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Daxx is a nuclear protein involved in apoptosis and transcriptional repression, and it interacts with the
death receptor Fas, promyelocytic leukemia protein (PML), and several transcriptional repressors. The
function of Daxx in apoptosis is controversial because opposite results were obtained in transient overexpres-
sion and genetic knockout studies. Furthermore, the roles of PML and transcriptional repression in Daxx-
regulated apoptosis are currently unknown. In this study, we investigated the role of Daxx in Fas- and
stress-induced apoptosis by small interfering RNA-mediated Daxx silencing in mammalian cells. Daxx silenc-
ing had no apparent cytotoxic effects on mammalian cells within 72 h. Intriguingly, Daxx silencing strongly
sensitized cells to Fas- and stress-induced apoptosis, which was accompanied by caspase activation, cyto-
chrome ¢ release, and Jun N-terminal kinase activation. Consistently, endogenous Daxx was degraded rapidly
upon induction of apoptosis by stress or anti-Fas antibody. Finally, PML silencing had no effect on Daxx
silencing-mediated apoptotic events, while caspase gene expression was upregulated in the absence of Daxx.
These data strongly suggest that Daxx may inhibit Fas and stress-mediated apoptosis by suppressing pro-

apoptotic gene expression outside of PML domains.

Daxx is a highly conserved nuclear protein that contains a
Ser/Pro/Thr-rich domain, an acidic domain, a coiled-coil re-
gion, and two paired amphipathic helices (27, 32, 36, 46). Daxx
has been isolated several times from yeast two-hybrid screens
by using baits involved in various signaling pathways, such as
acute promyelocytic leukemia (36), apoptosis (4, 9, 45, 54, 63),
chromosome segregation (46), transcription (27, 37), tumor
suppression (44), heat shock response (9), and viral infection
(23, 38). Daxx also interacts with the nucleolar protein MSP58
(40), sentrin/SUMO-1 and Ubc9 (48), human papillomavirus
L2 (18), and Ask1 (5, 30, 34). In addition, Daxx knockout mice
die at early stages during development (41), suggesting that
Daxx may be involved in multiple cellular processes and em-
bryonic development.

An interesting function of Daxx is its ability to regulate
apoptosis, which serves to remove excess or damaged cells.
Apoptosis can be activated through cell surface receptors, cy-
totoxic stress, or DNA-damaging agents. It is characterized by
morphological changes, DNA fragmentation, caspase activa-
tion, and cytochrome c release (for reviews, see references 20,
22, and 50).

Several reports have suggested that Daxx is a proapoptotic
protein. First, Daxx reportedly binds to the cytosolic domain of
Fas to transmit a Fas-associated death domain (FADD)-inde-
pendent apoptotic signal by activating Jun N-terminal kinase
(JNK) (63). Daxx was also reported to mediate UV-induced
JNK activation and cell death (61). Daxx was shown to bind
directly to and activate the apoptosis signal-regulating kinase 1
(Askl), a mitogen-activated protein kinase kinase kinase that
activates JNK (5, 7, 34). Askl is capable of translocating Daxx
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to the cytoplasm, and binding of Daxx may release an intramo-
lecular interaction within Ask1 to activate its kinase activity (5,
34). However, Daxx was also reported to promote Askl-medi-
ated apoptosis in a kinase- and caspase-independent manner
(7).

Recent data further suggest that certain p53 mutants may
support cell survival by inhibiting the Daxx-Ask1 pathway (44).
Similarly, the antiapoptotic protein HSP27 may inhibit cytoso-
lic translocation of Daxx and block the Daxx-Ask1 cascade (8,
9, 56). Finally, Daxx was also reported to bind to the trans-
forming growth factor beta receptor to mediate apoptosis and
JNK activation (45). These studies indicate an important role
of Daxx in regulating apoptotic signaling in various pathways.

Despite the many reports suggesting a proapoptosis function
of Daxx, several studies are in disagreement. First, binding of
Fas is not completely reproducible, and overexpression of
Daxx does not always enhance apoptosis (54). Second,
FADD '~ and caspase 8-deficient cells are resistant to Fas-
mediated apoptosis (29, 65, 66), and a FasA mutant defective
in binding of FADD but not Daxx is also resistant to Fas-
mediated apoptosis (6). These data suggest that Daxx is not
sufficient for Fas-mediated apoptosis in the absence of FADD
or caspase 8. Moreover, JNK is also dispensable for Fas-in-
duced apoptosis (55), and the involvement of Daxx in Fas-
induced JNK activation and cell death has been challenged
(24, 27, 57).

Since disruption of the Daxx gene in mice resulted in early
embryonic death and elevated apoptosis (41), it is possible that
Daxx may be essential for cell survival. Indeed, overexpression
of Daxx inhibited both CD43-mediated apoptosis in hemato-
poietic progenitor cells (4) and UV-induced apoptosis in 293
cells (61). Furthermore, Daxx expression is downregulated by
histone deacetylase inhibitors that induce apoptosis (1). Hu-
man immunodeficiency virus-induced-apoptosis in CD4" T
lymphocytes is also accompanied by downregulation of Daxx
(19). However, Daxx expression is upregulated in the brains of
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persons with Alzheimer’s disease with an active proapoptotic
process (10). Daxx is also upregulated in prostate tumor cells
(58), while mantel cell lymphoma shows downregulation of
Daxx (25). These studies indicate that Daxx expression may be
sensitive to cellular transformation and apoptosis; however, a
precise relationship between Daxx expression and apoptosis
remains unclear.

We and others have previously shown that Daxx interacts
and colocalizes with promyelocytic leukemia protein (PML) in
PML-oncogenic domains (PODs) (28, 36, 54, 67). Localization
to the PODs appears to correlate with Daxx’s proapoptotic
activity because Daxx mutants that failed to localize to PODs
are defective in promoting apoptosis (54). In addition, apopto-
sis of splenocytes is impaired in the absence of PML (67), and
PML overexpression greatly enhances apoptosis (47, 60), indi-
cating that PML is proapoptotic. These studies suggest that
Daxx may act together with PML through the POD environ-
ment to influence apoptosis.

In addition to apoptosis, Daxx is also involved in transcrip-
tional control by interacting directly with several transcrip-
tional repressors. Daxx reportedly forms a ternary complex
with homeodomain proteins Pax-3 and Pax-7 to inhibit tran-
scription, while the Pax-3/FKHR oncogenic fusion protein in
alveolar rhabdomyosarcoma cells is resistant to Daxx inhibition
(27). Similarly, Daxx also interacts with Pax-5 and functions as
a corepressor (16) and with ETSI to inhibit target gene ex-
pression (37).

We have previously shown that Daxx inhibits basal transcrip-
tion through recruitment of histone deacetylases, and PML
overexpression may antagonize Daxx-mediated transcriptional
repression by sequestrating Daxx to PODs (36). Similarly, in-
hibition of Pax-3 transactivation by Daxx could be released by
PML overexpression (35). The transcriptional repression ac-
tivity of Daxx is also inhibited by MSP58 and Askl, which
target Daxx to the nucleolar and cytoplasmic compartment,
respectively (40). Recent studies have confirmed the associa-
tion of Daxx with histone deacetylase II, core histones, and a
chromatin-associated protein, Dek (26), suggesting that Daxx
may repress basal transcription through chromatin modifica-
tion. However, the relationship between Daxx-mediated tran-
scriptional repression and apoptosis remains unknown.

In this study, we investigated the role of Daxx in Fas- and
stress-induced apoptosis by silencing Daxx expression in mam-
malian cells with small interfering RNA (siRNA) (2, 15, 17).
While Daxx silencing alone has little effect on cell survival and
proliferation, it dramatically enhances both Fas- and stress-
induced apoptosis. This enhanced apoptosis can be blocked by
caspase inhibitors and is accompanied by proteolytic cleavage
of caspases and poly(ADP-ribose) polymerase (PARP). Daxx
silencing also causes synergistic enhancement of cytochrome ¢
release and a slight increase in JNK activation. Consistently,
induction of apoptosis accelerates degradation of endogenous
Daxx. In addition, PML silencing does not affect Daxx silenc-
ing-mediated apoptosis, and a search for potential Daxx target
genes revealed upregulation of three caspases in the absence of
Daxx. Our data suggest that Daxx may play an inhibitory role
in Fas- and stress-mediated apoptosis, possibly by inhibiting
expression of apoptosis regulatory genes in a nucleoplasmic
environment outside of PODs.
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MATERIALS AND METHODS

Cell culture and reagents. HeLa cells were grown at 37°C with 5% CO, in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum
and 5 pg of gentamicin per ml (Life Technologies, Grand Island, N.Y.). The
general caspase inhibitor z-VAD-fmk, the caspase 1 inhibitor z-YVAD-fmk, the
caspase 8 inhibitor z-IETD-fmk, and the caspase 9 inhibitor z-LEHD-fmk were
purchased from BD Biosciences Clontech (Palo Alto, Calif.). Actinomycin D,
cycloheximide, and 4',6’-diamidino-2-phenylindole dihydrochloride hydrate
(DAPI) were purchased from Sigma (St. Louis, Mo.). Human tumor necrosis
factor alpha (TNF-a) was purchased from Clontech. The anti-human Fas anti-
body CH11 was purchased from Upstate Biotechnology (Lake Placid, N.Y.).

Transfection of siRNA. The siRNAs used in this study were siDaxx, 5'-GGA
GUUGGAUCUCUCAGAAJTAT-3’ (sense), 5'-UUCUGAGAGAUCCAACU
CCdTdT-3" (antisense); siPML, 5'-CGTCTTTTTCGAGAGTCTGATdT-3’
(sense), 5'-CAGACTCTCGAAAAAGACGATAT-3" (antisense); and siRAC3,
5'-AGACUCCUUAGGACCGCUUTAT-3" (sense), 5'-AAGCGGUCCUAA
GGAGUCUdTAT-3’ (antisense). All siRNAs were synthesized by 2" amplifica-
tion of cDNA end protection chemistry from Dharmacon Research (Lafayette,
Colo.). The sense and antisense siRNAs were deprotected and annealed accord-
ing to the manufacturer’s instructions. The siRNA duplexes were precipitated by
ethanol and prepared in diethyl pyrocarbonate-treated water at a 20 uM con-
centration. For siRNA transfection, confluent cells in 10-cm plates were
trypsinized and seeded in 6- or 12-well plates 18 to 24 h before transfection.
Transfection of siRNAs was carried out with Oligofectamine following the man-
ufacturer’s instructions (Gibco-Invitrogen, Rockville, Md.). The standard siRNA
duplex concentration used in this study was 50 nM. Transfected cells were rinsed
with fresh medium 8 h after transfection and maintained in culture medium until
treatments. The normal transfection efficiency was about 85 to 95% based on
immunofluorescence staining of Daxx in siDaxx-treated cells.

Western blotting. Cells were lysed in SDS sample buffer and resolved by
standard sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). The proteins were transferred onto a polyvinylidene difluoride mem-
brane by semidry electroblotter (Bio-Rad). Western blot was conducted with the
enhanced chemiluminescence (ECL) reagents according to the manufacturer’s
recommendation (Amersham). The primary antibodies used were antibodies
against ACTR/RAC3 (AX15, Upstate Biotech.), caspase 9 (96-2-22; Upstate
Biotech.), tubulin (Sigma), caspase 3 (65906E), caspase 8 (3-1-9), PARP
(4C10-5; BD Bioscience), INK1 (sc-571, Santa Cruz), and the affinity-purified
rabbit anti-Daxx polyclonal antibody (36).

Immunofluorescence microscopy. Cells were grown on cover glasses in 24-well
plate and fixed in a methanol-acetone (1:1) mixture on dry ice for 1 min. The
fixed cells were processed for immunofluorescence staining as previously de-
scribed (12). The primary antibodies used here were the mouse anti-cytochrome
¢ monoclonal antibody 6H2.B4 (BD Biosciences), the affinity-purified Daxx poly-
clonal antibody (36), and the PML monoclonal antibody SE10 (52). After wash-
ing, cells were stained with rhodamine- or fluorescein-conjugated goat anti-
rabbit or anti-mouse immunoglobulin secondary antibodies, and cell nuclei were
stained with DAPI. The cover glasses were mounted on slides with Pro-Long
antifade reagent (Molecular Probes) and visualized with a Zeiss Axiovert 200
inverted epifluorescence microscope. The images were captured with Axiocam
and analyzed with Axiovision software.

Apoptosis assay. Cells were cultured on cover glasses in 24-well plates and
treated with monoclonal anti-Fas antibody (200 ng/ml), TNF-a (5 ng/ml) in the
absence or presence of cycloheximide (5 wg/ml), actinomycin D (100 nM), or UV
(50 J/m?) irradiation to induce apoptosis. After treatment, cells were fixed with
2% paraformaldehyde for 45 min and subjected to terminal deoxynucleotidyl-
transferase-mediated dUTP-biotin nick end labeling (TUNEL) assay following
the manufacturer’s instructions (Roche). The samples were examined by epiflu-
orescence microscopy, and percent apoptosis determined by counting cells with
positive TUNEL staining. On average, 300 to 500 cells in three different fields
were scored in every sample.

JNK kinase assay. HeLa cells were cultured in a 10-cm dish and solubilized
with 1 ml of lysis buffer (20 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM B-glycerophos-
phate, 1 mM Na3VO,, 1X protease inhibitor cocktail) in Eppendorf tubes at 4°C
for 30 min. The cell lysates were centrifuged at 14,000 X g for 15 min at 4°C and
preabsorbed with 10 pg of rabbit immunoglobulin G in the presence of 50 .l of
protein A-Sepharose for 1 h. The protein concentration was determined with the
BCA protein assay kit (Pierce). Equal amounts of protein from each sample were
subjected to immunoprecipitation with rabbit anti-JNK polyclonal antibody (sc-
571, Santa Cruz Biotechnology, Santa Cruz, Calif.) at 4°C overnight, followed by
a 1-h incubation with protein A-Sepharose. Kinase reactions were carried out at
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FIG. 1. Silencing of Daxx expression in mammalian cells by siRNA. (A) Nucleotide sequence of the double-stranded siRNA against Daxx
mRNA (siDaxx). (B) Dose-dependent inhibition of Daxx expression by siDaxx. HeLa cells were transfected with control reagent (siC) or increasing
concentrations of siDaxx. Total cell lysate were prepared 48 h after transfection and analyzed by SDS-PAGE and Western blot detection of Daxx
and tubulin. The relative Daxx protein levels after normalization with tubulin are shown at bottom. (C) Time course-dependent silencing of Daxx
by siDaxx. HeLa cells were transfected with siC, siDaxx, or the siRNA against coactivator RAC3 (siRAC3) at 50 nM concentration. Cells were
harvested at indicated hours after transfection and analyzed for Daxx and RAC3 expression by Western blot. Relative Daxx levels in comparison
with untransfected cells are shown at bottom. (D) RT-PCR analysis of Daxx mRNA in untransfected cells (—) and cells transfected with siDaxx
(+). Total RNA was isolated 48 h after transfection and analyzed by RT-PCR for GAPDH and Daxx mRNAs. PCR products were analyzed on
a 1% agarose gel followed by ethidium bromide staining and imaging with the Kodak EDAS system. (E) Immunofluorescence staining of Daxx
in siDaxx-transfected cells. MCF-7 cells transfected with siC or siDaxx for 48 h were analyzed by immunofluorescence staining for Daxx with
affinity-purified rabbit anti-Daxx polyclonal antibodies. Cell nuclei were visualized with 4’,6'-diamidino-2-phenylindole (DAPI) staining. (F) Effect
of Daxx silencing on cell proliferation. HeLa cells were transfected with 50 nM siC (4 ), siDaxx (A), or siRAC3 (m). Total cell numbers were
counted on a hemacytometer at the indicated hours after transfection. Daxx silencing had no effect on cell growth and proliferation.
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30°C for 30 min by mixing the immunoprecipitates with 50 pl of reaction mix (25
mM Tris-HCI, 5 mM B-glycerophosphate, 2 mM dithiothreitol, 0.1 mM Na;VO,,
10 mM MgCl,, 20 pM ATP, 5 wg of purified glutathione S-transferase [GST]-
c-Jun[1-79], 3 pl of [y-*P]ATP [3,000 Ci/mmol]). The reactions were stopped by
adding 25 pl of 2X SDS sample buffer and boiled for 5 min. The reaction
products were separated by electrophoresis on SDS-12% polyacrylamide gels,
and the 3’P-labeled proteins were visualized by autoradiography.

RT-PCR. Total cellular RNAs were purified by Trizol reagents (Invitrogen).
Then 3 pg of DNase-digested total RNA was subjected to reverse transcription
in 20 pl of reaction volume with the Super Script First Strand Synthesis System
from Invitrogen. The products of reverse transcription were digested with RNase
H and diluted to a final volume of 60 pl. Then 2 pl of the reverse transcription
sample was used for PCR. The primers used in the PCRs were GAPDH, 5'-G
ACCACAGTCCATGCCATCAC-3' and 5'-CATACCAGGAAATGAGCTTG
AC-3'; Daxx, 5'-TCTCCTTGGACCCCACAAATG-3' and 5'-TCAGGCCCTG
GCTTGTTGATG-3'; caspase 3, 5'-ATGACATCTCGGTCTGGTACA-3" and

5'-TGTCTCAATGCCACAGTCCAG-3'; caspase 8, 5'-CTACCAACTCATGG
ACCACAG-3'" and 5'-GTGACTGGATGTACCAGGTTC-3'; caspase 9, 5'-CA
GAAAGACCATGGGTTTGAG-3" and 5'-ACTGCAGGTCTTCAGAGTGA
G-3'; caspase 10, 5'-AGAAGCAGAAGTGCAATCCAG-3' and 5'-CTGAATA
TACCAGCTGCCTTC-3'; BAD, 5'-AAGGGACTTCCTCGCCCGAAG-3' and
5'-TCAGCCCTCCCTCCAAAGGAG-3'; BAX, 5'-TTCATCCAGGATCGAG
CAGG-3' and 5'-CTCTGCAGCTCCATGTTACT-3'. After PCR, the products
were separated on a 2% agarose gel and visualized by ethidium bromide staining.
The image was captured with an EDAS 290 system and analyzed by one-dimen-
sional image analysis software (Kodak).

RESULTS

Silencing of Daxx expression in mammalian cells by siRNA.
An siRNA duplex against human Daxx mRNA termed siDaxx
was designed and synthesized (Fig. 1A). The effects of this
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siDaxx on Daxx expression in mammalian cells were analyzed
by Western blot, RT-PCR, and immunofluorescence staining.
The concentration of siDaxx required for optimal silencing of
Daxx expression was determined by Western blot analysis of
endogenous Daxx at 48 h after transfection with increasing
concentrations of siDaxx. We found that siDaxx silenced Daxx
expression in a dose-dependent manner and that optimal in-
hibition occurred between 2 and 10 nM (Fig. 1B). As a control,
tubulin remained unchanged at all concentrations of siDaxx
tested. Normalization of Daxx to tubulin protein levels indi-
cated a 28% inhibition at 0.1 nM siDaxx and 82 to 90% inhi-
bition at 2 nM and higher concentrations of siDaxx (Fig. 1B).

The incubation time required for optimal silencing of Daxx
expression was then determined at saturating concentrations of
siDaxx (50 nM). As expected, the control reagent siC had no
effect on the Daxx or RAC3 level within 72 h after transfection,
and siDaxx had no effect on RAC3 expression either (Fig. 1C).
In contrast, Daxx levels decreased to 45% at 24 h after trans-
fection with siDaxx and continued to decline to 10 and 3% at
48 and 72 h, respectively (Fig. 1C). Similarly, the siRNA
against RAC3 (siRAC3) inhibited RAC3 expression but had
no effect on Daxx expression. These data suggest that siDaxx
inhibits Daxx expression specifically and that Daxx expression
is repressed by siDaxx but not other siRNAs.

To confirm that siDaxx indeed causes degradation of Daxx
mRNA, RT-PCR was performed to measure Daxx mRNA
level in siDaxx-transfected cells. As expected, siDaxx had no
effect on the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA level, while it decreased the Daxx mRNA
level about sixfold (Fig. 1D). Finally, the effect of siDaxx on
Daxx expression was visualized directly by immunofluores-
cence staining of the transfected cells. As expected, siDaxx
reduced Daxx immunostaining to background levels in about
90% of transfected cells (Fig. 1E). These data indicate that
siDaxx can specifically and efficiently silence Daxx expression
in mammalian cells.

Daxx silencing had no effect on cell proliferation. To deter-
mine if siDaxx has any adverse effects on cell growth, we
measured the proliferation of siDaxx-treated cells. Since the
transfection efficiency of siDaxx is around 90% (Fig. 1E), cell
proliferation was determined by counting total cell numbers
every 24 h after transfection. No significant differences be-
tween proliferation of siDaxx- and siC-treated cells were ob-
served (Fig. 1F). In contrast, siRAC3 transfection had a three-
fold reduction in total cell number at 72 h after transfection. As
expected, no alteration of cell cycle distribution was observed
in siDaxx-treated cells (data not shown). These data suggest
that Daxx silencing in mammalian cells may not cause signifi-
cant cytotoxic effects within 72 h. In contrast, RAC3 silencing
has a strong effect on cell proliferation, consistent with the
RACS3 knockout phenotype (62). These data suggest that Daxx
silencing by siDaxx may be suitable for analyzing the role of
Daxx in various signaling pathways.

Daxx silencing sensitizes cells to Fas and stress-induced
apoptosis. To investigate the role of Daxx in apoptosis, we first
analyzed the response of siDaxx-treated cells to anti-Fas anti-
body-induced cell death (Fig. 2A). In control cells (siC), anti-
Fas antibody triggered concentration-dependent cell death,
reaching approximately 12% dead cells at 100 ng/ml within
24 h. Strikingly, this apoptotic response was greatly enhanced
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FIG. 2. Daxx silencing sensitizes cells to Fas and stress-induced
apoptosis. (A) Effect of siDaxx on Fas-induced cell death. HeLa cells
transfected with control reagent siC () or siDaxx (m) for 36 h were
treated with increasing concentrations of the agonistic anti-Fas anti-
body CHI11. Percent cell death was determined at 24 h after the
addition of antibody by trypan blue staining. The antibody concentra-
tions are shown on a log scale, with 0 ng/ml placed at an arbitrary
position. The increases in cell death are shown above the siDaxx data
points at each antibody concentration, and the actual increases were,
from left to right, 0, 0.2, 25, 33, and 46%, respectively. (B) Effect of
siDaxx on stress-induced apoptosis. HeLa cells transfected with siC
(open bars) or siDaxx (black bars) for 48 h were treated with the
anti-Fas antibody (CH11, 200 ng/ml) for 12 h, TNF-« (10 ng/ml) or
actinomycin D (AD, 100 nM) for 8 h, or UV (50 J/m?), followed by an
8-h incubation. Apoptosis was determined by TUNEL assay as de-
scribed in Materials and Methods. Enhancement of apoptosis between
siDaxx- and siC-treated cells were shown above the black bars.

by 4.8-fold in siDaxx-treated cells, reaching 57% cell death. In
this experiment, siDaxx transfection alone without anti-Fas
antibody treatment did not cause any additional cell death
above that of the siC control, suggesting a synergistic effect
between siDaxx and anti-Fas antibody in inducing cell death.
This synergistic effect was even more prominent at lower con-
centrations of the anti-Fas antibody. At 5 and 20 ng/ml, the
anti-Fas antibody-mediated cell death was above sixfold higher
in siDaxx- versus siC-treated cells. These data strongly suggest
that siDaxx may sensitize cells to Fas-induced apoptosis.

To determine if Daxx silencing could also sensitize cells to
stress-induced apoptosis, we analyzed the effect of siDaxx on
apoptosis caused by TNF-a, actinomycin D, and UV irradia-
tion. The TUNEL assay was used in this experiment to ensure
that cell death was caused by apoptosis. siC-treated sample had
3% background apoptosis, while siDaxx-treated cells displayed
5% apoptosis (1.67-fold) (Fig. 2B), which varied from experi-
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FIG. 3. Involvement of caspases in Daxx silencing-mediated apoptosis. (A) TUNEL assay showing synergistic induction of apoptosis by siDaxx
and UV. HelLa cells were transfected with siDaxx or control reagent for 48 h. The caspase inhibitor z-VAD-fmk (z-VAD, 20 uM) was added 1 h
prior to UV irradiation (50 J/m?). Apoptosis was determined by TUNEL (red) and DAPI (blue) staining 8 h after UV irradiation. (B) Effect of
various caspase inhibitors on siDaxx-mediated apoptosis. HeLa cells were transfected with siC (lanes 1) or siDaxx (lanes 2 to 6), followed by
treatment with actinomycin D (AD, 100 nM), UV irradiation (50 J/m?), or TNF-« (10 ng/ml) in the absence (lanes 2) or presence (lanes 3 to 6)
of various caspase inhibitors. Cells were treated with the general caspase inhibitor z-VAD-fmk (lanes 3), the caspase 1 inhibitor z-YVAD-fmk
(lanes 4), the caspase 8 inhibitor z-IETD-fmk (lanes 5), or the caspase 9 inhibitor z-LEHD-fmk (lanes 6). Apoptotic cells were detected by TUNEL
assay and counting at least 200 cells in three different fields. The general caspase inhibitor z-VAD-fmk completely blocked siDaxx-enhanced
apoptosis, while z-IETD-fmk and z-LEHD-fmk partially suppressed siDaxx-enhanced apoptosis.

ment to experiment and was not statistically significant. Con-
sistent with Fig. 2A, the anti-Fas antibody at 200 ng/ml for 12 h
induced 15% apoptosis in the siC sample. Again, this Fas-
induced apoptosis increased to 55% in siDaxx-treated cells,
equivalent to a 3.67-fold enhancement. When siC- and siDaxx-
treated cells were challenged with stress-inducing agents, sig-
nificant increases of apoptosis in siDaxx-treated cells were also
observed compared to siC samples. At 10 ng/ml for 8 h, TNF-«
caused 8% apoptosis in siC-treated cells, which increased to
45% in siDaxx-treated cells (a 5.64-fold enhancement). Simi-
larly, actinomycin D at 100 nM for 8 h and UV irradiation at
50 J/m? followed by an 8-h recovery induced much higher
levels of apoptosis in siDaxx-treated cells than in the siC-
treated sample (2.76- and 3.4-fold, respectively). These data
strongly suggest that Daxx silencing can sensitize cells to both
Fas- and stress-induced apoptosis.

Involvement of caspases in Daxx silencing-mediated apopto-
sis. To determine the mechanism(s) by which Daxx silencing
enhances Fas- and stress-induced apoptosis, we analyzed the

involvement of caspases by using caspase inhibitors. As shown
by TUNEL staining in Fig. 3A, siDaxx or UV alone caused
only minimal levels of apoptosis, while siDaxx plus UV syner-
gistically induced apoptosis. Intriguingly, this siDaxx/UV-in-
duced apoptosis was completely blocked by the general caspase
inhibitor z-VAD-fmk, indicating the involvement of caspase in
Daxx silencing-enhanced apoptosis.

To identify specific caspases that may be involved in siDaxx-
enhanced apoptosis, siDaxx-transfected cells were treated with
various caspase inhibitors, and percent apoptosis was deter-
mined after actinomycin D, UV, or TNF-a treatment (Fig.
3B). Under the experimental conditions, actinomycin D, UV,
or TNF-«a alone (Fig. 3B, lanes 1) induced low levels of apo-
ptosis in siC-treated control cells. In contrast, siDaxx transfec-
tion greatly enhanced the apoptosis induced by actinomycin D,
UV, and TNF-«a (Fig. 3B, lanes 2). The siDaxx-enhanced apo-
ptosis was completely blocked by the general caspase inhibitor
z-VAD-fmk (Fig. 3B, lanes 3) but not by the caspase 1-specific
inhibitor z-YVAD-fmk (Fig. 3B, lanes 4). Interestingly, the
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FIG. 4. Synergistic activation of caspases by Daxx silencing. (A) Effects of siDaxx on cleavage of caspase 8, caspase 9, and PARP. HeLa cells
with (+) or without (—) siDaxx transfection were treated with anti-Fas antibody (200 ng/ml), UV (50 J/m2), or actinomycin D (AD, 100 nM).
Proteolytic cleavage of caspase 8 (Casp-8), caspase 9 (Casp-9), and PARP was determined by Western blotting 6 h after the treatment. Arrows at
the right mark the proteolytic fragments. Protein molecular size markers are shown at left (in kilodaltons). Daxx silencing synergistically activated
caspase 8, caspase 9, and PARP cleavage with anti-Fas antibody, UV, and actinomycin D. These proteolytic cleavages were inhibited by the general
caspase inhibitor z-VAD-fmk (z-VAD, 20 pM), but not by the caspase 1 inhibitor z-YVAD-fmk (z-YVAD, 20 pM). (B) Kinetics of caspase
activation in siDaxx-treated cells. Control siC or siDaxx-transfected HeLa cells were treated with anti-Fas antibody (200 ng/ml), TNF-a (10 ng/ml),
TNF-« (2 ng/ml) plus cycloheximide (Chx, 2 pg/ml), actinomycin D (100 nM), or UV (50 J/m?), and cells were harvested at the time points shown
at the bottom. The harvested cells were analyzed by Western blotting for proteolytic processing of caspase 8 and caspase 9 and by TUNEL assay
for percent apoptosis. Boxes at the bottom mark the apparent time points of caspase activation and apoptosis.

caspase 8 inhibitor z-IETD-fmk (Fig. 3B, lanes 5) and the
caspase 9 inhibitor z-LEHD-fmk (lanes 6) partially inhibited
apoptosis by 20 to 40%. These data suggest that Daxx silenc-
ing-mediated apoptosis may involve activation of caspases such
as caspase 8 and caspase 9 but not caspase 1.

To confirm the activation of caspases in Daxx silencing-
enhanced apoptosis, we analyzed proteolytic cleavages of en-
dogenous caspase 8, caspase 9, and the caspase substrate poly-
(ADP-ribose) polymerase (PARP) by Western blotting (Fig.
4A). Under conditions in which either anti-Fas antibodies or

siDaxx alone did not induce significant cleavage of caspase 8,
caspase 9, and PARP, prominent cleavages of the three pro-
teins were observed in cells treated with both anti-Fas antibod-
ies and siDaxx. As expected, the proteolytic cleavage of
caspase 8, caspase 9, and PARP was completely blocked by the
general caspase inhibitor z-VAD-fmk but not by the caspase 1
inhibitor z-YVAD-fmk. We also analyzed proteolytic cleavage
of caspase 8, caspase 9, and PARP after UV and actinomycin
D treatment with and without siDaxx transfection. Again, pro-
teolytic cleavage of caspase 8, caspase 9, and PARP was syn-
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FIG. 5. Daxx silencing stimulates early cytochrome c release. HeLa cells transfected with the siC control or siDaxx were treated with UV
irradiation (50 J/m?), anti-Fas antibody (200 ng/ml), or actinomycin D (AD, 100 nM) for 1 h. Daxx (green) and cytochrome ¢ (red) were double
stained with the respective polyclonal and monoclonal antibodies along with DAPI staining for nuclei (blue). (A) Representative immunofluo-
rescence images for mitochondrial cytochrome ¢ release at 1 h after the indicated treatments. Release of cytochrome ¢ from mitochondria caused
diffuse cytochrome c staining in cells marked by arrows. (B) Quantitation of cytochrome c release after various treatments. The data represent
three independent experiments with at least 300 cells scored from three different fields. Under the experimental conditions, siC, siDaxx, and the

treatment alone did not cause significant cytochrome c release. However, siDaxx transfection in combination with anti-Fas antibody, UV, or
actinomycin D synergistically enhanced cytochrome c release.
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ergistically induced in siDaxx-treated cells, and z-VAD-fmk
but not z-YVAD-fmk blocked the proteolytic cleavages. These
data are consistent with the TUNEL assay results (Fig. 3) and
clearly indicate that activations of caspase 8 and caspase 9 are
significantly enhanced in the absence of Daxx.

The kinetics of caspase activation was then analyzed by com-
paring siC- and siDaxx-treated cells at a series of time points
after induction of apoptosis (Fig. 4B). In siC-treated cells, the
anti-Fas antibody did not activate caspase 8 or caspase 9 much
until 24 h after addition of the antibody. At that time, there
were 20% apoptotic cells, as determined by the TUNEL assay.
In contrast, cleavage of caspase 8 and caspase 9 was clearly
visible in siDaxx-treated cells at 5 h after the addition of anti-
body, when there were already 30% apoptotic cells. This result
suggests that Daxx silencing can lead to caspase activation at
least 19 h earlier in the case of Fas-mediated apoptosis. In the
case of TNF-a treatment, caspase 8 was not significantly acti-
vated even after 24 h of continuous treatment in siC-trans-
fected cells. However, caspase 9 was slightly activated at 24 h,
when there were 10% apoptotic cells. In contrast, caspase 8
and caspase 9 were activated much earlier in siDaxx-treated
cells at 5 h after the treatment, when there were 15% apoptotic
cells. When the TNF-a-induced apoptosis was accelerated by
cycloheximide, as observed previously (43, 53, 59), proteolytic
cleavage of caspase 8 and caspase 9 started at 3 h in siC control
cells with 12% apoptosis. Again, cleavage of both caspase 8
and caspase 9 occurred earlier, at 2 h, in siDaxx-transfected
cells, which was accompanied by 15% apoptosis.

We also analyzed the kinetics of caspase activation by acti-
nomycin D and UV treatment in siC- versus siDaxx-transfected
cells. Activation of both caspase 8 and caspase 9 started at
around 12 h in siC control cells after actinomycin D treatment,
with 16% apoptosis. Similarly, activation of both caspase 8 and
caspase 9 occurred much earlier in siDaxx-transfected cells, at
5 h after actinomycin D treatment, when there was 27% apo-
ptosis. Finally, UV caused activation of both caspase 8 and
caspase 9 at 12 h in siC control cells after irradiation, with 16%
apoptosis. In contrast, both caspase 8 and caspase 9 were ac-
tivated at 5 h in siDaxx-treated cells, when there was 35%
apoptosis. Together, these data clearly indicate earlier onset of
caspase activation and apoptosis by Daxx silencing upon anti-
Fas antibody or stress treatment.

Daxx silencing stimulates early cytochrome c release. Cyto-
chrome ¢ release from mitochondria is an essential early step
for apoptosome formation and caspase activation (for reviews,
see references 33 and 39). To determine if Daxx silencing
affects cytochrome ¢ release, we analyzed the intracellular dis-
tribution of cytochrome ¢ by immunofluorescence staining of
siDaxx-transfected cells. As a control, siC and siDaxx alone did
not cause cytochrome c release from mitochondria (Fig. SA
and B), consistent with the apoptosis (Fig. 2) and caspase
activation (Fig. 4) data. Similarly, short-term (1 h) treatment
with anti-Fas antibody, UV irradiation, and actinomycin D also
did not significantly increase the number of cells with cyto-
chrome c release in siC-treated control cells (Fig. 5B, open
bars). In contrast, cytochrome c¢ release was dramatically en-
hanced in siDaxx-treated cells upon anti-Fas antibody, UV
irradiation, or actinomycin D treatment (Fig. SA, arrows; 5B,
black bars). These results indicate that Daxx silencing may
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FIG. 6. Daxx silencing affects JNK activation. (A) Effect of Daxx
silencing on Fas-mediated JNK activation. HeLa cells were transfected
with siC or siDaxx for 48 h, followed by anti-Fas antibody (200 ng/ml)
treatment for the indicated periods of time. The JNK kinase assay was
performed as described in Materials and Methods. Phosphorylated Jun
(p-Jun) was analyzed by SDS-PAGE and autoradiography. The immu-
noprecipitated JNK1 and -2 proteins were detected by Western blot
(W.B.). Daxx silencing slightly enhanced JNK activation at 120 and 240
min of anti-Fas antibody treatment. (B) Effect of Daxx silencing on
UV-induced JNK activation. The JNK kinase assay (K.A.) and West-
ern blot (W.B.) were performed as described above. Cells were har-
vested at the indicated time (in minutes) after UV irradiation (50
J/m?). A threefold-higher level of phosphorylated Jun remained in
siDaxx- versus siC-treated cells at 120 min after UV irradiation.
(C) Effect of Daxx silencing on JNK activation induced by TNF-a. The
JNK kinase assay (K.A.) and Western blot (W.B.) are described above.
There was a 33% increase in JNK kinase activity at 15 min after TNF-a
treatment (10 ng/ml).

synergize with Fas, UV, and actinomycin D to induce cyto-
chrome c release from mitochondria.

Daxx silencing affects JNK activation. The Jun N-terminal
kinase (JNK) can be activated by stresses such as UV and
TNF-«a treatments, which plays an important role in regulating
cell proliferation and apoptosis (11). Intriguingly, Daxx report-
edly activates JNK through Ask1 (5, 7, 34, 63). To determine if
Daxx is indeed required for JNK activation and whether Daxx
silencing affects stress-mediated JNK activation, we analyzed
JNK activation in siC- versus siDaxx-transfected cells upon
treatment with anti-Fas antibody, UV irradiation, or TNF-«a
(Fig. 6). Total JNK proteins were immunoprecipitated and an
in vitro kinase assay was performed with purified GST-Jun
(amino acids 1 to 79) fusion protein as the substrate. The JNK
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proteins isolated from siC control cells did not significantly
phosphorylate Jun upon anti-Fas antibody treatment for over
240 min (Fig. 6A, siC). In contrast, JNK proteins isolated from
siDaxx-transfected cells were able to phosphorylate Jun slightly
upon Fas antibody treatment for 120 to 240 min (Fig. 6A,
siDaxx). Western blot analysis showed approximately equal
amounts of immunoprecipitated JNK1 and JNK2 proteins in
the reactions (Fig. 6A). These data suggest that Daxx may not
be required for Fas-mediated JNK activation. In contrast,
Daxx silencing slightly enhances JNK activation.

Next, we analyzed the effects of Daxx silencing on JNK
activation induced by UV and TNF-a. As expected, UV irra-
diation induced a rapid activation of JNK, within 30 min after
irradiation in siC-treated control cells (Fig. 6B). As expected,
this JNK activity declined gradually, within 120 min. Interest-
ingly, Daxx silencing not only did not inhibit UV-induced JNK
activation, it caused a significant delay in the decay of JNK
activity. An approximately threefold higher JNK activity re-
mained at 120 min after UV irradiation in siDaxx- versus
siC-treated cells, suggesting that Daxx may be involved in reg-
ulating JNK activity. Similar to UV, TNF-«a also caused a rapid
activation of JNK, within 15 min in siC-treated control cells. As
expected, this JNK activity disappeared gradually, within 60
min. Interestingly, Daxx silencing also did not inhibit TNF-a-
induced JNK activation; instead, it enhanced JNK activation by
33% at 15 min compared with the siC-treated control cells.
Together, these data suggest that Daxx may not be essential for
JNK activation and that Daxx silencing may affect JNK func-
tion by enhancing or prolonging its kinase activity.

Degradation of endogenous Daxx during apoptosis. Since
Daxx silencing synergizes with Fas and stress to induce apo-
ptosis, it would be interesting to know if endogenous Daxx
levels are affected during apoptosis. Western blotting was used
to analyze Daxx protein levels in HeLa cells after anti-Fas
antibody or stress treatment. Tubulin was used as an internal
reference for protein loading and normalization. Daxx protein
levels declined gradually to about 80% within 12 h after the
addition of anti-Fas antibody (Fig. 7A). A smaller form of
Daxx was observed at 24 h, suggesting that Daxx may be sub-
jected to proteolysis during apoptosis. Interestingly, Daxx pro-
tein levels declined much more rapidly following UV irradia-
tion (Fig. 7B). The relative Daxx protein levels were reduced to
71% at 8 h and 43% at 12 h after the treatment. Similarly, Daxx
protein levels also decreased rapidly upon actinomycin D treat-
ment, reducing to 66% at 8 h and 37% at 12 h (Fig. 7C). Both
UV and actinomycin D treatments also resulted in the appear-
ance of the smaller form of Daxx as seen in the anti-Fas
antibody-treated cells. These data suggest that the endogenous
Daxx protein may rapidly degrade upon induction of apoptosis.

Role of PML in Daxx silencing-mediated apoptosis. PML
has been implicated in regulating Daxx-mediated apoptosis
and transcriptional repression activities (54, 36). To investigate
the role of PML in Daxx silencing-mediated apoptosis, we
designed and synthesized an siRNA against PML mRNA
(siPML) and analyzed its effects on Daxx’s localization and
silencing-mediated apoptosis by immunofluorescence staining
and TUNEL assays. As expected, Daxx colocalized with PML
at 10 to 20 nuclear dots in control cells (Fig. 8A, siC). Inter-
estingly, depletion of Daxx did not affect PML staining in the
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FIG. 7. Reduction of Daxx protein levels during induction of apo-
ptosis. The endogenous Daxx and tubulin protein levels in HeLa cells
were analyzed by Western blot upon treatment of the cells with
(A) anti-Fas antibody (200 ng/ml), (B) UV irradiation (50 J/m?), or
(C) actinomycin D (AD, 100 nM). Total cell lysates from approxi-
mately equal numbers of cells were prepared at the indicated time
points after treatment and analyzed by SDS-PAGE followed by West-
ern blot detection for Daxx and tubulin. The relative Daxx protein
levels are shown at the bottom as a ratio over the tubulin protein levels,
which remained relatively unchanged during the treatment. The Daxx
protein level declined to 82, 43, and 37% at 12 h after treatment with
anti-Fas antibody, UV, and actinomycin D, respectively.

PODs (Fig. 8A, siDaxx), consistent with previous observations
(28, 36, 67). Similar to siDaxx, siPML was also capable of
depleting PML staining in about 90% of transfected cells (Fig.
8A, siPML). Depletion of PML apparently altered the distri-
bution pattern of Daxx in the nucleus, resulting in stronger
nucleoplasmic staining and fewer dots. Cotransfection of
siDaxx and siPML resulted in depletion of both Daxx and PML
staining in transfected cells (Fig. 8A, siDaxx/siPML).

We then analyzed the apoptotic responses of Daxx- and/or
PML-depleted cells to stress treatments. Again, Daxx silencing
strongly enhanced UV, TNF-a, and actinomycin D-induced
apoptosis (Fig. 8B, siC versus siDaxx). However, PML silenc-
ing did not result in significant changes in apoptosis induced by
UV, TNF-qa, or actinomycin D (Fig. 8B, siPML), consistent
with prior genetic studies (60). Finally, we found that the Daxx
and PML double-silenced cells also displayed enhanced apo-
ptotic responses to UV, TNF-«, and actinomycin D treat-
ments, in a manner similar to the Daxx-silenced cells (Fig. 8B,
siDaxx/siPML), suggesting that Daxx silencing-enhanced apo-
ptosis may not require PML.

Daxx silencing affects expression of apoptosis-regulatory
genes. Finally, we decided to investigate if Daxx silencing may
affect the expression of apoptosis-regulatory genes. Total
RNAs from HeLa cells were isolated 48 h after initiation of
Daxx silencing by siDaxx transfection. RT-PCRs were con-
ducted to measure the expression levels of several apoptosis-
regulatory genes (Fig. 9). As expected, expression of GAPDH
remained unchanged in siDaxx-transfected cells, and Daxx ex-
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FIG. 8. Role of PML in Daxx silencing-mediated apoptosis. (A) HeLa cells were transfected with siC, siDaxx, siPML, or siDaxx plus siPML,
followed by coimmunofluorescence staining for Daxx (green) and PML (red) with anti-Daxx polyclonal and anti-PML monoclonal antibodies.

(B) Apoptotic response of Daxx- and/or PML-depleted cells to UV,
TUNEL assay, with at least 300 cells scored in three different fields.

pression decreased 5.9-fold to 17% of the control sample
value. Similar to GAPDH, Daxx silencing did not affect the
expression of several apoptosis-regulatory genes, including
BAD, BAX, and caspase 9. However, in siDaxx- versus siC-

TNF-q, and actinomycin D treatment. Apoptosis was determined by the

transfected cells, the expression of caspase 3, caspase 8, and
caspase 10 was 2.5-, 1.5-, and 2.8-fold higher, respectively (Fig.
9), suggesting that Daxx silencing may directly or indirectly
stimulate the expression of these apoptosis-regulatory genes.
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FIG. 9. Daxx silencing affects expression of apoptosis-regulatory
genes. HeLa cells were transfected with the siC control (=) or siDaxx
(+) for 48 h, and total RNAs were isolated. Three micrograms of total
RNAs was analyzed by RT-PCR for the indicated genes. The PCR
products were analyzed on a 2% agarose gel and ethidium bromide
staining. The relative intensities of expected PCR bands were mea-
sured by the Kodak ID image analysis software. The increase or de-
crease (in parentheses) in expression for each gene is shown at the
bottom. The upper band in the caspase 10 reaction was the expected
PCR product, while the lower band may represent an alternatively
spliced form.

DISCUSSION

In this study, we investigated the role of Daxx in Fas- and
stress-mediated apoptosis by silencing its expression in mam-
malian cells with siRNA. In contrast to the proposed proapop-
totic function, both Fas- and stress-mediated apoptosis was
significantly enhanced in Daxx-deficient cells. Enhancement of
apoptosis by Daxx silencing involved earlier activation of
caspases, earlier release of cytochrome ¢ from mitochondria,
and stronger or prolonged activation of JNK kinases. Con-
versely, induction of apoptosis by Fas and stresses caused ac-
celerated degradation of endogenous Daxx. Furthermore,
Daxx silencing-mediated apoptosis appears to be independent
of PML, while the expressions of several caspase genes were
stimulated in Daxx-silenced cells. These data strongly suggest
that Daxx may have an antiapoptotic function outside of PML
nuclear domains, where it may contribute to repression of
apoptotic gene expression.

siRNA has been used successfully to silence gene expression
in mammalian cells (13-15). As expected, siDaxx acted specif-
ically and efficiently in reducing Daxx protein and mRNA
levels in mammalian cells. We were able to reduce Daxx pro-
tein level to 10% of that in control cells, which coincides with
a 90% transfection efficiently, suggesting that siDaxx may be
able to deplete endogenous Daxx protein in transfected cells.
siDaxx had no effect on the expression of unrelated proteins
even at a concentration 100-fold higher than optimal, confirm-
ing the specificity of the siRNA. We believe that silencing by
siRNA may have advantages over the mouse gene knockout
strategy because it may avoid long-term compensatory effects.
Indeed, Daxx silencing had no effect on cell growth and pro-
liferation within 72 h, while Daxx knockout mice die early
during embryonic development (41). Therefore, Daxx silencing
by siRNA may be useful for analyzing the role of Daxx in
various signaling pathways.

In contrast to several prior reports implicating Daxx as a
proapoptotic protein (5, 45, 54, 61, 64, 67), it is interesting that
Daxx silencing caused enhancement of Fas- and stress-induced
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apoptosis. While our data are consistent with the reported
increase in spontaneous apoptosis in Daxx '~ mouse cells (41)
and the recent report of Daxx-silenced mammalian cells (42),
we observed little or no change in the basal apoptotic rate
without treatment with apoptosis-inducing agents. The ability
of Fas and stress to induce apoptosis in Daxx-silenced cells
strongly suggests that Daxx is not essential for initiation of
programmed cell death. In fact, an inhibitory role for endog-
enous Daxx in apoptosis may be possible.

It is unclear why overexpression and depletion of Daxx can
both enhance apoptosis. However, similar to Daxx, overexpres-
sion and deletion of the death domain kinase RIP both induce
apoptosis (21, 31, 51). One possibility is that Daxx might have
dual functions depending on its cellular concentration. For
instance, at higher levels, Daxx might interact with lower-af-
finity receptors that promote apoptosis, while at lower levels,
Daxx might preferentially bind to higher-affinity targets to in-
hibit apoptosis. It is also possible that overexpression of an
antiapoptotic protein might result in a dominant negative ef-
fect due to disruption of antiapoptotic complexes. Finally,
Daxx might act as a proapoptotic protein in the cytoplasm but
as an antiapoptotic protein in the nucleus. Overexpression
might result in accumulation of Daxx in the cytoplasm, where
it might interact with Fas and other death receptors to promote
apoptosis (34).

The fact that Daxx-deficient cells are sensitive to several
apoptotic agents suggests that Daxx may be involved in multi-
ple apoptotic pathways. Indeed, caspases, JNK kinase, and
cytochrome c are all activated earlier in the absence of Daxx in
response to Fas or stress. In the Daxx-silenced cells, the
caspase inhibitor z-VAD-fmk blocked apoptosis, suggesting an
involvement of caspase in Daxx silencing-mediated apoptosis.
Indeed, cleavage of caspase 8, caspase 9, and their substrate
PARP was also observed earlier in the absence of Daxx. Ki-
netic studies further support a synergistic effect on caspase
activation by siDaxx and apoptotic agents. These data suggest
that Daxx may be dispensable for Fas- and stress-induced
caspase activation. Interestingly, stable overexpression of Daxx
in HT1080 cells also caused a slight increase in caspase acti-
vation in response to Fas antibody treatment (54), further
suggesting that Daxx may directly or indirectly regulate caspase
activation.

The role of Daxx in Fas-mediated JNK activation has been
controversial (5, 24, 45, 54, 57, 63). Recently, Daxx was re-
ported to mediate JNK activation and apoptosis induced by
transforming growth factor beta (45) and UV irradiation (61).
Surprisingly, our data show that JNK activation does not re-
quire Daxx. In contrast, Daxx depletion caused earlier and/or
sustained JNK activation in response to various treatments. In
contrast to previous observations showing strong JNK activa-
tion in 293 cells overexpressing Fas (5, 63), little activation of
JNK was observed in HeLa cells without Fas overexpression.
Indeed, a role for JNK in Fas-mediated apoptosis is also con-
troversial because Jnk is dispensable for Fas-induced apoptosis
(11, 55). Together, these data suggest that not only is Daxx not
essential for JNK activation in HeLa cells, but that endogenous
Daxx may be inhibitory to JNK activation.

The genetic pathway of stress-induced apoptosis is thought
to be mediated by JNK activation (11), which subsequently
induces the release of mitochondrial cytochrome ¢ via un-
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FIG. 10. Potential mechanisms of the antiapoptotic function of
Daxx. Daxx might inhibit Fas-mediated caspase 8 activation and UV-
or stress-induced JNK activation. This ability might be due to associ-
ation of Daxx with the cytoplasmic domain of Fas. Consequently,
depletion of Daxx stimulated caspase 8 and JNK activation, causing
early mitochondrial cytochrome ¢ release and activation of caspase 9
and caspase 3. In addition, PML may sequester Daxx to PODs, inhib-
iting its transcriptional repressor function. The oncogenic fusion pro-
tein PML-retinoic acid receptor alpha (RARa) may disrupt PODs,
causing the release of Daxx from PODs and its association with con-
densed chromatin. We hypothesize that the association of Daxx with
condensed chromatin might cause repression of selected caspase
genes. Consequently, depletion of Daxx may increase the expression of
apoptotic proteins, resulting in sensitization of cells to induction of
apoptosis.

known mechanisms. Cytochrome ¢ then acts with Apaf-1 to
activate caspase 9, which subsequently activates caspase 3 to
cleave a wide spectrum of death substrates. Because Daxx
silencing caused early activations of caspase 9 and JNK, it is
not surprising to see early cytochrome c release in the absence
of Daxx. This result is consistent with a recent finding that
Bcl-2 can also prevent Daxx silencing-mediated apoptosis (42).
Since the nature of JNK activation is unknown, it is difficult to
speculate how Daxx might influence JNK activation. Because
the processing of caspase 8 was also accelerated in the absence
of Daxx and caspase 8 is recruited to the activated Fas through
FADD, it is possible that Daxx may inhibit a proximal step(s)
in the apoptosis signaling pathway induced by Fas or stress.
Perhaps the binding of Daxx to Fas is inhibitory to FADD-
mediated apoptosis as well as JNK activation. Additional stud-
ies are needed in order to understand how Daxx regulates the
Fas-FADD-caspase 8 pathway and stress-induced JNK activa-
tion.

The localization of Daxx in the nucleus and its association
with PODs suggest a potentially nuclear route to regulate apo-
ptosis by Daxx. In fact, overexpression of Daxx has been shown
to promote Fas-induced apoptosis through PODs (54, 67).
PML was also shown to be essential for multiple apoptotic
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pathways (60), and overexpression of PML promotes apoptosis
(3, 47). In contrast, PML-retinoic acid receptor alpha stimu-
lates cell survival (3, 47, 49). Previously, we showed that PML
inhibits the transcriptional repression activity of Daxx by se-
questering Daxx to the PODs (36). By using siRNA against
PML, we confirmed that depletion of PML altered Daxx’s
localization (Fig. 8), presumably by releasing Daxx from PODs
into the nucleoplasm. Interestingly, Daxx silencing still caused
remarkable enhancement of apoptosis in the absence of PML,
suggesting that PML and perhaps PODs may not be essential
for Daxx to inhibit apoptosis. Based on these observations, we
speculate that Daxx may exert its antiapoptotic function out-
side of PODs, while PML may sequester Daxx to PODs to
block this antiapoptosis function (Fig. 10), reminiscent of its
effect on the transcriptional repression activity of Daxx (36). In
contrast, PML- retinoic acid receptor alpha may promote sur-
vival by disrupting PODs and releasing Daxx to the nucleo-
plasm to protect cells against apoptosis.

The fact that Daxx may be antiapoptotic in the nucleoplasm,
where it may also repress transcription, suggests a possible
connection between transcriptional repression and antiapo-
ptosis by Daxx. Indeed, Daxx silencing stimulated the expres-
sion of several caspase genes (Fig. 9). Since Daxx silencing
alone had little effect on apoptosis without cotreatment with
other agents, higher expression of caspases may simply sensi-
tize cells to apoptotic stimuli. Interestingly, most of the apo-
ptotic genes involved in Fas signaling are not altered in Daxx-
overexpressing cells (54). We speculate that overexpression of
Daxx might have minimal effects on gene expression because
Daxx seems to be abundant in cells. Alternatively, Daxx may
regulate gene expression in a cell type-specific manner. Re-
cently, depletion of Daxx has been shown to increase expres-
sion of NF-kB- and E2F1-regulated reporter genes (42), im-
plying that Daxx might also repress NF-kB- and/or E2F1-
activated proapoptotic genes to inhibit apoptosis. Together,
these data suggest that Daxx may play an important role in
regulating apoptotic gene expression, suggesting a potential
pathway for the antiapoptotic function of Daxx.
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