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The centromere is an essential chromosomal structure for
faithful chromosome segregation during cell division. No
protein-coding genes exist at the centromeres, but centromeric
DNA is actively transcribed into noncoding RNA (ncRNA).
This centromeric transcription and its ncRNA products play
important roles in centromere functions. We previously re-
ported that the transcriptional regulator ZFAT (zinc-finger
protein with AT hook) plays a pivotal role in ncRNA tran-
scription at the centromere; however, it was unclear how ZFAT
involvement was regulated. Here, we show that the death
domain–associated protein (DAXX) promotes centromeric
localization of ZFAT to regulate ncRNA transcription at the
centromere. Coimmunoprecipitation analysis of endogenous
proteins clearly reveals that DAXX interacts with ZFAT. In
addition, we show that ectopic coexpression of ZFAT with
DAXX increases the centromeric levels of both ZFAT and
ncRNA, compared with ectopic expression of ZFAT alone. On
the other hand, we found that siRNA-mediated depletion of
DAXX decreases the centromeric levels of both ZFAT and
ncRNA in cells ectopically expressing ZFAT. These results
suggest that DAXX promotes the centromeric localization of
ZFAT and ZFAT-regulated centromeric ncRNA transcription.
Furthermore, we demonstrate that depletion of endogenous
DAXX protein is sufficient to cause a decrease in the ncRNA
levels at the centromeres of chromosomes 17 and X in which
ZFAT regulates the transcription, indicating a physiological
significance of DAXX in ZFAT-regulated centromeric ncRNA
transcription. Taken together, these results demonstrate that
DAXX regulates centromeric ncRNA transcription through
ZFAT.

The kinetochore attaches chromosomes to spindle micro-
tubules in mitosis to segregate each sister chromatid into
daughter cells. The centromere is an essential chromosomal
structure, in which kinetochore protein complex is assembled,
to ensure accurate chromosome segregation (1). The eukary-
otic centromeres that lack protein-coding genes had long been
thought to be transcriptionally silent regions. However, recent
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many studies have demonstrated that transcription into non-
coding RNA (ncRNA) occurs at the centromeres although the
centromeric transcription levels are low (2–6). Centromeric
transcription and its ncRNA products have been shown to play
crucial roles in centromere functions and kinetochore as-
sembly (7–10). However, there is limited understanding
regarding molecular properties of centromeric ncRNA,
including nucleotide sequences and transcription regulation.

We have previously reported that the nuclear protein ZFAT
(zinc-finger protein with AT hook) plays a pivotal role in
ncRNA transcription at the centromere (11–13). ZFAT spe-
cifically induces acetylation of lysine 8 in histone H4 at the
centromere by recruiting the histone acetyltransferase KAT2B
(12). The KAT2B-catalyzed acetylation of lysine 8 in histone
H4 at the centromere functions as a binding site for the
bromodomain-containing protein BRD4, which stimulates
RNA polymerase II–dependent ncRNA transcription (12).
ZFAT specifically binds to 8-bp DNA sequences at the
centromere, named the ZFAT box (12). Furthermore, we
recently reported that the centromeric protein CENP-B
interacted with ZFAT to promote the centromeric localiza-
tion of ZFAT (11).

We have previously demonstrated that ZFAT plays impor-
tant roles in cell proliferation and survival mainly using mouse
(14–19). On the other hand, various studies in human have
reported that genetic variants of the ZFAT gene are associated
with particular human diseases, including autoimmune thyroid
diseases (20, 21), aneurysms (22), hypertension (23), and type 2
diabetes mellitus (24). Furthermore, mutations and altered
expression of the ZFAT gene are also observed in several
human cancers (25–30). For example, a genome-wide associ-
ation study of diffuse large B-cell lymphoma patients showed
that specific mutations in the ZFAT genes were strongly
associated with poorer survival of diffuse large B-cell lym-
phoma patients (31). Thus, dysregulations of ZFAT function
and expression are thought to be related to various human
diseases although roles of ZFAT-regulated centromeric tran-
scription in pathogenesis of these diseases are still unknown.

DAXX (death domain–associated protein) is a multifunc-
tional protein involved in many cellular processes, including
apoptosis, protein stability, and transcription regulation (32).
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DAXX-regulated centromeric transcription through ZFAT
DAXX itself does not contain any enzymatic catalytic domains,
and, thus, functions in these processes through interaction
with various molecules. DAXX regulates gene transcription
through interaction with various transcription factors. For
example, p53 has been identified as a DAXX-interacting pro-
tein, and the p53 transcriptional activity is negatively regulated
by DAXX (33). On the other hand, Pax5, an essential tran-
scription factor for B-cell development, interacts with DAXX,
and their interaction leads to transcription activation in B cells
(34). Furthermore, it has been reported that DAXX regulates
gene transcription through interaction with histone-modifying
enzymes, including the CREB-binding protein (35) and the
histone deacetylase 2 (36). Interestingly, through interaction
with the chromatin-remodeling protein ATRX (α-thalassemia
and mental retardation X-linked), DAXX functions as a his-
tone chaperone for the deposition of histone H3 variant H3.3,
which is also related to transcription activation (37). Thus, the
dynamic interaction between DAXX and its associated pro-
teins is tightly controlled. Intriguingly, it was previously re-
ported that DAXX was involved in transcription at the
centromere through deposition of H3.3 (38). However, the
precise mechanisms by which DAXX regulates centromeric
transcription remain elusive.

In this study, we show that DAXX interacts with ZFAT to
promote centromeric localization of ZFAT, leading to stimu-
lation of ncRNA transcription. Coimmunoprecipitation (co-
IP) analyses of endogenous and ectopically expressed proteins
clearly reveal that DAXX interacts with ZFAT. Ectopic
expression of DAXX increases the centromeric ZFAT levels
and stimulates ZFAT-regulated ncRNA transcription at the
centromeres. On the other hand, knockdown of DAXX de-
creases the centromeric levels of ZFAT as well as those of
ncRNA. These results indicate that DAXX regulates ncRNA
transcription at the centromeres through ZFAT.
Results

DAXX interacts with ZFAT

We previously showed that the centromeric protein CENP-
B interacted with ZFAT through its acidic domain (AD) (11).
Similar to CENP-B, DAXX is also known as a protein that
localizes at the centromeres and contains the AD (32, 39).
Therefore, we examined the interaction between DAXX and
ZFAT in human embryonic kidney 293 (HEK293) human cells
through co-IP analysis using anti-ZFAT and anti-DAXX an-
tibodies. The endogenous ZFAT protein was coimmunopre-
cipitated with the endogenous DAXX protein using anti-
DAXX antibody and vice versa (Fig. 1A). These results indi-
cate that DAXX interacts with ZFAT.

To compare an interaction affinity with ZFAT between
DAXX and CENP-B, we ectopically expressed hemagglutinin
(HA)-tagged ZFAT (ZFAT-HA) and FLAG-tagged DAXX
(FLAG-DAXX) or FLAG-tagged CENP-B (FLAG-CENP-B) in
HEK293 cells and examined their interaction through co-IP
analysis using anti-HA and anti-FLAG antibodies. Similar to
endogenous proteins, the FLAG-DAXX protein was coim-
munoprecipitated with the ZFAT-HA protein using an anti-
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HA antibody and vice versa (Fig. 1B). The protein levels of
ZFAT-HA, which was coimmunoprecipitated with FLAG-
DAXX, were relatively lower than those of ZFAT-HA coim-
munoprecipitated with FLAG-CENP-B (Fig. 1B). Similarly, the
protein levels of FLAG-DAXX, which was coimmunoprecipi-
tated with ZFAT-HA, were relatively lower than those of
FLAG-CENP-B coimmunoprecipitated with ZFAT-HA
(Fig. 1B). Furthermore, we examined the interaction between
ZFAT and DAXX after DNase treatment through co-IP anal-
ysis (Fig. 1C). Disappearance of the genome DNA by the
DNase treatment was confirmed in our previous study (11).
The DNase treatment did not affect the interaction between
ZFAT and DAXX. Together, these results suggest that DAXX
interacts with ZFAT independently of DNA, and that the
interaction affinity between ZFAT and DAXX is slightly
weaker than that between ZFAT and CENP-B.

Identification of domains involved in interaction of ZFAT and
DAXX

The DAXX protein is composed of several domains,
including two SUMO-interacting motifs (SIMs) at the N and C
terminus (SIM1 and SIM2, respectively), four helix bundle
domains, histone-binding domain, and AD (Fig. 2A, (32)). To
elucidate DAXX domains involved in the interaction with
ZFAT, we examined the interaction between ZFAT-HA and
the deletion mutants of FLAG-DAXX in HEK293 cells using
co-IP analysis. Deletion of SIM2 hardly affected the interaction
with ZFAT, whereas loss of SIM1 slightly decreased it
(Fig. 2B). Furthermore, deletion of either four helix bundle
domain, histone-binding domain, or AD markedly inhibited
the interaction of DAXX with ZFAT (Fig. 2B). These results
suggest that multiple domains of DAXX are involved in the
interaction with ZFAT.

The ZFAT protein is composed of 18 zinc-finger (ZF) do-
mains (Fig. 3A, (13)). To determine which ZFAT regions were
involved in the interaction with DAXX, we evaluated the
interaction between FLAG-DAXX and the deletion mutants of
ZFAT-HA in HEK293 cells. While the ZF-ΔN-2 deletion
mutant, which was composed of ZF9-18, retained the ability to
interact with DAXX, the ZF-ΔC-2 deletion mutant, which was
composed of ZF1-8, did not interact with DAXX, suggesting
involvement of the C-terminal region of ZFAT in the inter-
action with DAXX (Fig. 3B). Furthermore, the interaction with
DAXX was clearly observed in the ZF-ΔN-3 deletion mutant,
which had ZF13–18 (Fig. 3B). These results suggest that the C-
terminal region containing ZF13–18 of ZFAT is involved in
the interaction with DAXX.

DAXX is involved in the centromeric localization of ZFAT

To elucidate roles of interaction between DAXX and ZFAT
in their centromeric localization, we examined the protein
levels of ZFAT and DAXX at the centromeres in HEK293 cells,
which transiently expressed ZFAT-HA, FLAG-DAXX, or both,
using chromatin immunoprecipitation (ChIP)–quantitative
PCR (qPCR) analysis that we established previously (11, 12)
(Fig. 4, A and B). We previously showed that ZFAT was bound



Figure 1. DAXX interacts with ZFAT. A, coimmunoprecipitation (co-IP) analysis of endogenous ZFAT and DAXX proteins in HEK293 cells using anti-ZFAT
and anti-DAXX antibodies or control immunoglobulin G (IgG). B, co-IP analysis of ZFAT-HA and FLAG-CENP-B or FLAG-DAXX using anti-HA and anti-FLAG
antibodies in HEK293 cells transfected with the indicated expression vectors. C, co-IP analysis of ZFAT-HA and FLAG-DAXX after DNase treatment in
HEK293 cells. The data are representative of three independent experiments. DAXX, death domain–associated protein; FLAG-CENP-B, FLAG-tagged CENP-B;
FLAG-DAXX, FLAG-tagged DAXX; HA, hemagglutinin; HEK293, human embryonic kidney 293 cell line; WCL, whole cell lysate; ZFAT, zinc-finger protein with
AT hook; ZFAT-HA, hemagglutinin-tagged ZFAT.

DAXX-regulated centromeric transcription through ZFAT
to the centromeres of every chromosome but regulated the
centromeric ncRNA transcription only at particular chromo-
somes (12). Activation of the centromeric ncRNA transcrip-
tion by ectopic expression of ZFAT was observed in qRT–PCR
analysis using primers for Chr17, and ChrX-a and ChrX-b, but
not primers for Chr13/21-a, whereas ZFAT binding at the
centromeres was detected in ChIP–qPCR analysis using all
these primer sets (12). In the ChIP–qPCR analysis in this
study, we used primers for Chr17 and Chr13/21-a to examine
whether DAXX was involved in the centromeric localization of
ZFAT only at chromosomes where ZFAT activated the ncRNA
transcription. We clearly observed that ZFAT-HA and FLAG-
DAXX were bound to the centromeres of both Chr17 and
Chr13/21, but not to regions for the 5S ribosomal RNA gene,
which were used as a negative control (Fig. 4B). Interestingly,
ectopic coexpression of ZFAT-HA with FLAG-DAXX further
increased the protein levels of ZFAT at the centromeres of
both Chr17 and Chr13/21, compared with those in cells
expressing ZFAT-HA alone. On the other hand, their coex-
pression did not affect the protein levels of DAXX at the
centromeres, compared with those in cells expressing FLAG-
DAXX alone. These results suggest that DAXX plays positive
roles in the centromeric localization of ZFAT at every chro-
mosome independently of transcription activation by ZFAT,
whereas ZFAT is not involved in the centromeric localization
of DAXX. Furthermore, ectopic coexpression of FLAG-DAXX
with ZFAT-HA did not affect the ZFAT protein levels at the
promoter regions of the BRPF1, PDE12, and TELO2 genes to
which we previously reported that ZFAT was bound (Fig. 4, B
and C, (15)), suggesting that DAXX is involved in the
J. Biol. Chem. (2022) 298(11) 102528 3



Figure 2. Multiple domains of DAXX are involved in interaction with ZFAT. A, schematic diagram of the deletion mutants of FLAG-DAXX used in (B). B,
coimmunoprecipitation analysis of ZFAT-HA and the deletion mutants of FLAG-DAXX in HEK293 cells using anti-HA and anti-FLAG antibodies. The data are
representative of three independent experiments. DAXX, death domain–associated protein; FLAG-DAXX, FLAG-tagged DAXX; HA, hemagglutinin; HEK293,
human embryonic kidney 293 cell line; ZFAT, zinc-finger protein with AT hook; ZFAT-HA, hemagglutinin-tagged ZFAT; WCL, whole cell lysate.

DAXX-regulated centromeric transcription through ZFAT
localization of ZFAT specifically at the centromeres but not at
the gene promoter regions.

To further examine the involvement of DAXX in the
centromeric localization of ZFAT, we next evaluated the effect
of loss of the endogenous DAXX protein on the centromeric
ZFAT levels in HEK293 cells transiently expressing ZFAT-HA
(Figs. 5, A and B, and S1A and B). We used two siRNAs
(siDAXX-1 and siDAXX-2) targeting distinct sequences of
DAXX to deplete the DAXX protein. Transfection of cells with
siRNAs for DAXX significantly decreased the expression levels
of endogenous DAXX protein but not those of ectopically
expressed ZFAT-HA (Figs. 5A and S1A). Loss of DAXX
resulted in the significant decrease in the protein levels of
ZFAT at the centromeres, compared with a control siRNA
(Figs. 5B and S1B). On the other hand, the DAXX siRNAs did
not affect the protein levels of ZFAT at the promoter regions
of the BRPF1, PDE12, and TELO2 genes (Figs. 5, B and C, and
S1B). Together, these results suggest that DAXX promotes the
localization of ZFAT specifically at the centromeres.

DAXX is involved in ZFAT-regulated ncRNA transcription at the
centromeres

To investigate the involvement of DAXX in ZFAT-regulated
centromeric ncRNA transcription, we examined the effects of
ectopic expression of ZFAT-HA, FLAG-DAXX, or both on the
centromeric ncRNA levels in HEK293 cells (Fig. 6, A and B).
The expression levels of centromeric ncRNA were determined
by qRT–PCR analysis, which we established previously (11,
12). As previously shown (12), ectopic expression of ZFAT
alone caused a marked increase in the centromeric ncRNA
levels but not in the RNA expression levels of the Alu element
that was noncentromeric repetitive DNA sequence (Fig. 6B).
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Interestingly, ectopic coexpression of ZFAT with DAXX
resulted in a further increase in the centromeric ncRNA levels,
compared with those in cells expressing ZFAT alone (Fig. 6B).
Furthermore, DAXX, which was ectopically expressed alone,
slightly increased the centromeric ncRNA levels although it
was not statistically significant (Fig. 6B). These results suggest
that DAXX plays positive roles in ZFAT-regulated centro-
meric ncRNA transcription.

We next evaluated the effects of loss of endogenous DAXX
protein on the centromeric ncRNA levels in HEK293 cells
transiently expressing ZFAT-HA (Figs. 7, A and B, and S1C).
siRNA-mediated knockdown of DAXX significantly decreased
the centromeric ncRNA levels in cells expressing ZFAT-HA,
compared with a control siRNA (Figs. 7B and S1C).
Together, these results suggest that DAXX is involved in
ZFAT-regulated ncRNA transcription at the centromeres.

DAXX is required for the ZFAT-regulated centromeric ncRNA
transcription and accurate chromosomal segregation

To further elucidate the role of DAXX in the ZFAT-
regulated ncRNA transcription at the centromeres, we eval-
uated the effects of DAXX depletion on the centromeric
ncRNA levels in HEK293 cells without ectopic expression of
ZFAT-HA (Figs. 8, A and B, and S2A and B). An siRNA-
mediated knockdown of DAXX had no effects on the
expression levels of endogenous ZFAT protein (Figs. 8B and
S2B). A depletion of DAXX caused a significant decrease in
the ncRNA levels at the centromeres of chromosomes 17 and
X in which ZFAT regulated the transcription (Figs. 8A and
S2A). These results suggest that DAXX is involved in the
ZFAT-regulated centromeric ncRNA transcription at a
physiological state.



Figure 3. The C-terminal domain of ZFAT interacts with DAXX. A, schematic diagram of the deletion mutants of ZFAT-HA used in (B). B, coimmuno-
precipitation analysis of FLAG-DAXX and the deletion mutants of ZFAT-HA in HEK293 cells using anti-HA and anti-FLAG antibodies. The data are repre-
sentative of three independent experiments. DAXX, death domain–associated protein; FLAG-DAXX, FLAG-tagged DAXX; HA, hemagglutinin; HEK293, human
embryonic kidney 293 cell line; WCL, whole cell lysate; ZFAT, zinc-finger protein with AT hook; ZFAT-HA, hemagglutinin-tagged ZFAT.

DAXX-regulated centromeric transcription through ZFAT
Transcription at the centromeres and its ncRNA products
are important for centromere functions in accurate chromo-
somal segregation. We next examined the effects of DAXX
depletion on formation of mitotic spindle using immunofluo-
rescence analysis of α-tubulin (Figs. 8, C and D and S2C and
D). In these experiments, we used HT1080 cells, which were
near diploid cells, instead of HEK293 cells, because abnormal
spindle morphology was frequently observed in HEK293 cells
without any treatments. Depletion of DAXX significantly
increased the proportion of mitotic cells that had abnormal
spindle morphology, compared with cells transfected with a
control siRNA (Fig. 8, C and D and S2C and D). Together,
these results suggest that DAXX is involved in the accurate
chromosome segregation probably through the ZFAT-
regulated centromeric ncRNA transcription.
Discussion

DAXX was previously reported to localize at the centro-
meres in human cells (39). Furthermore, Morozov et al. (38)
reported that depletion of DAXX resulted in decreases in the
centromeric levels of both ncRNA and the histone H3
variant H3.3. It was also shown that DAXX-mediated
deposition of H3.3 was related to the activation of ncRNA
transcription in pericentromeric regions in mouse cells (37).
These previous studies have together suggested that DAXX
is involved in ncRNA transcription at the centromeres by
facilitating the deposition of H3.3. However, heat shock
treatment of human cells caused marked increases in the
centromeric levels of DAXX, but not ncRNA, indicating that
the DAXX levels at the centromeres are not completely
correlated to the centromeric ncRNA levels (38). Thus,
mechanisms by which DAXX regulates ncRNA transcription
at the centromeres remain elusive. In this study, we identi-
fied the transcription regulator ZFAT as a novel interacting
protein of DAXX (Figs. 1–3). Furthermore, we showed that
the protein levels of DAXX were obviously correlated to the
centromeric levels of both ZFAT and ncRNA (Figs. 4–7).
These results demonstrate that DAXX regulates ncRNA
transcription at the centromeres, at least in part, through
J. Biol. Chem. (2022) 298(11) 102528 5



Figure 4. Coexpression of DAXX and ZFAT increases the ZFAT protein levels at the centromeres. A, immunoblotting analysis of ZFAT-HA and FLAG-
DAXX using anti-HA and anti-FLAG antibodies in HEK293 cells transfected with the indicated expression vectors. Actin was used as a loading control. The
data are representative of three independent experiments. B and C, ChIP–qPCR analysis of ZFAT-HA and FLAG-DAXX at the human repetitive DNA se-
quences and the gene promoter regions using anti-HA and anti-FLAG antibodies or control immunoglobulin G (IgG) in HEK293 cells transfected with the
indicated expression vectors. The data represent the mean ± SD of three independent experiments. *p < 0.05. ChIP, chromatin immunoprecipitation; DAXX,
death domain–associated protein; FLAG-DAXX, FLAG-tagged DAXX; HA, hemagglutinin; HEK293, human embryonic kidney 293 cell line; qPCR, quantitative
PCR; ZFAT, zinc-finger protein with AT hook; ZFAT-HA, hemagglutinin-tagged ZFAT.

DAXX-regulated centromeric transcription through ZFAT
interaction with ZFAT. Taken together, we propose that
DAXX plays crucial roles in centromeric ncRNA transcrip-
tion through both deposition of H3.3 and localization of
ZFAT (Fig. 8E).

We have recently reported that the centromeric protein
CENP-B interacts with ZFAT to promote the centromeric
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localization of ZFAT (11). Interestingly, it was also previously
reported that CENP-B interacted with DAXX (40). Depletion
of CENP-B decreases the centromeric levels of DAXX, indi-
cating that CENP-B is required for the centromeric localiza-
tion of DAXX (40). In this study, we showed that the
C-terminal region of ZFAT was involved in the interaction



Figure 5. Loss of DAXX decreases the ZFAT protein levels at the centromeres. A, immunoblotting analysis of ZFAT-HA and endogenous DAXX proteins
using anti-HA and anti-DAXX antibodies in HEK293 cells transfected with the indicated expression vectors and siRNAs for control (siControl) or DAXX
(siDAXX-1). Actin was used as a loading control. The data are representative of three independent experiments. B and C, ChIP–qPCR analysis of ZFAT-HA at
the human repetitive DNA sequences and the gene promoter regions using an anti-HA antibody or control immunoglobulin G (IgG) in HEK293 cells
transfected with the indicated expression vectors, and siControl or siDAXX-1. The data represent the mean ± SD of three independent experiments.
*p < 0.05. ChIP, chromatin immunoprecipitation; DAXX, death domain–associated protein; HA, hemagglutinin; HEK293, human embryonic kidney 293 cell
line; qPCR, quantitative PCR; ZFAT, zinc-finger protein with AT hook; ZFAT-HA, hemagglutinin-tagged ZFAT.

DAXX-regulated centromeric transcription through ZFAT
with DAXX (Fig. 3). On the other hand, we previously showed
that the middle domain of ZFAT was required for the inter-
action with CENP-B (11). Thus, ZFAT separately interacts
with DAXX and CENP-B through distinct regions. A ternary
complex of CENP-B, DAXX, and ZFAT would play important
roles in ncRNA transcription at the centromeres (Fig. 8E).
J. Biol. Chem. (2022) 298(11) 102528 7



Figure 6. Coexpression of DAXX and ZFAT stimulates the ZFAT-regulated ncRNA transcription at the centromeres. A, immunoblotting analysis of
ZFAT-HA and FLAG-DAXX using anti-HA and anti-FLAG antibodies in HEK293 cells transfected with the indicated expression vectors. Actin was used as a
loading control. The data are representative of three independent experiments. B, qRT–PCR analysis of RNA derived from human repetitive sequences in
HEK293 cells transfected with the indicated expression vectors. The RNA expression levels were shown as the relative values to those in cells transfected
with an empty vector. The data represent the mean ± SD of three independent experiments. *p < 0.05. DAXX, death domain–associated protein; FLAG-
DAXX, FLAG-tagged DAXX; HA, hemagglutinin; HEK293, human embryonic kidney 293 cell line; ncRNA, noncoding RNA; qRT–PCR, quantitative RT–PCR;
ZFAT, zinc-finger protein with AT hook; ZFAT-HA, hemagglutinin-tagged ZFAT.

DAXX-regulated centromeric transcription through ZFAT
In this study, we showed that the ZFAT protein levels at the
centromeres relied on the presence of the DAXX protein
(Figs. 4 and 5). Furthermore, evident interaction between
ZFAT and DAXX was observed in human cells (Figs. 1–3). On
the other hand, we have previously shown that ZFAT binds
directly to the centromeric DNA with specific DNA sequences
(12), indicating that ZFAT would not bind to the centromeric
DNA through the DAXX protein. Thus, DAXX may
contribute to the centromeric localization of ZFAT through
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stabilization of the binding of ZFAT to the centromeric DNA,
cooperatively with CENP-B (Fig. 8E).

Here, we showed that loss of DAXX resulted in the
decreased centromeric ncRNA levels as well as abnormal
spindle morphology (Fig. 8). Centromeric ncRNA transcrip-
tion plays important roles in centromere functions, and its
dysregulation causes chromosome segregation error, leading
to aneuploidy, which is one of the representative characteris-
tics of tumor cells. Indeed, aberrant expression of centromeric



Figure 7. Loss of DAXX inhibits the ZFAT-regulated ncRNA transcription at the centromeres. A, immunoblotting analysis of ZFAT-HA and endogenous
DAXX proteins using anti-HA and anti-DAXX antibodies in HEK293 cells transfected with the indicated expression vectors and siRNAs for control (siControl)
or DAXX (siDAXX-1). Actin was used as a loading control. The data are representative of three independent experiments. B, qRT–PCR analysis of RNA derived
from human repetitive sequences in HEK293 cells transfected with the indicated expression vectors and siControl or siDAXX-1. The RNA expression levels
were shown as the relative values to those in cells transfected with an empty vector and siControl. The data represent the mean ± SD of three independent
experiments. *p < 0.05. DAXX, death domain–associated protein; HEK293, human embryonic kidney 293 cell line; ncRNA, noncoding RNA; qRT–PCR,
quantitative RT–PCR; ZFAT, zinc-finger protein with AT hook; ZFAT-HA, hemagglutinin-tagged ZFAT.

DAXX-regulated centromeric transcription through ZFAT
ncRNA is observed in several human cancer tissues (41, 42).
Interestingly, mutations and altered expression of DAXX are
observed in diverse human cancers. Given that ectopic
expression of DAXX alone resulted in a slight increase in the
centromeric ncRNA levels (Fig. 6B), the activation of the
ZFAT-regulated centromeric transcription may be related to
the tumorigenicity by an increased expression of DAXX in
cancer cells.

On the other hand, roles of DAXX in tumorigenesis are
different in diverse cancers. For example, DAXX is overex-
pressed in ovarian cancer tissues and promotes the develop-
ment of ovarian tumors (43). On the other hand, it was
recently reported that DAXX functions as a suppressor for
epithelial–mesenchymal transition and invasion of lung cancer
cells through interaction with the ZF transcription factor Slug
(44). Thus, roles of DAXX in cancer cells are dependent on the
cellular contexts and gene expression profiles of cells, sug-
gesting that the expression levels and/or mutations of DAXX-
interacting partners may determine roles of DAXX in cancer
cells. Interestingly, mutations in the ZFAT gene have also been
found in several human cancers (25–28, 30, 31). Furthermore,
overexpression of ZFAT is observed in ovarian cancer (29).
Therefore, impaired centromeric transcription caused by
simultaneous dysregulation of ZFAT and DAXX may be
cooperatively involved in development and progression of
cancer cells, including ovarian cancer.

We have previously shown that percentages of mitotic cells
with abnormal spindle morphology in ZFAT-depleted cells are
84% and 74% using two distinct siRNAs (12). In contrast, those
in DAXX-depleted cells were 67% and 74%, as shown in
J. Biol. Chem. (2022) 298(11) 102528 9



Figure 8. Loss of DAXX results in the decreased centromeric ncRNA levels and abnormal spindle morphology. A, qRT–PCR analysis of RNA derived
from human repetitive sequences in HEK293 cells transfected with siRNAs for control (siControl) or DAXX (siDAXX-1). The RNA expression levels were shown
as the relative values to those in cells transfected with siControl. B, immunoblotting analysis of endogenous ZFAT and DAXX proteins using anti-ZFAT and
anti-DAXX antibodies in HEK293 cells transfected with siControl or siDAXX-1. Actin was used as a loading control. C, representative immunofluorescence
images of α-tubulin and DAPI in HT1080 cells transfected with siControl or siDAXX-1. The scale bar represents 5 μm. D, percentage of cells with an abnormal
spindle morphology in mitotic cells transfected with siControl or siDAXX-1, determined in (C). N = 30 cells per one experiment. E, the model of the role of
DAXX in the ncRNA transcription regulation at the centromeres. A and D, the data represent the mean ± SD of three independent experiments. *p < 0.05. B
and C, the data are representative of three independent experiments. DAPI, 40 ,6-diamidino-2-phenylindole; DAXX, death domain–associated protein;
HEK293, human embryonic kidney 293 cell line; ncRNA, noncoding RNA; qRT–PCR, quantitative RT–PCR; ZFAT, zinc-finger protein with AT hook.
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Figs. 8D and S2D in this study. These results are consistent
with our conclusion that mitotic spindle defects observed in
DAXX-depleted cells mainly result from the impaired
centromeric localization of ZFAT. On the other hand, DAXX
has been known to interact with various molecules that are
involved in mitosis (45, 46). Thus, we cannot rule out the
possibility that the abnormal spindle morphology observed in
DAXX-depleted cells is unrelated with the ZFAT-regulated
centromeric ncRNA transcription. Elucidating roles of
10 J. Biol. Chem. (2022) 298(11) 102528
DAXX through the centromeric ncRNA transcription in ac-
curate chromosome segregation will be addressed in future
studies.

In summary, our study elucidated the molecular mecha-
nisms of centromeric ncRNA transcription regulated by
DAXX. We identified ZFAT as a novel interacting protein of
DAXX. The centromeric levels of ZFAT were correlated with
the presence of DAXX. Furthermore, depletion of DAXX
resulted in the decreased centromeric ncRNA levels and
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abnormal spindle formation. Thus, we propose that DAXX
controls ncRNA transcription at the centromeres through
interaction with ZFAT. DAXX plays crucial roles in centro-
meric ncRNA transcription through both deposition of H3.3
and localization of ZFAT. These findings would lead to a
better understanding of functional significance of DAXX and
ZFAT in cell survival and death as well as tumorigenesis.

Experimental procedures

Cell culture

The cell lines HEK293 and HT1080 were cultured at 37 �C
with 5% CO2 in Dulbecco’s modified Eagle’s medium (Wako
Pure Chemical Industries; catalog no.: 041-30081) and sup-
plemented with 10% fetal bovine serum and penicillin/strep-
tomycin (Gibco; catalog no.: 15140122).

Constructs

The constructs and primers used in this study are detailed in
Tables S1 and S2, respectively. The expression vectors for
human ZFAT and CENP-B have been previously described
(11, 12). Complementary DNA for human DAXX was ob-
tained from Addgene (#119021) and cloned into pcDNA3
plasmid DNA for expression in cultured mammalian cells. The
expression vectors were verified by DNA sequencing.

Immunoblotting and co-IP

The immunoblotting procedure was performed as previ-
ously described using antibodies detailed in Table S3 (11, 15,
47). co-IP was performed in HEK293 cells as previously
described (12, 48). Briefly, HEK293 cells were lysed in co-IP
buffer (50 mM Tris–HCl, pH 7.5; 150 mM NaCl; 5 mM
MgCl2; 10% glycerol; and 1% NP-40) supplemented with
cOmplete EDTA-Free Protease Inhibitor (Sigma–Aldrich) by
incubation for 30 min at 4 �C. Cell pellets were removed by
centrifugation, and the supernatants were precleaned by in-
cubation with rat, mouse, or rabbit immunoglobulin G and
Protein G Sepharose (GE Healthcare Life Sciences) for 30 min
at 4 �C under gentle rotation. After centrifugation, the su-
pernatants were coimmunoprecipitated by incubation with
primary antibodies (Table S3) conjugated with Protein G
Sepharose at 4 �C under gentle rotation overnight. The beads
were washed with co-IP buffer three times and then boiled in
Laemmli sample buffer. The eluates were subjected to
immunoblotting.

To treat lysates with DNase before co-IP, cells were lysed in
co-IP buffer for DNase (50 mM Tris–HCl, pH 8; 150 mM
NaCl; 60 mM MgCl2; 10 mM CaCl2; 10% glycerol; and 1% NP-
40) by incubation for 30 min at 4 �C. Cell pellets were removed
by centrifugation, and supernatants were treated with 100
units/ml of DNase (Roche; catalog no.: 04716728001) for
15 min at 37 �C, and then co-IP was performed.

siRNA transfection

The siRNA against DAXX was purchased from Thermo
Fisher Scientific (siDAXX-1, DAXXHSS175936, 50-GAUCA
UCGUGCUCUCAGACUCUGAU-30; siDAXX-2, DAXXH
SS175937, 50-AGCAGUAGUUCGGGCGGCAAGAAAU).
HEK293 cells were transfected with siRNA using Lipofect-
amine RNAiMAX (Invitrogen; catalog no.: 13778150) ac-
cording to the manufacturer’s reverse transfection protocol.
Briefly, cells were seeded with siRNA (20 pmol)–Lipofect-
amine RNAiMAX (5 μl) complexes in 6-well plates at a density
of 4 × 105 cells per well. After 24 h, the cells were transfected
with plasmid DNA using Lipofectamine 3000 (Invitrogen;
catalog no.: L3000015) and incubated for a further 24 h.
Following incubation, the cells were utilized for downstream
analyses.

ChIP–qPCR

ChIP–qPCR analysis was performed as previously described
(12, 15). The antibodies and primers used in ChIP and qPCR
are detailed in Tables S2 and S3. For ChIP–qPCR analysis of
ZFAT-HA and FLAG-DAXX using anti-HA and anti-FLAG
antibodies, HEK293 cells were transfected with the expres-
sion vectors using Lipofectamine 3000. After 24 h, the cells
were crosslinked with 1% formaldehyde, lysed in radio-
immunoprecipitation assay (RIPA) buffer (50 mM Tris–HCl,
pH 8.0; 150 mM NaCl; 1% Triton X-100; 0.5% sodium deox-
ycholate; 0.1% SDS), and sonicated using a Bioruptor (Cosmo
Bio) for 15 cycles at 1 min with 30 s on/off. After the ChIP
procedure, the beads were serially washed with either 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 performed using TB Green Premix Ex Taq GC
(Perfect Real Time) (Takara Bio; catalog no.: RR071B) with
7500 Fast Real-Time PCR system (Applied Biosystems). Re-
sults of ChIP–qPCR analysis are represented as the percentage
(%) of input, which represents the amount of DNA pulled
down by using an antibody for HA or FLAG tag in the ChIP
reaction, relative to the amount of genome DNA used. The
amount of pulled down DNA is normalized to the number of
their binding sites in the whole genome.

qRT–PCR

qRT–PCR analysis was performed as previously described
(11, 12, 48). For those HEK293 cells that were transfected with
siRNA against DAXX using RNAiMAX for 72 h, the total RNA
was extracted using TRIZol reagent (Invitrogen; catalog no.:
15596018). Complementary DNA was synthesized using the
ReverTra Ace qPCR RT Master Mix with gDNA Remover
(Toyobo; catalog no.: FSQ-301). Control samples without
reverse transcriptase were performed to identify DNA
contamination. qPCR was performed using the Thunderbird
SYBR qPCR Mix (Toyobo; catalog no.: QPX-201) with 7500
Fast Real-Time PCR system according to the manufacturer’s
instructions. The primers used for qPCR are detailed in
Table S2.

Immunofluorescence microscopy

Immunofluorescence analysis was performed as previously
described (11, 12). HT1080 cells were seeded with siRNA
J. Biol. Chem. (2022) 298(11) 102528 11



DAXX-regulated centromeric transcription through ZFAT
(5 pmol)–Lipofectamine RNAiMAX (1.25 μl) complexes onto
a 12 mm diameter glass coverslip and placed into 24-well
plates. After 72 h, the transfected cells were fixed with 100%
methanol for 20 min at −20 �C, subsequently washed thrice
with PBS, permeabilized, and blocked with 5% fetal bovine
serum in PBS containing 0.3% Triton X-100 for 30 min at
room temperature, and subsequently incubated with an anti-α-
tubulin antibody at 4 �C overnight. Following incubation, the
cells were washed thrice with PBS and subsequently incubated
with secondary antibodies conjugated with fluorescent dyes for
1 h at room temperature. Cells were then washed thrice with
PBS, stained with 40,6-diamidino-2-phenylindole, mounted
using Fluorescence Mounting Medium (Dako; catalog no.:
S3023), and viewed using a TCS SP5 laser-scanning confocal
microscope (Leica Microsystems).
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 a statistically
significant difference.
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