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PML oncogenic domains (PODs), also referred to as nuclear dot 10 bodies, Kreb’s bodies, or nuclear bodies,
represent nuclear structures implicated in the regulation of a variety of cellular processes, including tran-
scription, tumor suppression, and apoptosis. ZIP kinase (ZIPK) is a proapoptotic protein kinase with homol-
ogy to DAP kinase, a protein kinase implicated in apoptosis. We show here that ZIPK is present in PODs,
where it colocalizes with and binds to proapoptotic protein Daxx. Arsenic trioxide (As2O3) and gamma
interferon (IFN-�), which accentuate POD formation, increased the association of ZIPK with PODs. In
contrast, the kinase-inactive ZIPK resides in nuclei with a diffuse pattern and significantly prevents the
association of Daxx with PODs, implying that ZIPK recruits Daxx to PODs via its catalytic activity. ZIPK also
binds and phosphorylates proapoptotic protein Par-4. Association of ZIPK with Daxx was enhanced by
coexpression of Par-4. Activation of caspases and induction of apoptosis were also observed in cells overex-
pressing these proteins. Conversely, small-interfering RNA-mediated reduction of ZIPK, Daxx, or Par-4
expression decreased activation of caspase and apoptosis induced by As2O3 and IFN-�. These results suggest
that ZIPK, in collaboration with Daxx and Par-4, mediates a novel nuclear pathway for apoptosis.

Programmed cell death is an evolutionarily conserved mech-
anism for eliminating cells, which plays central roles in embry-
ogenesis and adult tissue homeostasis. In animal species, pro-
grammed cell death usually occurs by apoptosis, involving
characteristic changes in cell morphology and ultrastructure
associated with this route of cell demise. The morphological
changes associated with apoptosis can be attributed directly or
indirectly to the activation of a family of intracellular cysteine
proteases, called caspases (39). Numerous inputs into caspase
activation pathways probably exist, only some of which have
been delineated in detail. For example, pathways for caspase
activation have been linked to (i) mitochondria, which release
proteins into the cytosol that facilitate caspase activation; (ii)
tumor necrosis factor (TNF)/Fas family cytokine receptors,
which recruit caspases to ligand-activated receptor complexes
at the cell membrane; and (iii) cytolysis by killer T cells, which
inject caspase-activating protease granzyme B into target cells
(15, 16, 30, 31, 49).

Protein phosphorylation represents an important mecha-
nism for regulating apoptosis pathways. For example, the pro-
tein kinase Akt suppresses apoptosis through its ability to
phosphorylate multiple substrates of relevance to apoptosis
regulation, including Bcl-2/Bcl-XL antagonist BAD, human
caspase 9, and p53 antagonist Mdm2 (2, 7, 52, 54). Conversely,
Ask1, a mitogen-activated protein kinase kinase kinase
(MAP3K), reportedly induces apoptosis, possibly through
pathways involving Jun N-terminal kinases (19).

ZIP kinase (ZIPK; also known as Dlk) was originally iden-
tified as a serine/threonine-specific protein kinase that binds
ATF4, a member of the activating transcription factor/cyclic

AMP-responsive element binding protein family of transcrip-
tion factors (23, 25). ZIPK oligomerizes through its C-terminal
leucine zipper (LZ) structure, thereby becoming an active en-
zyme. Ectopic expression of ZIPK in NIH 3T3 cells induces
apoptosis. In contrast, the kinase-inactive mutant protein
ZIPK (K42A) failed to induce apoptosis, indicating that ZIPK
stimulates apoptosis by its catalytic activity (23). The kinase
domain of ZIPK shows strong homology to the kinase domain
of the death-associated protein kinase (DAPK). Using a func-
tional cloning strategy involving transfection of a gamma in-
terferon (IFN-�)-sensitive HeLa cell line with retroviral cDNA
libraries, Deiss et al. found that cDNA fragments representing
DAPK in antisense orientation blocked apoptosis induced by
IFN-� (8). Conversely, overexpression of DAPK induces apo-
ptosis (5). Furthermore, evidence that the gene encoding
DAPK may function as a tumor suppressor gene has been
presented (20, 38).

ZIPK and DAPK constitute members of a family of related
kinases that includes DAPK2 (also known as DRP-1),
DRAK1, and DRAK2. These proteins all have strong amino
acid sequence homology within their catalytic domains and
induce apoptosis upon overexpression (21, 24, 26, 27, 43, 45).
Thus, these proteins define a family of protein kinases whose
elevated catalytic activity is sufficient for induction of apopto-
sis. However, the mechanisms responsible for activation of
these kinases and the downstream substrates that mediate
their apoptotic activity remain unknown.

Apoptosis is initiated from certain organelles, including mi-
tochondria, the endoplasmic reticulum, and possibly the Golgi,
in response to specific types of stimuli or stress (6, 13, 39). A
nuclear pathway linked to apoptosis has also been suggested by
studies implicating PML and the PML-binding protein Daxx in
apoptosis sensitization (42). PML and Daxx are nuclear pro-
teins which reside in PML oncogenic domains (PODs), also
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called nuclear dot 10 bodies, Kreb’s bodies, or nuclear do-
mains, which exist in all nucleated mammalian cells. In human
acute promyelomonocytic leukemias, the PML gene is fused to
the retinoic acid receptor � (RAR�) gene as a result of t(15;
17) chromosomal translocations, producing PML-RAR chi-
meric proteins that disrupt PODs and cause an apoptosis-
resistant state (9, 22, 42). Disruption of the pml gene in mice
results in a state of broad apoptosis resistance, including di-
minished sensitivity to Fas ligand, TNF-�, X-irradiation, cer-
amide, and IFN-� (17, 50). Conversely, overexpression of the
PML protein induces apoptosis (37). Similarly, overexpression
of the PML-binding protein Daxx sensitizes cells to apoptosis
induced by TNF family death receptors, while dominant-neg-
ative forms of Daxx interfere with apoptosis triggered by the
death receptors (48). Taken together, these findings suggest
that nuclear PODs participate in a novel pathway for apopto-
sis.

Here, we report that ZIPK binds and colocalizes in PODs
with Daxx. ZIPK localization into PODs requires its catalytic
activity, since a kinase-dead mutant protein failed to accumu-
late in PODs and also prevented Daxx translocation to PODs
in response to apoptotic stimuli, IFN-�, and arsenic oxide.
Furthermore, we also identified proapoptotic protein prostate
apoptosis response 4 (Par-4) as a substrate of ZIPK and found
that Par-4 facilitates the association between ZIPK and Daxx.
Small-interfering RNA (siRNA)-mediated reductions in the
expression of endogenous ZIPK, Daxx, or Par-4 revealed that
the complex is necessary for activation of caspases and induc-
tion of apoptosis triggered by IFN-� and arsenic oxide. Thus,
ZIPK represents a new component of PODs, which mediates
apoptosis from nuclei.

MATERIALS AND METHODS

Antibodies. Two kinds of polyclonal antisera recognizing ZIPK were generated
in rabbits by using synthetic peptides as immunogens. Peptides were synthesized
with an N-terminal cysteine appended to permit conjugation to maleimide-
activated carrier protein keyhole limpet hemocyanin (Sawady Technology Co.
Ltd., Tokyo, Japan). The peptides used as immunogens were CRDGSAGLG
RDLRRLRTELG, corresponding to residues 362 to 381 of murine ZIPK (Ab1),
and GLRELQRGRRQCRERVCALR, representing amino acids (aa) 338 to 352
of murine ZIPK (Ab2). New Zealand White rabbits were injected with a mixture
of peptide and Freund’s complete adjuvant and then boosted three times at
monthly intervals with peptide in Freund’s incomplete adjuvant, before blood
was collected and immune serum was obtained (Sawady Technology Co. Ltd.).

Anti-Daxx (M-112, H-7), anti-Par-4 (R-334, A-10), anti-PML (PG-M3,
H-238), and anti-Myc (9E10) antibodies were purchased from Santa Cruz Bio-
technology, Inc. Anti-FLAG (M2) and anti-hemagglutinin (HA) (3F10) mono-
clonal antibodies were purchased from Sigma and Roche, respectively.

Plasmids. The plasmids encoding epitope-tagged ZIPK, ZIPK K42A, ZIPK
�LZ, DAPK2 K52A, Daxx, and Daxx �C and Tpl2 were described previously
(23, 24, 48). The cDNAs encoding mouse Par-4 (full-length), Par-4 LZ (aa 232
to 323), and Par-4 �LZ (aa 1 to 278) were amplified by PCR using a mouse
placenta cDNA library (Clontech). Expression plasmid pEF-BOS was digested
with XbaI to remove the stuffer sequence, blunted with T4 polymerase, and
ligated with a SalI linker. Fragments of Par-4 which were epitope tagged at their
N termini were generated by PCR, digested with SalI, and inserted into this
modified pEF-BOS plasmid. The sequences of DNA fragments obtained by PCR
were confirmed by DNA sequencing. The cDNAs encoding full-length Par-4,
Par-4 LZ, and Par-4 �LZ were then amplified by PCR from these plasmids and
subcloned in frame into the yeast two-hybrid plasmid pACT-2 for expressing
chimeric proteins with a Gal4 trans-activation domain.

Two-hybrid screening. Yeast two-hybrid screening was performed using the
Matchmaker two-hybrid system (Clontech) as described previously (23). To
construct a bait plasmid, the LZ domain of murine ZIPK (aa 398 to 448) was
cloned in-frame with the DNA-binding domain of GAL4 in the plasmid pAS2-1.

Saccharomyces cerevisiae Y190 cells were transformed with the ZIPK bait plas-
mid by a modified lithium acetate method, and the transformants were selected
on synthetic dextrose medium lacking tryptophan (SD Trp). The transformants
grown on SD Trp were sequentially transformed with a mouse brain cDNA
library fused to the GAL4 trans-activation domain in pACT2 (Clontech). A total
of 2 � 107 transformants were screened on plates lacking tryptophan, leucine,
and histidine and containing 25 mM 3-aminotriazole. The resulting colonies were
then assayed for �-galactosidase activity by filter assays where color was scored
after 1 h of incubation at 37°C. Positive clones were picked, the pACT2 library
plasmids were recovered from individual �-galactosidase-positive clones and
expanded in Escherichia coli, and the cDNA inserts were sequenced.

Cell culture and transfection. Human embryonic kidney HEK293 and
HEK293T cells, human cervix carcinoma HeLa cells, and monkey COS-7 cells
were grown in high-glucose Dulbecco’s modified Eagle’s medium containing
4.5 g of glucose/dl supplemented with 10% fetal calf serum, 1 nM L-glutamine,
and antibiotics. For transient transfections, cells were transfected with various
plasmids by using SuperFect reagent (Qiagen) according to the manufacturer’s
instructions. Experiments were performed after 1 to 3 days.

Indirect immunofluorescence microscopy. HeLa cells (103) cultured on eight-
well Lab-Tek chamber slides (Nalge Nunc International) were transiently trans-
fected with a total of 50 ng of plasmid DNA by using a combination of Lipo-
fectamine and Lipofectamine Plus reagents (Invitrogen). After 24 h, cells were
treated with 1,500 U of IFN-�/ml or 1.0 �M As2O3. The cells were fixed with 4%
paraformaldehyde in phosphate-buffered saline (pH 7.4) containing 0.1% Tween
20 (PBS-T) for 15 min at room temperature. After fixation, cells were washed
with PBS-T and permeabilized for 5 min with 0.1% saponin (Sigma) in PBS-T.
The cells were blocked with PBS-T containing 2.5% goat serum (Sigma), 1.0%
bovine serum albumin (Sigma), and 0.1% saponin (30 min, 20°C) and then
incubated for 1 h at room temperature with the primary antibody diluted in
blocking solution (1:200 for anti-Daxx, 1:500 for anti-FLAG or anti-Myc). Fol-
lowing this incubation, cells were rinsed five times for 2 min in blocking solution
at room temperature and then incubated with 8 �g of fluorescein isothiocyanate
(FITC)-conjugated anti-mouse or rhodamine-conjugated anti-rabbit immuno-
globulin G (IgG; Dako)/ml for 1 h at room temperature. Excess secondary
antibody was washed off 10 times for 2 min with blocking buffer. For double
staining, after the secondary FITC-conjugated anti-mouse antibody was washed
off, cells were incubated with a rabbit polyclonal antibody (1:1,000) for 1 h at
room temperature. After five washes, cells were incubated with 8 �g of rhoda-
mine-conjugated anti-rabbit IgG/ml for 1 h. After 10 washes, the slides were
covered with Vectashield mounting medium containing 1.5 �g of 4�,6-diamidino-
2�-phenylindole dihydrochloride (DAPI; Vector Laboratories)/ml and glass cov-
erslips were applied. Cells were imaged with a Bio-Rad MRC 1024 instrument.

Coimmunoprecipitation and immunoblotting. HEK293, HEK293T, and
COS-7 cells (	106) were transiently transfected with a total of 4 �g of expression
plasmids. After 24 to 48 h, cells were suspended in lysis buffer containing 20 mM
Tris (pH 7.5), 0.5% NP-40, 150 mM NaCl, 0.2 mM phenylmethylsulfonyl fluoride
(PMSF), and 10 �g of aprotinin/ml and passed through a 21-gauge needle 20
times to break nuclei. Debris was removed by centrifugation, and the cleared
supernatants were incubated with a combination of 30 �l of recombinant protein
G-Sepharose beads (Zymed) and 1.0 �g of antibody at 4°C for 12 h. For detec-
tion of endogenous protein interactions, lysates were prepared from 3 � 108

cells. Immunoprecipitates were washed with 1.5 ml of lysis buffer four times and
suspended in Laemmli sample buffer. Immune complexes were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), fol-
lowed by transfer to nitrocellulose filters. Blots were incubated with various
primary antibodies. After incubation with horseradish peroxidase-conjugated
secondary antibodies against mouse IgG or rabbit IgG (Amersham Pharmacia),
the blots were developed by the enhanced chemiluminescence detection method
(Dupont) with exposure to X rays (Kodak).

In vitro kinase assay. COS-7 cells (106) transiently transfected with 4.0 �g of
expression plasmids were lysed with NP-40 lysis buffer (0.5% NP-40, 150 mM
NaCl, 10 mM Tris-HCl [pH 7.5], 1 mM EDTA, 0.2 mM PMSF, 10 �g of
aprotinin/ml). Following preclearing, the lysates were immunoprecipitated with
a combination of 1.0 �g of antibody and 30 �l of protein G-Sepharose beads. The
immunoprecipitates were washed four times with lysis buffer and once with
kinase reaction buffer (10 mM MgCl2, 3 mM MnCl2, 10 mM Tris-HCl [pH 7.2]).
In vitro kinase reactions were performed for 10 min at 30°C in 20 �l of kinase
reaction buffer containing 10 �Ci of [�-32P]ATP. Laemmli sample buffer was
added to terminate the reactions. After boiling for 5 min, the samples were
separated by SDS-PAGE. Phosphorylated proteins were visualized by autora-
diography.

Cell death assays. HEK293 and HeLa cells were transfected with various
plasmids in combination with pEGFP (Clontech). After 36 to 48 h of culture, the
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percentage of apoptotic cells that showed membrane blebbing was determined by
fluorescence microscopy, counting 300 green fluorescent protein (GFP)-positive
cells. Alternatively, both floating and attached cells were collected, fixed, and
incubated in 1.0 �g of DAPI/ml. The percentage of cells with fragmented nuclei
or condensed chromatin was determined by fluorescence microscopy, counting a
minimum of 300 cells. As2O3 and recombinant human IFN-� were purchased
from Sigma and R&D, respectively.

Caspase assays. Cytosolic extracts from HeLa and HEK293 cells were pre-
pared in buffer A (10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1
mM dithiothreitol, 0.1 mM PMSF, 20 mM HEPES-KOH [pH 7.4]) as described
previously (10). After protein concentrations were measured with the DC protein
assay kit (Bio-Rad), 30-�g protein samples were incubated with fluorogenic
caspase substrate acetyl-Asp-Glu-Val-Asp-aminofluorocoumarin (Ac-DEVD-
AFC; Calbiochem) in 100 �l of caspase buffer consisting of 1 mM EDTA, 0.1%
CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}, 10%
sucrose, and 25 mM HEPES-KOH (pH 7.2). Caspase activity was measured by
using an LS550B fluorometric plate reader (Perkin-Elmer) in the kinetic mode
with excitation and emission wavelengths of 405 and 510 nm, respectively. Re-
leases of AFC from the substrate peptide were compared after a 30-min incu-
bation.

Transfection of siRNAs. For siRNA experiments, double-stranded RNA du-
plexes composed of annealed 21-nucleotide sense and antisense oligoribonucleo-
tides were synthesized by Dharmacon Research (Lafayette, Colo.). RNA oligo-
nucleotides used for targeting ZIPK, Daxx, and Par-4 in this study were as
follows: ZIPK-S, 5�-CAUCCUGCGGGAGAUCCGGdTdT-3�; ZIPK-AS, 5�-C
CGGAUCUCCCGCAGGAUGdTdT-3�; Daxx-S, 5�-CCUCUAUAACCGGCA
GCAAdTdT-3�; Daxx-AS, 5�-UUGCUGCCGGUUAUAGAGGdTdT-3�; Par-
4-S, 5�-GAUGCAAUUACACAACAGAdTdT-3�; Par-4-AS, 5�-UCUGUUGU
GUAAUUGCAUCdTdT-3�. Ten microliters of 20 �M double-stranded RNAs
was preincubated with 15 �l of Oligofectamine reagent (Invitrogen) in 400 �l of
serum-free Opti-MEM medium for 20 min before use. HeLa cells were plated on
60-mm-diameter dishes at 2 � 105 cells 12 h before transfection, washed with
serum-free Opti-MEM, and then incubated with an siRNA-Oligofectamine mix-
ture at 37°C for 4 h, followed by addition of 3 ml of fresh medium containing 10%
fetal calf serum. At 36 to 48 h after transfection, cells were stimulated with IFN-�
or As2O3 for various times and then analyzed for apoptosis or lysed for immu-
noblotting or caspase assay.

RESULTS

ZIPK translocates to PODs in response to As2O3 and
IFN-�. To understand the mode of action of ZIPK in apopto-
sis, we sought to analyze the subcellular localization of this
kinase using immunofluorescence. HeLa cells were transiently
transfected with an expression plasmid encoding FLAG-tagged
ZIPK and then stained with an anti-FLAG antibody. ZIPK
localized to nuclei, displaying a diffuse nuclear pattern in
	70% of transfected cells, while in 	30% of cells, ZIPK lo-
calized to nuclei with a speckled pattern, consisting typically of
10 to 20 dot-like structures per nucleus (Fig. 1A).

Treatment of APL cells with arsenicals such as As2O3 is
known to restore PML-RAR� oncoproteins to PODs, and, in
normal cells, As2O3 recruits PML to PODs (55). In addition,
IFNs are known to up-regulate PML at the transcriptional
level, leading to a significant increase in the size and number of
PODs (28, 40, 46). We therefore analyzed the localization of
ZIPK before and after stimulation with IFN-� and As2O3.
Approximately 80% of cells expressing FLAG-ZIPK displayed
the nuclear speckled pattern after stimulation with As2O3 or
IFN-� (Fig. 1A and B), compared to only 	30% of unstimu-
lated cells.

To confirm that the nuclear structures to which ZIPK local-
izes are PODs, endogenous PML was simultaneously stained
with an anti-PML polyclonal antibody in HeLa cells (Fig. 1C).
Prior to stimulation, PML was present in nuclei with either a
predominantly diffuse pattern or a speckled pattern with a few

dots, depending on the cell examined. In contrast, the number
of dots (PODs) increased in response to As2O3 and IFN-�.
Moreover, under these conditions, FLAG-ZIPK colocalized
with endogenous PML (Fig. 1C). Quantification of the per-
centage of specks showing colocalization of PML and ZIPK
revealed a change from 24% before treatment (n 
 100) to 82
and 89% after treatment with As2O3 and IFN, respectively (n

 100 PODs counted).

Cellular localization of endogenous Daxx was also investi-
gated with an anti-Daxx antibody, since we and others previ-
ously showed that Daxx colocalizes with PML in PODs in
various cell lines (29, 48, 53). As shown in Fig. 1D, Daxx was
present in nuclei with a diffuse pattern in nonstimulated HeLa
cells but translocated to PODs in response to As2O3 and
IFN-�. Under these conditions, FLAG-ZIPK also colocalized
with endogenous Daxx (Fig. 1D). Contrary to previous reports
that Daxx associates with Fas or transforming growth factor �
receptors in the cytoplasm (36, 51), we did not observe cyto-
plasmic localization of Daxx in cells (Fig. 1D).

ZIPK associates with Daxx. Colocalization of ZIPK with
Daxx prompted us to ask whether these molecules physically
associate. Cell lysates prepared from HEK293T cells tran-
siently transfected with a plasmid encoding FLAG-Daxx were
immunoprecipitated with control rabbit IgG or two different
anti-ZIPK antibodies by using equal volumes of the same ly-
sate. The resulting immune complexes were then tested for the
presence of associated Daxx by immunoblotting. As shown in
Fig. 2A, FLAG-Daxx was coimmunoprecipitated with either of
two anti-ZIPK antibodies employed for immunoprecipitations
but not when the control antibody was used, indicating asso-
ciation of endogenous ZIPK with overexpressed Daxx in
HEK293T cells. Similar results were obtained by coexpressing
FLAG-tagged ZIPK with HA-Daxx in HEK293T cells and
using an anti-FLAG antibody (instead of anti-ZIPK) to pre-
pare immunoprecipitates (Fig. 2B). Moreover, full-length
Daxx, as well as a truncation mutant Daxx lacking the C-
terminal region (Daxx �C), was coimmunoprecipitated with
ZIPK, indicating that the N-terminal domain of Daxx (residues
1 to 625) is sufficient for binding. In contrast, neither full-
length Daxx nor Daxx �C was coimmunoprecipitated with the
anti-FLAG antibody in cells that had been transfected with
FLAG-Tpl2, a protein kinase belonging to the MAP3K family,
thus confirming the specificity of the results (Fig. 2B).

Interaction of endogenous ZIPK and endogenous Daxx was
also examined by coimmunoprecipitation experiments using
HeLa cells and antibodies specific for either ZIPK (rabbit
antiserum) or Daxx (mouse monoclonal antibody). Prior to
stimulation with IFN-� or As2O3, little or no ZIPK coimmu-
noprecipitated with Daxx (Fig. 2C). In contrast, after 12 h
stimulation with IFN-� or As2O3, interaction between Daxx
and ZIPK was detectable by coimmunoprecipitation assay. Im-
munoblot analysis of lysates prepared from the same cells
demonstrated that IFN-� and As2O3 did not change the levels
of ZIPK or Daxx in HeLa cells (Fig. 2C). We conclude, there-
fore, that ZIPK inducibly binds to Daxx in response to IFN-�
and As2O3.

A mutant ZIPK prevents Daxx translocation to PODs in
response to IFN-� and As2O3. Apoptosis induction by ZIPK
depends on its catalytic activity (23). This suggests that kinase-
inactive mutant versions of ZIPK might act as dominant-neg-

6176 KAWAI ET AL. MOL. CELL. BIOL.



ative inhibitors of the endogenous ZIPK, particularly since
ZIPK dimerizes via its LZ domain (23). To explore this pos-
sibility, we generated ZIPK K42A, a mutant protein in which
lysine 42 in the ATP-binding site was converted to alanine,
destroying catalytic activity. To explore the effect of this ki-
nase-inactive mutant protein on Daxx localization to PODs,
HeLa cells were transiently transfected with FLAG-ZIPK
K42A and then stimulated with As2O3 or IFN-� for 6 and 18 h,
respectively, after which cells were doubly stained with anti-
FLAG monoclonal and anti-Daxx polyclonal antibodies and

imaged by confocal microscopy. Unlike the wild-type ZIPK,
ZIPK K42A was present in nuclei in a diffuse pattern, failing to
target to PODs even after stimulation with IFN-� or As2O3

(Fig. 3A). Notably, IFN-�- and As2O3-inducible translocation
of Daxx to PODs was dramatically inhibited in cells expressing
ZIPK K42A, suggesting that ZIPK mediates Daxx transloca-
tion to PODs through its catalytic activity (Fig. 3B). ZIPK
K42A was also expressed into HeLa cells and tested for its
effect on translocation of PML to PODs. Unlike Daxx, ZIPK
K42A did not interfere with PML localization to nuclear

FIG. 1. ZIPK colocalizes with Daxx in PODs. (A) HeLa cells grown on coverslips were transiently transfected with FLAG-ZIPK. After
36 h of transfection, cells were stimulated with 1,500 U of IFN-�/ml or 1.0 �M As2O3 for 12 h. After fixation, cells were stained with an
anti-FLAG antibody (M2) for the detection of ZIPK and DAPI for visualization of nuclei. Antibody detection was achieved with a
FITC-conjugated anti-mouse antibody (green), followed by microscopy analysis. The bottom panels show the overlay result. (B) HeLa cells
transiently transfected with FLAG-ZIPK were stimulated with IFN-� and As2O3 for 12 h and stained with an anti-FLAG antibody, and the
percentage of transfected cells with a speckled pattern was determined by counting a minimum of 200 transfected cells. Data represent means
� standard deviations (n 
 3). (C and D) HeLa cells transiently transfected with FLAG-ZIPK were stimulated with IFN-� or As2O3 for 12 h
and stained sequentially with an anti-FLAG monoclonal antibody (top), an anti-PML polyclonal antibody (C, upper middle), or an anti-Daxx
polyclonal antibody (D, upper middle) and DAPI (bottom). Antibody detection was achieved with a FITC-conjugated anti-mouse antibody
(green) and a rhodamine-conjugated anti-rabbit antibody (red). Overlay results (merge) demonstrate colocalization of FLAG-ZIPK and
PML or Daxx in response to IFN-� and As2O3.
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speckles in response to IFN-� and As2O3, demonstrating that
translocation of Daxx to PODs was specifically prevented by
expression of ZIPK K42A (Fig. 3C and D).

Identification of Par-4 as a ZIPK-interacting protein. To
further identify ZIPK-interacting proteins, we carried out a
yeast two-hybrid screen of a mouse brain cDNA library using
the LZ domain of ZIPK as a bait. From a screen of 	2 � 107

transformants, 32 positive clones were identified. Sequence
analysis revealed that 9 of these clones encoded portions of the
Par-4 protein, while 12 clones encoded ATF4 and 7 clones
encoded ZIPK (consistent with the ability of this protein to
self-associate) (23).

Par-4 was originally identified as a molecule induced in pros-
tate cancer cells undergoing apoptosis induced by androgen
withdrawal (44). Par-4 carries an LZ domain at its C terminus
and a death domain-like structure at its N terminus (12). Sev-
eral reports have suggested that Par-4 is involved in apoptosis,
sensitizing cells to certain apoptosis stimuli (1, 18, 33).

The interaction of ZIPK with Par-4 was initially confirmed
by coimmunoprecipitation experiments using epitope-tagged
proteins expressed by transient transfection in HEK293T cells
(not shown), followed by a demonstration that endogenous
ZIPK interacts with endogenous Par-4, as determined by co-
immunoprecipitation experiments using specific antibodies
(Fig. 4A). For the immunoprecipitation experiments shown in
Fig. 4A, the same cell lysate was divided into equal-volume
aliquots to ensure loading equivalent amounts of protein.

Next, the region responsible for the interaction of ZIPK and
Par-4 was determined by yeast two-hybrid assays. As shown in
Fig. 4B, the C-terminal LZ domain of ZIPK was necessary and
sufficient for interaction with the C-terminal LZ of Par-4.
Thus, ZIPK and Par-4 associate via their LZ domains, contrary
to a prior report (34). To confirm the dependence on the LZ
for association of ZIPK and Par-4 in mammalian cells, coim-
munoprecipitation experiments were performed using COS-7
cells transiently transfected with a plasmid encoding FLAG-
tagged ZIPK together with plasmids encoding Myc-tagged
Par-4, Myc-tagged Par-4 �LZ, or Myc-tagged Par-4 LZ. As
shown in Fig. 4C, FLAG-ZIPK coimmunoprecipitated with the
anti-Myc antibody in cells transfected with Myc–Par-4 and
Myc–Par-4 LZ but not with Myc–Par-4 �LZ. Thus, the LZ of
Par-4 is required for its association with ZIPK in mammalian
cells.

The ability of ZIPK to bind Par-4 prompted us to test if
Par-4 is a substrate of this kinase. To this end, COS-7 cells
were transiently transfected with plasmids encoding Myc–
Par-4 along with FLAG-tagged wild-type ZIPK or ZIPK
K42A. Cells were then lysed, and immunoprecipitations were
performed with the anti-Myc antibody, followed by in vitro
kinase assays using [�-32P]ATP. Consistent with a prior report
(34), phosphorylated Myc–Par-4 was seen in immunoprecipi-
tates from cells expressing FLAG-tagged wild-type ZIPK, sug-
gesting that Par-4 is phosphorylated by ZIPK (Fig. 4D). In
contrast, when Par-4 was coimmunoprecipitated with kinase-

FIG. 2. ZIPK associates with Daxx. (A) One million 293T cells were transiently transfected with 2.0 �g of plasmid DNA encoding FLAG-tagged
Daxx. After 36 h, cell lysates were immunoprecipitated (IP) with control rabbit anti-mouse Ig serum, anti-ZIPK (Ab1), or another anti-ZIPK
antibody (Ab2). Proteins were separated by SDS-PAGE, transferred to nitrocellulose, and blotted with an anti-FLAG monoclonal antibody (top).
Aliquots of whole-cell lysates (WCL) were simultaneously subjected to immunoblot analysis using an anti-FLAG antibody (bottom). WB, Western
blotting. (B) 293T cells were transiently transfected with the indicated combinations of HA-Daxx (FL), HA-Daxx �C (�C), FLAG-ZIPK, and
FLAG-Tpl2. Total amounts of plasmids were kept constant at 6.0 �g by supplementation with the empty pcDNA3 plasmid. After 36 h, cell lysates
were immunoprecipitated with an anti-HA monoclonal antibody, followed by Western blotting with an anti-FLAG antibody (top). Aliquots of
whole-cell lysates were simultaneously subjected to immunoblot analysis using an anti-FLAG (middle) or anti-HA antibody (bottom). (C) HeLa
cells (3 � 108) were stimulated with IFN-� or As2O3 for 12 h. Cell lysates were prepared, and immunoprecipitated with a monoclonal Daxx or
control (CNTL) antibody. The immunoprecipitates were separated by SDS-PAGE, followed by blotting with an anti-ZIPK antibody (Ab1).
Aliquots of the whole-cell lysates were simultaneously subjected to Western blot analysis using an anti-Daxx or anti-ZIPK antibody as indicated.
N, nonstimulated; I, IFN-�; A, As2O3.
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dead ZIPK K42A, phosphorylation was not observed, indicat-
ing that phosphorylation of Par-4 depends on the catalytic
activity of ZIPK (Fig. 4D). Neither autophosphorylation of
ZIPK nor phosphorylation of Par-4 changed in response to
IFN-� and As2O3 (not shown).

Next, Myc–Par-4 was introduced into HeLA cells and the
cellular localization was determined by staining with the anti-
Myc antibody. As shown in Fig. 4E, Myc–Par-4 was observed in
both the nucleus and cytoplasm, but not in PODs. Further-
more, Myc–Par-4 did not move to PODs in response to IFN-�
and As2O3 (data not shown). We presume, therefore, that
Daxx disassociates from Par-4 after exposure of cells to IFN-�
and As2O3.

Collaborative interactions of Par-4, ZIPK, and Daxx. Since
ZIPK can associate with Daxx and Par-4, we wished to deter-
mine whether these interactions are mutually exclusive or mu-
tually supportive. First, we tested whether Par-4 can bind Daxx
by coimmunoprecipitation assays using HEK293T cells over-
expressing Myc–Par-4 with either FLAG-Daxx or FLAG-
ZIPK. As shown in Fig. 5A, Myc–Par-4 was coimmunoprecipi-
tated with FLAG-ZIPK but not FLAG-Daxx, suggesting that
Par-4 does not directly bind Daxx. Analysis of the cell lysates
demonstrated equivalent amounts of Myc–Par-4 production,
excluding differences in the levels of this protein as a trivial
explanation for the differential binding of Daxx and ZIPK.

To further explore the structure-function requirements for

FIG. 3. ZIPK K42A prevents Daxx translocation into PODs in response to IFN-� and As2O3. (A) HeLa cells were transiently transfected with
FLAG-ZIPK K42A. After 36 h of transfection, cells were stimulated with As2O3 or IFN-� for 6 or 18 h, respectively. The cells were fixed and
stained sequentially with an anti-FLAG antibody (top), an anti-Daxx antibody (middle), and DAPI (bottom). Arrows, cells expressing FLAG-ZIPK
K42A. Note that Daxx translocation to PODs was prevented by expression of ZIPK K42A. (B) Cells were prepared as for panel A. The percentage
of transfected cells with Daxx translocation to PODs is presented, counting at least 200 transfected cells from three independent experiments
(means � standard deviations [SD]). CNTL, control; WT, wild type. (C) HeLa cells were transiently transfected with FLAG-ZIPK K42A. After
36 h of transfection, cells were stimulated with As2O3 or IFN-� for 6 or 18 h, respectively. The cells were fixed and stained sequentially with an
anti-FLAG antibody (top), an anti-PML antibody (middle), and DAPI (bottom). Arrows, cells expressing FLAG-ZIPK K42A. Note that PML
translocation to PODs was not affected by expression of ZIPK K42A. (D) Cells were prepared as for panel C. Shown are the percentages of cells
with PML translocation to PODs, counting at least 200 transfected cells from three independent experiments (means � SD).
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ZIPK-mediated enhancement of Par-4 association with Daxx,
we compared wild-type ZIPK with ZIPK K42A and ZIPK
�LZ. For these experiments, HEK293T cells were transfected
with Myc–Par-4 and FLAG-Daxx, alone or in combination
with plasmids encoding HA-ZIPK, HA-ZIPK K42A, or HA-
ZIPK �LZ (Fig. 5B). In the absence of coexpressed ZIPK,
FLAG-Daxx was not coimmunoprecipitated with Myc–Par-4
(lane 3). In the presence of wild-type HA-ZIPK, however,
FLAG-Daxx was coimmunoprecipitated with Myc–Par-4 (lane
4). In contrast, coexpressing HA-ZIPK (K42A) (lane 5) or
HA-ZIPK �LZ (lane 6) did not result in association of Daxx
and Par-4 (Fig. 5B). These results suggest that ZIPK-induced
association of Par-4 and Daxx requires both the LZ domain of
ZIPK and catalytic activity of this kinase.

Finally, we next examined the effect of Par-4 on the associ-
ation of ZIPK and Daxx. For these experiments, HEK293T
cells were transiently transfected with FLAG-Daxx, with or

without Myc–Par-4 and lysates were immunoprecipitated with
an anti-ZIPK antibody, followed by analysis of the resulting
immune complexes by immunoblotting using an anti-FLAG
antibody to detect Daxx-associated ZIPK. As shown in Fig. 5C,
the association of endogenous ZIPK with FLAG-Daxx was
enhanced by coexpression of Par-4. Similar results were ob-
tained when the epitope tag on Daxx was switched to HA and
immunoprecipitations were performed with FLAG-ZIPK in-
stead of endogenous ZIPK (Fig. 5D). These findings suggest
that Par-4, Daxx, and ZIPK may form a ternary complex,
though further work is required to verify this hypothesis.

ZIPK, Daxx, and Par-4 collaborate in caspase activation
and apoptosis induction. Previous reports indicated that over-
expressing ZIPK, Par-4, or Daxx induces apoptosis (23, 33, 48).
Since ZIPK, Par-4, and Daxx appear to form a protein com-
plex, we explored the effects of combined expression of these
proteins on apoptosis induction. For these experiments, plas-

FIG. 4. ZIPK binds and phosphorylates Par-4. (A) Cell lysates prepared from HeLa cells (3 � 108) were divided into equal volumes and used
for immunoprecipitation (IP) with an anti-Par-4 monoclonal antibody (P) or control IgG (C), followed by immunoblotting with an anti-ZIPK
antibody (Ab1). Aliquots of whole-cell lysates (W) were simultaneously subjected to immunoblot analysis using an anti-ZIPK antibody. WB,
Western blotting. Arrowhead, band corresponding to ZIPK. (B) Plasmids expressing ZIPK or mutant versions of it fused to the GAL4
DNA-binding domain were cotransformed with a plasmid expressing Par-4 or various mutant proteins fused to the GAL4 trans-activation domain.
Interactions were detected on the basis of the ability of cells to grow on medium lacking leucine, tryptophan, and histidine (�). �-Gal,
�-galactosidase. (C) COS-7 cells were transiently transfected with the indicated combinations of plasmids encoding FLAG-ZIPK, Myc–wild-type
Par-4 (WT), Myc–Par-4 �LZ (�LZ), or Myc–Par-4 LZ (LZ), holding the amounts of DNA at 5.0 �g by addition of an empty vector. Cell lysates
were immunoprecipitated with an anti-Myc antibody (9E10), followed by immunoblot analysis using an anti-FLAG antibody (M2) as indicated.
(D) COS-7 cells were transiently transfected with the indicated combinations of plasmids. After 36 h, cell lysates were immunoprecipitated with
an anti-Myc antibody and subjected to in vitro kinase assays. Aliquots of whole-cell lysates were simultaneously subjected to immunoblot analysis
using an anti-FLAG or anti-Myc antibody. IVK, in vitro kinase assay. (E) HeLa cells grown on coverslips were transiently transfected with
Myc–Par-4. At 36 h after transfection, cells were stained with an anti-Myc monoclonal antibody. Antibody detection was achieved by using a
FITC-conjugated anti-mouse antibody.
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mids encoding these proteins were expressed along with a GFP
marker plasmid in HEK293 cells, identifying the apoptotic
GFP-positive cells. Cells transfected individually with plasmids
encoding ZIPK, Par-4, or Daxx did not exhibit an increase in
apoptosis at the concentrations of plasmid DNA used here
(Fig. 6A). In contrast, the percentage of apoptotic cells was
increased two- to threefold in cultures of cells coexpressing
ZIPK with either Par-4 or Daxx (Fig. 6A). Similarly, coexpress-
ing Daxx with Par-4 elevated the percentage of apoptotic cells
by two to threefold compared to the percentage due to expres-
sion of either Daxx or Par-4 alone (Fig. 6A). The most striking
increase in apoptosis, however, was achieved by expressing all
three proteins together. When expressed together, ZIPK,
Daxx, and Par-4 induced an approximately sixfold increase in
apoptosis.

The activation of caspases represents a sine qua non for
apoptosis (6, 39, 47). We therefore tested the effects of over-
expressing ZIPK, Par-4, and Daxx individually and in combi-
nation on activation of caspases in HEK293 cells. Caspase
activity in cytosolic cell extracts was measured based on hydro-
lysis of fluorogenic substrate Ac-DEVD-AFC. As shown in

Fig. 6B, expression individually of ZIPK, Daxx, or Par-4 failed
to induce significant increases in caspase activity in HEK293
cells. In contrast, expression in combination of ZIPK, Daxx,
and Par-4 induced substantial elevations in caspase activity,
approximately threefold above baseline. Thus, ZIPK, Daxx,
and Par-4 collaborate in activating caspases when overex-
pressed.

Next, the effect of expression of mutant ZIPK, Par-4, and
Daxx (ZIPK K42A, Par-4 LZ, and Daxx �C, respectively) on
apoptosis induction was examined. As shown in Fig. 6C, the
percentage of apoptotic cells was increased approximately six-
fold in cultures of cells coexpressing wild-type ZIPK, Par-4,
and Daxx compared to the percentage in control cultures. In
contrast, increased apoptosis was not observed in cells overex-
pressing ZIPK K42A along with Par-4 and Daxx. Likewise,
apoptosis was not induced in cells expressing Par-4 LZ along
with ZIPK and Daxx or in cells expressing Daxx �C along with
ZIPK and Par-4. These results suggest that collaborative ef-
fects among ZIPK, Par-4, and Daxx are necessary for induction
of apoptosis.

FIG. 5. Par-4 facilitates the association between ZIPK and Daxx. (A) 293T cells (106 cells) were transiently transfected with 2.0 �g of
Myc–Par-4 together with 2.0 �g of FLAG-Daxx or FLAG-ZIPK. Cell lysates were immunoprecipitated (IP) with an anti-Myc or anti-FLAG
antibody, followed by immunoblot analysis using an anti-FLAG or anti-Myc antibody, as indicated. WB, Western blotting; WCL, whole-cell lysates.
(B) 293T cells (106 cells) were transiently transfected with the indicated combinations of plasmids encoding Myc–Par-4, FLAG-Daxx, HA–wild-
type (WT) ZIPK, HA-ZIPK K42A, or HA-ZIPK �LZ. Total amounts of DNA were kept at 6.0 �g. Cell lysates were immunoprecipitated with an
anti-Myc antibody, followed by immunoblot analysis using an anti-FLAG antibody (top). Aliquots of whole-cell lysates were simultaneously
subjected to immunoblot analysis using an anti-Myc (upper middle), anti-FLAG (lower middle), or anti-HA (bottom) antibody. (C) 293T cells (106

cells) were transiently transfected with 2.5 �g of expression plasmids encoding Myc–Par-4 and FLAG-Daxx as indicated. Total amounts of DNA
were held at 5.0 �g by addition of an empty vector. After 36 h, cells were lysed and immunoprecipitated with an anti-ZIPK antibody (Ab1),
followed by immunoblot analysis using an anti-FLAG antibody. Aliquots of the whole-cell lysates were simultaneously subjected to immunoblot
analysis using an anti-FLAG or anti-Myc antibody. (D) 293T cells (106 cells) were transiently transfected with the indicated combinations of
plasmids encoding FLAG-ZIPK, Myc–Par-4, and HA-Daxx, holding total amounts of DNA at 6.0 �g by addition of an empty vector. Cell lysates
were immunoprecipitated with an anti-Myc antibody, followed by immunoblot analysis using an anti-FLAG antibody. Aliquots of whole-cell lysates
were simultaneously subjected to immunoblot analysis using an anti-Myc, anti-FLAG, or anti-HA antibody.
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IFN-� and As2O3 induce PML expression and apoptosis.
Since IFN-� and As2O3 enhance POD formation and facilitate
recruitment of ZIPK and Daxx into PODs, we wished to ex-
plore the effects of these agents on expression of POD-tar-
geted genes and apoptosis. First, we compared the levels of
ZIPK, Daxx, Par-4, and PML proteins in HeLa cells before and
after stimulation with As2O3 or IFN-� by immunoblot analysis.
As shown in Fig. 7A, stimulation with As2O3 or IFN-� induced
increases in PML protein levels without affecting expression of
the ZIPK, Daxx, or Par-4 proteins. IFN-� induced sustained
increases in PML, while As2O3 only transiently induced PML
(Fig. 7A). These increases in PML protein levels were accom-
panied by increases in the number and size of PODs to which
Daxx was colocalized (Fig. 7B).

Since increases in PODs have been correlated with induc-
tion of apoptosis, we next examined the effects of As2O3 and
IFN-� on apoptosis in cultures of HeLa cells. Both As2O3 and
IFN-� triggered cell death, with �20% of cells remaining via-
ble at 4 days posttreatment (Fig. 7C). As2O3 and IFN-� also
induced caspase activation in HeLa cells, as measured by Ac-
DEVD-AFC hydrolysis (Fig. 7D). Thus, these agents stimulate
POD formation and induce caspase activation and cell death.

Dominant-negative mutant ZIPK and Par-4 suppress apo-
ptosis induced by POD-stimulating agents. As suggested in
Fig. 6, either ZIPK K42A or Par-4 LZ might function as a
dominant-negative mutant protein to prevent apoptosis. In-
deed, previous reports indicated that the LZ domain of Par-4
can function as a dominant-negative inhibitor of apoptosis
(18). Therefore, we introduced ZIPK K42A and Par-4 LZ into
HeLa cells to inhibit endogenous activity of ZIPK and Par-4.
HeLa cells transfected with either ZIPK K42A or Par-4 LZ

were treated with As2O3 or IFN-� for 3 days, followed by
determination of the number of apoptotic cells by DAPI stain-
ing. As a control for specificity, we also transfected cells with a
dominant-negative version of the related kinase DAPK2,
which similarly contained a mutated ATP-binding site (K52A).
As shown in Fig. 8, the percentage of cells undergoing apo-
ptosis in response to As2O3 or IFN-� was decreased when
either ZIPK K42A or Par-4 LZ, but not DAPK2 K52A, was
expressed. In contrast, the percentage of transfected cells un-
dergoing apoptosis was not changed when cells were stimu-
lated with staurosporine (STS) instead of As2O3 or IFN-�,
showing the specificity of the effect of dominant-negative ZIPK
K42A and Par-4 LZ proteins on apoptosis induced by agents
that affect PODs.

siRNA-mediated suppression of ZIPK, Daxx, and Par-4 re-
veals a requirement for IFN-�- and As2O3-induced apoptosis.
To explore whether ZIPK, Daxx, and Par-4 are necessary for
induction of apoptosis and activation of caspases by As2O3 and
IFN-�, we used siRNA to reduce endogenous expression of
these genes in HeLa cells. In pilot experiments, the sequences
of double-stranded 21-mer RNAs were optimized, until active
siRNA reagents were obtained. For each siRNA, double-
stranded RNA controls with mismatches relative to the target
mRNA were prepared. The specific siRNA for ZIPK, Par-4, or
Daxx or negative-control RNAs was transfected into HeLa
cells, and cell lysates were prepared 2 days later for immuno-
blot analysis, which confirmed reduced expression of each of
the targeted genes but no effect on the expression of other
genes (Fig. 9A). Furthermore, reduced expression of these
genes was maintained up to 6 days, as determined by immu-
noblot analysis (data not shown).

Next, we determined the effects of these siRNAs on HeLa
cell death induced by IFN-� and As2O3 (Fig. 9B). Knocking
down expression of ZIPK, Daxx, and Par-4 individually re-
sulted in significant reductions of cell death 3 days after expo-
sure to IFN-� and As2O3. In contrast, apoptosis induced by
STS was not affected (not shown).

We also measured caspase activity in HeLa cells treated with
siRNA and either IFN-� or As2O3. Caspase activity induced
after the stimulation with IFN-� and As2O3 was strikingly
reduced by 60 to 80% in HeLa cells treated with siRNA tar-
geting either ZIPK, Par-4, or Daxx (Fig. 9C). In contrast,
caspase activity induced by STS was not inhibited by treatment
with siRNA targeting ZIPK, Daxx, or Par-4 (not shown).

DISCUSSION

The ZIPK/DAPK family comprises five members: ZIPK
(Dlk), DAPK, DRAK1, DRAK2, and DAPK2 (DRP1) (4, 26,
45). Although overexpression of active ZIPK was previously
shown to induce apoptosis, the mechanism of how this kinase
is regulated in cells and the identity of its specific substrates of
relevance to apoptosis are unclear. In this study, we demon-
strated that ZIPK is a nuclear protein which is present in
PODs, initiating an apoptotic pathway from within nuclei in
collaboration with proapoptotic proteins Daxx and Par-4.

PODs have been implicated in a wide variety of cellular
processes, including transcriptional regulation, tumor suppres-
sion, growth suppression, cellular senescence, and apoptosis
(42). To date, more than 30 proteins reportedly localize to

FIG. 6. Induction of cell death by ZIPK, Daxx, and Par-4. (A) 293T
cells (5 � 105 cells) were transiently cotransfected with the indicated
combinations of plasmids (total, 3.0 �g) together with 0.3 �g of a GFP
expression plasmid. After 48 h, GFP-positive cells were evaluated by
microscopy, and the percentages of GFP-positive cells with apoptotic
morphology were determined, counting 200 cells (means � standard
deviations [SD]; n 
 3). (B) 293T cells were transiently cotransfected
with the indicated combinations of plasmids (total, 3.0 �g). After 48 h,
cytoplasmic proteins were extracted and caspase activity was mea-
sured, with Ac-DEVD-AFC as the substrate. Data represent relative
fluorescence units (RFU) normalized for protein concentration
(means � SD; n 
 3). (C) 293T cells (5 � 105 cells) were transiently
cotransfected with the indicated combinations of plasmids (total, 3.0
�g) together with 0.3 �g of GFP expression plasmids. After 48 h, the
percentages of GFP-positive apoptotic cells were determined, counting
200 cells (means � SD; n 
 3).
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these nuclear structures (42). Among the POD-associated pro-
teins, evidence supporting roles for PML and Daxx in apopto-
sis regulation has been provided by studies of PML-deficient
mice and of antisense-mediated reduction in Daxx expression,
as well as PML and Daxx overexpression experiments (14, 37,
48, 50, 53). However, little is known about the biochemical
mechanism by which these proteins modulate apoptosis-rele-
vant pathways. In this regard, while it was originally reported

that Daxx binds the death domain of Fas and signals apoptosis
by direct interactions with the MAP3K protein Ask-1 (3), these
results have been difficult to substantiate, and in most types of
cells Daxx is found exclusively in the nucleus and therefore
unable to associate with Fas or Ask-1 (3, 51). Furthermore, in
contrast to wild-type Daxx, a mutant Daxx that failed to local-
ize to PODs was unable to enhance Fas-induced apoptosis
(48), suggesting that Daxx participates in apoptosis regulation

FIG. 7. As2O3 and IFN-� induce POD formation and apoptosis. (A) Immunoblot analysis of ZIPK, Par-4, and Daxx in HeLa cells was
performed using cell lysates normalized for total protein content (50 �g per lane) and specific antibodies that detect the endogenous proteins. Cells
were stimulated for the indicated times with 1,500 U of IFN-�/ml or 1.0 �M As2O3 prior to lysis. (B) HeLa cells stimulated for 12 h with IFN-�
or As2O3 were fixed and stained with an anti-PML monoclonal antibody and a FITC-conjugated anti-mouse IgG secondary antibody (top) and then
stained with an anti-Daxx polyclonal antibody and a rhodamine-conjugated anti-rabbit secondary antibody (upper middle) and DAPI (bottom).
Overlay results (merge) demonstrate colocalization of PML and Daxx in response to IFN-� and As2O3. Cells were imaged by fluorescence
microscopy. (C) HeLa cells were treated with IFN-� and As2O3 for the indicated periods. The percentage (Å) of viable cells was determined by
DAPI staining, counting a minimum of 300 cells (means � standard errors; n 
 3). (D) HeLa cells were stimulated with As2O3 or IFN-� for 48
or 72 h. Cytoplasmic proteins were extracted, and the caspase activity was measured, with Ac-DEVD-AFC as the substrate. RFU, relative
fluorescence units.
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through its association with PODs. Notably, the localization of
Daxx into PODs is disrupted in PML-deficient cells, whereas
introduction of exogenous PML into PML-deficient cells
causes relocalization of Daxx to PODs (53). Moreover, forced
expression of Daxx induces apoptosis in PML�/� cells but not
in PML
/
 cells, indicating that Daxx localization within PODs
is required for apoptosis induction (53).

Our finding that endogenous ZIPK inducibly associates with
endogenous Daxx in response to IFN-� and As2O3, and that it
controls Daxx targeting into PODs via its catalytic activity

suggests an important role for this apoptosis-inducing protein
kinase in control of the POD-mediated pathway for apoptosis.
Consistent with this idea, the kinase-negative mutant protein
ZIPK (K42A) specifically prevented translocation of Daxx, but
not PML, into PODs and suppressed apoptosis induced by
As2O3 and IFN-�, but not by other types of stimuli. Thus,
ZIPK may sensitize cells to apoptosis by recruiting Daxx to
PODs through its kinase activity.

It remains to be defined what signals control activation of
ZIPK. In this regard, we did not observe an increase in the
activity of ZIPK in response to As2O3 and IFN-� (data not
shown). Instead, we found that the location of ZIPK changed
from diffusely nuclear to discretely POD associated in response
to those stimuli. Thus, the proapoptotic activity of ZIPK might
be regulated by its cellular localization. Perhaps Daxx brings
ZIPK into close proximity with upstream activators of this
kinase within PODs. Alternatively, Daxx could carry ZIPK to
the PODs, helping to bring it into contact with apoptosis-
relevant substrates in these nuclear structures. In this regard, it
is believed that all inputs to apoptosis pathways ultimately
converge on caspases, resulting in their activation. Certain
caspases can be found in the nucleus, raising the possibility of
an interaction of ZIPK with these proteases (35). However, it
has also been reported that overexpressing ZIPK without its
LZ domain results in cytosolic accumulation of this kinase and
induces apoptosis, implying an apoptosis-relevant target of this
kinase in the cytosol (25, 34). In our experiments, however,
ZIPK �LZ remained within nuclei and was not found in the

FIG. 8. Dominant-negative ZIPK and Par-4 suppress apoptosis in-
duced by POD-stimulating agents. 293T (5 � 105) cells were tran-
siently cotransfected with the indicated plasmids (total, 3.0 �g), to-
gether with 0.3 �g of the GFP expression plasmid. After 12 h, cells
were stimulated with 1,500 U of IFN-�/ml, 1.0 �M As2O3, or 100 �M
STS. After 3 days (IFN-� and As2O3) or 24 h (STS) of incubation, the
percentages of GFP-positive apoptotic cells were determined, counting
200 cells (means � standard deviations; n 
 3).

FIG. 9. ZIPK, Daxx, and Par-4 are necessary for apoptosis mediated by As2O3 and IFN-�, as determined by using siRNA. (A) HeLa cells were
transfected with siRNA targeting ZIPK, Daxx, or Par-4, and cells were analyzed by immunoblotting using anti-ZIPK, anti-Daxx, anti-Par-4, and
anti-tubulin antibodies, verifying siRNA-mediated reduction in endogenous ZIPK, Daxx, and Par-4. CNTL, control. (B) HeLa cells were treated
with siRNA. After 24 h, cells were stimulated with IFN-� or As2O3 for 3 or 4 days. The percentages of apoptotic cells were determined by DAPI
staining, counting a minimum of 300 cells (means � standard errors; n 
 3). (C) HeLa cells were treated with siRNA. After 24 h, cells were
stimulated with IFN-� or As2O3 for 4 days. Extracts prepared from HeLa cells or after treatment with siRNA were tested for the activation of
caspase 3, based on the release of AFC from the Ac-DEVD-AFC substrate.
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cytosol, suggesting that the LZ is not necessary for nuclear
sequestration of ZIPK and that the substrates of ZIPK rele-
vant to apoptosis reside in the nucleus (23). However, ZIPK
has been reported to phosphorylate the myosin II regulatory
light chain (32), at least when overexpressed. Thus further
work is needed to resolve the issue of where the apoptosis-
relevant substrates of ZIPK reside.

The kinase activity of ZIPK �LZ was strikingly decreased
compared to that of the wild-type protein. Furthermore, in-
duction of apoptosis by ZIPK �LZ was also decreased com-
pared to that by the wild-type protein. Thus, the LZ appears to
be necessary for the full activation of ZIPK, as well as for
induction of apoptosis, although the LZ is not necessary for
localization of ZIPK within PODs. Since Par-4 does not appear
to enter PODs, however, we presume that the role of Par-4
occurs prior to IFN-�- or As3O2-induced translocation of Daxx
and ZIPK to PODs. Thus, we favor the idea that Par-4 is an
activator in the POD-dependent apoptosis pathway rather than
an effector.

Using an unbiased yeast two-hybrid interaction cloning
method, we discovered that ZIPK associates with Par-4. ZIPK
also appears to induce phosphorylation of Par-4, at least in
vitro. Par-4 was originally identified as a molecule induced in
prostate cancer cells undergoing apoptosis induced by andro-
gen withdrawal (44). Subsequently, it was shown that Par-4 can
promote apoptosis. The mechanisms proposed for Par-4-me-
diated apoptosis are quite varied, including direct or indirect
effects on transcription of apoptosis-regulatory genes and sup-
pression of atypical protein kinase Cs (PKCs) (11, 12, 41).
Par-4 carries an LZ domain at its C terminus and a death
domain-like structure at its N terminus (12). The interaction of
ZIPK and Par-4 is mediated by their LZs. Overexpression of
Par-4 enhanced association between ZIPK and Daxx. Like-
wise, overexpression of ZIPK, but not ZIPK K42A, induced
association of Par-4 and Daxx, suggesting that, once phosphor-
ylated by ZIPK, Par-4 might act as scaffold to facilitate inter-
actions between ZIPK and Daxx. Par-4 also collaborated with
ZIPK and Daxx in inducing apoptosis when all three proteins
were overexpressed in cells. Conversely, siRNA-mediated
knockdown of Par-4 resulted in suppression of apoptosis in-
duced by IFN-� and As2O3. Importantly, in experiments where
the LZ of Par-4 was overexpressed, apoptosis induced by
IFN-� and As2O3 was suppressed, implying a role for Par-4 or
the proteins with which its LZ binds in the POD-mediated
pathway for apoptosis. Thus, we propose that Par-4 represents
an additional component of the POD-mediated pathway for
apoptosis. The biochemical mechanism by which Par-4 contrib-
utes to this unique pathway for apoptosis remains to be deter-
mined. Conceivably, the interaction of the LZ of Par-4 with the
LZ of ZIPK could serve as a mechanism for activating ZIPK or
stabilizing its interactions with substrates or with adapter pro-
teins that recruit this kinase into PODs. However, a report that
Par-4 binds PKC�, suppressing its activity, also raises the pos-
sibility that Par-4 could inhibit ZIPK activity, though this
seems unlikely given the requirement for intact kinase activity
for ZIPK-mediated apoptosis (12).

Since the LZ domain of ZIPK binds to the LZs of both
ATF4 and Par-4, competition is expected to occur (23). In
normal conditions, ZIPK is held by nuclear transcription factor
ATF4 in the nucleus, whereas, in response to POD-inducing

stimuli, ZIPK moves to PODs in association with Daxx and
binds and phosphorylates Par-4. Par-4 might compete with
ATF4 for binding to ZIPK, thus releasing ZIPK from ATF4 to
trigger apoptosis. Consistent with this idea, it has been re-
ported that coexpression of ATF4 with ZIPK suppresses apo-
ptosis (23). These observations suggest that ZIPK is latent or
inactive when binding to ATF4 in the nucleus and that its
apoptotic potential is unmasked when it enters into the PODs,
in association with Daxx. Previously, others have also identified
Par-4 as a ZIPK-interacting protein (34). In coexpression stud-
ies, they showed that Par-4 enhanced ZIPK-induced apoptosis,
purportedly by encouraging ZIPK to exit the nucleus and ac-
cumulate in the cytosol. However, in HeLa cells, we found that
Par-4 is present in both cytosol and nuclei, and its location did
not change after stimulation with IFN-� and As2O3. Further
work is required to clarify the mechanism by which Par-4
collaborates with ZIPK and Daxx in initiating apoptosis from
PODs.
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