10). Recently, the
mitotic kinase Bub1 was reported to recruit RNAPII to the
centromere through histone H2A phosphorylation in hu-
man cells (24). However, the mechanism through which the
transcriptional activity of RNAPII at the centromere is reg-
ulated remains unknown. We showed that ZFAT recruits
BRD4 to the centromere through the KAT2B-mediated
H4K8ac (Figures 7 and 8). Importantly, BRD4 activates
RNAPII to regulate the mRNA transcription of numerous
genes (48–50). Thus, ZFAT-recruited BRD4 could activate
the transcriptional activity of RNAPII at the centromere.

Here, we showed that ZFAT expression induces cen-
tromeric ncRNA transcription only at specific chromo-
somes although the centromeric binding of ZFAT is ob-
served at every chromosome (Figures 1B and 3F). Fur-
thermore, there are centromeric regions to which ZFAT
binds but does not induce ncRNA transcription (Figure
3E). Thus, only centromeric binding of ZFAT is not suffi-
cient for the induction of ncRNA transcription. Interest-
ingly, chromosome groups containing specific SFs have a
unique correlation between the centromeric ZFAT-binding
and ncRNA levels (Figure 3G). Chromosomes containing
SF1 or SF2 monomers show the relatively low centromeric
ncRNA levels. On the other hand, all chromosomes con-
taining SF3 monomers (chromosomes 11, 17 and X) show
the clearly high centromeric ncRNA levels (Figure 3G). The
SF3, which consists of W1-5 monomers, represents a pen-
tameric HOR configuration (41). The unique nucleotide se-
quences or linear order of W1-5 monomers in the HOR may
be responsible for the significant increase in centromeric
ncRNA levels caused by ZFAT overexpression. Further-
more, we also observed the high centromeric ncRNA lev-
els at the Y chromosome in cells overexpressing hZFAT
(Figure 3F). The Y chromosome uniquely contains SF4
monomers at centromeres (38). Interestingly, the chromo-
some 15, which is classified into SF2, shows the obviously
higher centromeric ncRNA levels, compared with those of
many other chromosomes containing SF2 monomers (Fig-
ure 3G). It has been reported that the chromosome 15 cen-
tromeres also contain quite many SF4 monomers although
they mainly consist of the HOR containing SF2 monomers
(42), suggesting that SF4 monomers may contribute to the
significantly high levels of centromeric ncRNA at the chro-
mosomes 15 and Y. Elucidating sequence elements in SF3
and SF4 monomers involved in the centromeric ncRNA
transcription will be addressed in future studies.

Several studies have shown that RNAPII localizes at cen-
tromeres at M-phase (10,12). The RNAPII foci at mitotic
centromeres can be detected through immunofluorescence
analysis probably because most of the non-centromeric re-
gions are transcriptionally inactive during mitosis. In con-
trast, at interphase, RNAPII actively transcribes through-

out the genome, making it difficult to observe the cen-
tromeric RNAPII foci at interphase, even when centromeric
transcription is active. Indeed, Bobkov et al. have shown
that ectopically expressed RNAPII is detected at cen-
tromeres at G1-phase in fly cells (8). Furthermore, McNulty
et al. have shown that the centromeric transcript levels are
not different between M and G1-phases in human cells (16).
These reports suggest that centromeres are transcribed at in-
terphase, as well as during mitosis. Our conclusions in this
study are based on experiments using asynchronized cells,
suggesting that ZFAT controls the centromeric transcrip-
tion at interphase. Elucidating roles of ZFAT in centromeric
transcription at each cell-cycle phase will be addressed in fu-
ture studies.

Here, we show that endogenous ZFAT binds to the cen-
tromeres (Figure 1D and E), and interacts with endoge-
nous KAT2B protein (Figure 4F). Furthermore, siRNA-
mediated depletion of endogenous ZFAT significantly re-
duces the centromeric ncRNA levels (Figure 3I), and re-
sults in chromosome segregation error (Figure 9A and B).
These results support that endogenous ZFAT binds to cen-
tromeres to control ncRNA transcription through KAT2B.
On the other hand, we show that H4K8ac and BRD4 are
involved in centromeric ncRNA transcription through ec-
topic overexpression of ZFAT (Figures 4–8). Thus, there is
a possibility that non-physiological effects caused by over-
expressed ZFAT may change the H4K8ac levels and BRD4
localization at the centromeres. Further verification of the
involvement of H4K8ac and BRD4 in the ZFAT-regulated
centromeric ncRNA transcription awaits future studies.

Histone acetylation plays important roles in the formation
and functions of centromeres through the transcription of
ncRNA

Centromere nucleosomes show unique histone methylation
patterns, including dimethylation of lysine 4 (H3K4me2)
and lysine 36 (H3K36me2) (7,62). On the other hand, the
acetylation of histone H3 and H4 is in low abundance at
centromeres in human and fly cells (7). However, it has
been reported that the acetylation of histone H3 at HAC
centromeres is involved in the formation and function of
centromeres (63–66). Furthermore, it was recently reported
that acetylation of histone H4 facilitated efficient establish-
ment of centromeres in Caenorhabditis elegans (67). In this
study, we define the molecular mechanism of histone acety-
lation at centromeres where ZFAT specifically induces the
acetylation at a particular lysine residue in histone H4 by
recruiting KAT2B (Figures 4 and 5). Furthermore, ZFAT-
induced histone H4 acetylation is required for centromeric
ncRNA transcription (Figure 5). Therefore, histone acety-
lation plays important roles in the formation and functions
of centromeres through ncRNA transcription.

H4K8ac may be broadly involved in ncRNA transcription at
both centromeres and pericentromeres

The lysine 8 in histone H4 is one of the four acetylat-
able lysines at the N-terminus. It was previously reported
that heat shock in human cells triggered the enrichment of
H4K8ac at stress bodies, which were formed on the peri-
centromeric heterochromatin domains (68). This induced



Nucleic Acids Research, 2020, Vol. 48, No. 19 10865

the accumulation of heterogenous RNA molecules contain-
ing the subclass of satellite III sequences found in peri-
centromeric heterochromatin domains (68). Furthermore,
BRD4 is also recruited to the stress bodies in response to
heat shock (69). Thus, H4K8ac may be broadly involved in
ncRNA transcription through the recruitment of BRD4 not
only at centromeres but also at pericentromeres. Given that
ZFAT binds to both centromeres and pericentromeres (Fig-
ure 1D), ZFAT may play a role in ncRNA transcription at
pericentromeres through the KAT2B–H4K8ac–BRD4 axis.
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