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Death domain-associated protein 6 (DAXX) is a histone chaperone, putative regulator of apoptosis and transcription,
and candidate modulator of p53-mediated gene expression following DNA damage. DAXX becomes phosphorylated
upon DNA damage, however regulation of this modification, and its relationship to p53 remain unclear. Here we show
that in human cells exposed to ionizing radiation or genotoxic drugs etoposide and neocarzinostatin, DAXX became
rapidly phosphorylated in an ATM kinase-dependent manner. Our deletion and site-directed mutagenesis experiments
identified Serine 564 (S564) as the dominant ATM-targeted site of DAXX, and immunofluorescence experiments
revealed localization of S564-phosphorylated DAXX to PML nuclear bodies. Furthermore, using a panel of human cell
types, we identified the p53-regulated Wip1 protein phosphatase as a key negative regulator of DAXX phosphorylation
at S564, both in vitro and in cells. Consistent with the emerging oncogenic role of Wip1, its DAXX-dephosphorylating
impact was most apparent in cancer cell lines harboring gain-of-function mutant and/or overexpressed Wip1.
Unexpectedly, while Wip1 depletion increased DAXX phosphorylation both before and after DNA damage and
increased p53 stability and transcriptional activity, knock-down of DAXX impacted neither p53 stabilization nor p53-
mediated expression of Gadd45a, Noxa, Mdm2, p21, Puma, Sesn2, Tigar or Wip1. Consistently, analyses of cells with
genetic, TALEN-mediated DAXX deletion corroborated the notion that neither phosphorylated nor non-phosphorylated
DAXX is required for p53-mediated gene expression upon DNA damage. Overall, we identify ATM kinase and Wip1
phosphatase as opposing regulators of DAXX-S564 phosphorylation, and propose that the role of DAXX
phosphorylation and DAXX itself are independent of p53-mediated gene expression.

Introduction

Death domain-associated protein 6 (DAXX) is a highly
conserved multifunctional protein implicated in complex bio-
logical functions ranging from cell death to regulation of
transcription. Initially described as a binding partner of Fas
death domain, DAXX was shown to potentiate Fas-induced
apoptosis and activates the Jun N-terminal kinase (JNK)
pathway.1 Subsequently, other studies suggested that under
certain stress conditions DAXX promotes JNK-mediated apo-
ptosis through activation of apoptosis signal-regulating kinase
(ASK1).2 In contrast to its pro-apoptotic role, it has been
reported that DAXX depletion sensitizes cells to multiple
pro-apoptotic stimuli in certain cellular contexts.3,4 In addi-
tion, homozygous deletion of the Daxx gene in mice is lethal

at day 9.5 of embryonic development and is accompanied by
massive apoptosis in all tissues, indicating that DAXX func-
tions as an anti-apoptotic molecule and is critical for organis-
mal development.5 Thus, the exact function of DAXX in
regulation of cell death mechanisms remains unclear and it
has become a controversial issue.

Arguably the best characterized function of DAXX is that of a
transcriptional regulator that can repress or activate gene tran-
scription. Reportedly, DAXX interacts with transcriptional co-
regulators including CREB-binding protein (CBP) and histone
deacetylase (HDAC) and directly with a number of DNA-
binding transcription factors, including Pax3 and Pax5, ETS1,
and p53 and its family members p73 and p63.6-14 Moreover,
recent studies have shown that DAXX is a specific histone H3.3/
H4 chaperone and plays a role in chromatin remodeling and
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DNA methylation indicating that it may control gene expression
also via epigenetic mechanisms.8,15-21

Consistent with the involvement in transcriptional regulation,
DAXX is primarily localized in subnuclear compartments includ-
ing PML bodies, nucleoli, heterochromatin domains and nucleo-
plasm, however, it can translocate to the cytoplasm under certain
stress conditions.22-25

Interestingly, DAXX was also proposed to cooperate with
other cellular factors to stimulate the multifaceted function of
p53 as a tumor suppressor. In unstressed cells, the association of
DAXX with HAUSP, a de-ubiquitylating enzyme originally
reported to act on p53,26 and Mdm2 (RING-finger E3 ligase)
results in Mdm2-dependent p53 ubiquitylation and degradation.
In response to DNA damage, dissociation of HAUSP, DAXX
and p53 from Mdm2 occurs by an unknown mechanism and
Mdm2 is self-ubiquitylated and degraded, which allows accumu-
lation of p53 and its activation.27 Another example of p53 activa-
tion has been shown in cells after UV treatment. Here, an Axin/
DAXX/HIPK2/p53 complex is formed that was proposed to pro-
mote transcriptional activation of pro-apoptotic p53 target
genes.28 It is therefore suggested that DAXX exerts its anti-
apoptotic function in unstressed primary cells (considering data
in knock-out mice mentioned above), and promotes apoptosis in
tumor cells or transformed cells exposed to various stresses. How-
ever, a precise function and better understanding of the biological
roles played by DAXX and its interplay with p53 in apoptosis
and other cellular mechanisms in different cell types under vari-
ous conditions remain to be elucidated.

Cellular responses to DNA damage29 are mediated by signal-
ing through diverse protein post-translational modifications, par-
ticularly phosphorylation by several protein kinases including
ATM (ataxia telangiectasia mutated) and ATR (ATM and Rad3-
related) – the master regulators critical for the maintenance of
genome integrity.30 Recently, large numbers of candidate ATM/
ATR substrates were identified in high-throughput screening
projects, thereby raising a formidable challenge of their func-
tional characterization.31-33 Given the controversies and open
questions surrounding the regulation of DAXX, its role(s) in
modulation of apoptosis and DAXX’s relationship with p53 in
response to DNA damage, we have performed this study focused
on DAXX phosphorylation and its regulation in response to
diverse genotoxic insults. Among the key questions we have
addressed are whether DAXX is phosphorylated, what are the key
kinase(s) and phosphatase(s) involved in such potential phos-
phorylation-mediated modulation of DAXX and its regulatory
balance, and to what extent might such regulatory mechanism
impact p53 stability and expression of p53 target genes, particu-
larly those implicated in triggering apoptosis.

Results

DAXX is rapidly phosphorylated on Serine 564 after DNA
damage and localizes at PML nuclear bodies

To examine whether human DAXX is phosphorylated in
response to DNA damage, various cell types were transiently

transfected with a vector expressing wild-type FLAG-tagged
DAXX (FLAG-DAXXWT) and were treated with the DNA dam-
aging agents etoposide (VP16) or neocarzinostatin (NCS).
Immunoprecipitation experiments revealed that FLAG-
DAXXWT was phosphorylated after exposure to either VP16 or
NCS, as measured using an antibody against peptide motifs (SQ/
TQ) that are phosphorylated by ATM and/or ATR (Fig. 1A). In
agreement with a previous report,34 deletion mapping and muta-
tional analysis of 4 putative ATM/ATR phosphorylation motifs
in the C-terminus of DAXX (S564, S707, S712 and T726) iden-
tified S564 as the predominant site of DNA damage induced
DAXX phosphorylation (Fig. 1B and Fig. S3A).

Next, we investigated the phosphorylation of endogenous
DAXX upon DNA damage, using a rabbit polyclonal antibody
raised against phosphorylated-DAXX (S564). Importantly, S564
was also phosphorylated in the context of endogenous DAXX
protein in response to ionizing radiation (IR), appearing rapidly
within minutes after irradiation and persisting for at least
24 hours following the 10 Gy radiation dose (Fig. 1C). More-
over, phosphorylated DAXX was present in PML nuclear bodies,
where DAXX normally resides (Fig. 1D). Collectively, these
experiments showed that DAXX is phosphorylated on S564 rap-
idly after DNA damage and localizes to PML nuclear bodies.

DAXX is not required for Mdm2/p53 stability or p53-
mediated gene expression

DAXX has been implicated in regulating wild-type p53,27,35

however, the molecular basis of such link is poorly understood,
and the data from diverse laboratories is controversial. For exam-
ple, it has been shown that DAXX interacts with p53 and pro-
motes p53-dependent apoptosis.35 In contrast, the results of
another study contradict this and suggest that DAXX only inter-
acts with mutant p53.14 Most recently, it was proposed that
DAXX phosphorylation disrupts the interaction and stabilization
of Mdm2 and thereby results in elevated p53 levels and induction
of p53 target gene, p21WAF1/Cip1 (p21) encoding the CDK inhibi-
tor p21.34 To address these apparent contradictions and unan-
swered questions including impact of DAXX on p53-mediated
induction of pro-apoptotic genes, we examined whether some
central p53-dependent genes are regulated by S564 DAXX phos-
phorylation. First, we compared the expression of a series of 6
well-established p53-target genes in human cells expressing wt
p53, before and after DNA damage at different time points. Sur-
prisingly, damage-induced p21 transcription and protein expres-
sion, as well as transcription of 5 other important p53-dependent
genes (Noxa, Mdm2, Puma, Sesn2 and Tigar) were not signifi-
cantly altered in either human primary BJ fibroblasts (Fig. 2A
and B) or U2OS sarcoma cells (Fig. S1A) stably over-expressing
DAXXWT or DAXXS564A. Moreover, we failed to detect any
effect of over-expressing either FLAG-DAXXWT or FLAG-
DAXXS564A on Mdm2 and p53 protein stability, either before or
after DNA damage (Fig. 2C and Fig. S1B). Finally, we did not
observe any impact of DAXX depletion on both p53 stability
and p21 expression in BJ cells before or after DNA damage
(Fig. 2D).
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Figure 1. For figure legend, see page 378.
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In contrast to previously published results, our data suggested
that DAXX does not regulate p53-dependent gene expression.
However, the data described above and all previous reports have
employed either cells over-expressing DAXX or cells in which
DAXX was partially depleted, raising questions about the rele-
vance of those findings. We therefore established U2OS cell lines
in which DAXX was genetically deleted using TALEN-technol-
ogy (Fig. S2A and B). To our knowledge, these are the first cellu-
lar experimental models in which human DAXX is completely
absent.

Next, we examined Mdm2 and p53 protein stability in con-
trol U2OS cells, 2 independent DAXXC/Csingle clonal isolates
(clone 0–4 and clone 0–18) and 3 independent DAXX¡/- clonal
isolates (clones 17-7, 17–18, and 17–42, respectively). This
experiment confirmed that DAXX deletion in U2OS cells does
not significantly affect the stability of endogenous Mdm2 or p53
protein, in the absence of DNA damage (Fig. 3A). Moreover,
DAXX deletion also failed to impact DNA damage-induced
increases in p53 or p21 protein levels in U2OS cells (Fig. 3B).
Finally, we examined whether DAXX deletion affected the activa-
tion of p53-dependent genes after NCS or VP16 treatment. Con-
sistent with our results, obtained upon DAXX knock-down, we
failed to detect any significant differences between DAXXC/Cand
DAXX¡/- U2OS cells in expression of 9 established p53-
dependent genes: Noxa, survivin, Gadd45a, Sesn2, Tigar, Wip1,
Mdm2, Puma and p21 (Fig. 3C). This negative result did not
reflect the lack of p53 dependence for DNA damage-induced
expression of these genes because apart from survivin, siRNA-
mediated depletion of p53 prevented the VP16-induced expres-
sion of all the tested genes (Fig. 3D).

DAXX phosphorylation on Serine 564 is ATM-dependent
To gain further mechanistic insight into the observed phos-

phorylation of DAXX, we attempted to distinguish between the
ATM and ATR kinase activity as plausible candidates responsible
for phosphorylation of DAXX. First, we noted that S564 phos-
phorylation after NCS treatment causing mainly DNA double
strand breaks was ablated by pretreatment of cells with either
ATM inhibitor (KU-55933) or by shRNA-mediated depletion
of ATM (Fig. S3A and B). Notably, we failed to detect signifi-
cant phosphorylation of DAXX after exposure of cells to ultravio-
let light (UV-C), a genotoxic insult that preferentially activates
the ATR kinase (Fig. S3B). The fact that the cellular ATR
response to UV irradiation was indeed activated in these experi-
ments (yet did not lead to DAXX phosphorylation) is

documented by the observed UV-induced phosphorylations of
histone H2AX and Chk1 (Fig. S3B). In addition, treatment with
a variety of DNA damaging agents revealed that the level of
DAXX phosphorylation correlated with the extent of ATM acti-
vation, rather than with the extent of ATR activation (Fig. 4A
and B). Intriguingly, our data therefore indicate, that DAXX
may represent a very selective substrate of the ATM kinase that is
not phosphorylated by ATR, despite both kinases share targeting
the SQ/TQ motifs and the vast majority of the substrates identi-
fied to date are phosphorylated by both ATM and ATR.

DAXX is a substrate of Wip1 phosphatase
Given that DAXX is phosphorylated in response to a broad

range of genotoxins, and is thus likely to be relevant for both
physiologically occurring DNA damage and genotoxic treatments
such as IR and chemotherapy, we addressed further how phos-
phorylation of S564 is regulated. Interestingly, we observed that
DAXX S564 dephosphorylation coincides with an increased
expression of the Wild-type p53-induced phosphatase 1 (Wip1
or PPM1D), the protein abundance of which was inversely corre-
lated with DAXX S564 phosphorylation at 2–4 hours after IR
(Fig. 5A). Considering that Wip1 dephosphorylates multiple
ATM substrates during the recovery phase of the DNA damage
response,36 we asked whether phospho-S564 of DAXX might
also be a substrate of Wip1. To test this possibility, we first per-
formed an in vitro phosphatase assay in which we incubated
recombinant His-Wip1 with DAXX immunopurified from trans-
fected U2OS cells pre-exposed to the DNA damaging VP16.
Interestingly, wild-type Wip1 but not phosphatase-dead Wip1-
D314A mutant was able to dephosphorylate DAXX protein
(Fig. 5B). To test whether Wip1 affects the level of phosphory-
lated DAXX in cells, we depleted Wip1 by siRNA in U2OS cells
stably expressing FLAG-DAXXWT and assayed the level of phos-
phorylated DAXX after DNA damage. Western blotting showed
that upon VP16-induced DNA damage, there was more phos-
phorylated DAXX in Wip1 siRNA-transfected cells compared to
control GAPDH siRNA-transfected cells (Fig. 5C). To deter-
mine whether Wip1 affects DNA damage-induced phosphoryla-
tion of endogenous DAXX, we examined S564 phosphorylation
status in U2OS and MCF7 cells transfected with Wip1-targeting
siRNA. Both IR-induced and NCS-induced phosphorylation of
DAXX at S564 were greatly increased in U2OS and MCF7 cells
in which Wip1 was depleted, compared to cells treated with con-
trol siRNA (Fig. 6). The effect of Wip1 downregulation on
DAXX S564 phosphorylation was similar to established Wip1

Figure 1. (See previous page) DAXX is phosphorylated on S564 rapidly after DNA damage. (A) HEK 293T cells were transfected with a vector expressing
FLAG-DAXXWT and treated or not, as indicated, with 8 nM NCS or10 mM VP16 for 1 hour. Cells were lysed and FLAG-tagged proteins immunoprecipitated
using anti-FLAG M2 beads, prior to analysis by SDS-PAGE and western blotting with antibodies against phospho-(S/T) ATM/ATR substrate, FLAG M2,
phospho-Chk2 (T68) and DAXX. (B) HEK 293T cells were transfected with expression constructs encoding FLAG-tagged wild-type DAXX, single
(DAXXS564A), triple or quadruple mutant as indicated and treated with 10 mM VP16 for 1 hour. Cells were lysed, immunoprecipitated using anti-FLAG M2
beads and analyzed by protein gel blotting with indicated antibodies. (C) BJ fibroblasts were exposed to 10 Gy of IR, collected at the indicated time
points and subjected to western blotting analysis using specific phospho-DAXX (S564), DAXX, phospho-p53 (S15) and phospho-Chk2 (T68) antibodies.
GAPDH was used as a loading control. (D) BJ fibroblasts were transfected with control (siCTRL) or DAXX siRNA and 3 d later treated or not as indicated
with 10 mM VP16 for 1 hour. Immunofluorescence analysis using a-PML (red) and a-P-DAXX (S564) (green) showed that upon DNA damage DAXX is
preferentially phosphorylated at PML nuclear bodies.

378 Volume 14 Issue 3Cell Cycle



Figure 2. DAXX depletion or S564A mutation does not affect Mdm2/p53 stability or p53‑mediated gene expression. (A) BJ fibroblasts stably transduced
with empty lentiviral pCDH vector or either pCDH-DAXXWT or pCDH-DAXXS564A were treated with 40 mM VP16 for 0, 2, 4 or 6 hours and RNA expression
of the indicated p53-dependent genes was analyzed by quantitative RT‑PCR. Expression values were normalized to the average of 3 reference genes
(b-actin, SDH and ALAS). (B) Transduced BJ fibroblast as in (A) were exposed to 40 mM VP16 for the indicated times and subjected to protein gel blotting
analysis using add p53 - antibodies against DAXX, phospho-p53 (S15), p53 or p21. (C) U2OS cells transfected with pXJ41 Hdm2 (human Mdm2) together
with empty FLAG-CMV, FLAG-DAXXWT or FLAG-DAXXS564A were treated with 50 ml/ml CHX alone or together with 10 mM VP16 for the specified time
points. Cell were harvested and lysates separated by SDS–PAGE and probed with indicated antibodies. (D) BJ fibroblasts were depleted by control siRNA
(siLuc) or siRNA against Wip1 and 3 d after transfection treated with 4 nM NCS. Cells were lysed at the indicated time points after DNA damage and ana-
lyzed by western blotting using labeled antibodies. GAPDH was used as a loading control.
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substrates such as p53 (S15) and H2AX (S139).37-39 In contrast,
the phosphorylation of Ser392 in p53, an ATM-independent
phosphorylation event, was not influenced by Wip1 depletion.
Interestingly, in primary BJ cells, depletion of Wip1 impacted
the phosphorylation of DAXX, p53 and H2AX to a lesser extent
(Fig. S4A). This raises the intriguing possibility that the impact

of Wip1 on DAXX regula-
tion is more pronounced in

cancer cells in which Wip1 is mutated and/or deregulated
(Fig. S4B). Together, these results suggest that DAXX is a sub-
strate of Wip1 phosphatase and that Wip1 regulates the level of
DAXX phosphorylation before and after DNA damage in vivo.

In summary, in contrast to the currently prevailing concept,
we find that neither DAXX phosphorylation nor DAXX itself

Figure 3. DAXX deletion
does not affect Mdm2/p53
stability or p53-mediated
gene expression. (A) Mdm2
and p53 protein stability
was examined in control
U2OS cells, 2 independent
DAXXC/C clones (0–4, 0–18),
3 independent DAXX¡/-

clones (17-7, 17-18, 17–42)
and in 17-7 DAXX¡/- clone
stably transduced with
pCDH empty vector (EV) or
pCDH-DAXXWT. Cells were
collected after the treatment
with 50 ml/ml CHX at the
indicated time and sub-
jected to protein gel blotting
analysis using labeled anti-
bodies. THIIF was used as a
loading control. (B) DAXXC/C

(clone 0–18) and DAXX¡/-

(clones 17-18) cells were
exposed to 4 nM NCS for
the specified time points.
Lysed cells were then sepa-
rated by SDS–PAGE and
immunoblotted with indi-
cated antibodies. GAPDH
was used as a loading con-
trol. (C) RNA expression
of p53-dependent genes 8
hours after the treatment
with 10 mM VP16 (expressed
as fold change after VP16) in
U2OS clones. RNA was ana-
lyzed by quantitative RT‑PCR
and the expression values
were normalized to the aver-
age of 3 reference genes
(b-actin, SDH and ALAS). (D)
U2OS cells transfected with
control non-targeting siRNA
and siRNA against p53 were
treated with 10 mM VP16
for 8 hours and RNA expres-
sion of p53 and indicated
p53-dependent genes was
analyzed by quantitative
RT‑PCR. The expression val-
ues were normalized to the
average of 3 reference
genes (b-actin, SDH and
ALAS).
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functions to regulate p53 levels or p53-mediated gene expression.
Mechanistically, we demonstrate that the phosphorylation status
of DAXX at S564 is regulated following DNA damage by the
opposing, yet coordinated, activities of ATM kinase and Wip1
phosphatase, respectively.

Discussion

DAXX is a multifunctional adaptor protein and putative his-
tone chaperone that participates in numerous cellular processes,
including transcriptional regulation, apoptosis and protein stabil-
ity.17,20,40-42 DAXX lacks any enzymatic activity and so most
likely mediates its cellular function/s via direct interactions with
its protein partners. Such biological functions of DAXX are likely
fine-tuned by its interacting proteins and also by post-transla-
tional modifications of DAXX, such as phosphorylation. In this
study we demonstrate that in human cells, both ectopic and
endogenous DAXX is phosphorylated on S564 in an ATM-
dependent manner following DNA damage. The apparently
selective targeting of DAXX-S564 by ATM kinase is intriguing
and could, if validated, serve as a surrogate biomarker for ATM
activity in vivo. While we could exclude ATR as the S564 kinase,
we did not directly examine a potential contribution of DNA-PK
kinase to phosphorylation of DAXX on S564 in response to
diverse genotoxic insults. On the other hand, the fact that the

KU‑55933 inhibitor that we used in our present study is very
selective in inhibiting ATM compared to DNA-PK (ATM is
200-fold more sensitive than DNA-PK), and that this inhibitor
at a moderate concentration completely blocked the DNA dam-
age-induced S564 phosphorylation suggests that DAXX is indeed
a highly selective target of ATM kinase.

Another candidate phosphorylation site of DAXX, S712, was
reported based on a proteomic screen for potential ATM/ATR-
dependent phosphorylations.32 We were unable to confirm phos-
phorylation of S712 in our multiple experiments, which sug-
gested that S564 is the primary, if not the only phosphorylated
SQ/TQ motif in human DAXX. Our finding that S564 is rapidly
and reversibly phosphorylated by ATM in primary fibroblasts
and also cancer cell lines following DNA damage is consistent
with data from Tang et al.34

The phosphorylation status of proteins is normally controlled
by opposing activities of protein kinases and protein phospha-
tases. However, whether or how DAXX is dephosphorylated has
so far been unknown. In mammalian cells, the serine/threonine
phosphatase Wip1 acts on multiple substrates phosphorylated
after DNA damage including p53, ATM, Mdm2, Chk1, Chk2
and p38 MAPK and is thus considered as a major homeostatic
regulator of the DNA damage response.37,43-47 In normal prolif-
erating cells, Wip1 levels are relatively low and its expression
increases after genotoxic stress.48 We noticed in the current study
that Wip1 protein levels increased during the same time period

Figure 4. Overview of ATM-dependent phosphorylation of DAXX at S564 after DNA damage. (A) U2OS cells were pretreated with DMSO or 10 mM ATM
inhibitor KU-55933 (ATMi) for 30 min, exposed to 2 mM hydroxyurea (HU), 4 nM neocarzinostatin (NCS) or 1 mM camptothecin (CPT) for the indicated
times and subjected to western blotting analysis using labeled antibodies. (B) Table showing the level of phosphorylated S564 on DAXX and the activity
of ATM/ATR kinases after different types of DNA damage. (C) Sequence-based predicted modular organization of DAXX according to Escobar-Cabrera
et al.54 with indicated putative ATM/ATR phosphorylation motifs at C-terminus of DAXX (S564, S707, S712 and T726). SUMO-Interaction Motif (SIM),
DAXX Helix Bundle (DHB) domain, segments rich in Ser/Pro/Glu residues (SPE) and in Ser/Pro/Thr (SPT) residues.
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in which DAXX was dephosphorylated in vivo. Indeed, depletion
of Wip1 resulted in persistent phosphorylation of DAXX, and
this effect was apparent both before and after DNA damage, indi-
cating that even the basal level of Wip1 expressed in the cells we
examined contributes to a balanced steady-state level of DAXX
phosphorylation. Moreover, phosphorylated DAXX was a sub-
strate for recombinant Wip1 phosphatase activity, in vitro.
These data identify, for the first time, DAXX as a novel sub-
strate of Wip1 and reveal that Wip1 phosphatase can reverse
DAXX phosphorylation at S564 within a few hours following
DNA damage, similar to its previously identified role in dephos-
phorylating and reversing the activating phosphorylation of p53
at S15 and the key signaling phosphorylation of histone H2AX
at Ser139.37,38

Phosphorylation of several among the eighty-eight serines
present within DAXX likely enables fine-tuning of its multiple
functions, perhaps by regulating protein-protein interactions.
For example, phosphorylation of S667 plays a role in DAXX
interaction with the nuclear export carrier protein CRM1,24 and
CK2 kinase-mediated phosphorylation of S737/S739, within the
Sumo-Interacting Motif (SIM), enhances binding of DAXX to
SUMO-1-modified proteins.49 In addition, phosphorylation of
S669 by HIP kinases modulates the ability of DAXX to regulate
transcription50,51 and DAXX-mediated loading of histone H3.3
at gene promoters.52 Finally, ASK1-mediated phosphorylation of
DAXX at S176 and S184 regulates K63-linked

polyubiquitylation of Lys122, a modification required for sus-
tained activation of JNK.53

In light of the above observations, the phosphorylation status
of S564 might modulate DAXX binding to a known or some
novel interacting partner(s), and/or impact on a posttranslational
modification such as ubiquitylation or sumolyation. Interest-
ingly, S564 is located in an unstructured SPE domain, the func-
tion of which is currently unknown (Fig. 4C). The
phosphorylation status of S564 might thus affect interaction
with an as yet unidentified protein, or could modulate DAXX’s
spatial conformation and thereby potentially impact allosterically
protein-protein binding through its N-terminal a-helical DHB
domain or the C-terminal SPT and SIM domains. Intriguingly
in this respect, the DAXX DHB domain (amino acids 55–144)
was recently confirmed to be the site involved in interactions of
DAXX with RassF1C, p53 and Mdm2 proteins.54

Since the interaction of DAXX with Mdm2 or Rassf1C is dis-
rupted following DNA damage,27,55 perhaps ATM-mediated
phosphorylation of S564 is involved in regulating this process, in
order to regulate Mdm2 and p53 stability. Such a scenario would
potentially be consistent with the reported co-association of
DAXX with the Mdm2 deubiquitylating enzyme HAUSP, and
the notion that HAUSP/DAXX- deubiquitylate and stabilize
Mdm2 and thereby suppresses p53 activity, in the absence of
DNA damage.27,56 Consistent with this, it was reported by Tang
et al.34 that DAXX and Mdm2 no longer interact after DAXX is

Figure 5. DAXX is a substrate of Wip1 phosphatase. (A) BJ fibroblasts were exposed to 10 Gy or 2 Gy of IR and lysed at the indicated time points after
DNA damage. Western blotting analysis using antibodies against phospho-DAXX (S564), DAXX, Wip1 or GAPDH showed that the DAXX S564 dephos-
phorylation coincides with increased expression of Wip1. (B) In vitro phosphatase assay was performed with recombinant wild-type Wip1 or phospha-
tase-dead Wip1-D314A mutant on FLAG-DAXXWT immunopurified from transfected U2OS cells exposed to DNA damage. Samples were separated by
SDS–PAGE and probed with indicated antibodies. As control, phosphatase buffer without Mg2C was used or treatment with lambda protein phosphatase
(lPP). (C) Wip1 was depleted by siRNA in U2OS cells stably expressing FLAG-DAXXWT. Western blotting analysis using indicated antibodies showed that
after DNA damage more phosphorylated DAXX is present in Wip1 siRNA treated cells compared to control GAPDH siRNA transfected cells.
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phosphorylated by ATM,
thereby enabling Mdm2 deg-
radation, p53 stabilization,
and increased expression of
p53-regulated genes in the
presence of DNA damage.
However, another group sug-
gested that interaction
between DAXX and wild-
type p53 modulates expres-
sion of p53 target genes dif-
ferentially, for example
promoting the activation of
Puma and inhibition of p21
and Mdm2.35 It is clear from
the above observations that
the currently published data
describing the role of DAXX
in p53-
mediated gene regulation are
unclear and conflicting, per-
haps reflecting differences in
model systems employed to
manipulate DAXX protein
levels. Indeed, in our experi-
ments, we failed to detect
any impact of ectopically expressed wild-type DAXX or mutant
DAXXS564A on Mdm2/p53 stability or on the efficacy of p53-
mediated transactivation of any p53 target genes tested (e.g.,
p21, Puma, Tigar and other) either before or after DNA damage.
The lack of impact observed in our experiments on either Mdm2
or p53 stability, or on expression of p53-regulated genes was not
due to inefficient DAXX depletion, because we obtained similar
results using a U2OS cell line in which DAXX was genetically
deleted. To our knowledge our work represents the first time
DAXX-deleted human cells have been employed to address the
critical question of whether DAXX regulates p53-mediated gene
expression, and unambiguously rules out a role for DAXX, and
DAXX phosphorylation, in this process.

In summary, we show here that DAXX phosphorylated at
S564 is regulated by opposing activities of ATM protein kinase
and Wip1 protein phosphatase, both under standard growth con-
ditions and particularly in response to DNA damage. While the
interplay between the proteins examined here involves p53-
induced Wip1 expression (and hence indirect impact of p53 on
DAXX S564 phosphorylation status) and some form of interac-
tion between DAXX and p53, our data demonstrate that DAXX
regulates neither Mdm2 or p53 stabilization, nor p53-mediated
gene expression. Our present findings may also be relevant to
cancer, as ATM and p53 are established tumor suppressors and
we and others have recently reported Wip1 activating mutations
found in several types of tumors,57,58 consistent with an onco-
genic role of Wip1. Furthermore, recent studies have revealed
coordinated roles of the DNA damage response and the ARF
tumor suppressor pathway in their biological barrier functions
against activated oncogenes and cancer progression.59-61

Activated oncogenes evoke replication stress and endogenous
DNA damage characterized by enhanced DNA double strand
break formation (the DNA lesion to which ATM strongly
responds) in transformed cells.62 Considering that we find here
ATM as the key kinase for DAXX phosphorylation after DNA
damage, it will be important to find out to what extent might
DAXX function, including its functional interplay with ATM,
Wip1 and p53, and its interaction with ARF,23 contribute to the
DDR/ARF-mediated anti-cancer barrier, and whether and how
is DAXX’s role itself subverted in tumorigenesis.

Materials and Methods

Antibodies and reagents
The following antibodies were used for immunoblotting in

this study: mouse monoclonal antibodies against Wip1 (sc-
376257, Santa Cruz), DAXX (01, 02 C 03, Exbio), p53 (DO-1,
sc-126, Santa Cruz), phospho-S139 of histone H2AX (05–636,
Millipore), p21 (sc-56335, Santa Cruz), Mdm2 (AB-1, Calbio-
chem), a-tubulin (TU-01, Exbio), FLAG M2 (F1804, Sigma
Aldrich), GAPDH (GTX30666, GeneTex), Chk2 (05–649,
Millipore), ATM (ab31842, Abcam), phospho-S1981 of ATM
(#4526, Cell Signaling); rabbit polyclonal antibodies against
Wip1 (sc-20712, Santa Cruz), DAXX (M-112, sc-7152),
phosho-(SQ/TQ) ATM/ATR substrate (#2851, Cell Signaling),
phospho-S15 of p53 (#9284, Cell Signaling), phospho-S392 of
p53 (#9281, Cell Signaling), phospho-S317 of Chk1 (#2344,
Cell Signaling), phospho-T68 of Chk2 (#2661, Cell Signaling),
p53 (FL‑393, sc-6243, Santa Cruz), HAUSP (sc-30164, Santa

Figure 6. Wip1 affects DNA damage-induced phosphorylation of endogenous DAXX. MCF7 or U2OS cells were
transfected with control (siLuc) or siRNA targeting Wip1 and 3 d later exposed to 5 Gy of IR or 4 nM NCS. Cells
were lysed at the indicated time points after DNA damage and analyzed by protein gel blotting with the indicated
antibodies (* unspecific band). a‑tubulin was used as a loading control.
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Cruz), TFIIH (sc-293, Santa Cruz), CtIP (A300–488A, Bethyl),
phospho-S4/8 of RPA2 (A300-245A, Bethyl); rabbit monoclonal
antibodies against DAXX (25C12, #4533, Cell Signaling), phos-
pho-S139 of histone H2AX (#9718, Cell Signaling) and goat
polyclonal antibody against b-actin (sc-1615, Santa Cruz). Rab-
bit polyclonal antibody specific to phosho-S564 of DAXX was
made by Clonestar Peptide Services using EEESPV(Sp)QLFELE
peptide. HRP-conjugated secondary antibodies goat anti-rabbit
(170–6515) and goat anti-mouse (170–6516) were from Bio-
Rad and rabbit anti-goat (sc2922) from Santa Cruz. Light chain
specific antibodies mouse anti-rabbit (211-032-171) and goat
anti-mouse (115-035-174) from Jackson ImmunoResearch Lab-
oratories were used for protein detection after immunoprecipita-
tion. Mouse monoclonal anti-PML (sc-966, Santa Cruz) and
rabbit polyclonal anti-P-DAXX (S564) antibodies in combina-
tion with goat anti-mouse Alexa568 (A11036) and goat anti-
rabbit Alexa488 (A11034) from Invitrogen were used for indirect
immunofluorescence. Neocarzinostatin (NCS), etoposide
(VP16), hydroxyurea (HU) and camptothecin (CPT) were pur-
chased from Sigma and ATM kinase inhibitor (KU‑55933) and
cycloheximide (CHX) were obtained from Calbiochem.

Plasmids and cloning
pFLAG-CMV-DAXXWT construct was generated by PCR

and cloning into pFLAG-CMV-5a vector (Sigma Aldrich) and
confirmed by sequencing. DAXX point mutations S564A,
S707A, S712A, T726A (including their triple/quadruple combi-
nation) and S564E were prepared by site-directed mutagenesis.
Briefly, PCR (using Phusion High Fidelity DNA polymerase
from Thermo Scientific) was done with 30 nucleotides long pri-
mers containing desired point mutation. The PCR mixture was
then incubated with DpnI restriction endonuclease to remove
original plasmid and then transformed into competent E. coli
strain TOP10. Lentiviral constructs expressing DAXX were pre-
pared by subcloning the wild or site mutated forms of DAXX
into pCDH-CMV-MCS-EF1-G418 vector (System Bioscien-
ces). pQE81L-Wip1WT and -Wip1D314A (phosphatase dead)
constructs were described previously.38

Cell lines
Human HEK 293T, MCF7 and U2OS cell lines were cul-

tured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum and 1% penicillin/
streptomycin. Primary human BJ fibroblasts were grown in low
glucose DMEM GlutaMAX (Gibco) supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin. Cells were
grown at 37�C under 5% CO2 atmosphere and 95% humidity.
Cell lines expressing stably integrated DAXX or control cells
were prepared as follows: packaging lentiviral vector psPAX2
(Addgene, plasmid 12260) and pMD2.G (Addgene, plasmid
12259) were transfected using calcium phosphate into HEK
293T cells along with either empty pCDH-CMV or pCDH-
CMV-DAXXWT or pCDH-CMV-DAXXS564A respectively.
Medium containing lentiviral particles was harvested 36 hours
after transfection and precipitated using PEG-it (System Bio-
sciences) according to manufacturer´s instructions. Precipitated

lentiviral particles were resuspended in 1xPBS and stored in
-80�C. Target cells were infected with equivalent MOI for
24 hours. Transduced cells were selected using 2 mg/ml puromy-
cine (Invitrogen) for 2–3 d or 1 mg/ml G418 (Invitrogen) for 4–
5 d. Cells were irradiated by an X-ray generator T-200 (Wolf-
Medizintechnik) as described.63

Preparation of DAXX knockout U2OS cells
H6578 vectors for the expression of dimeric TALEN nuclease,

targeting ACTGTTCTCAAG spacer present in exon 3 of DAXX
gene, were purchased from TALEN Library Resource (Seoul
National University). U2OS cells transfected with these con-
structs were subcloned into 96-wells plates and each of the
obtained 150 clones was analyzed for the DAXX expression by
SDS-PAGE. Down-regulation of DAXX mRNA, carried out by
non-sense mediated decay, was tested by qRT-PCR in selected
potential DAXX¡/- clones. Three DAXX knock-out U2OS clones
were finally obtained (clones 17-7, 17–18, 17–42). Clone 0–4
and clone 0–18 where DAXX deletion did not occur where cho-
sen as control clones.

Transfection
HEK 293T and U2OS cells were transfected with plasmid

DNA using FUGENE 6 (Roche) according to the manufacturer’s
instruction. Calcium phosphate transfection was performed
under standard condition. Briefly, plasmids were mixed in
0.25 M CaCl2 solution followed by dropwise addition of BBS
(BES buffered saline, pH 6.95) in 1:1 v/v ratio. Mixture was
incubated 15 minutes at room temperature and added into
medium supplemented with 25 mM chloroquine (C6628,
Sigma) for 6 hours. siRNAs were transfected at final concentra-
tion 10 nM using RNAiMAX (Life Technologies). Oligonucleo-
tides targeting DAXX (50-CAGCCAAGCUCUAUGUCUA-30)
and Wip1 (50‑CGAAAUGGCUUAAGUCGAA-30) were pur-
chased from Dharmacon. siRNA targeting LUC sequence (50-
CGUACGCGGAAUACUUCGA-30) was from Microsynth and
non-targeting control CTRL siRNA (Cat. Num. 4390843) and
siRNA targeting GAPDH (Cat. Num. 4390849) were obtained
from Ambion.

Immunoprecipitation and Western blotting
Collected cells were lysed in standard 1£ Laemmli or ice cold

IP lysis buffer (50 mM Tris-HCl pH 7.5; 150 mM NaCl; 0,5%
NP40; 1 mM EDTA) supplemented with inhibitors of both pro-
teases and phosphatases (Roche) followed by sonication and cen-
trifugation. Extracts were incubated with anti-FLAG M2
(Sigma) beads for 2 h at 4�C. Beads were washed with IP buffer
3 times and bound proteins recovered by boiling in 2£ Laemmli
buffer. Samples were subjected to SDS PAGE, proteins trans-
ferred onto nitrocellulose membrane (Hybond ECL 0.45 mM;
Amersham) and detected by specific antibodies combined with
horseradish peroxidase-conjugated secondary antibodies. Peroxi-
dase activity was detected by ECL (Amersham).
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Phosphatase assay
His-Wip1WT and phosphatase dead His-Wip1D314A were

purified from bacteria and in vitro phosphatase assay was per-
formed as described.38,64 Briefly, FLAG-DAXXWT was immuno-
purified from U2OS cells 1 hour after treatment with VP16
using FLAG M2 agarose (Sigma) and following extensive wash-
ing beads were further incubated (30�C for 15 min) with 100 ng
of purified Wip1 in phosphatase buffer (40 mM HEPES pH
7.4, 100 mM NaCl, 50 mM KCl, 1 mM EGTA) supplemented
or not with 50 mM MgCl2. Treatment with l-phosphatase
(New England Biolabs) was used as a positive control.

Quantitative Real Time PCR (qRT-PCR)
Total RNA was extracted from cells growing in 12‑wells plate

using RNA Blue reagent (Top-BIO). 1 mg of extracted mRNA
was reverse transcribed with RevertAid reverse transcriptase
(Thermo Scientific) and prepared first-strand DNA was used for
real-time qPCR with LightCycler 480 SYBR Green I master-
mix, using LightCycler 480 instrument (Roche). Relative mRNA

expression was calculated as
2Cptarget.control¡ sample/

2Cpref :.control¡ sample/
according to

Pfaffl,65 normalization was done against ALAS, SDH, GAPDH
and/or b-actin expression levels. Statistical analysis is based on
the results of 3 independent experiments. Sequences of primers
used for qRT-PCR:

b-actin (GGCATCCTCACCCTGAAGTA and AGGTG-
TGGTGCCAGATTTTC),

SDH (AGATTGGCACCTAGTGGCTG and ACAAAGG-
TAAGTGCCACGCT),

ALAS (GCGATGTACCCTCCAACACAACC and CCAC-
TGGAAGAGCTGTGTGATGTG),

GAPDH (CACCACACTGAATCTCCCCT and CCCCTC-
TTCAAGGGGTCTAC),

Mdm2 (TCGACCTAAAAATGGTTGCAT and GGCAGG-
GCTTATTCCTTTTC),

p21WAF1/Cip1 (TGGAGACTCTCAGGGTCGAAA and GG-
CGTTTGGAGTGGTAGAAATC),

Puma (TGAGCCAAACGTGACCACTA and GGCTGGC-
TCAGGGAAGAT),

Noxa (GCTGGGGAGAAACAGTTCAG and AATGTGC-
TGAGTTGGCACTG),

Sesn2 (GAGCGGAACCTCAAGGTCTA and AGTGCCT-
CCAGAAGAGGTTG),

Tigar (ACCAGGTGAAAATGCGTGGA and AGTTGCT-
TGGAGATCCTTGGG),

Wip1 (GGGAGTGATGGACTTTGGAA and CAAGATT-
GTCCATGCTCACC),

Gadd45a (GAGCTCCTGCTCTTGGAGAC and TGTGG-
ATTCGTCACCAGCAC),

DAXX (TCCCTCTGCATCCCTTCTC and CTTCTGGA-
TCGCATTGTGTG),

p53 (GGCCCACTTCACCGTACTAA and TTCACAGA-
TATGGGCCTTGA).

Fluorescence microscopy
Cells grown on coverslips were washed with PBS and fixed

(4% formaldehyde in PBS) 10 min at room temperature. Cells
were washed twice with PBS, permeabilized (10 min, 0.2% Tri-
ton X-100 in water), washed and blocked (20 min in 10% FBS
in PBS). Incubation with the primary antibody (60 min, RT)
was followed by wash (3 times in PBS) and incubation with
appropriate fluorescently-labeled secondary antibody (60 min,
room temperature). Coverslips were washed (3 times in PBS),
stained with DAPI (1 mg/ml in water, 2 min) and mounted
using VECTASHIELD (Vector Laboratories).
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